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Abstract

PURPOSE—To characterize the epithelial thickness profile in a population of eyes after LASIK 

for hyperopia or hyperopic astigmatism.

METHODS—The epithelial thickness profile was measured in vivo by Artemis very high-

frequency (VHF) digital ultrasound scanning (ArcScan Inc) across the central 10-mm diameter of 

the cornea on 65 eyes at least 3 months after hyperopic LASIK using a 7-mm ablation zone with 

the MEL 80 excimer laser (Carl Zeiss Meditec). Maps of the average, standard deviation, 

minimum, maximum, and range of epithelial thickness were plotted. The cross-sectional hemi-

meridional epithelial thickness profile was calculated using annular averaging. Linear regression 

analysis was performed to evaluate correlations between epithelial thickness, spherical equivalent 

refraction treated, and maximum simulated keratometry.

RESULTS—The mean thinnest epithelial thickness was 39.7±5.6 μm and the mean thickest 

epithelial thickness was 89.3±14.6 μm. The average epithelial thickness profile showed an 

epithelial doughnut pattern characterized by localized central thinning within the 4-mm diameter 

zone surrounded by an annulus of thick epithelium, with the thickest epithelium at the 3.4-mm 

radius. The epithelium was on average 10-μm thicker temporally than nasally at the 3.4-mm 

radius. Central epithelium was thinner and paracentral epithelium was thicker for higher hyperopic 

corrections and steeper maximum simulated keratometry.
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CONCLUSIONS—Three-dimensional high-resolution ultrasound mapping of epithelial thickness 

profile after LASIK for hyperopia demonstrated thinner epithelium centrally and thicker 

epithelium paracentrally. Presumably, the paracentral epithelial thickening compensated in part for 

the stromal tissue removed by the hyperopic ablation, whereas the central epithelial thinning 

compensated for the localized increase in corneal curvature.

It is known that the corneal epithelium has the ability to alter its thickness profile to re-

establish a smooth, symmetrical optical surface and either partially or totally mask the 

presence of an irregular stromal surface from front surface topography.1 Numerous reports 

have been published describing central epithelial thickening following central tissue removal 

by myopic excimer laser ablations, which has been related to myopic regression.2-12 

Epithelial thickness changes have also been described after radial keratotomy,13 intracorneal 

ring segments,14,15 and orthokeratology contact lens wear.16-20 The epithelium has also been 

reported to compensate for stromal irregularities in cases of asymmetric resection in 

automated lamellar keratoplasty,4 asymmetric LASIK flaps,4,21,22 microfolds,21,22 flap 

malposition and short flap,21-23 free cap malrotation,24 and irregular stromal surface 

following multiple refractive procedures.1

In keratoconus, epithelial thinning in the region of the cone has been reported,25-27 and we 

have previously shown that the epithelial thickness profile across the central 8-mm diameter 

follows an epithelial doughnut pattern characterized by epithelial thinning over the cone 

surrounded by an annulus of epithelial thickening.28,29

Given the reported epithelial thickness changes after myopic excimer laser ablation, it is 

likely that epithelial changes would also be observed after hyperopic excimer laser ablation. 

A hyperopic ablation is designed to steepen the central cornea, which bears a similarity to 

the morphology of a keratoconic cornea, so the epithelial thickness profile after hyperopic 

ablation might be expected to follow a similar pattern to that seen in keratoconus. Indeed, 

we have previously described the epithelial thickness across the horizontal meridian of an 

eye 3 months after hyperopic LASIK in which the epithelium was thicker paracentrally, 

coincident with the zone of stromal tissue removal.4 No reports have been found describing 

changes in the epithelial thickness profile across the whole cornea after hyperopic LASIK.

Artemis very high-frequency (VHF) digital ultrasound (ArcScan Inc, Morrison, Colorado) 

is, to date, the only published method measuring individual corneal layers, including the 

epithelium and stroma, continuously over a large area of cornea (8 to 10 mm).2,3,28-35 We 

have previously used the Artemis to describe the average epithelial thickness profile in a 

population of normal eyes33 as well as a population of keratoconic eyes.28,29 The 

repeatability of epithelial thickness measurements in the normal population has been shown 

to be <1.32 μm within the central 6-mm diameter, with a central repeatability of 0.58 μm.35

The purpose of this study was to qualitatively and quantitatively characterize the thickness 

profile of the epithelium in a population of eyes after hyperopic LASIK with the MEL 80 

(Carl Zeiss Meditec, Jena, Germany) excimer laser using the Artemis VHF digital 

ultrasound arc-scanning system.
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PATIENTS AND METHODS

This was a retrospective case series of 65 eyes of 34 consecutive patients who underwent an 

Artemis VHF digital ultrasound scan at least 3 months after hyperopic LASIK at the London 

Vision Clinic, London, United Kingdom, between June 2003 and August 2007. In all cases, 

LASIK was performed by an experienced surgeon (D.Z.R.) using the MEL 80 excimer laser 

and the Hansatome or Hansatome zero-compression microkeratome (Bausch & Lomb, Salt 

Lake City, Utah) with the 160-μm head and 9.5-mm ring. An optical zone of 7 mm was used 

in all eyes with the maximum ablation depth at the 3.5-mm radius. At the postoperative 

assessment, topography and keratometry were performed using the Orbscan II (Bausch & 

Lomb). Three-dimensional epithelial thickness for the central 10-mm diameter was 

measured using the Artemis 1 VHF digital ultrasound arc-scanner. Postoperative Artemis 

scans were performed 1) for all patients where an Artemis scan had been obtained before 

LASIK; 2) to evaluate suitability for retreatment; or 3) as part of a separate study to 

investigate the flap thickness reproducibility of the Hansatome zero-compression 

microkeratome.

All patients gave informed consent for the use of their data for research, analysis, and 

publication purposes.

Artemis VHF Digital Ultrasound Arc-Scanning

The Artemis VHF digital ultrasound system has been previously described in detail.33,35 

Briefly, Artemis VHF digital ultrasound is carried out using an ultrasonic standoff medium. 

The patient sits and positions the chin and forehead into a headrest while placing the eye in a 

soft rimmed eye-cup. Warm sterile normal saline (33°C) is filled into the darkened scanning 

chamber. The patient fixates on a narrowly focused aiming beam, which is coaxial with the 

infrared camera, the corneal vertex, and the center of rotation of the scanning system. The 

technician adjusts the center of rotation of the system until it is coaxial with the corneal 

vertex. In this manner, the position of each scan plane is maintained about a single point on 

the cornea and corneal mapping is therefore centered on the corneal vertex. The Artemis 

VHF digital ultrasound uses a broadband 50-MHz VHF ultrasound transducer (bandwidth 

approximately 10 to 60 MHz), which is swept by a reverse arc, high-precision mechanism to 

acquire B-scans as arcs that follow the surface contour of anterior or posterior segment 

structures of interest. Performing a three-dimensional scan set with the Artemis 1 takes 

approximately 2 to 3 minutes per each eye.

Using VHF digital ultrasound, interfaces between tissues are detected at the location of the 

maximum change in acoustic impedance (the product of the density and the speed of sound). 

It was first demonstrated in 1993 that acoustic interfaces detected in the cornea were located 

spatially at the epithelial surface and at the interface between epithelial cells and the anterior 

surface of Bowman layer.30 Therefore, the measurement of the epithelium with the Artemis 

VHF digital ultrasound scanner includes Bowman layer.
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Three-Dimensional Pachymetric Topography

For three-dimensional scan sets, the scan sequence consisted of four meridional B-scans at 

45° intervals. Each scan sweep takes approximately 0.25 seconds and consists of 128 scan 

lines or pulse echo vectors. Ultrasound data are digitized and stored. The digitized 

ultrasound data are then transformed using digital signal processing technology and software 

developed by our group at Weill-Cornell Medical College, which includes auto-correlation 

of back-surface curvatures to center and align the meridional scans. A speed of sound 

constant of 1640 m/s was used.

Statistical Analysis

Descriptive statistics (average, minimum, maximum, standard deviation, and range) were 

calculated for each point in the 10×10 mm Cartesian matrix across eyes. These statistics 

were carried out for all eyes using vertical mirrored symmetry superimposition—thickness 

values for left eyes were reflected in the vertical axis and superimposed onto right eye 

values so that nasal/temporal characteristics could be combined. The resultant matrices were 

plotted using DeltaGraph v5.0 (SPSS Inc, Chicago, Illinois) as surface fill X,Y,Z plots to 

represent the point-by-point average, standard deviation, minimum, maximum, and range of 

the population. The value and location of the thinnest and thickest epithelium were 

determined for each eye.

The cross-sectional, hemimeridional average epithelial thickness profile was determined for 

each eye by averaging the epithelial thickness within the 0.03-mm zone centered on the 

corneal vertex and within 35 annular bands, each 0.06-mm wide, centered on the corneal 

vertex with central radii increasing in 0.1-mm steps. The average epithelial thickness within 

each annular band was plotted against the radial distance from the corneal vertex.

Linear regression analysis was performed between 1) the thinnest epithelium and the 

attempted spherical equivalent refraction; 2) the thickest epithelium and the attempted 

spherical equivalent refraction; 3) the thinnest epithelium and the postoperative maximum 

simulated keratometry; and 4) the thickest epithelium and the postoperative maximum 

simulated keratometry. The linear regression equation and coefficient of determination (R2) 

was calculated for each correlation.

As this was a retrospective case series, preoperative epithelial thickness data were not 

available for all eyes in this population. To investigate the change in epithelial thickness due 

to the ablation, the preoperative, postoperative, and change in epithelial thickness were 

mapped for the subset of 10 eyes where preoperative data were available.

Descriptive statistics, comparative statistics, and linear regression analysis were performed 

in Microsoft Excel 2003 (Microsoft Corp, Redmond, Washington). A P value <.05 was 

considered statistically significant.

RESULTS

During the study period, 65 eyes of 34 patients (31 right and 34 left eyes) were recruited. 

The other eye of three patients was excluded from the study due to corneal scarring in 1 eye, 

Reinstein et al. Page 4

J Refract Surg. Author manuscript; available in PMC 2015 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myopia in 1 eye, and hyperopic refraction <+0.75 diopters (D) treated in 1 eye. The mean 

time point at which the Artemis scan was performed was 10.6±6.4 months (range: 2.6 to 

24.3 months). The population mean age was 52.4±8.9 years, median 52.0 years (range: 30.5 

to 74.3 years). Mean attempted spherical equivalent refraction was +3.84±1.63 D (range: 

+0.75 to +7.13 D), and mean attempted cylinder was 1.01±1.04 D (range: 0.00 to 5.00 D). 

Mean postoperative maximum simulated keratometry was 48.10±2.10 D (range: 43.20 to 

52.60 D). Mean postoperative minimum simulated keratometry was 46.90±2.00 D (range: 

42.00 to 51.70 D).

B-scan

Figure 1 shows a non-geometrically corrected and a geometrically corrected horizontal 

cross-sectional B-scan image of a cornea 10 months after hyperopic LASIK for +5.50 −2.00 

× 163 obtained with the Artemis VHF digital ultrasound scanner. The epithelial thickness is 

visibly thinner in the center of the cornea and thicker paracentrally where the hyperopic 

ablation was deepest.

Epithelial Pachymetric Topography

The mean thinnest epithelial thickness for all eyes was 39.7±5.6 μm (range: 26.9 to 52.7 μm) 

(95% confidence interval [39.0-40.4]). The thinnest epithelial point was displaced 

−0.19±0.64 mm temporally and 0.93±0.82 mm superiorly on average with reference to the 

corneal vertex.

The mean thickest epithelial thickness for all eyes was 89.3±14.6 μm (range: 63.6 to 124.6 

μm) (95% confidence interval [87.5-91.2]).The thickest epithelial point was displaced 

−2.49±1.04 mm temporally and −0.73±1.42 mm inferiorly on average with reference to the 

corneal vertex. The mean radial distance of the location of the thickest epithelium from the 

corneal vertex was 3.12±0.25 mm (range: 2.3 to 3.6 mm).

Average, standard deviation, minimum, maximum, and range of epithelial thickness maps 

were studied (Fig 2). The epithelial thickness average map (see Fig 2) showed that the 

epithelium was thinner in a central, circular region approximately 4 mm in diameter with the 

thinnest epithelium in the superior half of this region. The central, thin epithelium was 

surrounded by an annulus of thicker epithelium, with the thickest epithelium temporally. 

The distance between the thickest epithelium at the peak of the annulus was 6.8 mm in the 

horizontal meridian and 6.7 mm in the vertical meridian.

The epithelial thickness standard deviation map (see Fig 2) showed there was more variation 

in epithelial thickness in the paracentral cornea with the least variation in epithelial thickness 

in an annulus with a radius of approximately 2 mm around the corneal vertex. The minimum 

epithelial thickness map (see Fig 2) demonstrated the thinnest epithelium within the study 

population to be within the central 4-mm diameter zone. The thinnest central epithelium was 

28 μm, whereas the thinnest paracentral epithelium was 58 μm. The maximum epithelial 

thickness map (see Fig 2) showed that the thickest epithelium in the study population was 

found in a paracentral annulus surrounding the thin epithelium. The thickest epithelium was 

116 μm located 3.1 mm temporal of the corneal vertex whereas the thickest epithelium 

within the central 4-mm diameter was only 56 μm. The range of epithelial thickness map 
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(see Fig 2) showed that the largest range in epithelial thickness in the study population was 

found in the paracentral annular region of epithelial thickening surrounding the thin 

epithelium. The smallest range of epithelial thickness was found within the central 4-mm 

zone.

Figure 3 shows the average preoperative, postoperative, and change in epithelial thickness 

profile for the subset of 10 eyes where preoperative data were available. The preoperative 

epithelial thickness profile demonstrated a similar pattern to that previously reported for a 

normal population33; the epithelium was slightly thinner superiorly and temporally and 

slightly thicker inferiorly. The map of the average change in epithelial thickness 

demonstrated that the central epithelium was up to 8 μm thinner within the central 4-mm 

diameter zone and up to 24 μm thicker in an annular zone between the 4- and 8-mm 

diameters after LASIK. The fourth map in Figure 3 shows the P value at each point; the 

change in epithelial thickness was statistically significant (P<.05) in the center where the 

epithelium had become thinner and in the paracentral annulus where the epithelium had 

become thicker.

Figure 4 shows the cross-sectional, hemi-meridional epithelial thickness profile averaged for 

the population with the same data for a normal, untreated population also plotted for 

comparison.33 Again, this highlights the thin epithelium centrally, with a minimum 

thickness of 46.9 μm, and the thick epithelium para-centrally, with a maximum thickness of 

70.9 μm at a 3.4-mm radius from the corneal vertex. Within the central 1-mm radius, the 

annularly averaged epithelial thickness remained constant at an average of 46.9 μm. 

Between the 1- and 2-mm radius, the annularly averaged epithelial thickness started to 

gradually increase, reaching 50.9 μm at the 2-mm radius. Outside the 2-mm radius, the 

epithelial thickness increased significantly, reaching a maximum of 70.9 μm at a 3.4-mm 

radius before quickly becoming thinner again outside the 3.4-mm radius, down to 54.7 μm at 

the 3.8-mm radius.

Figure 5 shows the epithelial thickness profile for 15 eyes of the population selected at 

random using Microsoft Excel’s random number function. Although all eyes exhibited the 

same epithelial annular pattern, the thickness values of the thinnest epithelium and thickest 

epithelium varied greatly in the population. For example, case 9 shows a minimum epithelial 

thickness of 49 μm and a maximum epithelial thickness of 79 μm. In contrast, case 12 shows 

a minimum epithelial thickness of 36 μm and a maximum epithelial thickness of 116 μm.

Figure 6 shows a scatterplot for the attempted spherical equivalent refraction for the thinnest 

and thickest epithelium. A statistically significant and strong correlation between the 

attempted spherical equivalent refraction and both the thinnest (R2=0.350, P<.001) and the 

thickest epithelium (R2=0.765, P<.001) was noted. This indicated that the minimum 

epithelial thickness was thinner and the maximum epithelial thickness was thicker in eyes 

after higher refractive ablations.

Figure 7 shows a scatterplot for the postoperative maximum simulated keratometry for the 

thinnest and thickest epithelium. A statistically significant correlation between the 

postoperative maximum simulated keratometry and both the thinnest (R2=0.210, P<.001) 
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and thickest epithelium (R2=0.249, P<.001) was noted. This indicated that the minimum 

epithelial thickness was thinner and the maximum epithelial thickness was thicker in eyes 

with steeper postoperative maximum simulated keratometry.

DISCUSSION

This is the first study to characterize the in vivo epithelial thickness profile over a 10-mm 

diameter area in a population of eyes after hyperopic LASIK. All eyes demonstrated an 

epithelial doughnut pattern characterized by a localized zone of thin epithelium surrounded 

by an annulus of thickened epithelium. We found an average epithelial thickness of 39.7±5.6 

μm at the central thinnest location and 89.3±14.6 μm at the paracentral thickest location.

The average epithelium was up to 8 μm thinner centrally and up to 24 μm thicker at the 3.4-

mm radius after LASIK in the subset of 10 eyes with preoperative data. The diameter of the 

annular zone of maximum epithelial thickening was 6.8 mm, which matches the 

programmed laser ablation optical zone diameter of 7 mm where the maximum ablation 

depth was at the 7-mm diameter. This demonstrates that the epithelium was compensating 

for the paracentral stromal tissue removal due to the hyperopic ablation.

As this was a retrospective case series, preoperative data were available for only 10 eyes, 

which may reduce the reliability of the results reported. However, there are a number of 

reasons why the lack of preoperative data should not affect the reliability or validity of the 

results. First, the epithelial thickness profile of the subset of 10 eyes with preoperative data 

was almost identical to that previously reported for a normal population of 110 eyes33; the 

average central epithelial thickness was 52 μm in this subset of 10 eyes compared with 53 

μm in the normal population of 110 eyes previously published.33 Second, very little 

variation in epithelial thickness has been reported in untreated corneas, with a standard 

deviation of approximately 5 μm6,33,36,37 and epithelial thickness ranging from 43 to 63 

μm.33 The range of epithelial thickness from 28 to 125 μm reported in the present study is 

well outside the range of epithelial thickness reported for untreated corneas. The magnitude 

of the difference between the epithelial thickness profile after hyperopic LASIK and that 

previously reported for normal eyes seems to provide compelling evidence that there has 

been an epithelial response to paracentral tissue ablation, which was confirmed by an 

identical result being found for the subset of 10 eyes with preoperative data.

Assuming that the preoperative epithelial thickness was ~53 μm for all eyes in the present 

study, the maximum postoperative epithelial thickness of 125 μm would translate to ~72 μm 

of epithelial thickening. This degree of epithelial thickening was significantly greater than 

the central epithelial thickening reported after myopic LASIK; we previously reported a 

maximum of 18 μm epithelial thickening after a −13.50 D myopic ablation.2 This could be 

explained by the epithelial response according to the profile of tissue removed; hyperopic 

ablations induce a more abrupt change in curvature as the ablation must fit into half the 

cornea compared with myopic ablations where the change in curvature is more gradual 

across the diameter of the cornea. The epithelium appears to compensate more for a 

localized stromal irregularity. For example, Figure 8 shows a B-scan of a cornea where the 

epithelium has thickened by as much as 209 μm to compensate for stromal thinning caused 
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by a corneal ulcer (this scan was obtained with a prototype recti-linear VHF ultrasound 

scanner in 19963). Given that the epithelium appears to be able to thicken more after a 

hyperopic ablation than a myopic ablation, the extra epithelial thickening in hyperopia may 

partly explain the greater degree of scatter in the refractive outcome that characterizes 

hyperopic LASIK38-40 compared with myopic LASIK.

Paracentral epithelial thickening has effectively reduced some of the shape change intended 

by stromal tissue ablation. Therefore, the epithelial thickness changes described in the 

present study would result in partial reversal of the hyperopic correction theoretically 

determined by the actual programmed stromal ablation. The central thinning of the 

epithelium also acts to flatten the cornea, which adds to the magnitude of the 

undercorrection. This could partly explain why early hyperopic ablation profiles resulted in 

large undercorrections (Eckhard Schroeder, PhD, Asclepion Meditec, oral communication, 

September 2001). It is plausible that epithelial thickness changes might also contribute to 

hyperopic regression, which has been described previously38-40; however, a longitudinal 

study of epithelial thickness changes correlated with refractive and topographic changes is 

required to confirm this.

The changes in epithelial thickness were correlated with the degree of hyperopic correction; 

the central epithelial thickness was thinner and the paracentral epithelial thickness was 

thicker for higher hyperopic corrections. This is similar to the epithelial changes seen after 

myopic ablations where there was more central epithelial thickening for higher myopic 

corrections,2 which might partly explain why there is more regression seen in higher 

hyperopic corrections.38-40

The epithelial doughnut pattern observed in the current study population after hyperopic 

LASIK was in some ways similar to that seen in keratoconus,28,29 which is an expected 

result as a hyperopic ablation artificially creates a central and symmetric stromal cone. The 

minimum central epithelial thickness reported in the present study was 26.9 μm compared 

with 29.6 μm in advanced keratoconus, whereas the maximum paracentral epithelial 

thickness reported in the present study was 124.6 μm compared with 94.4 μm in advanced 

keratoconus.28 Another similarity was that the central epithelium was thinner and 

paracentral epithelium was thicker for higher hyperopic corrections, just as the epithelium 

over the cone was thinner and epithelium around the cone was thicker for steeper 

keratoconic corneas.28

It is currently assumed that hyperopic LASIK should be limited according to the 

postoperative curvature as too much steepening can result in epitheliopathy or apical 

syndrome; it is generally accepted that the postoperative curvature should not exceed 49.00 

to 50.00 D.41 However, the results from the present study suggest that the central epithelial 

thickness may be a more useful indicator that further treatment may be attempted. The 

correlation of the postoperative maximum simulated keratometry and the thinnest epithelium 

suggests that whereas the thinnest epithelium is correlated with the postoperative curvature, 

the postoperative curvature alone can be misleading. In an example case from the present 

study, the maximum simulated keratometry of 50.80 D would most likely prevent the 

surgeon from treating further hyperopia; however, the central epithelial thickness of 41.7 μm 
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would suggest that the cornea could be steepened further without resulting in epithelial 

breakdown. On the other hand, another case from the present study demonstrates that the 

epithelial thickness can be thin (33.7 μm) although the cornea was still relatively flat 

postoperatively (46.40 D). The curvature limit would allow further hyperopic ablation, 

whereas the thin, central epithelium would indicate that further steepening might increase 

the risk of apical syndrome. Therefore, using epithelial thickness measurements, hyperopic 

retreatments might be performed without risk of apical syndrome while also allowing some 

patients to have retreatment who would otherwise have been rejected for further surgery due 

to high keratometry postoperatively.

The average epithelium in the present study was thinner in the superior half of the central 4-

mm diameter zone, although the hyperopic ablations were symmetric and centered on the 

corneal vertex. Theoretically, it may have been expected that the thinnest epithelium would 

instead have been found at the corneal vertex. This result could theoretically be due to 

decentration of the ablation; however, the centration of the ablation profiles on the corneal 

vertex was confirmed by the symmetrical radial distance from the corneal vertex to the 

paracentral annulus of thick epithelium. Therefore, the superior shift of the thinnest 

epithelium must have a different explanation. We previously described the presence of 

thinner epithelium in the superior portion of the cornea in (untreated) normal corneas and 

found that the superior epithelium is on average 6-μm thinner than the inferior epithelium.33 

We postulated that this superior thinning is due to a chafing action of the upper lid—a 

mechanism that would still apply to the cases in this study.28,33

A hyperopic ablation is symmetrical, so it might be expected that the epithelial changes 

would also be symmetrical. However, the average epithelium within the paracentral annulus 

of thick epithelium was 10-μm thicker temporally (81.2 μm) than nasally (71.4 μm). This 

finding was also demonstrated within the subset of 10 eyes with preoperative epithelial 

thickness data (see Fig 3) in that there was up to 24 μm of epithelial thickening temporally 

compared with 11 μm nasally. This asymmetry could plausibly induce some astigmatism. 

An analysis correlating the nasal/temporal epithelial asymmetry with the amount of induced 

cylinder found no correlation (P=.118). There are many other biomechanical factors that 

may influence the change in cylinder after hyperopic LASIK, and isolating the effect of the 

epithelium may prove difficult without more sophisticated analysis, including a multivariate 

regression analysis incorporating three-dimensional modeling, such as ray tracing, and is 

therefore outside the scope of this study. Given that the degree of epithelial thickening is 

correlated with the amount of tissue removed, this finding indicates that there was more 

ablation temporally than nasally. This is an interesting finding and we are currently 

investigating the potential causes.

This is the first published study to describe the characteristics of epithelial thickness profile 

changes after hyperopic LASIK. The epithelium was found to follow an epithelial doughnut 

pattern with thin epithelium within a central 4-mm diameter zone surrounded by an annulus 

of thick epithelium after hyperopic LASIK. The amount of epithelial thickening per diopter 

after hyperopic LASIK was greater than that reported after myopic LASIK and similar to 

that seen in advanced keratoconus. The reported change in the epithelial thickness profile 
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may partly explain hyperopic regression and could be used to improve the accuracy of 

hyperopic ablation, particularly with respect to induced cylinder.
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Figure 1. 
Upper panel) Geometrically corrected horizontal B-scan image obtained using the Artemis 

very high-frequency (VHF) digital ultrasound arc-scanner. Middle panel) Non-

geometrically corrected horizontal B-scan obtained using the Artemis VHF digital 

ultrasound arc-scanner. The image has been zoomed with different scales for the x and y 

axes; the width of the image corresponds to 10 mm whereas the height of the image 

corresponds to 1.2 mm. Lower panel) Digital signal processing is performed on the B-scan 

signal, and layer thickness measurements are obtained by a computer algorithm on the I-

scan, resulting in the red line image of the interfaces.
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Figure 2. 
Topographical map of the descriptive statistics of epithelial thickness centered on the 

corneal vertex for the population. All 65 eyes are included with left eyes mirrored (positive 

values represent the nasal cornea and negative values represent the temporal cornea). The 

color scale represents the epithelial thickness in microns. A Cartesian 1-mm grid is 

superimposed with the origin at the corneal vertex.
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Figure 3. 
Topographical map of the average preoperative, postoperative, and change in epithelial 

thickness profile for the subset of 10 eyes where preoperative data were available. A fourth 

map shows the point-by-point P value using Student paired t test. A fifth map shows the 

MEL 80 ablation profile for the mean hyperopic correction of this subset of 10 eyes: +3.05 

−0.73 × 180. The epithelial thickness profiles were calculated with left eyes mirrored 

(positive values represent the nasal cornea and negative values represent the temporal 

cornea). The color scale for the pre- and postoperative maps represents the epithelial 

thickness in microns. The color scale for the change map represents the difference in 

epithelial thickness in microns; positive values indicate that the epithelium was thicker after 

LASIK and negative values indicate the epithelium was thinner after LASIK. The color 

scale for the P value map is set to show all points where there was a statistically significant 

change in blue (P<.05). The color scale for the ablation profile map represents the ablation 

depth in microns. A Cartesian 1-mm grid is superimposed with the origin at the corneal 

vertex.
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Figure 4. 
Cross-sectional, hemi-meridional average epithelial thickness profile (μm) for all 65 eyes. 

The data points represent the average epithelial thickness of all data within an annulus of a 

given radius centered on the corneal vertex. The X axis is the radial distance (mm) from the 

corneal vertex. The thick blue line represents the average epithelial thickness profile and the 

dotted lines represent 1 standard deviation less than and 1 standard deviation greater than the 

average epithelial thickness. The thick green line represents the average epithelial thickness 

profile for a normal population.33 The dotted red line represents the radius where the 

ablation was deepest; 3.50 mm for a 7-mm optical zone.
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Figure 5. 
Epithelial thickness maps of 15 randomly selected eyes, each plotted with an individual 

color scale representing the epithelial thickness in microns. A Cartesian 1-mm grid is 

superimposed with the origin at the corneal vertex. OD = right eye, OS = left eye
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Figure 6. 
Correlation between the attempted spherical equivalent refraction (D) and the thinnest and 

thickest epithelium (μm). The linear regression equations and coefficients of determination 

(R2) are indicated.
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Figure 7. 
Correlation between the post-operative maximum simulated keratometry (D) and the 

thinnest and thickest epithelium (μm). The linear regression equations and coefficients of 

determination (R2) are indicated.

Reinstein et al. Page 19

J Refract Surg. Author manuscript; available in PMC 2015 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Non-geometrically corrected very high-frequency digital ultrasound B-scan of the central 2 

mm of a cornea after a corneal ulcer. The total corneal thickness is 536 μm and the epithelial 

thickness in the location of the corneal ulcer is 209 μm. The epithelial thickening over the 

region of the corneal ulcer has maintained a consistent curvature of the anterior surface of 

the cornea.
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