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Abstract
PURPOSE—To characterize the epithelial, stromal, and total corneal thickness profile in a
population of eyes with keratoconus.

METHODS—Epithelial, stromal, and total corneal thickness profiles were measured in vivo by
Artemis very high-frequency (VHF) digital ultrasound scanning (ArcScan) across the central 6- to
10-mm diameter of the cornea on 54 keratoconic eyes. Maps of the average, standard deviation,
minimum, maximum, and range of epithelial, stromal, and total corneal thickness were plotted.
The average location of the thinnest epithelium, stroma, and total cornea were found. The cross-
sectional semi-meridional stromal and total corneal thickness profiles were calculated using
annular averaging. The absolute stromal and total corneal thickness progressions relative to the
thinnest point were calculated using annular averaging as well as for 8 semi-meridians
individually.

RESULTS—The mean corneal vertex epithelial, stromal, and total corneal thicknesses were 45.7
± 5.9 µm, 426.4 ± 38.5 µm and 472.2 ± 41.4 µm respectively. The average epithelial thickness
profile showed an epithelial doughnut pattern characterized by localized central thinning
surrounded by an annulus of thick epithelium. The thinnest epithelium, stroma, and total cornea
were displaced on average by 0.48 ± 0.66 mm temporally and 0.32 ± 0.67 mm inferiorly, 0.31 ±
0.45 mm temporally and 0.54 ± 0.37 mm inferiorly, and 0.31 ± 0.43 mm temporally and 0.50 ±
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0.35 mm inferiorly, respectively, with reference to the corneal vertex. The increase in semi-
meridional absolute stromal and total corneal thickness progressions was greatest inferiorly and
lowest temporally.

CONCLUSIONS—Three-dimensional thickness mapping of the epithelial, stromal, and total
corneal thickness profiles characterized thickness changes associated with keratoconus and may
help in early diagnosis of keratoconus.

Keratoconus is a non-inflammatory corneal disease characterized by a cone-like–shaped
protrusion of the corneal surface. It is associated with progressive corneal thinning,
steepening of corneal curvature, and irregular astigmatism, resulting in mild to marked
impaired quality of vision. It is a bilateral but often asymmetric disorder.

Total corneal thickness changes associated with keratoconus are due to changes in both
stromal thickness and epithelial thickness. Although central total corneal thickness and total
corneal thickness profile have been widely reported, only a limited number of studies have
reported central stromal or epithelial thickness, and there are no published studies showing
pachymetric maps of the stroma or epithelium.

Central corneal thinning in keratoconus has been reported using different methods such as
ultrasound pachymetry,1–6 Orbscan (Bausch & Lomb, Salt Lake City, Utah),2,5–8
Pentacam (Oculus Optikgeräte, Wetzlar, Germany),4,9,10 specular microscopy,6 ultrasound
biomicroscopy,11,12 and optical coherence tomography (OCT).5,13 Total corneal thickness
profile in keratoconus has been measured previously using Orbscan,7 Pentacam,9,10,14 and
Visante OCT (Carl Zeiss Meditec AG, Jena, Germany)15 whereas other studies have
provided total corneal thickness measurements at specific locations in the peripheral cornea.
1,3,5,12,16–18

In keratoconus, the epithelium is known to thin in the area overlying the cone, and in
advanced keratoconus, there may be excessive epithelial thinning leading to a breakdown in
the epithelium. Epithelial thinning over the cone has been demonstrated using
histopathologic analysis of keratoconic corneas,19 and the central epithelial thickness was
found to be thinner in keratoconus than in normal corneas using OCT.5 Transmission
electron microscopy has demonstrated that the epithelial thickness was irregular in
keratoconus.20

The stromal thickness profile is also of interest to study as stromal thinning occurs during
the progression of the disease.5,21 Early changes in the stromal thickness progression may
be helpful in the early diagnosis of keratoconus.

Artemis very high-frequency (VHF) digital ultrasound (ArcScan, Morrison, Colo) is to date
the only published method of accurately measuring individual corneal layers, including the
epithelium and stroma, continuously over a large area.22,23 We have previously used the
Artemis to describe the average epithelial thickness profile24 and stromal thickness
profile25 in a population of normal eyes. The repeatability of total corneal thickness
measurements in 10 consecutive examinations of 1 eye using the Artemis 1 VHF digital
ultrasound arc-scanning system has been shown to be less than 8 µm within the central 8-
mm diameter, with a central repeatability of 1.5 µm.23 The repeatability of epithelial
thickness measurements in the normal population has been shown to be less than 1.30 µm
within the central 8-mm diameter, with a central repeatability of 0.5 µm.23

The purpose of this study was to qualitatively and quantitatively characterize the thickness
profile of the epithelium, stroma, and full cornea in a population of keratoconic eyes using
the Artemis VHF digital ultrasound arc-scanning system.
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PATIENTS AND METHODS
PATIENT POPULATION

This study was a retrospective case series collected from a consecutive population of
keratoconus patients examined at the London Vision Clinic, London, United Kingdom,
between July 2005 and August 2007. A complete ocular examination was performed to
confirm the diagnosis of keratoconus. Preoperative assessment of all patients included
manifest refraction, logMAR best spectacle-corrected visual acuity (BSCVA) (CSV-1000;
Vector Vision Inc, Greenville, Ohio), and cycloplegic refraction using one drop of
tropicamide 1% (Alcon Laboratories UK Ltd, Hemel Hempstead, United Kingdom).
Tomography was assessed using the Orbscan II and topography and simulated keratometry
(K) were assessed using the Atlas corneal topography system (Carl Zeiss Meditec AG).
Dynamic pupillometry was carried out using the Procyon P2000 pupillometer (Haag-Streit,
Bern, Switzerland). Wavefront assessment was performed using the WASCA aberrometer
(Carl Zeiss Meditec AG). Single-point pachymetry was performed with the Corneo-Gage
Plus (50 MHz) handheld ultrasound pachymeter (Sonogage, Cleveland, Ohio) by
determining the minimum of 10 consecutive central total corneal measurements. Three-
dimensional epithelial, stromal, and total corneal thickness for the central 8- to 10-mm
diameter was measured using the Artemis 1 technology.

Patients in the study met the following inclusion criteria: a) patients previously diagnosed
with keratoconus, and b) patients whose diagnosis was confirmed by clinical signs of
keratoconus such as microscopic signs at the slit lamp, corneal topographic changes, high
refractive astigmatism, reduced BSCVA and contrast sensitivity, and significant level of
higher order aberrations, in particular coma. The population included eyes at different stages
of the disease, ranging from cases with indisputable keratoconus by topography, but without
microscopic signs at the slit-lamp, to extreme cases approaching the need for corneal
transplant, demonstrating clear microscopic signs such as Vogt striae and substantial corneal
thinning. In patients in whom the second eye demonstrated suspected keratoconus (ie, a
diagnosis of keratoconus could not be confirmed), the second eye was excluded. Patients
with pellucid marginal degeneration and apical corneal scarring were also excluded.

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 described in detail previously.24

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 (band-width
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 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).

Reinstein et al. Page 3

J Refract Surg. Author manuscript.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



It was first demonstrated in 1993 that acoustic interfaces being 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.26 This indicated that stromal thickness measurement with
VHF digital ultrasound includes Bowman layer. The posterior boundary of the stroma with
VHF digital ultrasound is located at the interface between the endothelium and the aqueous,
as this is the location of the maximum change in acoustic impedance. This indicated that
stromal thickness measurement with VHF digital ultrasound includes Descemet membrane
and the endothelium.

The Artemis 1 scanner described herein is the precursor to the commercially available
Artemis 2 (Arc-Scan Inc). The main difference is that the Artemis 1 uses a
polyvinydifluoride (PVDF) transducer whereas the Artemis 2 uses a lithium niobate
transducer (which is more sensitive). Both PVDF and lithium niobate probes produce the
same accuracy of measurement, as this varies according to frequency and bandwidth, not
sensitivity. The digital signal processing technology and the arc described for anterior
segment as well as corneal scanning are identical for both instruments.

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 about 0.25 seconds and consisted of 128 scan lines or
pulse echo vectors. Ultrasound data are digitized and stored. The digitized ultrasound data
are then transformed using patented Cornell University digital signal processing technology,
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 the right eye
values so that nasal/temporal characteristics could be combined. The resultant matrices were
plotted using DeltaGraph v5.0 (SPSS Inc, Richmond, Calif) as surface fill X,Y,Z plots to
represent the point-by-point average, standard deviation, minimum, maximum, and range of
the population. Qualitative assessment of individual variability within corneas and across the
population was performed. Fifteen eyes were chosen at random using Microsoft Excel’s
(Microsoft Corp, Redmond, Wash) random number function to demonstrate examples of the
epithelial thickness profile in keratoconic eyes. The point locations of the thinnest
epithelium, thinnest stroma, and thinnest cornea were determined for each eye (using
mirrored left eyes) and the average and standard deviation of the x- and y-coordinates of the
thinnest point were calculated. The standard deviation of epithelial thickness within the
central 3-, 5-, and 7-mm zones was determined for each eye to represent the within-eye
variation of epithelial thickness. The average and standard deviation of the within-eye
variation were found and the distribution of the within-eye variation was plotted. This
analysis was performed so the results could be compared to a similar analysis for a
population of normal eyes.24

To quantify the irregularity of the epithelial thickness profile, the values of the thinnest and
thickest epithelium were determined for each eye and the difference between the thinnest
and thickest point was calculated. Linear regression analysis was performed with the
hypothesis that there is a correlation between 1) the thinnest epithelial value of a cornea and
the steepest point value for the Atlas keratometric map of the same cornea, 2) the thickest
epithelial value of a cornea and the steepest point value for the Atlas keratometric map of

Reinstein et al. Page 4

J Refract Surg. Author manuscript.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the same cornea, and 3) the difference between the thinnest and thickest epithelial values of
a cornea and the steepest point value for the Atlas keratometric map of the same cornea. The
coefficient of determination (R2) was calculated for each of these correlations.

The stromal and total corneal thickness data for each eye were transposed to center the data
on the thinnest point rather than the corneal vertex. Descriptive statistics (average and
standard deviation) were recalculated and mapped for all eyes with the thinnest point as the
origin. The cross-sectional semi-meridional average stromal and total corneal thickness
profile were determined for each eye by averaging the stromal and total corneal thickness
within the 0.03-mm zone centered on the thinnest point and within 35 annular bands each
0.06-mm wide centered on the thinnest point with central radii increasing in 0.1-mm steps.
The average stromal and total corneal thicknesses within each annular band were plotted
against the radial distance from the thinnest point.

To investigate the absolute stromal thickness progression from the thinnest point towards the
periphery, the difference between the stromal thickness for each annular band of each eye
and the thinnest stroma in the same eye was calculated. The average of these differences was
plotted against the radial distance from the thinnest point. Polynomial linear regression
analysis was performed, and the regression equation and the coefficient of determination
(R2) were calculated to describe the absolute stromal thickness progression from the thinnest
point to the periphery. The same analysis was also performed to describe the absolute total
corneal thickness progression.

To investigate the symmetry of the absolute stromal thickness progression, directional semi-
meridional absolute stromal thickness progression was also calculated. The difference
between the stromal thickness and the stroma at the thinnest point was calculated at 0.1-mm
steps for eight semi-meridians at 45° intervals: the nasal (0°) and temporal (180°) horizontal
meridian, the superior (90°) and inferior (270°) vertical meridian, the superonasal (45°) and
inferotemporal (225°) meridian, and the superotemporal (135°) and inferonasal meridian
(315°). The average absolute stromal thickness progression was plotted against the radial
distance from the thinnest point for each of the eight semi-meridians. The same analysis was
also performed to describe the symmetry of the absolute total corneal thickness progression.

Descriptive statistics, comparative statistics, and linear regression analysis were performed
in Microsoft Excel 2003. A P value <.05 was deemed to be significant.

RESULTS
During the study period, 54 eyes (27 right and 27 left eyes) of 30 patients were included for
evaluation. There were 6 patients whose other eye was excluded from the study for the
following reasons: suspected keratoconus in 3 eyes, corneal graft in 2 eyes, and apical
corneal scarring in 1 eye. The population breakdown was 57.4% Caucasian, 25.9% East
Indian, 13.0% Black, and 3.7% Arabic. Mean patient age was 29.3±6.1 years (median: 29.3
years, range: 18.3 to 41.9 years). The mean refraction was −1.45±3.40 diopters (D) sphere
(range: −8.25 to +9.75 D), and 3.40±2.51 D cylinder (range: 0.00 to 12.00 D). Mean
BSCVA was 0.24±0.32 logMAR. The mean maximum keratometry was 50.20±5.80 D
(range: 42.20 to 63.50 D). The mean minimum keratometry was 45.50±3.60 D (range: 39.80
to 53.70 D).

B-SCAN
Figure 1 shows non-geometrically corrected Artemis B-scan images, Artemis epithelial
thickness profile maps, and Atlas axial curvature maps for four keratoconic corneas at
different stages of the disease ranging from severe keratoconus to mild keratoconus. The
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protrusion of the cone on the back surface of the cornea as well as on the front surface of the
cornea can be clearly seen on the B-scans, with the cone more apparent as the severity of the
keratoconus increases. The B-scans also demonstrate central total corneal thinning, which is
more evident in the more severe cases of keratoconus. The lack of homogeneity in epithelial
thickness characterized by thinner epithelium over the cone with thicker epithelium adjacent
to the cone is also visible on the B-scans. The thin epithelium at the apex of the cone as well
as the thicker epithelium bordering the cone is clearly visible for the two most severe cases,
still visible for the moderate case although less pronounced, but hardly noticeable for the
mild case. However, the epithelial thickness profile map clearly demonstrates a similar
pattern of thin central epithelium and surrounding thicker epithelium.

EPITHELIAL PACHYMETRIC TOPOGRAPHY
Table 1 presents statistical data for the corneal vertex epithelial thickness for all eyes.

The average epithelial thickness map (Fig 2, row 1, column 1) showed an epithelial
doughnut pattern, characterized by a localized central zone of thinning surrounded by an
annulus of thick epithelium. The epithelial doughnut pattern was slightly decentered
inferotemporally.

Analysis of the thinnest epithelial point (Fig 3) revealed that the mean thinnest epithelial
point was displaced 0.48±0.66 mm temporally and 0.32±0.67 mm interiorly with reference
to the corneal vertex. The thinnest epithelial point was located in the inferotemporal
quadrant for 74% of eyes (40/54), in the superotemporal quadrant in 16.7% of eyes (9/54),
in the superonasal quadrant for 1.9% eyes (1/54), and in the inferonasal quadrant in 7.4% of
eyes (4/54). Table 2 presents statistical data for the thinnest epithelial point. The epithelium
at the thinnest point was on average 7.5 µm thinner than at the corneal vertex, which was a
statistically significant difference (P<.001).

Analysis of the thickest epithelial point revealed that the mean thickest epithelial point was
displaced 0.10±1.18 mm nasally and 0.92±1.65 mm inferiorly with reference to the corneal
vertex. The mean thickest epithelium for all eyes was 66.8±7.2 µm (range: 54.1 to 94.4 µm).
The mean difference between the thinnest and thickest epithelium was 28.6±10.8 µm (range:
5.1 to 59.1 µm).

Figure 4 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 doughnut pattern, the thickness values of the thinnest epithelium and thickest
epithelium, as well as the difference in thickness between the thinnest and thickest
epithelium, varied greatly in the population. For example, case 12 shows a minimum
epithelial thickness of 47 µm, and a difference of 14 µm between the thinnest and thickest
epithelium. In contrast, case 15 shows a minimum epithelial thickness of 33 µm, and a
difference of 45 µm between the thinnest and thickest epithelium.

A statistically significant and relatively strong correlation (R2=0.47, P<.05) was noted
between the steepest keratometry and the thinnest epithelium in the central zone of the
epithelial doughnut pattern (Fig 5A), indicating that the minimum epithelial thickness was
thinner in eyes with steeper keratometry, suggesting there is more epithelial thinning in the
central zone of the epithelial doughnut pattern in advanced cases of keratoconus where the
cone is more pronounced. There was also a statistically significant correlation (R2=0.29, P<.
05) between the steepest keratometry and the thickest epithelium (Fig 5B). This indicated
that the maximum epithelial thickness was greater in eyes with steeper keratometry,
suggesting there is more epithelial thickening in the annular zone of the epithelial doughnut
pattern in advanced cases of keratoconus where the cone is more pronounced. Following on
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from these two results, there was a statistically significant correlation (R2=0.53, P<.05)
between the steepest keratometry and the difference between the thinnest and thickest
epithelium within the epithelial doughnut pattern (Fig 5C).

The map of epithelial thickness standard deviation (see Fig 2, row 1, column 2) showed
more variation in epithelial thickness in the central cornea. The nasal, superior, and inferior
peripheral regions demonstrated the least variation. The map of the minimum epithelial
thickness (see Fig 2, row 1, column 3) demonstrated the thinnest epithelium within the study
population to be within the central 1-mm diameter zone. The thinnest central epithelium was
30 µm, whereas the thinnest inferior epithelium was 57 µm. The map of the maximum
epithelial thickness (see Fig 2, row 1, column 4) showed that the thickest epithelium in the
study population was found in the mid-peripheral zone surrounding the thin epithelium. The
thickest epithelium was 94 µm located 1.5-mm superior of the corneal vertex whereas the
thickest epithelium at the corneal vertex was only 55 µm. The map of the range of epithelial
thicknesses (see Fig 2, row 1, column 5) showed that the largest range in epithelial thickness
in the study population was found in the annular region of epithelial thickening surrounding
the thin epithelium. The smallest range of epithelial thickness was found in the peripheral
cornea, in the superonasal area.

The mean within-eye variation of epithelial thickness for the central 3-, 5-, and 7-mm
diameter zones remained similar as the analysis zone diameter increased (Fig 6)—6.51 ±
3.31 µm for the central 3 mm, 7.02±3.29 µm for the central 5 mm, and 6.37±2.70 µm for the
central 7 mm.

STROMAL AND TOTAL CORNEAL PACHYMETRIC TOPOGRAPHY
Table 1 presents statistical data for the corneal vertex stromal and total corneal thickness.

The average stromal thickness map (see Fig 2, row 2, column 1) and the average total
corneal thickness map (see Fig 2, row 3, column 1) showed as expected that the stroma and
the total cornea were thinner centrally and became increasingly thicker towards the
peripheral cornea.

Analysis of the thinnest point location (see Fig 3) revealed that for most eyes, the thinnest
stromal and total corneal points were displaced inferotemporally with reference to the
corneal vertex for both the stroma and cornea. The mean location of the thinnest stromal
point was displaced 0.38±0.42 mm temporally and 0.57±0.36 mm inferiorly with reference
to the corneal vertex. Table 2 presents statistical data for the average stromal thickness at the
thinnest location. The average thinnest stroma was 20.5 µm thinner than the average stromal
thickness at the corneal vertex, which was a statistically significantly difference (P<.001).
The thinnest stromal point was located in the inferotemporal quadrant in 51 (94.4%) eyes, in
the inferonasal quadrant in 2 (3.7%) eyes, and in the superotemporal quadrant in 1 (1.9%)
eye. The thinnest stromal point was not found in the superonasal quadrant for any eyes.

The mean location of the thinnest total corneal point was displaced 0.36±0.41 mm
temporally and 0.52±0.36 mm inferiorly with reference to the corneal vertex. Table 2
presents statistical data for the average total corneal thickness at the thinnest location. The
average thinnest total cornea was 22.4 µm thinner than the average total corneal thickness at
the corneal vertex, which was a statistically significantly difference (P<.001). The thinnest
total corneal point was located in the inferotemporal quadrant in 49 (90.7%) eyes, in the
inferonasal quadrant in 3 (5.6%) eyes, and in the superotemporal quadrant in 2 (3.7%) eyes.
The thinnest total corneal point was not found in the superonasal quadrant for any eyes.
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The maps of stromal and total corneal thickness standard deviation (see Fig 2, rows 2 and 3,
column 2) showed the least variation in stromal and total corneal thickness in the
superonasal quadrant, and the most variation in the inferotemporal quadrant, around the
average thinnest location. Maps of the minimum stromal and total corneal thickness (see Fig
2, rows 2 and 3, column 3) demonstrated the thinnest stroma and total cornea within the
study population were slightly decentered inferotemporally, around the average thinnest
location. The thinnest central stroma was 298 µm, whereas the thinnest stroma 3.8 mm
superiorly was 450 µm. The thinnest central total cornea was 338 µm, whereas the thinnest
total cornea 3.8 mm superiorly was 524 µm. Maps of the maximum stromal and total
corneal thickness (see Fig 2, rows 2 and 3, column 4) showed that the thickest stroma and
total cornea in the study population were found peripherally at the 3-mm radius in the
superonasal cornea. The thickest peripheral stroma was 713 µm and the thickest peripheral
total cornea was 772 µm, whereas the thickest central stroma was 490 µm and the thickest
central total cornea was 541 µm. Maps of the range of stromal thicknesses (see Fig 2, row 2,
column 5) showed that the largest range in stromal thickness in the study population was
found in the inferotemporal region around the thinnest point location. Maps of the range of
total corneal thicknesses (see Fig 2, row 3, column 5) showed that the largest range in total
corneal thickness in the study population was found in the central 3-mm zone.

Figure 7 shows the average and standard deviation stromal thickness maps and total corneal
thickness maps calculated for thickness data transposed to center the data on the thinnest
point rather than the corneal vertex. The central thin stromal and total corneal zone appeared
to be slightly asymmetrical, extending slightly further towards the periphery superiorly than
inferiorly in the vertical meridian. The map of stromal thickness standard deviation showed
the least variation in a central zone extending 3 mm nasally and temporally, 1 mm inferiorly,
and 2 mm superiorly. The map of total corneal thickness standard deviation showed the least
variation in the superior and inferotemporal cornea.

Figure 8 shows the cross-sectional semi-meridional average stromal and total corneal
thickness profile for the study population. Figure 9 shows the average absolute stromal and
total corneal thickness progression relative to the thinnest stroma and total cornea; the
thinnest value is adjusted to zero and the difference between the thinnest value and the
thickness at each annular radius is plotted. The average absolute stromal thickness
progression can be described by the equation: y = 2.40 x2 + 26.367 × (R2 = 0.999), where y
is the absolute difference in stromal thickness (µm) relative to the thinnest point at the x
(mm) radius from the thinnest point. The average absolute total corneal thickness
progression can be described by the equation: y = 2.35 x2 + 31.649 × (R2 = 0.999). The
mean increase in stromal thickness with reference to the thinnest point was 28.5±15.8 µm at
the 1-mm radius, 63.7±23.2 µm at the 2-mm radius, and 102.2±26.6 µm at the 3-mm radius.
The mean increase in total corneal thickness with reference to the thinnest point was 30.4±
14.3 µm at the 1-mm radius, 75.0±29.5 µm at the 2-mm radius, and 115.7± 34.6 µm at the 3-
mm radius.

The directional semi-meridional absolute stromal and total corneal thickness progression
analysis (Figs 10 and 11) revealed that the rate of increase in stromal and total corneal
thickness were greater in the inferior cornea than in the superior cornea and greater in the
nasal cornea than the temporal cornea. The nasal and superonasal semi-meridians were
thicker than the other semi-meridians within the central 1.2-mm radius zone; however, the
inferior semi-meridian was the thickest from the 1.2-mm radius and further towards the
peripheral cornea. The temporal semi-meridian was the thinnest at all radial distances from
the thinnest point.
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DISCUSSION
This is the first study to characterize the in vivo epithelial, stromal, and total corneal
thickness profiles over an area between 6 and 10 mm in diameter in a population of
keratoconic eyes. Within the region of the cone, the epithelial thickness profile consisted of
a localized zone of thinning surrounded by an annulus of thickened epithelium. This pattern
was characteristic of all keratoconic eyes scanned. We have chosen to describe this specific
configuration as an “epithelial doughnut pattern.” At the thinnest location, we found an
average epithelial thickness of 38.2±5.8 µm, an average stromal thickness of 405.9±42.5
µm, and an average total corneal thickness of 449.8±43.9 µm. The thinnest epithelial point
and the thinnest stromal and total corneal points were displaced on average inferotemporally
with reference to the corneal vertex.

It is known that the corneal epithelium has the ability to alter its thickness profile to try and
re-establish a smooth, symmetrical optical surface and either partially or totally mask the
presence of an irregular stromal surface from front surface topography.27 We have
previously described epithelial compensation for stromal irregularities in cases of
asymmetric resection in automated lamellar keratoplasty,28 asymmetric LASIK flaps,28–30

microfolds,29,30 flap malposition,29–31 short flap,29–31 free cap malrotation,32 and irregular
stromal surface following multiple refractive procedures.27 Epithelial changes have also
occurred in response to myopic22,28,33 and hyperopic LASIK,28 radial keratotomy,34 and
Intacs implantation.35

The epithelial doughnut pattern found in all keratoconic eyes in this population is consistent
with the known epithelial compensatory mechanism; the epithelium appears to remodel to
eliminate or reduce the bulging of the anterior stromal surface and regularize the anterior
corneal surface by thinning over the cone and thickening around the cone. We have also
shown that the epithelium was both thinner over the cone and thicker around the cone in
more advanced cases, indicating that the degree of potential epithelial compensation is
dependent on the severity of the keratoconus.

We originally suggested in 1994 that eyelid blinking and friction onto the corneal surface
may regulate the epithelial thickness profile26 and have recently suggested that eyelid
mechanics and blinking might be responsible for the non-uniform epithelial thickness profile
seen in normal corneas.24 We postulated that the eyelid might effectively be chafing the
surface epithelium during blinking and that the posterior surface of the semi-rigid tarsus
provides a template for the outer shape of the epithelial surface. In keratoconus, because the
cone is protruding, the apex would be the first point of contact with the eyelid, resulting in
increased chafing and therefore thinning of the epithelium at the apex of the cone. As the
cone becomes more severe and the protrusion becomes more pronounced, it makes sense
that the epithelium at the apex of the cone becomes thinner. We have indeed found that the
thinnest epithelium in the central zone of the epithelial doughnut pattern was thinner for
eyes with steeper keratometry (more advanced keratoconus) (see Fig 5A). This is also
visibly apparent on the B-scans presented in Figure 1. The epithelial response to the
insertion of intracorneal ring segments provides a similar example of this phenomenon; the
epithelium becomes thinner where the intracorneal ring segment causes a ridge in the
anterior stromal surface.35 Further study is required to confirm our theory that the eyelid is
effectively chafing the epithelium causing epithelial thinning over a stromal cone.

As the cone becomes more severe, we have also shown that the surrounding annulus of
epithelium in the epithelial doughnut pattern is thicker (see Fig 5B). The presence of annular
epithelial thickening suggests that the eyelid is applying less force during blinking around
the sides of the cone, allowing the epithelium to grow up to the inner surface template of the
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eyelid; in a sense, the eyelid inner surface is tented over the apex of a bulging cone,
producing lateral valleys, which are then filled with thickened epithelium. Again, this
epithelial reaction is exactly the same as that seen after intracorneal ring segments; the
epithelium is thicker to the side of the ridge caused by the intracorneal ring segment as the
epithelium has been allowed to grow into the space created by the tenting effect of the eyelid
over the ridge.35 The epithelial reaction can be thought of in terms of draping a cloth sheet
over an irregular surface with the edges pulled taut. A taut cloth would not lie evenly across
the surface; rather, it would be in contact with the peaks of the irregular surface and tent-
shaped above the surface on either side of the peaks before gradually returning to the surface
in areas without irregularities. The anterior surface of the cornea can be seen to be similar to
such a tent-shape in the B-scans in Figure 1. Further study is required to confirm our theory
that the reduced eyelid force around a cone allows the epithelium to thicken.

The combination of epithelial thinning and surrounding epithelial thickening resulted in an
increased difference between the thinnest and thickest epithelium; as the cone became more
severe, the difference between the thinnest and thickest epithelium increased (see Fig 5C).

The difference between the thinnest and thickest epithelium showed a stronger correlation
with the steepest keratometry than the thinnest epithelium or thickest epithelium alone. This
is not surprising as this parameter combines the impact of both the epithelial thinning and
thickening effects. In our population, the difference between the thinnest and thickest
epithelium reached 59 µm in the most advanced case. This describes how the degree of
epithelial compensatory reaction is associated with the severity of the cone.

These factors demonstrate that the epithelial thickness profile changes with the progression
of the disease. We propose that parameters such as epithelial thickness at the thinnest point
(at the center of the epithelial doughnut pattern) and maximum thickness difference between
the localized central zone of thinning (at the center of the epithelial doughnut pattern) and
the surrounding annulus of thick epithelium could be used to monitor the progression and
severity of keratoconus. Localized thinning of the epithelium at the center of the epithelial
doughnut pattern and an increased difference between the thinnest and thickest epithelium
might indicate deterioration of the condition.

Having previously characterized the epithelial thickness profile in a population of normal
eyes,24 we know that the epithelial thickness profile in keratoconus has a significantly
different pattern. Additionally, we have demonstrated that the epithelial thickness profile in
keratoconus changes as the disease progresses. Therefore, we can assume that the epithelial
doughnut pattern would be observed in early keratoconus, where the degree of epithelial
thickness changes would be expected to be relatively small. We are currently investigating
the possibility of using epithelial thickness profiles as a screening tool for early detection of
keratoconus.36

Comparing our results with previous studies, it was reported that the average corneal vertex
epithelial thickness in keratoconus was 48.2±5.5 µm and the average cone apex epithelial
thickness was 6.1 µm thinner (42.1±4.5 µm) when using OCT.5 This is in good agreement
with our findings; in our population, the epithelial thickness at the thinnest location was 7.5
µm thinner than at the corneal vertex. Our findings both at the corneal vertex and at the
thinnest locations were slightly lower than those reported by Haque et al.5 This difference
could be easily explained by variations in the severity of the keratoconus witnessed in the
sample population. Haque et al’s study also demonstrated that patients who had been
diagnosed more than 5 years prior to the assessment had an apical epithelium 2.6 µm thinner
than patients diagnosed more recently.5 This is in agreement with our finding that the
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thinnest epithelium at the center of the epithelial doughnut pattern was thinner for more
advanced cases.

We have previously characterized the stromal thickness profile and absolute stromal
thickness progression in a population of normal eyes.24 Comparing this to the average
absolute stromal thickness progression reported in the present study for a keratoconic
population, there is a significant difference to that observed in normal eyes. In normal eyes,
we demonstrated that the absolute stromal thickness progression from the thinnest point to
the periphery showed little variation between eyes and that it was independent of central
stromal thickness.24 In keratoconus, the absolute stromal thickness progression from the
thinnest point to the periphery showed greater variation between eyes and was much faster
than that in the normal population. For example, at a 2-mm radius from the thinnest point,
the stromal thickness progression in normal eyes was 29.9±5.4 µm whereas it was 60.6±25.6
µm in keratoconus. The increased difference between stromal thickness at the thinnest point
and in the periphery in the keratoconus population indicates central thinning. This difference
could be observed in early cases of keratoconus, and therefore absolute stromal thickness
progression might be a sensitive tool for keratoconus detection.

This is the first published study to describe the characteristics of epithelial, stromal, and total
corneal pachymetric topography in the keratoconic cornea. Thickness mapping of the
corneal epithelium demonstrated an epithelial doughnut pattern characterized by localized
central thinning surrounded by an annulus of thickened epithelium. The epithelial doughnut
pattern was more pronounced in eyes with more advanced keratoconus. Knowledge of
epithelial, stromal, and total corneal thickness profiles in keratoconus may help in the
diagnosis of early keratoconus, as well as the monitoring of the progression of the disease
under therapeutic conditions such as corneal collagen cross-linking,37,38 where the surface
topography changes may not reflect the stromal surface changes due to masking by
epithelial remodeling.27
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Figure 1.
Non-geometrically corrected Artemis B-scan images obtained using the Artemis very high-
frequency digital ultrasound arc-scanner, Artemis epithelial thickness profile maps, and
Atlas axial curvature maps for four keratoconic corneas at different stages of the disease
ranging from severe keratoconus to mild keratoconus.
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Figure 2.
Topographical map of the descriptive statistics of epithelial thickness, stromal thickness, and
total corneal thickness centered on the corneal vertex for the population. All 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 thickness in microns. A
Cartesian 1-mm grid is superimposed with the origin at the corneal vertex.
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Figure 3.
Average location of the thinnest epithelium, thinnest stroma, and thinnest total cornea within
the central 5 mm of the cornea. The dots represent the average location of the thinnest point
for all eyes tested, and the ellipses represent one standard deviation in the x- and y-
directions. The epithelium is represented in green, the stroma in blue, and the total cornea in
red. A Cartesian 1-mm grid is superimposed with the origin at the corneal vertex. Positive x
values represent the nasal cornea and negative values represent the temporal cornea. Positive
y values represent the superior cornea and negative values represent the inferior cornea.

Reinstein et al. Page 16

J Refract Surg. Author manuscript.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
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.
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Figure 5.
A) Correlation between the steepest keratometry (D) and the thinnest epithelium (µm). The
coefficient of determination (R2) is indicated. B) Correlation between the steepest
keratometry (D) and the thickest epithelium (µm). The coefficient of determination (R2) is
indicated. C) Correlation between the steepest keratometry (D) and the difference between
the thinnest and thickest epithelium (µm). The coefficient of determination (R2) is indicated.

Reinstein et al. Page 18

J Refract Surg. Author manuscript.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6.
Histogram of within-eye variation of epithelial thickness for the central 3-, 5-, and 7-mm
zones. The x axis represents the within-eye variation of epithelial thickness for the central 3-
mm (green bars), 5-mm (blue bars), and 7-mm (red bars) diameter zones with intervals of
0.50 µm. Each bar represents the percentage of eyes with the within-eye variation of
epithelial thickness for that 0.50 µm interval.
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Figure 7.
Topographic maps of the average and standard deviation of stromal thickness and total
corneal thickness for the population centered on the thinnest point. The color scale
represents the thickness in microns. A Cartesian 1-mm grid is superimposed with the origin
at the thinnest point. Both maps include all eyes with left eyes mirrored (positive x values
represent the nasal cornea and negative values represent the temporal cornea).
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Figure 8.
Cross-sectional semi-meridional average stromal and total corneal thickness profile (µm) for
all eyes. The data points represent the average thickness of all data within an annulus of a
given radius. The x axis is the radial distance (mm) from the location of the thinnest point.
The thick line represents the average thickness profile and the thin lines represent one
standard deviation less than and one standard deviation greater than the average thickness.
The stromal thickness is represented in blue and the total corneal thickness in red.
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Figure 9.
Average absolute stromal and total corneal thickness progression (µm) with reference to the
thinnest point for all eyes. The data points represent the difference between the average
thickness of all data within an annulus of a given radius and the thinnest thickness. The x
axis is the radial distance (mm) from the location of the thinnest point. The thick line
represents the absolute thickness progression and the thin lines represent one standard
deviation less than and one standard deviation greater than the absolute thickness
progression. The stromal thickness is represented in blue and the total corneal thickness in
red.

Reinstein et al. Page 22

J Refract Surg. Author manuscript.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 10.
Average absolute stromal thickness progression (µm) with reference to the thinnest point in
eight semi-meridians for all eyes using mirrored left eye symmetry. The data points
represent the difference between the average stromal thickness of all data within an annulus
within a given radius and the value at the thinnest point. The x axis is the radial distance
(mm) from the thinnest point location. Each line represents the absolute stromal thickness
progression along a given semi-meridian, in eight semi-meridians at 45° intervals.
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Figure 11.
Average absolute total corneal thickness progression (µm) with reference to the thinnest
point in eight semi-meridians for all eyes using mirrored left eye symmetry. The data points
represent the difference between the average total corneal thickness of all data within an
annulus within a given radius and the value at the thinnest point. The x axis is the radial
distance (mm) from the thinnest point location. Each line represents the absolute total
corneal thickness progression along a given semi-meridian, in eight semi-meridians at 45°
intervals.

Reinstein et al. Page 24

J Refract Surg. Author manuscript.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Reinstein et al. Page 25

TABLE 1

Corneal Vertex Epithelial, Stromal, and Total Corneal Thickness in 54 Eyes With Keratoconus

Thickness (µm)

Epithelium Stroma Total Cornea

Mean±SD 45.7±5.9 426±38.5 472±41.4

95% CI [44.9–46.5] [421–438] [467–478]

Minimum 33.1 312 346

Maximum 56.3 493 546

Range 23.2 181 200

SD = standard deviation, 95% CI = 95% confidence interval
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TABLE 2

Epithelial, Stromal, and Total Corneal Thickness at the Thinnest Location in 54 Eyes With Keratoconus

Thickness (µm)

Epithelium Stroma Total Cornea

Mean±SD 38.2±5.8 406±42.1 450±43.9

Minimum 29.6 298 338

Maximum 52.4 489 540

Range 22.8 191 201

SD = standard deviation
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