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Abstract

PURPOSE—To characterize the stromal thickness profile in a population of normal eyes.

METHODS—Stromal thickness profile was measured in vivo by Artemis very high-frequency

digital ultrasound scanning (ArcScan, Morrison, Colo) across the central 10-mm corneal diameter

on 110 normal eyes. Maps of the average, standard deviation, minimum, maximum, and range of

stromal thickness were plotted. The average location of the thinnest stroma was found. The cross-

sectional hemi-meridional stromal thickness profile was calculated using annular averaging. The

absolute stromal thickness progression relative to the thinnest point was calculated using annular

averaging as well as for 8 hemi-heridians individually.

RESULTS—The mean stromal thickness at the corneal vertex and at the thinnest point were 465.4

±36.9 μm and 461.8±37.3 μm, respectively. The thinnest stroma was displaced on average 0.17±0.31

mm inferiorly and 0.33±0.40 mm temporally from the corneal vertex. The average absolute stromal

thickness progression from the thinnest point could be described by the quadratic equation: stromal

thickness = 6.411 × radius2 + 2.444 × radius (R2 = 0.999). Absolute stromal thickness progression

was independent of stromal thickness at the thinnest point. The increase in hemi-meridional absolute

stromal thickness progression was greatest superiorly and lowest temporally.

CONCLUSIONS—Three-dimensional thickness mapping of the corneal stroma and stromal

thickness progression in a population of normal eyes represent a normative data set, which may help

in early diagnosis of corneal abnormalities such as keratoconus and pellucid marginal degeneration.

Absolute stromal thickness progression was found to be independent of stromal thickness.

The human corneal stroma represents approximately 90% of the total corneal thickness and

has an accepted central thickness of approximately 478 to 500 μm.1-3 Knowledge of the stromal

thickness profile is of interest in the area of corneal refractive surgery, as changes in corneal

refractive power are achieved through changes in the stromal thickness profile. Measurements
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of stromal thickness profile pre- and postoperatively allow stromal ablation rate to be quantified
and changes in thickness profile to be determined.4,5 Stromal thickness mapping could help
further understand corneal biomechanics. Stromal thickness profiles could also be useful in
identifying corneal disorders such as keratoconus; corneal thickness profile has previously
been suggested for the early diagnosis of keratoconus6 following characterization of corneal
thickness progression by Mandell in 1969.7

Different methods have been used to measure stromal thickness: optical coherence
tomography,8,9 confocal microscopy,1-3,10 and through focusing confocal microscopy.11,12

All studies measured the average central stromal thickness. Only two studies provided stromal
thickness measurements in the peripheral cornea; however, the number of points measured was
limited to one point in the temporal cornea.1,2

Very high-frequency (VHF) digital ultrasound is, to date, the only published method measuring
the stromal thickness profile in vivo continuously over a 10-mm diameter, measured from the
anterior surface of Bowman’s layer to the posterior surface of the endothelium. Very high-
frequency digital ultrasound technology has gradually improved both in precision and in area
of acquisition. The repeatability of corneal thickness measurements in 10 consecutive
examinations of 1 eye using the Artemis I VHF digital ultrasound arc-scanning system
(ArcScan Inc, Morrison, Colo) has been shown to be less than 8 μm within the central 8-mm
diameter, with a central repeatability of 1.5 μm.13 The repeatability of epithelial thickness
measurements has been shown to be less than 1.30 μm within the central 8-mm diameter, with
a central repeatability of 0.5 μm.13

We have previously described the use of VHF digital ultrasound to measure stromal thickness
before and after LASIK4,13-16 to investigate stromal changes induced by laser refractive
surgery and compare the intended ablation depth to the achieved stromal change. We have also
used VHF digital ultrasound to examine the stromal layer before and after implantation of
intracorneal ring segments and demonstrated anatomical changes that were induced.17

We have previously described the thickness profile of the corneal epithelium in a population
of normal eyes with no ocular pathology other than refractive error.18 The purpose of this study
was to characterize the thickness profile of the corneal stroma in the same population.

PATIENTS AND METHODS

Patients

This retrospective, noncomparative cases series is from a population of patients seeking
refractive surgery at the London Vision Clinic between January 2003 and December 2005. A
complete ocular examination was performed to screen for corneal abnormalities and determine
patient candidacy for refractive surgery. Patients with ocular pathologies such as keratoconus,
corneal scars, corneal dystrophies, and previous ocular surgery were excluded. The
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 Ltd, Hemel
Hempstead, United Kingdom). Topography and keratometry were assessed using the Orbscan
II (Bausch & Lomb, Salt Lake City, Utah). Dynamic pupillometry was carried out using the
Procyon P2000 pupillometer (Procyon Instruments, London, United Kingdom). Wavefront
assessment was performed using the WASCA aberrometer (Carl Zeiss Meditec AG, Jena,
Germany). Single-point pachymetry was measured with the Corneo-Gage Plus (50 MHz)
handheld ultrasound pachymeter (Sonogage, Cleveland, Ohio) by determining the minimum
of 10 consecutive central corneal measurements. Three-dimensional stromal thickness for the
central 8- to 10-mm diameter was measured using the Artemis 1 technology.
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Patients who met at least one of the following inclusion criteria were enrolled in the study:
patients whose corneal thickness might not be sufficient to perform LASIK based on manual
pachymetry measurements (ie, the residual stromal thickness predicted was less than 260 μm);
high myopic patients; patients with a higher chance of requiring retreatment regardless of
corneal thickness (high myopia or high cylinder); and by recruiting normal volunteers from
our clinical refractive surgery practice to broaden the distribution of refraction.

Informed consent was obtained from the patient. The study was performed in accordance with
an Institutional Review Board approved protocol.

Artemis VHF Digital Ultrasound Arc-scanning

The Artemis VHF digital ultrasound system has been described previously in detail in our
article measuring epithelial pachymetric topography of the normal cornea.18 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 eyecup.
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 infra-red camera, corneal
vertex, and 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 broad-
band 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 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’s layer.19 This indicated that stromal thickness measurement with
VHF digital ultrasound includes Bowman’s 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’s and the endothelium.

Three-dimensional Stromal 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 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
calculated for right eyes only, for left eyes only, and for all eyes using vertical mirrored
symmetry superimposition; stromal 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, Chicago,
Ill) as surface fill X,Y,Z plots to represent the point by point average, standard deviation,
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minimum, maximum, and range of the population. Qualitative assessment of individual
variability within corneas and across the population was performed. The Kolmogorov-Smirnov
test was performed to test for non-normality of the stromal thickness data at the corneal vertex.
A Student t test was performed to compare the stromal thickness at the corneal vertex between
right eyes and left eyes. The point location of the thinnest stroma was 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 stromal 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
hemi-meridional average stromal thickness profile was determined for each eye by averaging
the stromal 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 increments. The average stromal thickness within each annular band was 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 and the thinnest
stroma of each 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 Pearson’s correlation coefficient were calculated to describe
the absolute stromal thickness progression from the thinnest point to the periphery.

To investigate whether absolute stromal thickness progression was dependent on stromal
thickness at the thinnest point, eyes were split into three groups: thin stroma, thick stroma, and
average stromal thickness based on stromal thickness at the thinnest point. The thin stroma
group consisted of patients whose stromal thickness was at least one standard deviation lower
than the average stromal thickness at the thinnest point. The thick stroma group comprised
patients whose stromal thickness was at least one standard deviation greater than the average
stromal thickness at the thinnest point. The average stromal thickness group consisted of
patients whose stromal thickness was within one standard deviation of the average stromal
thickness at the thinnest point. Polynomial linear regression analysis was performed, and the
regression equation and Pearson’s correlation coefficient were calculated to describe the
absolute stromal thickness progression from the thinnest point to the periphery for each group.

To investigate the symmetry of the absolute stromal thickness progression, directional hemi-
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 increments
for eight hemi-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 (315°)
meridian. The average absolute stromal thickness progression was plotted against the radial
distance from the thinnest point for each of the eight hemi-meridians.

Descriptive statistics, comparative statistics, and linear regression were performed in Microsoft
Excel 2003 (Microsoft Corp, Redmond, Wash). The Kolmogorov-Smirnov test for non-
normality was performed using the online form at
http://www.physics.csbsju.edu/stats/KS-test.n.plot_form.html. A P value <.05 was deemed to
be statistically significant.
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RESULTS

During the study period, 110 eyes of 56 patients (55 right and 55 left eyes) were included in
the study. There were two patients whose other eye was excluded from the study because of a
corneal scar. The population included 74% Caucasian, 17% East Indian, 5% East Asian, and
4% Black patients. The population mean age was 38.4±12.0 years (median 36.1 years, range:

20.5 to 73.5 years). The mean refraction was −6.04±3.58 diopters (D) sphere (range: −12.00

to +6.00) and −1.51±1.30 D (range: 0.00 to −5.00) cylinder. Although the refraction was biased

towards high myopes, the population was considered normal as all patients were free of ocular

pathology other than refractive error.

The mean corneal vertex stromal thickness for all eyes was 465.4±36.9 μm (95% confidence

interval: 458.4 to 472.4 μm) (Table). Corneal vertex stromal thickness ranged from 385.6 to

532.1 μm for all eyes. The mean corneal vertex stromal thickness was 464.6±35.9 μm for right

eyes and 466.2±38.2 μm for left eyes. No statistically significant difference was noted between

the mean corneal vertex stromal thickness for right and left eyes (P=.918). There was no

statistical evidence of non-normality of the corneal vertex stromal thickness within the

population using the Kolmogorov-Smirnov test for non-normality (P=.09).

The maps of the average stromal thickness centered on the corneal vertex (Fig 1, first column)

showed as expected that the corneal stroma was thinner in the central cornea and became

increasingly thicker in the peripheral cornea. The mirrored average stromal thickness map (see

Fig 1, first row, first column) demonstrated that the thinnest region was slightly displaced

inferiorly and temporally with reference to the corneal vertex. The thickest regions in the

superior and nasal peripheral stroma were on average 640 μm at the 4-mm radius.

Figure 2 shows the stromal thickness profile plotted for 15 eyes of the population selected at

random using Microsoft Excel’s random number function. The epithelial thickness profiles of

the same 15 eyes have been previously published.18 Although all eyes exhibited a pattern of

thinner central stroma, and increasingly thicker stroma in the periphery, there was great

variation in stromal thickness between individual eyes. The minimum central stromal

thicknesses varied between 391 μm (patient 8) and 520 μm (patient 10), and the maximum

peripheral thickness at the 4-mm radius varied between 544 μm (patient 13) and 680 μm (patient

10).

The maps of stromal thickness standard deviation (see Fig 1, second column) showed the

standard deviation of stromal thickness in the study population to vary very little within the

central 6-mm diameter, only between 36 μm in the centronasal region and 42 μm in the temporal

region. Maps of the minimum stromal thickness (see Fig 1, third column) demonstrated the

thinnest stroma within the study population was 360 μm located 1 mm temporal to the corneal

vertex. The thinnest stroma in the nasal and superior peripheral stroma within the study

population was 550 μm, highlighting the stromal thickening from the center to the periphery.

Maps of the maximum stromal thickness (see Fig 1, fourth column) demonstrated that the

thickest stroma within the study population was in the mid-peripheral temporal region and the

peripheral nasal region. The thickest stroma in these areas was 750 μm whereas the thickest

central stroma within the study population was 530 μm, again highlighting the stromal

thickening from the center to the periphery. Maps of the range of stromal thickness (see Fig 1,

fifth column) demonstrated the largest range in stromal thickness to be in the mid-peripheral

temporal region and the smallest range in the centronasal region.

Analysis of the thinnest stromal point within the central 5 mm of the cornea (Fig 3)

demonstrated that for most eyes the thinnest stromal point was found in the inferotemporal

cornea. The mean thinnest stromal point was displaced 0.33 mm (±0.40) temporally and 0.17
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mm (±0.31) inferiorly with reference to corneal vertex or 0.37 mm at 207°. The average stromal

thickness at the thinnest location was 461.8±37.3 μm.

Figure 4 shows the average and standard deviation stromal thickness maps calculated for

stromal thickness data transposed to center the data on the thinnest point rather than the corneal

vertex. The central thin stromal zone appeared to be slightly asymmetrical, extending slightly

further towards the periphery in the horizontal meridian than in the vertical meridian. The map

of stromal thickness standard deviation showed the standard deviation of stromal thickness in

the study population to vary little within the central 6-mm diameter, only between 37 μm in

the inferotemporal region relative to the location of the thinnest stroma and 42 μm at the 3-mm

radius from the thinnest stroma.

Figure 5 shows the cross-sectional hemi-meridional average stromal thickness profile from the

thinnest point to the periphery for the study population. Figure 6 shows the average absolute

stromal thickness progression relative to the thinnest stroma. Polynomial linear regression

analysis showed that the absolute stromal thickness progression from the thinnest point to the

periphery was described as a near perfect parabola according to the radial distance from the

thinnest point, following the equation: y = 6.411 x2 + 2.444 × (R2 = 0.999), where y is the

absolute difference in stromal thickness relative to the thinnest point (μm) at the x (mm) radius

from the thinnest point. The mean increase in stromal thickness with reference to the thinnest

point was 9.4±2.7 μm at the 1-mm radius, 29.9±5.4 μm at the 2-mm radius, and 64.4±9.5 μm

at the 3-mm radius. The standard deviation of the absolute stromal thickness progression was

<7 μm within the central 5-mm diameter.

Figure 7 shows the absolute stromal thickness progression from the thinnest point to the

periphery for eyes grouped into thin stroma, thick stroma, and average stromal thickness. There

was no difference in the absolute stromal thickness progression between the thin stroma group,

thick stroma group, and average stromal thickness group. The regression equations describing

the absolute stromal thickness progression as a function of radius from the thinnest point were

similar for the three groups. The absolute stromal thickness progression was independent of

the stromal thickness at the thinnest point.

The directional hemi-meridional absolute stromal thickness progression analysis revealed that

the rate of increase in stromal thickness from the thinnest point to the periphery was greater in

the superior stroma than in the inferior stroma and greater in the nasal stroma than in the

temporal stroma (Fig 8). The superior hemi-meridian was thickest, and the temporal hemi-

meridian was thinnest at all radial distances from the thinnest point.

DISCUSSION

This is the first study to characterize the in vivo stromal thickness profile over an area of 10

mm in diameter in a population of normal eyes. Stromal thickness was measured from the

anterior surface of Bowman’s layer to the posterior surface of the endothelium. We found an

average corneal vertex stromal thickness of 465.4±36.9 μm. The thinnest stromal point was

slightly displaced inferiorly and temporally with reference to the corneal vertex. The absolute

stromal thickness progression from the thinnest point to the periphery showed slight variation

within the study population and was independent of central stromal thickness. The absolute

stromal thickness progression was slightly asymmetric with the greatest absolute stromal

thickness progression in the vertical meridian and the lowest in the horizontal meridian.

Central stromal thickness has been previously measured with reported values varying between

478.3±45.6 μm,2 491±35 μm,3 and 498.5±29.4 μm.1 The mean value of central stromal

thickness found in the present study (465.4±36.9 μm) was slightly lower than previously

reported measurements obtained with a variety of optical measurement techniques. A possible
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explanation for this difference is that the population of the present study was biased towards
patients with thinner corneas as one of the inclusion criteria was to scan patients where the
predicted residual stromal thickness was close to the 250-μm limit. However, as we
demonstrated that the absolute stromal thickness progression is independent of stromal
thickness at the thinnest point, the absolute stromal thickness progression reported in this study
is likely to be representative of the normal population.

In the present study, we demonstrated directional differences in absolute stromal thickness
progression from the thinnest point towards the periphery within the 7-mm central corneal
diameter. The increase in stromal thickness was greatest in the superior meridian and lowest
in the inferior meridian. Meek et al20,21 used x-ray scattering to map the preferred collagen
orientation in the cornea and demonstrated that the central cornea was relatively uniform with
respect to the amount of collagen and as a consequence in corneal thickness, whereas the
peripheral corneal region might have additional collagen lamellae and might therefore be
thicker.20,21 Meek et al suggested that the peripheral cornea might be thickest in the superior,
inferior, nasal, and temporal locations.20 This is not in agreement with the findings of the
present study; however, it might be difficult to compare both studies as absolute stromal
thickness progression was calculated with the thinnest point as the origin in the present study
rather than the corneal vertex or the geometrical center of the cornea. As the thinnest point was
displaced with reference to the corneal vertex, the diameter on which the absolute stromal
progression could be calculated was limited to a 7-mm diameter. Thickness changes described
by Meek et al appeared to occur at a larger diameter.

In the present study, we have not described the total corneal thickness profile, including the
epithelium; however, it is likely that the corneal thickness profile would demonstrate similar
characteristics to the stromal thickness profile in normal eyes. We previously characterized the
epithelial thickness profile of the same population of eyes reported here—the epithelial
thickness was found to follow a non-uniform pattern, with the 3-mm inferior epithelium 5.7
μm thicker than the 3-mm superior epithelium and 3-mm nasal epithelium 1.2 μm thicker than
the 3-mm temporal epithelium.18 However, this difference represents approximately 1% of the
stromal thickness and so the epithelium will make a negligible difference to corneal thickness
profile relative to the stromal thickness profile in normal eyes. In contrast, the epithelium in
keratoconus is known to thin over the cone22,23 and thicken around the cone,23 resulting in an
increased difference between the thinnest and thickest epithelium. In keratoconus, the uneven
epithelial thickness profile will likely result in an increased difference between stromal
thickness profile and corneal thickness profile.

Normative data of stromal thickness profiles may prove to be a useful diagnostic tool in
screening for keratoconus or pellucid marginal degeneration, as these conditions are associated
with localized corneal thinning.24 We demonstrated that the standard deviation of the absolute
stromal thickness progression from the thinnest point to the periphery was <7 μm within the
central 6-mm diameter; therefore, absolute stromal thickness progression from the thinnest
point towards the periphery appears to be similar in normal eyes. Any deviation from the
absolute stromal thickness progression curve might indicate the presence of corneal
abnormalities. In early keratoconus, assuming that peripheral stromal thickness is unchanged,
the relative increase in stromal thickness between the thinnest point and the periphery might
be a useful diagnostic tool. An increased difference between stromal thickness at the thinnest
point and in the periphery might indicate central thinning and help diagnose early keratoconus.
Previous studies have suggested using the ratio of peripheral corneal thickness to the thinnest
corneal thickness as a parameter to measure the evolution of the disease.25-27 However, in
these studies, peripheral thickness was measured at only one distance from the thinnest point
in four meridians. The absolute stromal thickness progression provides continuous data from
the thinnest point up to the 3.5-mm radius. We are currently investigating the stromal thickness
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profiles of eyes with frank keratoconus and forme fruste keratoconus to attempt to subdivide
forme fruste keratoconic eyes into “true” and “pseudo” keratoconic groups.

Recently, percentage increase in corneal thickness from the thinnest point towards the limbus
has been suggested as a useful index for keratoconus screening.6 We have chosen to use the
absolute stromal thickness progression rather than the percentage increase in stromal thickness.
We demonstrated that absolute stromal thickness progression is independent of stromal
thickness at the thinnest point. Therefore, using the percentage increase can be misleading
because stromal thickness at the thinnest point varies greatly in the population. The percentage
increase in stromal thickness would be greater for a thin cornea than a thick cornea, whereas
we have shown that the absolute stromal thickness progression is similar for both thin and thick
corneas. Using the percentage increase might then mislead the user to draw the conclusion that
the thin cornea was abnormal, or that the thick cornea was normal. This is illustrated by the
following example. A cornea with a thin stroma of 384 μm at the thinnest point and 466 μm
at the 3.5-mm radius, and a cornea with a thick stroma of 530 μm at the thinnest point and 612
μm at the 3.5-mm radius both demonstrate the same absolute increase of 82 μm between the
thinnest point and the 3.5-mm radius; however, in terms of percentage, the thin cornea shows
an increase of 21.3% whereas the thick cornea shows an increase of 15.5%. This would lead
to an incorrect assumption that there was a greater thickness progression in the thin cornea than
the thick cornea.

Knowledge of the stromal thickness profile is of great interest in the study of corneal
biomechanics in refractive surgery. The epithelium has been shown to change after refractive
surgery.13,16,28,29 Therefore, the usefulness of studies that investigate only changes in corneal
thickness are limited, as epithelial changes are not differentiated from stromal changes. The
ability to characterize the stromal thickness profile will help further understand changes in
stromal thickness occurring after corneal refractive surgery and may help further study
biomechanical changes with the goal of increasing the accuracy of corneal refractive surgery.

This is the first published study demonstrating wide-area high-precision thickness profile
analysis of the human stromal thickness in vivo. Knowledge of three-dimensional thickness
mapping of the corneal stroma in a population of normal eyes provides normative data of
absolute stromal thickness progression and could be of significant help in screening for corneal
abnormalities such as keratoconus. Knowledge of the stromal thickness profile could also be
used for biomechanical studies and gradient optical modeling of the cornea.
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Figure 1.

Topographical map of the descriptive statistics of stromal thickness centered on the corneal
vertex for the population. The color scale represents the stromal thickness in microns. A
Cartesian 1-mm grid is superimposed with the origin at the corneal vertex.
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Figure 2.

Stromal thickness maps of 15 randomly selected eyes each plotted with an individual color
scale representing the stromal thickness in microns. A Cartesian 1-mm grid is superimposed
with the origin at the corneal vertex. The epithelial thickness profiles of the same 15 eyes have
been published previously.18
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Figure 3.

Average location of the thinnest stroma within the central 5 mm of the cornea. The red dot
represents the average location of the thinnest stroma for all eyes tested. The thick red ellipse
represents one standard deviation in the x- and y-directions and the thin red ellipse represents
two standard deviations in the x- and y-directions. A Cartesian 1-mm grid is superimposed
with the origin at the corneal vertex. Positive x values represent the nasal stroma and negative
values represent the temporal stroma. Positive y values represent the superior stroma and
negative values represent the inferior stroma.
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Figure 4.

Topographic map of the average and standard deviation of stromal thickness for the population
centered on the thinnest point. The color scale represents the stromal 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 stroma and negative values
represent the temporal stroma).
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Figure 5.

Cross-sectional hemi-meridional average stromal thickness profile (μm) for 110 eyes using
mirrored left eye symmetry. The data points represent the average stromal 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 blue line represents the average stromal thickness profile. The
thin blue lines represent one standard deviation less than and one standard deviation greater
than the average stromal thickness.
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Figure 6.

Average absolute stromal thickness progression (μm) with reference to the thinnest point for
110 eyes using mirrored left eye symmetry. The data points represent the difference between
the average stromal thickness of all data within an annulus of a given radius and the thinnest
stromal thickness. The x axis is the radial distance (mm) from the location of the thinnest point.
The thick blue line represents the absolute stromal thickness progression. The thin blue lines
represent one standard deviation less than and one standard deviation greater than the absolute
stromal thickness progression.
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Figure 7.

Average absolute stromal thickness progression (μm) with reference to the thinnest point for
110 eyes using mirrored left eye symmetry grouped as thin, average, and thick central stromal
thickness. The data points represent the difference between the average stromal thickness of
all data within an annulus with a given radius and the value at the thinnest point. The x axis is
the radial distance (mm) from the thinnest point location. The thin stroma group consisted of
patients whose stromal thickness was at least one standard deviation less than the average
stromal thickness at the thinnest point and is represented by the pink line. The thick stroma
group consisted of patients whose stromal thickness was at least one standard deviation greater
than the average stromal thickness at the thinnest point and is represented by the blue line. The
average stroma group consisted of patients whose stromal thickness was within one standard
deviation of the mean and is represented by the green line.
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Figure 8.

Average absolute stromal thickness progression (μm) with reference to the thinnest point in
eight hemi-meridians for 110 eyes using mirrored left eye symmetry. The data points represent
the difference between the average stromal thickness of all data within an annulus with 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
hemi-meridian, in eight hemi-meridians at 45° intervals.
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TABLE

Corneal Vertex Stromal Thickness

Corneal Vertex Stromal Thickness (μm)

All Eyes Right Eyes Left Eyes

Mean±SD 465.4±36.9 464±35.9 466.2±38.2

Minimum 385.6 385.8 38.6

Maximum 532.1 527. 532.1

Range 146.5 141.4 146.5
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