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PURPOSE. To characterize the three-dimensional (3D) shape, volume distribution, and mirror
symmetry of the right and left corneas at the scale of a large population, based on the
integrated analysis of 3D corneal shape average maps and topography parameters.

METHODS. A total of 7670 Orbscan II corneal topographies from 3835 consenting subjects with
no history of ocular disease were studied. Average topography maps were created using the
right and left corneal topographies of all subjects. To quantify symmetry, left eye topographies
were flipped horizontally into ‘‘right eye’’ topographies and statistics maps were generated,
including difference and intraclass correlation coefficient (ICC) maps.

RESULTS. The standard deviation of the anterior and posterior average elevation maps in the 3-
mm radius central zone of the right and left corneas ranged within 68 lm and 644 lm,
respectively. The ICC maps showed almost perfect interocular agreement for anterior
elevation, posterior elevation, and pachymetry (all ICCs > 0.96). All studied shape parameters
also showed excellent agreement (ICCs ‡ 0.80). Mirror symmetry was not affected by age,
sex, or spherical equivalent. We also showed that this horizontal reflection (flip) of the right
and left corneal shapes could not be replaced by a simple rotation.

CONCLUSIONS. These results indicate that in normal eyes, the anterior elevation, posterior
elevation, and pachymetry of the right and left corneas show remarkable symmetry. This
comprehensive analysis was achieved with the purpose of guiding the development of future
biosynthetic corneal substitutes.

Keywords: corneal topography, interocular symmetry, enantiomorphism, artificial cornea,
corneal transplantation

Corneal surgery and corneal replacement techniques have
witnessed profound changes during the past decades, with

the successive introduction of excimer laser surgery, femtosec-
ond laser surgery, and the change in paradigm from full-
thickness corneal replacement (penetrating keratoplasty) to
selective lamellar replacement of the diseased tissue (anterior
or posterior lamellar keratoplasty). In line with this evolution,
the artificial cornea holds the promise of a major evolution in
the concept of corneal replacement.

Fagerholm et al.1 recently published the 4-year follow-up
results of a phase I safety study in which biosynthetic analogues
of human corneal stromal matrices were implanted in the first
10 human patients. These biosynthetic stromal implants
remained stably integrated and, by mimicking the extracellular
matrix of the cornea, promoted host tissue regeneration and
repopulation by host epithelial cells, nerves, and keratocytes. A
number of biomaterials are being studied for the production of
corneal substitutes so as to replace a diseased cornea without
the need for human eye bank tissue.2–4

Biosynthetic corneal substitutes offer significant advantages
over eye bank native transplants, including sterility, absence of
risk of immune rejection, quality control, and the possibility of

high-volume production. One of the unique advantages of
corneal substitutes over native tissue is the possibility of
tailoring their shape, aiming at a more successful postoperative
outcome. Corneal shape is of primary importance, as it
determines most of the eye’s total refractive power and, hence,
visual acuity.5,6 The first implants described by Fagerholm et
al.1 were produced with contact lens molds and used for
partial-thickness corneal replacement, using an anterior lamel-
lar keratoplasty surgical technique. Additional data are thus
needed to guide the geometry of full-thickness biosynthetic
corneal stromal substitutes.

In this context, a thorough understanding of the corneal
shape at a population level becomes essential, and to the best
of our knowledge, there are no comprehensive studies on the
global three-dimensional (3D) shape of the normal human
cornea that brings sufficient information to guide the concep-
tion and production of biosynthetic corneal substitutes. A
better knowledge of the variation in size and volume
distribution of normal corneas will allow optimizing the shape
of the implants. A better awareness of the concepts of
intracorneal asymmetry and interocular symmetry will also
allow establishing guidelines regarding laterality and orienta-
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tion of these implants. For instance, it will allow deciding if
there should be implants for right eyes and implants for left
eyes. It will also allow deciding if an implant can be rotated
freely within its recipient bed (as is currently done during
corneal transplantation using eye bank tissue) or if its
orientation should be respected.

With this in mind, the goal of this study was to characterize
and quantify the 3D shape and mirror symmetry of the right
and left corneas, based on the integrated analysis of 3D corneal
shape average maps and topography parameters in a large
series of healthy subjects.

MATERIALS AND METHODS

Study Subjects and Topography System

The research protocol of this cross-sectional study was
approved by the Maisonneuve-Rosemont Hospital human
experimentation committee (Montreal, QC, Canada) and all
patients signed a research consent form. The Quebec Corneal
Shape and Function Database (Montreal, QC, Canada), which
compiles more than 36,000 corneal topographies, was
screened according to the following inclusion criteria: no
history of ocular disease, ocular surgery, or recent contact lens
wear, and age and refraction data available. Corneal topogra-
phies of both eyes were recorded on the same day. A calibrated
Orbscan topographer (Model IIz, Version 3.12; Bausch and
Lomb, Rochester, NY, USA) was used.

Average Maps Construction

This study was based on the construction and analysis of a 3D-
shape corneal atlas. A topographical atlas typically includes a
series of maps characterizing corneal shape at the scale of a
population. Average anterior elevation maps, average posterior
elevation maps, and average pachymetry maps were generated
for the right (OD) and left (OS) eyes. Statistics maps, including
difference maps and intraclass correlation coefficient (ICC)
maps, also were generated, and the data were completed using
focal corneal shape parameters.

The atlas construction methodology used in this study has in
part been described elsewhere.7 Briefly, average corneal
topography maps were produced from individual topography
maps. Before averaging, the anterior surface best fit sphere (BFS)
of each cornea was calculated and the mean anterior BFS of all
right and left corneas was used as a reference. The BFS
represents the sphere that best adjusts to the corneal surface
with least-squares regression, in a central adjustment zone of
10.0 mm in diameter. Each cornea was then spatially normalized
by aligning their respective anterior BFS on the mean anterior
BFS with isometric scaling and translation. This normalization
step was necessary to register corneas of different subjects into
the same reference coordinate system and consequently to
remove the effect of their various (global) sizes and various 3D
positions in space while preserving each cornea local shape
features. Note that similar normalization procedures are used for
other medical imaging modalities (e.g., brain imaging). Each
cornea was treated as a volume, by always applying the same
normalization step to the anterior and posterior surfaces
together. The elevation topographies were then averaged. The
pachymetry was computed along the radius emerging from the
center of the mean anterior BFS between the posterior and
anterior normalized surfaces. Average maps were generated for
the right and for the left corneas.

An average map has the same appearance as an individual
map, the only difference being that each color point on the
average map represents the average at this specific point of all

the individual measurements for the studied population. To
facilitate interpretation, the color scales used for the average
maps were the same as those commonly used in the commercial
topography system for individual topographies (5-lm color
steps for the elevation maps, green representing a point on the
BFS, and 20-lm color steps for the pachymetry maps).

To assess interocular symmetry in shape of the right and left
corneas, a mirrored image of each left eye topography was
generated by flipping the left eye topography horizontally
across the vertical meridian. This mirrored image of the left eye
(OShf) topography was then subtracted from its mate OD
topography. Difference maps were computed so that each
color point in a difference map represented the average of all
paired differences between OD and OShf at this specific point.
An ICC map complemented the difference map to assess the
agreement between the right and left corneal topographies.

We then tried to assess to which extent rotation of an
implant that has the typical shape of a left cornea could allow
to approximate the shape of a typical right cornea. For this,
counter-clockwise rotations over 360 degrees were imposed to
the left eye topography before subtracting it from its mate OD
topography; OD-OS difference maps were then computed for
each rotation step. To quantify the amount of mismatch
illustrated by these difference maps, the root mean square
(RMS) difference was calculated for each difference map. A
higher RMS value represents a greater difference in shape
between the right and rotated left topographies.

Shape Parameters

Several shape parameters commonly used in corneal topogra-
phy also were studied to complement the information brought
by the average maps.

A series of corneal shape parameters generated by the
Orbscan software were studied. Their definitions are listed in
Table 1. In the central 1.5-mm radius central zone, astigmatism,
maximum and minimum keratometry readings, and their
corresponding meridian were examined. In the 3-mm radius
central zone, as well as in the 3- to 5-mm ring-shaped para-
central zone, mean power, astigmatism power, steep and flat
axes, and irregular astigmatism were evaluated. Pachymetry of
the thinnest point on the cornea and the white-to-white
horizontal diameter also were analyzed.

A series of shape parameters also were calculated from the
individual topographies, including the BFS radius, asphericity,
apical radius of curvature, (x, y, z) coordinate of the anterior and
posterior surfaces apices, as well as the corneal volume in the
1.5- and 3.0-mm radius central zones. Asphericity (Q) indicates
the rate at which the corneal curvature changes from the center
to the periphery. In a perfect sphere, Q¼0. A Q value less than 0
indicates that the corneal surface curvature gradually flattens
from center to periphery (prolate shape). A Q value greater than
0 indicates that the corneal curvature gradually steepens from
center to periphery (oblate). The apical radius of curvature (R)
characterizes the circle tangent to the apex (point of greatest
curvature). The smaller the R value, the greater is the curvature,
and vice versa. The R and Q values were obtained by least-
squares, fitting the following equation to the 5-mm radius
central region of each elevation map8:

x2 þ y2 þ ð1þ QÞz2 � 2Rz ¼ 0

Statistical Analysis

Mean values and SDs are reported. For angular data (in
degrees), circular statistics were used to compute mean and SD
values.9 The ICC was used to assess agreement between right
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and left corneas. An ICC of 0 to 0.2 was considered as poor; 0.3
to 0.4, fair; 0.5 to 0.6, moderate; 0.7 to 0.8, strong; and greater
than 0.8 was considered as almost perfect. A multiple linear
regression model including interaction was used to investigate
the effect of age, sex, and refraction on the linear relationship
between the right and left corneas. The Studentized residuals
and Cook’s distance were calculated to detect outliers and
observations with high influence. The analyses were conduct-
ed using SAS 9.2 (SAS Institute, Inc., Cary, NC, USA) for the
shape parameters and Matlab R2012a (MathWorks, Natick, MA,
USA) for average maps comparisons.

RESULTS

Population

A total of 7670 eyes from 3835 subjects, 1874 females and
1961 males, were included in this study. The mean (6 SD) age
was 39.0 6 10.3 years (range, 5.8–100.0 years). The mean
refractive error was�3.57 6 2.25 diopters (D) (range,�12.00–
4.50 D) for the right eyes and�3.58 6 2.26 D (range,�15.25–
4.38 D) for the left eyes. The refractive spherical equivalents of
the right and left eyes showed almost perfect agreement (ICC¼
0.97).

Average Corneal Topography Maps

Anterior Elevation Maps. The anterior elevation maps of
both eyes showed a typical concentric pattern, in which the
apex in warm colors (i.e., above the BFS) was surrounded by
cold colors (under the BFS), themselves surrounded by a ring
of increasingly warmer colors toward the periphery (Figs. 1A,
1B). A slightly elevated isthmus joined the central cornea to the
temporal periphery. In the right eye, the apex laid 9 lm above
its BFS and was slightly displaced in the inferior temporal
direction (�0.412 mm, �0.275 mm) (x, y). In the left eye, the
apex laid 10 lm above the BFS and was also slightly displaced
in the inferior temporal direction (0.686 mm, �0.344 mm). In
both eyes, the SD of the anterior elevation was less than 68
lm in the 3-mm radius central zone.

Posterior Elevation Maps. The posterior elevation maps
of both eyes showed a concentric pattern similar to that of the
anterior surface, with an isthmus joining the central cornea to
the temporal periphery (Figs. 1F, 1G). In both eyes, the
posterior apex laid 32 lm above the BFS. This higher apex-to-
BFS distance of the posterior surface was in agreement with a
mathematical model showing that the higher posterior apex
elevation is due to the combination of a steeper apical
curvature (R) and increased prolateness (negative asphericity
Q) compared with the anterior corneal surface, as seen in Table
2.10,11 In both eyes, the posterior apex was slightly displaced in

the inferior temporal direction with respect to the center of
the map (OD:�0.476 mm,�0.298 mm; OS: 0.333 mm,�0.183
mm). The SD of the posterior elevation ranged within 644 lm
in the 3-mm radius central zone.

Pachymetry Maps. Both right and left eyes average
pachymetry maps showed a concentric pattern, thinner in
the center and progressively thicker toward the periphery
(Figs. 1K, 1L). In both eyes, the thinnest point measured 538 6

35 lm (Table 2).
Difference Maps. The difference maps showed that the

differences in anterior elevation between OD and OShf ranged
within 66 lm, as illustrated by the almost entirely green
difference map shown in Fig. 1D. Similarly, both the posterior
elevation and pachymetry difference maps showed differences
between OD and OShf within 616 lm (Figs. 1I, 1N).

Intraclass Correlation Maps. The ICC values assessing
interocular agreement for the anterior and posterior surfaces
elevation (Figs. 1E, 1J; all ICC values > 0.99) and pachymetry
(Fig. 1O; all ICCs > 0.96) showed almost perfect agreement.

Shape Parameters

The mean values of the different corneal shape parameters for
the right and horizontally flipped left eyes, differences
between eyes, ICC, and 95% confidence interval are listed in
Table 2 and illustrated in Figures 2A through 2H. All of the
shape parameters showed almost perfect agreement, with ICCs
varying from 0.80 to 0.98 (Table 2).

The Studentized residuals and Cook’s distance were
calculated to check for possible outliers. A few observations
had a Studentized residual greater thanþ2 or less than�2 and a
large Cook’s distance. These observations did not influence the
estimates of the predictor equation and thus were not
considered outliers.

Effect of Age, Sex, and Refraction

Age, sex, and spherical equivalent and their interaction with
right corneas were added in turn to the linear regression model
to determine how they might influence the linear relationship
between the right and left corneas. The analysis was repeated
for three topography parameters, namely Mean power in the 3-
mm radius central zone (Fig. 2A), Astigmatic power in the 0- to
3-mm radius central zone (Fig. 2E), and Minimum pachymetry
(Fig. 2G). None of the interactions were significant at a 5%
level, meaning that the linear relationship between the right
and left corneas was not influenced by age, sex, and spherical
equivalent. In other words, for the three topography param-
eters, mirror symmetry between the right and left corneas was
not affected by age, sex, or spherical equivalent.

TABLE 1. Topography Parameters, With Their Abbreviations, Units, and Definitions

Parameter Abbreviation Unit Definition

Astigmatism Astig KD Astigmatism in the 1.5-mm radius central zone

Maximum keratometry Max K KD Maximal curvature in the 1.5-mm radius central zone

Minimum keratometry Min K KD Minimal curvature in a 1.5-mm radius central zone

Mean power 0–3 and 3–5 Mean Pwr KD Average keratometric power in specified zone

Astigmatic power 0–3 and 3–5 Astig Pwr KD Astigmatism in specified zone

Steep axis 0–3 and 3–5 Steep Axs deg Axis of maximum curvature in specified zone

Flat axis 0–3 and 3–5 Flat Axs deg Axis of the minimum curvature in specified zone

Irregularity 0–3 and 3–5 Irreg KD Irregular astigmatism index

Minimal pachymetry Pac Min lm Thinnest point on the cornea

Horizontal white-to-white HWTW mm Horizontal corneal diameter

Pwr, power; KD, keratometric diopter; deg, degree.
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Effect of Rotation

To assess to which extent an implant that has the typical shape
of a left cornea could be rotated to mimic the typical shape of a
right cornea, stepwise rotations were imposed to the left eye
topography before subtracting it from its mate OD topography.
Supplementary Figure S1 illustrates the effect of such rotation
on the anterior elevation difference map. The OD-OS
difference maps are represented as a function of degrees of
rotation of OS map (only 45-degree steps are illustrated here).
Similarly, Supplementary Figure S2 illustrates the effect of
rotation on the pachymetry difference map. In both cases, one
can notice that none of the rotations has allowed a better fit
than that of a simple horizontal flip of the left eye topography
across the vertical meridian, which is referenced in the center
of the figure.

To quantify the amount of mismatch illustrated by these
difference maps, the RMS difference was calculated for each
difference map (Fig. 3). Column 1 gives the RMS value of the
OD-OS difference for the anterior elevation (Fig. 3A), posterior
elevation (Fig. 3C), and pachymetry (Fig. 3E) maps. It shows
that the closest match (lowest RMS value) between the anterior
surfaces of the right and left eyes was obtained by rotating the
left cornea by 180 degrees (Fig. 3A; white arrow). This amount
of rotation, however, did not optimally reduce the mismatch
between the posterior surface and pachymetry maps of the
two eyes, which instead were improved by rotations of 225

and 270 degrees, respectively (Figs. 3C, 3E; white arrows).
Column 2 shows that the best fit between the right and left
corneas was obtained by flipping the left eye topography
horizontally without further rotation (Figs. 3B, 3D, 3F; black
arrows).

DISCUSSION

To the best of our knowledge, this is the first in-depth report
on corneal shape and symmetry of the right and left corneas at
the scale of a population, based on the integrated analysis of
3D shape average maps and topography parameters. The
analysis of a large series of 7670 normal eyes showed that the
3D shapes of the right and left corneas show remarkable
symmetry. The anterior elevation, posterior elevation, and
pachymetry maps of the right corneas mirrored those of the
left corneas, and the 3D shape parameter values for both eyes
showed almost perfect agreement. We also showed that this
horizontal reflection (flip) of the right and left corneal shapes
could not be replaced by a simple rotation.

Advantages of the Atlas Methodology

The average model or atlas methodology is a powerful tool for
detailed characterization of the regional distribution of corneal
shape and volumes. Average maps can be produced using any

FIGURE 1. Three-dimensional corneal shape atlas. (A–E) Anterior elevation maps. (F–J) Posterior elevation maps. (K–O) Corneal pachymetry maps.
The first column illustrates the right eye maps (A, F, K); the second column, the left eye maps (B, G, L); the third column, the horizontally flipped
left eye maps (C, H, M); the fourth column illustrates difference maps (D, I, N); and the fifth column, ICC maps (E, J, O). Difference maps were
computed so that each color point in a difference map represented the average of all paired differences between OD and OShf at this specific point.
An ICC map complemented each difference map to assess the agreement between the right and left corneal topographies.
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type of topography system, as long as the raw data are
available. In this study, elevation maps were preferred to
curvature maps because they provide the true (absolute)
topography needed to assess the full corneal shape (anterior
and posterior surfaces and the associated pachymetry).
However, any shape parameter could be analyzed and mapped
(e.g., axial curvature, tangential curvature). Average elevation
maps also allow easy illustration and comparison of the
astigmatism axes without special management for circular
data. Statistic maps allow regional quantification of the
distribution, order of magnitude, and statistical significance
of differences. The choice of the statistic is determined
according to the need. In the present study, ICCs were
preferred to Pearson correlation coefficients for the compar-
ison of right and left eyes, as ICCs allow assessment of the
degree of agreement between two measures, whereas the
Pearson correlation coefficient only assesses linear relation-
ships.

Interocular Symmetry or Enantiomorphism

Enantiomorphism is a common finding in the human body
(ears, hands, feet). Overall symmetry of the right and left
corneas, however, has only been sporadically studied, using

different methodologies. Boote et al.12 mapped in detail the
distribution and orientation of the collagen fibrils across the
corneas of a pair of mate eye bank eyes using wide-angle x-ray
scattering. Although structurally distinct, the right and left
corneas showed midline symmetry. Smolek et al.,13 Wang et
al.,14 and Lombardo et al.15 observed a moderate to high
degree of mirror symmetry between the higher-order aberra-
tions of the right and left corneas, with significant intersubject
variability. Corneal optical aberrations are known to be closely
linked to corneal shape.16

A few other groups have studied symmetry between right
and left corneas based on keratometry and/or corneal
topography parameters, using subjective or objective and
qualitative or quantitative methodologies.17–22 Although we
could not find other studies similar to ours, our findings are in
accordance with these reports. Dingeldein and Klyce18

subjectively observed a high degree of mirror symmetry in
shape between the right and left corneas, based on the first
corneal topography analyses in 1989 (LSU Eye Center corneal
analysis system; Louisiana State University, New Orleans, LA,
USA). A few studies subsequently reported quantitative
comparisons of right and left eye corneal topographies, using
the Orbscan17,20,22 or the Pentacam system (Oculus, Inc.,

TABLE 2. Refraction and Corneal Shape Data for Right and Horizontally Flipped Left Eyes, Absolute Differences Between Eyes, ICC, and 95%
Confidence Interval

OD, Mean 6 SD OShf, Mean 6 SD

Difference

OD � OShf ICC 95% CI

Refraction

Spherical equivalent, D �3.57 6 2.25 �3.58 6 2.26 0.02 0.973 0.971–0.975

Cylinder, D 0.72 6 0.74 0.76 6 0.76 0.04 0.876 0.868–0.884

Axis, degree 89 6 35 90 6 34 1.00 0.934 0.929–0.939

Anterior elevation maps

BFS radius, mm 7.88 6 0.24 7.87 6 0.24 0.01 0.985 0.983–0.987

Asphericity, Q �0.26 6 0.12 �0.25 6 0.12 0.01 0.853 0.843–0.863

Radius of curvature, R 7.65 6 0.26 7.64 6 0.27 0.01 0.973 0.971–0.975

Posterior elevation maps

BFS radius, mm 6.55 6 0.25 6.53 6 0.25 0.01 0.984 0.984–0.986

Asphericity, Q �0.58 6 0.22 �0.57 6 0.22 0.02 0.873 0.864–0.881

Radius of curvature, R 6.03 6 0.27 6.03 6 0.27 <0.01 0.940 0.936–0.944

Volume of corneal zones

1.5-mm radius central, mm3 4.32 6 0.27 4.32 6 0.27 <0.01 0.988 0.987–0.989

3.0-mm radius central, mm3 18.87 6 1.10 18.88 6 1.11 0.01 0.990 0.989–0.991

Shape parameters

Max K, KD 44.31 6 1.53 44.38 6 1.54 0.07 0.972 0.970–0.974

Max M, deg 272 6 26 268 6 26 4.00 0.873 0.862–0.883

Min K, KD 43.31 6 1.45 43.35 6 1.46 0.03 0.973 0.972–0.975

Min M, deg 182 6 26 178 6 26 4.00 0.972 0.970–0.975

Pac min, lm 538 6 35 538 6 35 0.28 0.984 0.983–0.985

0–3-mm zone

Mean pwr, KD 43.79 6 1.44 43.85 6 1.45 0.06 0.980 0.978–0.981

Astig pwr, KD 1.00 6 0.66 1.04 6 0.68 0.04 0.862 0.853–0.871

Steep axis, deg 90 6 27 90 6 26 0.30 0.874 0.866–0.882

Flat axis, deg 180 6 26 179 6 26 1.00 0.972 0.970–0.974

3–5-mm zone

Mean pwr, KD 43.51 6 1.41 43.57 6 1.43 0.06 0.983 0.981–0.984

Astig pwr, KD 1.07 6 0.70 1.12 6 0.73 0.05 0.798 0.784–0.811

Steep axis, deg 95 6 25 94 6 24 1.00 0.852 0.843–0.862

Flat axis, deg 182 6 25 181 6 24 1.00 0.976 0.974–0.977

CI, confidence interval.
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Arlington, WA, USA).19 With variable methodologies and

relatively small sample sizes (50 to 275 subjects), these groups

found evidence of corneal symmetry based on small differenc-

es between eyes, with or without statistical analyses, and

sometimes using correlations to assess proportionality be-
tween eyes. The studied parameters varied, including anterior
and posterior surface shape parameters, such as simulated
keratometry, steepest keratometry, central radius of curvature,
apex elevation, and BFS radius, corneal volumes within central
zones of given diameters, as well as central corneal thickness-
es.17,19,20,22

A few other studies used a decrease in interocular symmetry
as a useful tool to detect keratoconus.23–26 Although of
significant interest in the context of preoperative screening
before refractive surgery, this type of assessment based on
specific topographical parameters is not meant to guide the
production of corneal substitutes, as it informs only a little
about global corneal shape, volume, and symmetry.

Clinical Significance

The differences observed in this study between the right and
horizontally flipped left corneas were extremely small (Table 2)
and their order of magnitude was clinically negligible.
Regardless of the type of device used, the limits of this device
also need to be taken into account. For instance, knowing that
the repeatability of the Orbscan system, in ideal conditions, is
in the order of 2 to 5 lm in the center for anterior elevation
measurements and decreases toward the periphery,27–29 the
0.28-lm mean interocular difference in minimum pachymetry
values observed in the present study clearly becomes
irrelevant.

Translation to Corneal Substitute Technology

The new science of biosynthetic corneal substitutes is still in
its earliest stages of development and, as mentioned, one of
their unique and most promising advantages over human
corneal tissue is the possibility of tailoring their shape. All the
elements of the implant’s shape can be controlled, including its
anterior and posterior surfaces’ shape, thickness, diameter, and
orientation, all of which with the same goal of optimizing
corneal rehabilitation and minimizing postoperative astigma-
tism. The comprehensive analysis of corneal shape and
symmetry reported herein was achieved with the purpose of
guiding the development of future biosynthetic corneal
substitutes.

Although corneal surgeons have reached a plateau in terms
of optimizing results with traditional corneal transplantation
techniques,30–34 biomaterials technology offers an entirely new
window of opportunity. The implant’s shape also could be
customized, taking into account the other optical elements of
the eye, as it is done for the calculation of the intraocular lens
power before cataract surgery. This would help reduce the
amount of postoperative ametropia and would ensure greater
precision and predictability. In case of unilateral disease, the
mirror shape of the healthy contralateral cornea could be
reproduced to generate the implant for the diseased cornea.
This would help to prevent anisometropia (difference in
refractive error between both eyes) and secondary aniseikonia
(difference in the perceived size of images), which are known
to lead to diplopia, disorientation, and headaches. Additional
work will be needed to refine this model, based on the
functional results obtained. Different imaging technologies also
may be needed to complement the analysis.

Laterality and Orientation

Our results suggest that in a surgical context, a corneal implant
having the shape of a right cornea should be implanted in the
right eye, and a corneal implant having the shape of a left
cornea should be implanted in the left eye. Our results also

FIGURE 2. Distribution of the shape parameters of the right and
horizontally flipped left corneas. Several shape parameters commonly
used in corneal topography were also measured in the right and
horizontally flipped left corneas and compared to complement the
information brought by the average maps: (A) Mean power in the 3-mm
radius central zone. (B) Mean power in the 3- to 5-mm ring-shape
paracentral zone. (C) Maximum keratometry. (D) Minimum keratom-
etry. (E) Astigmatic power in the 0- to 3-mm radius central zone. (F)
Astigmatic power in the 3- to 5-mm paracentral zone. (G) Minimum
pachymetry. (H) Horizontal white-to-white diameter. Linear regression
lines, Pearson correlation coefficients, corresponding P values, and ICC
are shown.
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indicate that rotation of a left eye implant would not make it
similar to a right eye implant. These implants would not be
interchangeable and their orientation should be respected.

The problem of severe postoperative astigmatism after
traditional full-thickness corneal transplantation using human
donor tissue has been very well documented. However,
although abundant literature has been published exploring
ways of reducing posttransplantation astigmatism by adapting
the suturing technique (interrupted versus continuous running
sutures), adjusting suture tension, and increasing the precision
of the cut (manual versus mechanical versus laser trephina-
tion),35 only a few studies have examined the effect of graft
positioning within the recipient bed, with variable results.36–38

Grütters et al.38 showed that the postoperative axis of the
recipient’s astigmatism is directly influenced by the orientation
of the donor button. Implant’s orientation may be even more
influential, especially knowing that suture related astigmatism
could be reduced by using larger implants without the risk for
rejection inherent to eye bank allografts (immunologically inert
biomaterials).

We think that this study responds to a significant need in
that future refinement in the next generation of implant design
will necessarily involve thorough knowledge of corneal shape

and symmetry so as to improve postoperative shape control
and predictability.
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