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he interface of air with the tear layer on the human
cornea accounts for approximately two-thirds of
the eye’s refractive power. The typical cornea is
responsible for 43 D of the 60 D of the refractive power of
the eye. The average radius of curvature, 7.8 mm, generates
the majority of the refractive power of the cornea (about
+48.00 D). The posterior surface, with its concave shape
and stromal index similar to that of the aqueous, contributes about -5.00 D. In addition, the majority of astigmatism
originates from the corneal shape. It is not surprising that
great effort has been put forth to measure this surface of
the eye.
A normal cornea is not spherical but rather aspherotorical, vaguely like a bell with flat sides that have been
slightly “squeezed” vertically. “With the rule” (wherein the
vertical axis is steeper and horizontal axis flatter) corneal
astigmatism from around 0.50 to 1.00 D is usually compensated by the natural tilt of the crystalline lens. The central
6- to 7-mm “apical cap” is ellipsoidal, with nearly constant
curvature only at its apex. The surrounding periphery is
considerably flatter. Finally, in some corneas, a small steep
junction to the limbus (like the bell’s edge) can be found.
Corneal curvature measurement has been the subject
of study since Father Christoph Scheiner’s works on the
human eye (1619).1 Ophthalmologists have tried to measure
corneal topographic characteristics for more than 150 years,
when A. Placido designed the keratoscopy target still in use
today.

Two techniques, keratometry and keratoscopy, were used
during the past century before merging into the present-day
computer-assisted video keratography or, as it is commonly
called, corneal topography (CT). A comprehensive review
can help us to understand the real meaning of keratometric
readings and topographic color maps.

HISTORY

OF

KERATOMETRY

In 1796, Ramsden created a telescope to magnify images
reflected off the cornea to measure corneal curvature.
Magnification of the reflected images also magnifies the
normal instability of eye movements that becomes a serious
issue in making accurate measurements. Ramsden is credited with developing a doubling device that eliminates the
problems arising from normal instability of eye movements.
Not until 1839 was another such instrument used, when
Kohlrausch used a telescope with adjustable mires. In 1881,
Javal and Schiotz improved the instrument by using mires
that were adjustable in size, and this model is still used
clinically as the Haag-Streit ophthalmometer (Haag-Streit
USA, Mason, Ohio). The modern configuration is shown in
Figure 1-1. Since this and similar instruments measure the
curvature and astigmatism of the cornea, they were renamed
“keratometers.” Bausch & Lomb (Rochester, NY) improved
on the keratometer in 1932 by adding a Scheiner’s disk
to improve focusing mechanisms, circular mires, and the
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Chapter 1
one image (h’), allowing calculation of r. Eye movements
are minimized because they affect both mires equally.
The radius-to-diopter conversion requires the following
equation:
(n’ – n)
F = ______
r
where F is the corneal surface power in D; n’ is the corneal
index of refraction; n is the refractive index surrounding
medium (for air, n = 1.0); and r is the corneal radius of
curvature in meters.
Javal’s index of 1.3375 has become the standard corneal refractive index used. Note that the anterior tear film
surface index is closer to 1.376. Because the Javal ophthalmometer as well as Bausch & Lomb’s keratometer were
designed to measure the total corneal power, this reduced
index accounts for the negative power contribution of the
posterior corneal surface.
Keratometers acquire data from a central annular zone
of the cornea, which may vary in size depending on the
curvature and instrument. In the Reichert keratometer, the
annulus is approximately 0.1-mm wide, and the diameter
varies from 2.8 mm (in a 48.0-D cornea) to 3.5 mm (in a
37.0-D cornea). It is important to remember the following
assumptions related to keratometry2 :
• The formula used is based on spherical geometry. The
cornea, however, is not spherical but is a prolate (flattened) ellipsoid. Thus, the central radius is slightly
steeper than actually measured.
• Keratometry is based on 4 data points within the central 3 mm of the cornea. It provides no insight into the
area inside or outside of the 3-mm ring.
• Keratometry theory assumes paraxial optics. While the
approximation may be clinically acceptable for fitting
contacts or estimating corneal astigmatism, it may not
be when measuring peripheral curvature.
• Keratometers assume alignment of the corneal apex,
line of sight, and instrument axis. However, this rarely
occurs during actual measurement.
• The formula used to calculate the radius (r) approximates the distance to the convex focal point, which,
in the case of the Reichert keratometer, may introduce
up to 0.12 D of error. This error may increase if the
instrument is not correctly focused or the operator
accommodates during measurement.
• Because the indices may differ between manufacturers, one must be careful when comparing the readings
in D between different instruments.
• Reichert and similar keratometers are “one position”
instruments, able to measure 2 meridians 90 degrees
apart without moving the instrument position. While
this allows for quick measurement, it decreases the
clinician’s ability to measure irregular astigmatism.
The Haag-Streit ophthalmometer must be rotated
to measure each meridian, allowing the clinician to
better detect irregular astigmatism at the price of
efficiency.
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Figure 1-1. Haag-Streit ophthalmometer.

ability to measure 2 meridians simultaneously, and this
model has essentially remained unchanged since that time
in the form of the Bausch & Lomb and Reichert (Depew,
NY) models. Such instruments are designed to measure
the size of an image reflected off a convex surface using
illuminated mires, a magnifying telescope, and a doubling
prism.
Keratometry measurements are typically written in diopters (D). However, keratometers do not actually measure
refractive power. They measure radius of curvature of the
central 3 mm of the cornea. The formula for calculating
the corneal radius treats the cornea as a spherical reflecting
surface:

D
-f
h’
__
= __x
h

where h’ is the linear image size, h is the linear object size,
f is the focal length, and x is the distance from mires to
convex mirror focal plane. Note that the focal length, f, of
a spherical refracting surface is r/2, and the equation then
becomes:
h’
-r
__
= __
2x
h

where r is the mirror radius of curvature. The distance from
the mires to the image approximates the distance from the
mires to the focal plane of the spherical convex mirror (x),
resulting in the following formula:
h’
-r
__
= ___
h
-2d

The distance, d, is fixed in most instruments. For example, it is 75 mm for the Reichert keratometer. In Reichert and
similar keratometers, the mire separation (h) is constant,
and the size of the image (h’) is measured. Microscopic
eye movements make this measurement problematic, so a
doubling system is employed. A moveable prism is used to
form a doubled image of the mires such that one image is
displaced from the other and then manually aligned. The
distance required to align the images is equal to the size of
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Modern corneal topographers calculate a simulated
keratometry reading that incorporates the same paraxial
assumptions of traditional keratometry. These “simulated
K” readings have been enriched by reporting curvature
along “semi-meridians” of the steepest and flattest meridians at different zones (usually 3, 5, and 7 mm) to evaluate
irregular astigmatism in the peripheral cornea.

KERATOSCOPY, CORNEAL
TOPOGRAPHY, AND ITS
COLOR MAPS
In 1880, A. Placido devised his keratoscopy target,
a flat disk with alternating black and white rings. Soon
after in 1889, Javal attempted to give a quantitative measure of the corneal shape by placing Placido disks into
his ophthalmometer, behind the arc that carried the ophthalmometric mires.3 Although the actual inventor of the
first photokeratoscope is still a matter of discussion,4 it
was Allvar Gullstrand who developed the algorithms for
the first description of CT based on quantitative measurements. In a paper published in 1896, part of the work
that earned him a Nobel prize in 1911, Gullstrand5 illustrated how, following Javal’s suggestion, he developed a
method of using a measuring microscope described as
a “dividing engine” to determine the distance between
2 points on a keratoscopic photograph. Instantaneous radius
of curvature was deduced from Gullstrand’s measurement
through an arc-step algorithm, and the corneal meridian
profiles that he was able to plot are surprisingly similar to
those from modern computerized CT.
It took about 90 years for photokeratoscopy to enter the
computer age. A timeline is shown in Figure 1-2. During
those 90 years, several people contributed to the development of modern CT. These include Dekking,6 who in 1930
devised the first “cone,” and Bonnet,7 who in 1964 edited a
book on CT, reporting elevation maps obtained by stereophotographic measurement of eyes sprayed with talcum, a
technique more recently replaced by fluorescein.8 Mandel
published several works on corneal shape models and contact lens fitting in the 1960s.9-11 In 1979, Kuyama12 made
3-dimensional isometric computerized maps, which were
subsequently adopted by Sun/Nidek PKS-1000 (Fremont,
CA).
A major step in the clinical utility of CT was the introduction of color-coded power maps. Several early maps
are shown in Figure 1-3. The first 2-dimensional, colorcoded map was published by Maguire and colleagues,13
and this is shown in Figure 1-3A. Following the introduction of Maguire’s map, fully integrated commercial
computer-assisted videokeratoscopes such as the Corneal
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Figure 1-2. Topography timeline.
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Figure 1-3. Early topographic maps.

and Topographic Modeling Systems (CMS and TMS-1,
respectively; Computed Anatomy, New York, NY; Figure
1-3B), the CT System (CTS; EyeSys Vision, Inc, Houston,
TX; Figure 1-3C), and the VISIO (Visioptic, Inc, Houston,
TX; Figure 1-3D) introduced maps in which each point
in the cornea was assigned a color according to its power
(Figure 1-4).
As CT moved from a scientific curiosity to a clinical
tool, disputes arose over what quantities were scientifically
logical, most valuable for applications, most easily understood by clinicians, and ultimately most useful. A parallel set of disputes concerned the terminology for types of
instruments, measurements, maps, and algorithms. It is not
surprising that eye professionals confused types of maps
with the algorithms that created them. False theoretical
limits on some methodologies were assumed because of the
limited computing power of earlier PCs. Much of the confusion could have been avoided by an earlier understanding
of the relationship between measuring corneal shape and
measuring corneal optics and by recognizing the clinical
potential of keratoscopy.
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Figure 1-4. The colors of each point in an axial map represent
the power associated with a sphere centered on the VK axis.
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The Axial Map

For many keratoscopes designed in the mid-1980s, axial
power was the primary quantity extracted from the raw
data. As seen in Figure 1-4, the values and colors of each
point, P, in an axial map represent the power associated
to a sphere, Ra, having the same slant as the cornea and,
therefore, refracting a ray of light in the same way at each
point, P. The assumption regarding the index used (1.3375)
is similar to that of keratometry. The axial map is more a
descriptor of corneal optics than shape.
The axial map is a traditional but poor descriptor of
corneal refraction because it does not take into account
spherical aberration,14,15 nor is the axial map a descriptor
of shape. At each point, P, in Figure 1-4, the curvature and
height of the centered sphere are not the same as the curvature and height of the cornea, and the discrepancy increases
toward the periphery. Therefore, the axial map distorts
shape. For example, in the map at the bottom-left, the wide
red area indicates a keratoconic cone. However, the size of
the cone is exaggerated, and increasing the resolution of the
depiction would not increase the map detail.
The axial map has some utility as a simple descriptor of corneal astigmatism, including cylinder, axis, and
irregularity. The example at the top-left in Figure 1-4 and in
Figure 1-5 shows the classical “bow-tie” or “hourglass.” The
vertical “yellow-orange” axis of symmetry of the hourglass
is the steeper meridian.
Despite its limitations, the axial map became known as
“the CT map” because of 2 factors. First, keratoscopes were
thought of as merely Javal ophthalmometers or keratometers newly capable of measuring a larger corneal area with
greater precision. In other words, they were used to assess
the need for simple optical correction of optics. They were
not intended to measure more sophisticated optical aberrations, much less the physical shape of the cornea. Second,
the calculation of axial power from reflective data required
only simple algorithms.16-18

D

Figure 1-5. Classical “bow-tie” image associated with astigmatism.

THE “REVOLUTION” AROUND
YEARS 1993–1996: NEW
ALGORITHMS AND MAPS

The calculus required for data analysis was the limiting factor for several years following the introduction of
computer-assisted CT. Because axial power was computed
by algorithms16,18 that did not reconstruct the physical
surface of the cornea, it was thought impossible to extract
accurate corneal height and instantaneous curvature from
Placido disk images.19 There were authors who proposed
alternative algorithms. El Hage used a differential equation
whose coefficients were fitted by polynomials.20 Doss and
colleagues proposed an algorithm that attempted to overcome some of the spherical bias.21 Wang and colleagues
proposed the first arc-step method,22 van Saarloos and
Constable proposed an alternative arc-step,23 and Klein’s
more sophisticated algorithm14 used parabolas instead of
arcs. The 3 arc-step algorithms demonstrated that long-forgotten Gullstrand methods could not only approximate axial
power, but also measure corneal shape. Unfortunately, these
approaches could not be practically implemented without
further technical developments. The major challenge to
implementing an arc-step algorithm was to calculate “local”
quantities with high resolution while controlling the “noise”
that made maps inaccurate and nonreproducible and confining the calculus complexity to stay within the limits of
available computer power.22
In the early to the mid-1990s, the explosion of excimer
laser refractive surgery necessitated more accurate instruments and more detailed representation of the corneal surface. The previous evaluation of keratoscopes on
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spheres18,24-26 did not reflect their suitability for use in
surgical design. The first evaluations made on aspheric test
surfaces by Roberts,27 Cohen, Tripoli, and colleagues,28-31
and Carones and colleagues32 in 1993 through 1995,
revealed the inadequacy of spherically biased methods for
measuring height and curvature, especially in the periphery.
It also became evident that the use of an appropriate arcstep algorithm on Placido disk images, rather than being
impossible, was quite accurate (less or around 1 µm) for
measuring corneal height and curvature.
Once released from the over-simplicity of axial power,
instrument makers quickly developed new, useful quantities.
An instantaneous curvature map, calculated by an arc-step
algorithm, was introduced33-35 by the Keratron (Optikon
2000, Rome, Italy). An example is shown in Figure 1-6.
Curvature maps were soon adopted by most keratoscopes
under different names (eg, instantaneous, true, IROC, local,
tangential, or meridional).*
After the curvature map was introduced in keratoscopes,
it quickly revealed its role as an accurate descriptor of
corneal shape.33 Along a meridional section of the cornea
(Figure 1-7), as shown on the right, each zone has a center
of curvature that is not on the corneal axis, except at the vertex. Without axial constraints, the curvature map can track
and display all transitions between flat and steep zones
and can reveal any local distortions, from the center to the
extreme periphery.**
The maps in Figure 1-7 illustrate the clinical value of the
curvature map’s depiction of detail. In both maps, the greenblue transition (circle a, about 7 to 8 mm in size) reveals an
abrupt change of curvature delimiting the “apical zone”36
or “optical cap.” Bier’s primitive cornea model described
this zone in 195537 and defined the periphery around it as
“negative zone” in curvature. Actually, this annular region
may be very flat, but never goes to concavity. Information
about corneal shape that cannot be seen in the axial map is
revealed: (a) indicates the size of “corneal cap,” (b) the size
of keratoconus apex, (c) the surrounding flat zone, and (d) a
mild warpage induced by normal lid pressure.
Curvature maps in Figure 1-8 show the degeneration of
the cap with increasing keratoconus.
A power or refractive map, where power is calculated
according to ray tracing (Figure 1-9), was proposed at the
same time by Roberts and was first introduced by EyeSys
in the Holladay diagnostic summary.38 In 1996, Barsky
and others proposed a Gaussian curvature map39,40 similar
to that shown in Figure 1-10. Its purpose was to overcome
a limit of both axial and instantaneous curvature maps.
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* In their proposed standards, the ANSI committee has recently qualified
the curvature map as “meridional curvature” to distinguish it from Gaussian
and other nondirectional measures. Unfortunately “meridional,” besides
being an uncommon term, neglects a more important distinction between
curvature and axial power, both of which are measured along meridians.
Therefore, while waiting for an eventual acceptance by CT manufacturers
and by ISO, we will refer only to “curvature” in this text.
** Although the precise boundaries and terminology of the “zones” are
controversial among authors in the clinical literature, they are usually
referred to as a change in the corneal curvature.

Figure 1-6. (A) An instantaneous curvature map showing a
patient S/P myopic LASIK. (B) An axial map showing the same
in Figure 1-6A.

Figure 1-7. Shape detail.

Because axial and instantaneous maps were based on a
center, they did not retain the same appearance on eccentric
corneas if the patient changed fixation. Unfortunately, the
Gaussian map hides astigmatism, a clinically important
feature. For this reason, Barsky proposed overlaid arrows to
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Figure 1-8. Progression of keratoconus shape in a number of
different patients.
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Figure 1-11. Construction of an elevation map.

represent the amount and direction of astigmatism at each
point (as seen in the bottom left map in Figure 1-9). Though
the Gaussian map is not common on commercial keratoscopes, it might yet find a useful application, for example, in
intraoperative situations when the patient cannot fixate.
Corneal surface reconstruction algorithms also made
accurate measurement of corneal height feasible. Because a
representation of absolute height from a plane would have
little meaning, the quantity is generally shown in “spherical offset” maps. Construction is illustrated in Figure 1-11.
The colors represent the height of the cornea with respect
to a reference sphere, measured in a direction parallel to
the axis. The points that are above the sphere appear in
orange-red, and those below the sphere are green-blue. This
universally accepted color convention in CT was inspired
by geographic topography, in which warm colors represent
hills and mountains and blue shades are sea depth. An
alternative format of height representation is the fluorescein
map, available in contact lens software modules of most
corneal topographers, which can simulate fitting of spherical, aspherical, or toric contact lenses. An example of this
can be seen in Figure 1-12. Although description of this map
is beyond the scope of this chapter, it can be a valuable tool
for the clinical interpretation of corneal shape.
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Figure 1-9. The refractive map. Power is calculated according to
ray tracing. (Reprinted with permission of Dr. Cynthia Roberts.)

CONCLUSION

Figure 1-10. Gaussian map. (Reprinted with permission of B.
Barsky.)

CT has become an invaluable tool in ophthalmology, due
to advancements in technology and its application to refractive surgery. Newest advances include indices for diagnosis
of corneal diseases such as keratoconus, evaluation of
posterior cornea and other anterior segment structures,
pachymetry measurement, and calculations for intraocular
lens (IOL) measurements. Interpretation of maps such as
those reviewed briefly in this chapter is a learned skill, and
it is the goal of this book to educate the reader to better
understand topography and its value in clinical decision

History

Figure 1-12. Scheimpflug image of a keratoconic cornea with
scarring.
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Figure 1-13. Visante anterior segment optical coherence tomographer combined with the Atlas topographer enables measurement of curvature, elevation, and pachymetry. (Reprinted
with permission of Carl Zeiss Meditec, Jena, Germany.)
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making. What follows is a review of corneal anatomy and
optical properties, a technical review of the technology,
map presentation and scaling, and in-depth information on
system-specific parameters, including using topography in
refractive surgery.
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