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zone) EyeSys repestability was 0.50 mm or better. ORBSCAN repestability was between
1-2 mm for most of the cornea. As with repeatability, accuracy with the EyeSysis best
near the corned center and gets worse peripherdly. After compensation, EyeSys error is
reduced to better than 0.5 mm across most of the 5.4-mm corned zone. The ORBSCAN
underestimated the surface eevations of the cornea, and the magnitude of the error was
much larger than that of the EyeSys either before or after correction for instrument bias.
Mesasurement error showed a steady increase from center to periphery, with maximum
errors exceeding 10 nm. Discussion. Both the ORBSCAN and EyeSys underestimated
surface elevation, and errorsincreased peripherally. The ORBSCAN error was generdly
twice as large asthe raw EyeSys error. After compensation for known instrument error,
EyeSys accuracy improved subgtantidly, and this improves the accuracy of this
videokeratoscope to the desired level (<1 mm error) within most of the 5.4-mm diameter
corneal zone. The EyeSyswas aso about three times more precise than the ORBSCAN
for repeated measurements of anorma human cornea.
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Introduction
Research context

The human eye can be thought of as aliving optica sensor that acquires images and
relays the data to the brain for processing and analysis (Horton, 1992). Vision provides
us with more information than any of the other senses. Thisisreflected in the fact that
goproximately hdf of the cerebrd cortex isinvolved in processing visud information
(Kandel, 1995; AOA News, 1999).

The visud process (Fig. 1) begins with the formation of an optical image on the retina
by the eye stwo lenses, the cornea and crystdline lens. The cornea forms the front
surface of the eye, and since it provides about 70% of the ey€ srefractive power, the
corneaisthe eye’ smost important lens. Good vision depends on good retind image
qudity, and thisin turn depends on good optical qudity of the corneaand lens.
Refractive error of defocus, such as myopia (near sightedness), hyperopia (far
sghtedness) or astigmatism, are common optica defects. Fortunately, defocus errors are
easly corrected by adding a spectacle or contact lensto the eye s optica system. Most
eyes have additiond, subtler refractive errors, which are referred to as the higher order
aberraions. Inclinical practice these are ignored, Snce ther effect on image qudity is
usudly insgnificant compared to the errors of defocus. Thisis fortunate because, until
recently, it was extremely difficult to measure these aberrations, and there was no
practical way to fabricate alensthat could correct these complex optical defects (Miller,
2000).

optics retinal neural
{cornea & lens) image + processing

Figure 1. Visud process. In thefirgt stage of the visual process, data about the scene
are opticaly transferred to the reting; from there, neurons tranamit the data
to the brain where complex image analysis and processing produces our
sense of vison.

Another way to correct refractive errors is to reshagpe one of the eye€' slensesinto anew
lens of the appropriate power. Since the cornealis the eye’ s most important lensand is
esdly accessible it isthe ocular lensthat is modified during most refractive surgeries.

The two most popular surgica techniques, photorefractive keratectomy (PRK) and laser
assigted in-gtu keratomileuss (LASIK), use ahigh-energy laser to ablate (vaporize)
portions of the cornedl surface and thereby reshape it into anew lens of the proper power
to correct errors of defocus. The Food and Drug Administration (FDA) first approved the
use of PRK to correct myopiain October 1995 and LASIK was approved in November



1998. Thelaser correction of astigmatism and hyperopia have only recently been
approved.

Refractive surgery is rapidly becoming one of the popular ways to correct errors of
defocus. Itisgppeding Snceit isdesigned to correct the optics of the eyeitsdlf and
reduces the patient’ s dependence on external lenses (spectacles or contact lenses).
Refractive surgery however is il rdlaively new and isfar from perfect. Spectacles and
contact lenses correct defocus errors while leaving the naturdly smdl higher order
aberrations essentialy unchanged. Current refractive surgeries, however, dter theeye's
aberrations while attempting to correct defocus, and in some cases, leave the patients
with degraded vision that cannot be corrected with either spectacles or contact lenses
(Maguire, 1994; Hdliday, 1995; Schwiegerling and Snyder, 1998). Thekey to
eliminating unwanted aberrations in refractive surgery isto properly ablate the corned
surface to compensate, not only for errors of defocus, but higher order aberrations as
wdll.

One of the most direct ways to evauate surgicaly induced optical effectsisto measure
corneal topography before and after surgery. Recently, severd instruments have been
developed to measure corned topography, but akey question is, are they accurate enough
to alow computation of the corneal s optical aberrations? In order to measure the subtle
surface anomdies that can cause visudly significant optical aberrations, these
ingruments should have an absolute measurement error of less than £1.0 mm (Applegate
et a., 1995, Horner and Salmon, 1998). Thisleve of accuracy isdifficult to attain, o it
is questionable whether most of today’ s corned topography instruments are sufficiently
accurate to study cornea aberrations. A fundamental prerequisite to cornea topographic
andysis, usng instruments such as the ORBSCAN, is an independent assessment of the
instrument’ s accuracy and repeatability. Thisisthe research objective in this sudy.

Military sgnificance

Refractive surgery is becoming a popular method for correcting refractive error in the
civilian sector. When PRK wasfirst FDA approved in 1996, approximately 250,000
procedures were performed. By 1999, the annual refractive procedure rate had risen to
750,000, however less than 100,000 of these procedures were PRK, most were LASIK
(Beiting, 1999). The annua number of proceduresis expected to reach 1 millionin the
year 2000. The Army will be faced with an increasing population of soldiers who have
either had or are considering refractive surgery. Reportsin the public media create the
impression that excellent vision can dways be expected from refractive surgery, yet its
optical effects on operationa performance in amilitary setting have been investigated
only superficidly.

The military isinterested in refractive surgery because it offers amode of refractive
error correction that potentiadly €iminates the man-machine interface problems of
gpectacles. Spectacles have been shown to cause compatibility problemswith



sophiticated head mounted information displays (HMDs), such as the Integrated Helmet
Display and Sighting System (IHADSS) in the AH-64 Apache helicopter (Lattimore,
1990). The Army is steadily increasing the number of weapons systems that rely on
HMDsto provide critica information to the operator. Spectacles will therefore become
more of adifficulty as these sysems are fielded. Contact lenses can solve the equipment
competibility problem, however only 72% of pilots requiring refractive correction were
successfully fit with contact lenses in astudy evauating only two contact lens options for
Apache pilots (Lattimore, 1992; Lattimore and Cornum, 1993). Although a greater
percentage may be fit with contact lenses through improved contact lens designs and
options, more logistical and medica support is needed to sustain contact lenswear in a
tactical environment than is needed to support soldiers who have had refractive surgery.

Refractive surgery is an option that has heretofore been unacceptable in the military
environment. The earliest refractive surgery procedure, radiad keratotomy (RK), resultsin
adequate high contrast visua acuity (HCVA) in most cases. However, an HCVA of 20/20
can be obtained even though RK often causes a compromised cornea prone to significant
curvature fluctuations and unable to withstand the effects of dtitude and trauma
(Schanzlin et d., 1986; Binder et d., 1988; Enzenauer et a., 1993; Bullimore et d., 1994,
Mader et a., 1996; Ng et ., 1996). With the advent of PRK and LASIK, many of the
undesirable consequences encountered with RK have been eiminated. Recently, the
Surgeon Generd has authorized individuals who have had PRK or LASIK entry into the
services with awaiver. Individuds dready in the service who have PRK or LASIK must
be able to meet retention standards after the procedure (AR 40-501). These procedures
are dill not dlowed in certain combat- related specidties, however, including aviation.

The Army aviaion environment is more visudly demanding than thet found in most of
the civilian sector. Army aviators operate routindy under less-than-optima visud
conditions, including low contrast and low luminance, therefore the eyes are working at
the limits of the visud and opticd system. Given that refractive surgery does not ater
the neurd mechanisms of vison, from the retina to the visud cortex, changesto the
optical system must be very accurately assessed to determine the impact on vision. The
corneaisthe primary refractive surface of the eye, therefore measurement of the cornealis
one of the primary means of verifying the optica characteristics of an eye after refractive
urgery.

The U.S. Army Aeromedical Research Laboratory can provide the Army with
important research on the optical results of refractive surgery. The Visua Sciences
Branch of the Aircrew Hedth and Performance Divison is equipped with severd
technologicaly advanced instruments for mesasuring cornedl topography, including one
representative from each of the two mgor subcategories of corneal topographers, the
EyeSys and the ORBSCAN.



Corned topography ingruments

Two categories of corned topography instruments are commercidly available today
(Manddl, 1996). They arethe 1) videokeratoscopes and 2) cornea profile topographers.
Computerized videokeratoscopes are the most widdly used clinical corned topography
ingruments, with at least seven different commercid products available today (Horner,
Samon, and Soni, 1998). These instruments compute the corned surface shape
indirectly by andlyzing an opticd image reflected off the corned surface. The Vision
Branch has one of the most popular videokeratoscopes, the EyeSys Corned Andysis
System 2000 (Fig. 2). USAARL Report No. 98-29 (Samon, Rash, and Mora, 1998)
reports on the accuracy of thisingrument and its potentid use in military vision research.

Figure 2. The EyeSys Corned Andyss System 2000. This system andyses the reflected
image of atarget that conssts of concentric black and white rings. Cornedl
measurements and raw data are therefore organized on a polar sampling grid.
(Photo from EyeSys Vison Group)

By using an entirdly different operating principle from the videokeratoscopes, cornedl
profile topographers attempt to measure the surface contour of the cornea more directly.
Very few ingruments of this type have been produced; among them, the ORBSCAN,
manufactured by ORBTEK, Inc. (ORBTEK, 2000) has been attracting considerable
interest from refractive surgeons because of its unique capabilities. While
videokeratoscopes measure only the front surface of the cornea, the ORBSCAN can map
both the front and back surfaces, aswell as measure thickness across the entire cornea. 1t
has the potentia to measure anterior chamber depth and the frort surface of the



cyddlinelensaswdl. Slit-scan technology alows the ORBSCAN to measure corness
with abnorma surface conditions that would prevent measurement with a
videokeratoscope; for example, severdly irregular, desiccated, or debrided surfaces.
Findly, the dit-scan is able to measure the cornea dimens ons without relying on
mathematica assumptions about cornea shape such as those required by
videokeratoscope agorithms (Applegate et d., 1995).

Among its disadvantages, the ORBSCAN isalarge, expendve ingrument. While
most videokeratoscopes are tabletop instruments, and some hand-held versons are
available, the ORBSCAN occupies approximately 12 square feet of floor space. It costs
gpproximately $40,000, which is four times as much as atypical videokeratoscope. Since
it takes 5 seconds to acquire asingle dataimage, it may be more subject to error caused
by eye movements, though the instrument is designed to minimize this effect by tracking
eye movements during measurement. In comparison, the EyeSys captures oneimagein
about 1/60 second. Findly, its accuracy is difficult to assess, and though its repesatability
is generally considered adequate for clinical purposes, its accuracy for corned optics
research has been assessed only superficidly. A limited in-house study of ORBSCAN
accuracy is avallable from the manufacturer (Lundergan and Turner, 1996; Marmer and
Turner, 1996), but a comprehensive literature search revealed no published articles
describing the ORBSCAN's accuracy. The methods section explains why accuracy is
more difficult to assess in the ORBSCAN than with videokeratoscope systems. Our
research objective was to evauate the accuracy of the ORBSCAN in measuring the
elevation topography of the anterior corned surface.

Methods
The problem with ORBSCAN cdibration

Repeatability can be evauated by studying the variance for repeated measurements of
ahuman cornea. Accuracy, on the other hand, must be tested by comparing
measurements to some “gold standard”—usudly amodd cornea whose exact dimensions
areknown (Mandell, 1996). Computerized videokeratoscopes measure corneal
topography by using the specular reflective (shiny) properties of the corned surface. Any
specularly reflecting test object that models a norma corneais an gppropriate surface for
testing videokeratoscope accuracy, and these are relatively easy to manufacture.
Examples of commonly used videokeratoscope calibration surfaces are stainless stedl ball
bearings or polished plastic domes. A previous USAARL report (Salmon, Rash, and
Mora, 1998), evauated the accuracy of the EyeSys videokeratoscope by measuring a
series of polished plagtic surfaces that were designed to smulate arange of normal
human corneas. Andysis of instrument error lead to the development of an error
compensating agorithm that sgnificantly improved measurement accuracy in the
EyeSys. Thisreduced the maximum error in surface €evation measuremerntsto less than
1.0 um, which isthe level of accuracy needed for corneal optics research.



Accuracy assessment with the ORBSCAN system is much more difficult because this
instrument uses a unique method for measuring corned topography that depends on
partidly diffuse reflections from within the cornea. Specularly reflecting test surfaces
can provide arough estimate of ORBSCAN accuracy, but do not dlow formation of an
intracorned opticd dit (Fig. 3), which is the fundamenta operating principle used by the
ORBSCAN. What is needed is a semi-trangparent, partidly diffuse reflecting test object
with the same thickness, shape and optica properties of anorma human cornea.
Unfortunately, such an object is very difficult to fabricate, and to date even the
manufacturer, ORBTEK, has not devel oped atest surface that meets dl these conditions.

Figure 3. Example image showing 1 of 40 dits beams used by the ORBSCAN to
measure cornedl topography.

Genera approach

Since manmade cdibration surfaces for directly assessng ORBSCAN accuracy are not
available, we designed atwo-step, indirect gpproach. First, after calibrating an EyeSys
videokeratoscope using known plastic test surfaces, we measured a cornea whose shape
closgly matched one of the EyeSys cdlibration objects. Second, using thisliving cornea
as a cdibration surface with known topography (based on the EyeSys data) we measured
it with the ORBSCAN. Differences between the EyeSys and ORBSCAN surface
elevation measurements were interpreted as ORBSCAN error, for differences greater
than the measurement accuracy of the EyeSys.

Raw EyeSys accuracy

Accuracy of the EyeSys videokeratoscope has been evaluated and reported in severa
recent studies (Horner and Salmon, 1998; Salmon, Rash, and Mora, 1998; Salmon, 1999).



Following the same procedure described in those publications, we measured six
rotationally symmetric elipsoids designed to mode the norma range of corned

gzes. The polished polymethylmethacrylate (PMMA) test surfaces were manufactured
by Sterling Internationa Technologies and were guaranteed to conform to the specified
elevation parameters to within £1.0 um, though company engineers stated that the
surfaces had been verified usng a Rank Taylor Hobson Talysurf, a stylus device with a
resolution of better than 0.1 um. Parameters of the Six test surfaces are summarized in

Table 1.

Table 1.

Parameters of the test surfaces used to cdlibrate the EyeSys videokeratoscope.

Surface D Apical radius (mm) Shape factor (p) Model description
78/05 7.8 0.5 flattening prolate cornea
78/07 7.8 0.7 average prolate cornea
78/10 7.8 1.0 spherical cornea
78/13 7.8 1.3 post refractive surgery cornea
73/07 7.3 0.7 steep cornedl radius
83/07 8.3 0.7 flat cornea radius

Note: All wererotationally symmetric dlipsoids, whose rate of peripherd flattening was
described by the shape factor (p). Shape factor (p) is equal to 1-€?, where eisthe
geometric eccentricity. Vaues of 0<p<1.0 represent prolate dlipsoids; p=1.0 is a sphere
and p>1.0 isan oblate dlipsoid.

Multiple EyeSys images were taken of each surface, and the best image was sdected
for analysis based on map centration, symmetry and accuracy of the measured apica
radius. The measured surface eevation contour was compared to the known surface
topography, and EyeSys measurement error at discrete locations was computed by Eq.(2).

Error = measured - known

@

The EyeSys measures the cornea.on a polar grid with 360 radia meridians (1 per
angular degree) and 18 concentric rings spaced at approximately 0.25-mm intervas. (See
ingrument facein Fg. 2.) Because of the polar sampling and rotationd symmetry of the
test surfaces, each ring provided 360 measurements, a 18 distances from the center. The
mean of 360 values associated with each ring was taken as the mean surface devation at
18 distances from the center. Figure 4 shows the mean EyeSys error for surface elevation
measurements for each of the six surfaces. Error increases with distance from the center,
and depending on the surface, reaches a maximum error of gpproximately -2 to -6 pum.
The negative sign indicates that the EyeSys tends to underestimate surface eevation.
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Figure 4. Raw EyeSys surface €evation measurement error as a function of distance
from the center of Six rotationaly symmetric test surfaces. The legend shows
the gpicd radius (first number) and shape factor, p (second number), for each
surface. The EyeSys measures out to approximately 4.5-mm from the center,
but for the purposes of this study, the region of interest is the centra 3-mm
radius, since this corresponds with the trestment zone in most refractive
surgeries.

Algorithm to improve EyeSys accuracy

Andyss of the errors shown in Fig. 4 revealed a correl ation between the magnitude of
error and radia distance from the center, apica radius and shape factor. Two previous
studies described a method to compensate for this pattern of measurement error within
EyeSys (Horner and Salmon, 1998; Samon, 1999). A smilar error compensation
agorithm, developed in this sudy, is summarized in the following paragraphs.

Step 1. Compute the apical radius and shape factor for each surface.

For every image, the EyeSys stores data in numerous compuiter files. Onefile contains
the locd radius of curvature (axia radius) at each sampled point and is designated by an
“xx" extenson. Another containstheradia distance from the corneal center to each
sampled point and is designated by an “.ra’ extenson. For each surface, mean axia
radius and mean radia distance values corresponding to every EyeSysring were
computed. Table 2 shows an example of this data arrangement for one of the surfaces.



Table 2.
Mean radid distances and axid radii for each EyeSysring for the test surface with gpica
radius of 7.8 mm and shape factor of p=0,5. Distances arein micrometers.

EveSys ring  radial dist (ra) axial rad (e

1 2339 TEZES
2 J1z2e T3S
z TH1 3 TET2E
4 10158.8 TEE6.2
o1 1259.3 TI0E .4
& 15276 7924 2
T 17694 TIIT
o] 2044 2 TR
el 22932 20232
10 232801 S0ES 6
11 28272 21220
12 31348 31739
12 4064 22400
14 IT09.0 2092
13 39967 53345
16 42171 2467 .4
17 46236 23367
18 4918.2 23864

In the case of conic sections, the axid radii (Xc) and radid distances (r,) are related by
the following equation, in which p is the shape factor and r isthe apicd radius of
curvature (Douthwaite, 1995):

X = (1-p)(ra)” + r° )
Thisisalinear equation of the form, y = mx + b, in which x> may be plotted adong the
y-axisand r,? dong the x-axis. The slope of the best-fit linear regression is equal to (1-
p), and the y intercept is equd to r°.
p = (1-slope) ©)
T = (¥ intercept) (4)
Applying these relationships, the shape factor (p) and apicd radius (r) for each surface

were computed based on the EyeSys measurements.

Step 2. Correct the measured apica radius (1) for each surface

The apicd radii, computed for each surface above, were dightly larger than the true
gpicd radii. Plotting actud radius (y-axis) as afunction of measured radius (x-axis), we



saw aclose linear correation between the two, and from this, we developed asmple
formulato correct the measured EyeSys apica radii (1').

r = 1. 370r - 0.3386 (5)

Step 3. Correct the measured shape factors (p) for each surface

Four of the test surfaces had the same apicd radii, but differed in their shape factors
(seeTable 1). Plotting actud p vaue (y-axis) as afunction of measured p vaue (x-axis),
we saw aclose linear correlation between the two, and from this we developed asmple
formulato correct the measured EyeSys shape factors (p') for the surfaces with a7.8-mm
goica radius.

p’ =0.964p + 0.036 (6)
Three of the test surfaces had the same shape factor, but different apicd radii.
Studying the error in measured p vaues for these surfaces, an addition correction was
applied to correct the shape factor (p”) for surfaces with any apica radius.
p’ =(3.821e-5)r'- 0.299 + p’ (7

Step 4. Edimate EyeSys error as afunction of radid distance from the center

EyeSys error increases as a function of distance from the corneal center, as shownin
Fig. 3. Reative error, defined in EQ. (8), increases nearly linearly with distance from the
center, and this makesiit easer to compensate for the EyeSys error with asmple linear
formula

relaive error = error / (measured eevation) 8

The dope and y intercept values for the equation to predict reative error (Eg. 11) vary
asasdmple function of shape factor (p”) as shownin Egs. (9, 10).

dope = (2.158e-6)p” -2.329¢e-6 9
intercept = (3.755e-4)p” - 6.192e-3 (20
(relative error) = (measured eevation)(dope) + intercept (11

The estimated EyeSys surface eevation measurement error can then be computed from
the estimated relative error by Eq. (12).

EyeSys error = (relative error)(measured elevation) (12)
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Step 5. Correct measured EyeSys devations

Findly, the EyeSys measurements can be corrected for the estimated instrument error

by EqQ. (13).

corrected eevation = (measured elevation) - (EyeSys error)

(13)

When this error correction dgorithm is applied to the raw EyeSys measurements (Fig.

4), measurement accuracy improves sgnificantly, as shown in Fg. 5. Within 3 mm of
the corned center, maximum error for the four surfaces with an apical radius of 7.8 mm

was lessthan 0.25 um. For the 8.3-mm:radius surface, maximum error was less than 0.5

pm, and for the surface that represented a very steep cornea (r = 7.3 mm), error was
approximately 1.0 um. Thisissmilar to the level of accuracy reported in one study that

tested another videokeratoscope, the Keratron (Tripoli et d., 1995). This established the
degree of accuracy that we could expect when the EyeSys was used to measure surfaces
that were smilar in shape to our test objects.

Figure 5. EyeSys error after compensation for instrument bias.

We then needed to find a human cornea whose shape, as measured by the EyeSys,
closely maiched the parameters of one of our test surfaces. After taking EyeSys images
of anumber of persons, and obtaining informed consent, we decided to use, as our test
cornea, the hedlthy, norma right eye of afemae subject, age 39. Her gpical cornea
radius and shape factors were, respectively, 7.85 mm and p= 0.92. She had only 0.27
diopters of corned astigmatism, and her cornedl topography map showed little
asymmetry. Severd studies have shown that, for smal amounts of corned agtigmatiam,
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accuracy isvery smilar to that obtained with rotationdly symmetric surfaces
(Gretvenkamp et al., 1996, Klein, 1997).

Procedure to test ORBSCAN accuracy

Sixteen EyeSys measurements were taken of this cornesa, and the data associated with
each image were corrected for systematic instrument error according to the algorithm
described above. The mean of 16 sets of corrected surface elevation data was taken as
the true elevation topography of this cornea, within the measurement accuracy of the

EyeSys.

During the same experimentd session, lasting gpproximately 3 hours, 16
measurements of the same cornea were made using the ORBSCAN. The mean of 16 sets
of surface elevation data was taken as the ORBSCAN estimate of the eevation
topography of the same cornea.

Since the accuracy of the EyeSys was known, and the test cornea was very closeto our
calibration surfaces, we treated the EyeSys data as the “gold standard” to which the
ORBSCAN measurements could be compared for accuracy. Because portions of some
data images were missng, comparison was limited to a circular zone within a2.7-mm
radius of the cornea center (5.4-mm diameter corned zone).

A direct comparison of the EyeSys and ORBSCAN datais not possible because these
ingruments sample the corned at different discrete locations. EyeSys raw data are
organized on a360 x 18 polar grid, while the ORBSCAN data were arrayed in a0.1-mm
square Cartesian grid. Both data sets were therefore fitted to Zernike polynomids
(Schwiegerling, Greivenkamp, and Miller, 1995), and then, using the Zernike
coefficients, both EyeSys and ORBSCAN topographies were reconstructed to a common
grid. Prior to the recongtruction, the Zernike modes representing tilt were removed from
both deta sets to diminate any differences the line of Sght dignment between the two
ingruments. Findly, the mean recongtructed EyeSys and ORBSCAN surface devation
data were compared.

Reaults

The following results describe the repeatability and accuracy for surface elevation
measurements of a 5.4-mm diameter corned zone, that is, within a 2.7-mm radius of the
corned center. Repeatability is shown by contour/gray scae plots of the standard errors
for 16 measurements of the same human cornea by the EyeSys and ORBSCAN, in Figs.

6 and 7, respectively.

12



Figure 6. EyeSys repeatability. Repeatability is expressed as the standard error of 16
surface elevation measurements of a human cornea. Labes and contour lines
are in micrometers, and the map shows a 5.4-mm cornedl zone.

Figure 7. ORBSCAN repeatability. Repeatability is expressed as the standard error of 16
surface eevation measurement of the same human corneashown in Figure 6.
Labels and contour lines are in micrometers, and the map shows a 5.4-mm
corned zone.
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For most of the measured cornea (5.4-mm zone), EyeSys repeatability was 0.50 um or
better and was markedly better closer to the center of the cornea. ORBSCAN
repeatability was between 1-2 um for most of the cornea, including areas near the cornedl
center.

Aswas discussed in the methods section, EyeSys accuracy, that is, how correctly the
surface elevation of aknown surface is measured, was tested by measuring mode!
corneas with known dimensions. Radidly averaged EyeSys error as afunction of
distance from the cornedl center was shown in Fig. 4. Figure 8 shows EyeSys
messurement error for the test surface with 7.8 mm apica radius and shape factor p = 0.7,
before compensation for known instrument error. Corned zone diameter is 5.4 mm.

Figure 8. EyeSys surface eevation measurement error. Measurements were for a
rotationaly symmetric dlipsoid with apical radius of 7.8 mm and shape factor
(p) of 0.7. Labdsand contour lines show error in micrometers and the
negetive vaues show that the EyeSys underestimated the true surface
eevaions.

Figure 9 shows that, in comparison to Fig. 8, EyeSys accuracy was substantidly
improved after mathematically compensating for known instrument error (see Methods).
Compensated EyeSys measurements were taken as the standard by which ORBSCAN
accuracy would be measured. As with repeatability, accuracy with the EyeSysis best
near the corneal center and gets worse peripherdly. After compensation, EyeSys error is
reduced to better than 0.5 pum across most of the 5.4-mm corned zone.

14



Figure 9. EyeSys surface elevation measurement error after correction for known
ingrument error. (Thisisthe same dlipsoid as shown in Figure8)) Labdsand
contour lines show error in micrometers.

ORBSCAN measurement error for the cornedl front surface was defined as the
difference between the mean ORBSCAN and EyeSys measurements (ORBSCAN minus
EyeSys) for the same human cornea. Aswas described in the Methods section, the
corneal topography measured by the EyeSys was interpreted as the true elevation
contour, within the measurement accuracy of the EyeSys after compensation for
ingrument error (Fig. 9). Figure 10 shows ORBSCAN error in um for a5.4-mm
diameter corned zone. The negative values show that the ORBSCAN underestimated the
surface devations of the cornea, and the magnitude of the error was much larger than that
of the EyeSys ether before (Fig. 8) or after correction for instrument bias. Measurement
error showed a steady increase from center to periphery, with maximum errors exceeding
10 pm.
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Figure 10. ORBSCAN measurement error. This error was defined as the mean

ORBSCAN surface eevation measurement minus the EyeSys measurement
for the ssme cornea. Labds and contour lines show error in micrometers, and

the negative vaues show that the ORBSCAN underestimated the true surface
eevetions,

Radialy averaged measurement error for the ORBSCAN was aso computed and this
was compared to the radiadly averaged EyeSys error (r=7.8 mm, p=0.7 surface) both
before and after compensation for the EyeSys systematic error. Thisis plotted in Fig.
11, and shows that the ORBSCAN error is much larger than both raw and compensated

EyeSys data.
Radially aweraged elevalion error
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Figure 11. Comparison of radialy averaged measuement error for the EyeSys (with and

without compensation for instrument bias) and the ORBSCAN.
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The errors shown in the two-dimensiond error mapsin Figs. 6-11 may be summarized
by asingle satigtic for each map. One datidtic is the maximum error; another is the root
mean squared (RMS) error for each map, as defined in Eq. (14). Since each map
represents values on a 0.1 mm sguare Cartesian grid, within a’5.4-mm corneal zone, eech
map contains Nn=2,289 data points. These Satistics for repeatability and accuracy are
summarized in Tables 3 and 4, respectively. Table 3 shows that the maximum vaue for
the errors were smilar for the two, but it gives an incorrect impresson since, for most of
the EyeSys repeatability map (Fig. 6), Sandard errors are less than 0.5 um and the large
value of 2.2 ymisonly for afew data pointsin the inferior edge. TheRMSerrorisa
better Satistic and shows that the EyeSys is about three times as precise (repeatable) as
the ORBSCAN. Similarly, the RMS datigtic in Table 4 gives a better comparison of
accuracy with the two ingruments. After compensation, the EyeSys error was nearly one
tenth that of the ORBSCAN.

¥ (ermor’)
RIM3 ermor = !
i
Table 3.

Repestability for the EyeSys and ORBSCAN.
I nstrument Max stderr RMSstderr

(um) (M)
ORBSCAN 2.1 0.03
EyeSys 2.2 0.01

Note: Maximum and RM S standard errors for the EyeSys and ORBSCAN for 16
repeated measurements each, of the same human cornea. Vaues are in micrometers.

Table 4.
Accurecy of the EyeSys and ORBSCAN (in micrometers).
I nstrument Maxerror | RMSerror
(Lm) (L)
EyeSys (raw) -4.6 0.05
EyeSys (compensated) | -1.1 0.01
ORBSCAN -7.7 0.09

Note: Maximum and RMS measurement error for the EyeSys without compensation for
systematic instrument error (row 1) and with compensation (row 2), when tested againgt a
cdibration surface with r=7.8 mm and p=0.7. Maximum and RM S measurement error
for the ORBSCAN, when tested against compensated EyeSys measurements of a human
cornea. Vauesarein micrometers.

17



Discusson

Both the ORBSCAN and EyeSys underestimated surface eevation, and errors
increased peripheraly. Without correcting the EyeSys data for systematic instrument
bias, both the ORBSCAN and EyeSys showed a magnitude of measurement error that
was much greater than what we require for detailed studies of corneaoptics. The
ORBSCAN error was generdly twice as large as the raw EyeSys error. After
compensation for known instrument error, EyeSys accuracy improved substantidly, and
thisimproves the accuracy of this videokeratoscope to the desired level (< 1 um error)
within most of the 5.4-mm diameter corned zone. The EyeSys was aso about three times
more precise than the ORBSCAN for repeated measurements of a norma human cornea

Thisinitid study of ORBSCAN accuracy was limited to a single cornea and shows the
magnitude of ORBSCAN error if the ingrument is used asis (without modifying the raw
data) from the manufacturer. If alarger number of corness, representing a broad range of
cornea shapes, were measured, it would be possible to better andyze the nature of the
ORBSCAN'serror. It might be possible to compensate for some systematic bias and
improve accuracy as we did with the EyeSys. Until thisis done, or until the manufacturer
changes the instrument to significantly improve accuracy, the ORBSCAN is not accurate
enough to use for studies of subtle corned optica aberrations.

Datafor this study were collected in March of 1999. Since then, ORBTEK has
introduced the ORBSCAN 11, an improved version of the instrument evaluated in this
study. The ORBSCAN Il adds a videokeratoscope to the dit-scan system, and corneal
topography measurements are based on data acquired from both sysiems. Since the
EyeSys (a videokeratoscope) proved to be more accurate than the ORBSCAN, the
ORBSCAN Il may have much better accuracy thet the first generation instrument we
evauated. A future study should, therefore, evaluate the accuracy of the ORBSCAN |1
usng awide range of corneas, and it should also compute the repeatability of back
surface and corned thickness measurements. If it were able to demonstrate sub-micron
accuracy across most of the cornea, the ORBSCAN would prove to be avery valuable
ingrument for visua optics research.
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