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Introduction:

Historically, many m2thods have been used to objectively
estimate the corneal curvature. The ancients attempted to
ohserve the relative sises of familiar ohjects 1reflacted in
the cornea. Scheiner, in 1619, used a siamilar technique
when he compared the separastion of slats in o window frame
as raflected from the anterior corneal surface with the re-

flections in glass balls of known diameter. Although Levene
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055) credits Goode with the invention of the keratoscore
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ng a small luminous square as a target), Placido, in 1870,
devised the instrument which bgcars his name and which was

the forerunner of <the modern photckeratoscope. (Levens, 1665;
Monlell, 1951).

Mandell (1950) credits Ramsden with the developmant of
the essential features of the modern ophth:slmometer: the
cbject, the doubling device, and the magnifying device. DPur-
kinje apparently made the first estimations of corneal curva-
ture with the Ramsden instrument (Levens, 1957). In 1854
Helmholtz applizd the principla cof doubling to the wmodifica-
tions performed by Valentin, Cramer, and 5neff uron thz Ramsden
instrument and produced the keratomszter or ophthalmomater.

At one time Placido placod a camer:a behind the peephole
of his Disk and photographed the cornea; he was unable to
analyze the results in any aeaningful way (Bibby, 1972). It
was left tco Gullstrend, in 1595, to construct o photokerato-
scope and, using his mathematical taulents, to analyze2 the

photographic data in terms of corneal curvature (Levene, 1955).



Corneal and Ocular physiology impose four limitations
on all topography-measuring syctems:

(1) The cornea is an aspheric reflecting surface of
variable thickness; it cannot be accurately
described as spherical,

(2) Small eye movements (rapid micronystagmus) make
photography with long exposures difficult,

(3) The brow, cheek, and nose limit the placement
of instruments very near the cornea,

(4) Tratmatized or diseased corneas with irregular
and diffuse reflecting surfaces do not produce
a cléa} image of a target object,

Flacido's Disk has no method of compensating for micro-
nystagmus. TFurthermore, it nrojects a flat object onto the
cornea over 2 large area, resulting in an aplanar image.
Photography of this image is difficult because all the rings
cannot be brought to a crispy focus; when onz triesto compute
corneal curvature on the hasis of photographic data, a lack
of definition in the blurred rings introduces considerable
error, When the flat target of the Placido's Disk was photo-
graphed and the results analyzed, Blair(1950) found errors
of 0.05 mn in A45% of the reosdings and as high as O.lmm to
0.18%mm in 10 of the readinﬁs. (These were measured on
spherical steel balls of known radius.) When the target is
constructed so as to produce a flat imege, the accuracy im-
proves as indicated by Ludlam(1957) and Knoll(1951). However,

Knoll found accur«acy uncertain above 0.70mm and Ludlam reported
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+1.00D error from Knoll's instrument. WMandell(1969) attempted
to reduce the error by asswaing an eccentricity of 0.48 for
the central cornea and subtracting the error obtained from
this elliptical model froma the data for each photokeratogram.
Clark(1972) used this method in an autocollimating pnoto-
keratoscope and obtained standard deviat.ions of 1&10-3 of

the measurement.. Townsley(1967) reported a photokeratoscope
with a ring configuration which produced ~ virtuval image in

a flat plane; he reported measurements made on the enlarged
photograph to a precision of 0.001" with a magnification of
L.57. After development by the Wesley-Jessen Company, Prechtel
and Wesley(1970) reported that:

"The maximum distance from any computed point is
0.0007mm +... 25 Newton rings (A= 2570nm)."

Townsley (1974) reported that the Wesley-Jessen Mark III
Photo-Electréunic Keratoscope possessed repeatability of
¢.025mm or 0,005mm at the cornsa with target ring error of
iO.OlZSmm or i-O.OO25mm at the cornea.

Because the Tlacido's Disk is held in the hand, tilting
may cause additional errors (Levene, 1952). Although the
Placido's Disk is useful for qualitatively assessing large
amounts of corneal astigmatism and surface irregularities,
it cannot be seriously considered when quantificatioﬁ of the
corneal topography is desired.

The photcelectronic keratoscope, previously described,
is an extremely accurate ﬁethod of analyzing corneal curvature.

Problems inherent in the photokeratoscope are: inaccuracy



in centering, inaccuracy of alignment(coaxial), loss of
resolution due to graininess of film, and lack of stability
of the film emulsion and/or backing. (Ludlam,1567). The
Wesley-Jdessen System 2000 PEK has solved most of these
difficulties; a coaxial alignment focus (centered dot) with
depth of field of 0.10mm is provided with focus occuring in
only one meridian. Lithography film having high contrast,
good stability, and high resolution is employed; the resul-
tant photograph is a transparency which can be easily mag-
nified. More impertantly, the System 2000 FPEK does not assume
sphericity of the corneal surface; a sophisticated system
of conic sections ﬁés been devised to describe a model for
corneal tepography (ElHage, 1972). A short exnosure time
prevents micronystagmus from causing blur and a large por-
tion (Smm) of the cornea is sampled in O.5mn increments
(Bibby, 19753).

The ophthalmometer estimates the corneal curvature
according to the assumption that the cornea is spherical.
Inaccurate results are obtained when measuring the corneal
periphery because the keratometer's large sanpling area
(3mm diameter in the Bausch and Lomb Keratometer) averages
irregularities and radius changes within the chord diameter,
giving only approximate values. Mandell(1952Dh) also shoued
that smaller mire= inecreased the Aifficulty ol finding the
endpoint, Mandel1l(19562a) hes published az table of corrections
for use in »neripheral keratometry but Ludlam(1969) has showed

that Mandell's snpreoach is complicated by wmany mensuremants
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and also by centering the unfocused mires on the keratometer
cross-=hair.

Other problems inherent in the ophthalmometer design
are accurate focusing of the eyeplece, precise ceuteriug of
the central mire and cross-hair over the apex of the cornes,
and determination of the endpoint. Since a certain value
for the index of refraction of the cornea is assumed from
experimental data, equally reliable measurements cannot be
made for all corneas. Furthermore, surface irregularities
in the cornea make accurate measurements impossible because
the mire images beconme badly blurred ond distorted.

Profile measurement has been attempted as a means of
quantifying corneal curvature. McMorris(1971) and Nolan(1968)
claim success in matching corneal profiles to templates but
their accuracy was less than 1.,00D in the best cases when
compared to ophthalmometer readings taken from the same
corneas. This system has many possible errors due to camera
placement, image stability and film resolution, skill of
operators at matching the template to a slightly blurred
photographic image under a microscope, and lack of repro-
ducibility of results. Many opportunities for human error
make this method an undesireable clinical tool and a labora-
tory curiosity.

The cornea may be anesthetized and dusted with white
talcum powder. Stereo photographs may be taken of the cornea

and analyzed in a manner similar to that nzed for determining



ground contours {rom aerial photographs. Bonnet and

Cochet (1962) found relative height with accuracy of +.0.03ma,
This small distance error becomes a large dioptric error

when the radius is computed and converted to the dioptric
equivalent of the keratometer reading. The authors themselves
noted difficulties in correct positioning of refereunce points
on the cornea and interpretation of the lines with regard

to numerical topographj; both arose from human error. TFurther-
more, they emphasized the difficulty of cbltaining distortion
free objectives and of accurately constructing:@ the stereo
camera so its major reference points coincided with those

of the "restitutor", the device used to interpret the photo-
graphs., Clark(1973) also notes inconsistencies in Bonnet's
work; Ryzyakowski(1954) emphasizes the dependence on human
stereopsis in earlier stereogrammetry of the eye using hand-

.

assisted reconstruction., Although this technique is of little

value in accurately estimating corneal curvature, it could

be used in the fitting of scleral lenses.



Theoretical:

When the cornea is considered as a curvilinear surface
3, the sagittal depth s cerresponds to the distance between
the plane P normal to the surface gradient vector N at the
apax A of the surface and the plane F' which is parallel to
plane P and contains line C comnecting the points p and p'
located on S. The line C is often called the chord and
the distance p p', the chordal width or chordal diameter.

When an incident ray of light R whose path is varallel
to the vector I strikes a point on S (S is partially reflective)
other than the apex it will be reflected at an angle (<) .

L

to N where «=0, as illustrated in Figure 1.
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Figure 1. Relalionship of the DPrincipal Reference Planen
to the Curvilineay Surfaco
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A device capable of measuring light intensity (photodetector)
is placed at the intersection of ray R' and a plane P" which
is parallel to plane P and perpendicular to plane P'. P¥ is
perpendicular to R' and R?! intersects P" at point x, as

1llustrated in Figure 2.
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Figurc 2 == Geowetric Relationships of Incident and
Reflected Rays and Gurface S

When the ray R is reflected from the apex, R and R' will
be coincident and & pliotodetector placed in the path of R'

sI=19.

will measvurec light intensity o

s3]

From rigure 3, a is the shortest distance from p to

h) L] . : _" .
P"; d 1s the distance alons the vector N between the oi'igin
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R and apex A when R is coincident with ﬁ. The distance

(55}

o
between the point o on P" and point p is called a; c¢ is
the shortest distance between points o and x. ¥hen a line
intersects plane P" at a distance above o equal to the sum
of the distances d and s, the point of intersection is called
point r; h is the distance between r and x.

The sagittal depth is computed as follows:

From the cosine law of illwmination,

I:IO sin et

Also, from Figure 3 and trigonometry,
a = c¢ tane .,

, hy; and I are dircctly measvreable variables,

-

Since
¢ = a (cot[aicsin( I/Io)j).

From Figure 3,

e =h~-d
and
s=c¢ (e=0) when d =h =4, all a,
Si= @ = C when d<h<a, axd
and d < h »a , all a.
S =c=-e hen d >h 2e , acd

and d >h«a, all a.
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Figure 3. Cross-sectional View of the Reflected Ray in
Relation to Important Variables.
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Ohservations and Discussion:

This new mathod for estimating sagittal depth of a
curvilinear surface can be used to measure the sagittal
depth of the in vivo cornea. A matrix of photoemitters and
photodetectors can bz used in conjunction with a digital
computer to »roduce a cellimated beam of light whose
origin and endpoint (x) can be measured directly; the
computer is used to keep track of the poszition in the matrix
corresponding to the emitter or detector. The smaller
one makes the detectors, the higher the resolution one can
achieve when measuring the exact position of the point x,
The cperator does ;ot need to focus the instrument to
obtain distance «d —-- the photoemitters whose beams are
parallel to plane P will I the emitters at the
same height as the apex when the beawms are no longer ob-
structed by the surface (when the paths of the beams are
in plane P). All positional measurements are, therefore,
made automatically and are independent of human error.

Listed helow avre advantages of this new method of
measuring sagittal depth and charting the topology ol the
cornea:

(1) The sampling area is cssentially a point of light

whose dimensions are limited only by diffraction. The

error due Le linearization over a large ares, as in the
ophthalmometer, is made negiigible.

(2) Because the scanning of the cornea is rapid due

to the low risetime of the photoemitters and the speed
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of the computer's circuits, the measurements are not
affected by micronystagmus.

(3) Since there are no human operator - assisted functions,
focusing of eyepieces, looking at targets and making
alignment discriminations are a thing of the past and

human error is eliminated.

(4) The true corneal topogruaphy can be, charted since

the data set is not fitted to a spherical model, as

] ’

in thefdphéhalmémeter, or a conic-section model, as
in the P3K.
(5) The nlacement of the measuring device near the
cornea need nét be hirdered by the orbital bones
because the device can be made very small. This
would make such an instrument ideal for evaluation
of corneal contour immediately after ocular surgery.
(&) The sagittal depth is a parameter common to any
curvilinear surface. Since 1t can be measured by
the method described débove and since this nieasuring

'
technique may be extended to charting the surface of
a contact lens, it is ideally suited for use in contact
lens practice. Therapeutic lenses can be fit to
damaged corneas because the measurement of the
eagittal depth is not éontingent upon o clear mire image.
Thus, the progress of corneal ulceration and the
development of keratoconus can both he recorded using

this methed.



The realization of this novel method has its limitation
only in the construction of the emitter-detector matrix.
Accuracy can only be achieved with high resolution; a small
error in intensity measurement can lead to a large error
in the final result; it is from intensity readings that the
angle of incidence is derived. Furthermore, if the in-
cident ray is reflected from a rough surface, the pattern
of incidence will be very wide, A possible solution to
the problem of the accurate location of point x is to use
the computer to perform an averaging operation upon each
data set for each reading to find the projectioun of R' to

intersection with P", thereby locating x,



Conclusions:

A novel method for measuring the sagittal depth of a
curvilinear surface has been presented and its application
to measuring the sagittal depth of the cornea has been
discussed. It hoas been shovm that this method would reduce
human error associated with such measurements; it is hoped
the error would be negligible., Furthermore, applications
in the ophthalmic practice have been discussed and it has
been shown that this method would be useful in the fitting
of contact lenses and the charting of diseases of the
anterior corneal surface,

The technical -realization of this idea is discussed
and will be left to future investigators. Although con-
struction of such an instrument would be inexpensive it

vvould consume much time and affort.

My sincere thanks go to Jr. Hiles Roth, who gave me
much moral support, and to my father, who taught me to keep

things simple.
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