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Abstract

Using results published by several clinicians, the effects
of Keratometer measured changes in corneal curvature induced
by orthokeratology upon refractive status are examined.
Various spurious sources of discrepancy bétween the two
measurements are considered. Linear regression equations of
the change in refractive error versus change in Keratometer
reading are calculated. A computer model schematic eye was
developed and utilized to test the effects of changes in
various intraocular parameters upon refractive status.

A hypothesis explaining the reported 2:1 ratio of change
in refractive error versus change in Keratometer reading is
presented. Guidelines for reducing sources of error are

given.
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.I. Introduction

The rise to prominence of orthokeratology has been
accompanied by a scattering of papers describing methods and
documenting results. This literature, for the most part,
has been generated by a half dozen practicing optometrisﬁs
in the United States. The orthokeratology procedure grew out
of what these practitioners believed to be an arrest of
"developmental myopia" in contact lens wearersl=0 .

As the procedure developed, practitioners noticed that the
correlation between changes induced in anterior corneal
curvature and concommittant changes in refractive error was
not unity. In most cases, changes in refraction were greater
than could have been expected by the amounts of corneal change.
The belief developed, however, that the relation between these
changes was an orderly one. This relation was generally
described in the form of a ratio of change in refractive error
per change in Keratometer reading. Nielson, Grant, and May7
initially determined this ratio to be 1.5. Nolan8 found it
to vary between 1.5 and 2. In a more comprehensive study,
Grant and May9 established the ratio at 2, and it 1s this value
which now seems to be the accepted one in the orthokeratology
literature. This ratio and the unexplained refractive changes
implied by it are the subjects of thils study.

Due to the tedious nature of the mathematics involved in
the project, the vast majority of calculations were performed
on the Pacific University College of Optometry central computer.
All programs were written in the Basic language. Several of

the statistics programs wére’already available on disc file



énd are documented elsewherell. The program to perform
calculations relating to refractive changes in the eye was
written as part of this thesis and is documented in Appendix
A. The program is a mathematical schematic eye based on
Gullstrand's constantsll(see Appendix B). Any physical
variable (length, curvature, refractive index) along the

optic axis can be changed and the effects on optical component
power, and refractive error at the anterior cornea or measured
at the phoroptor can be directly determined.

The problem has been approached in two steps. The first
considers "extraocular" sources of the "unexplained" changes
in refraction. This section deals with factors influenced by
measurement methods and instruments, data treatment and so
on. The second step considers "intraocular" sources of
"unexplained" changes. This section deals with changes

occuring in the eye posterior to the anterior corneal surface.



II. Extraocular Sources of Discrepancy

A. Keratometer Calibration

The instruments in most common use today for measurement
of anterior corneal curvature are the Keratometer (Bausch
and Lomb) and the Ophthalmometer (American Optical). Although
the instrument measures a variable based upon the convex-
mirror property of the anterior cornea, most instruments are
calibrated in dioptors of refracting power. This power is
determined using an arbitrarily low refractive index designed
to take into account the diverging effect of the posterior
cornea, thus yielding an éstimate of the entire cornea's
contribution to total ocular astigmatisml2. It is valid as
a gauge of absolute refractive change in the cornea, however,
only if the anterior curvature change is accompanied by a
precise combination of posterior curvature and corneal
thickness changes. It seems unlikely that with the anterior
flattening induced by contact lenses, the relationship would
hold. The.clinician generally measures only the anterior
curvature change and by using Keratometer change as a gauge
of corneal refractive change introduces an error of unknown
amount.

Considering the limiting case where only the anterior
curvature changes, that error can be quantified. The following
proof indicates this relationship:

1. Let n2 and nl be refractive indeces on either side of

an optical boundary whose radius of curvature was rl.
Let r2 be the new radius of curvature for this surface.
Let n2' be an arbitrary index of refraction.

2. Then P1 = n2-nl, P2 =n2-nl, P1' = n2'-nl, P2' = n2'-nl
rl 122 wil r2



3. P1-P2 = AP = n2-nl = n2-nl
il T2
= r2(n2-nl) - ri(n2-nl) rearrange
LAE2
= (n2-nl)(r2-rl) factor
rlr2
4y, Similarly 4P' = (n2'-nl) (r2-rl)
rsR2
5. AP = (n2-nl)(r2-rl) . rlp2 ]
AP r¥n? m2'-niljir2=-riJ
= (n2-nl) simplify
(n2'-nl)
6. AP = AP'(n2-nl)
in2'=nl)

This ratio describes the error factor introduced in describing
the curvature using the arbitrary index. For the Keratometer
this factor is: (1.376-1)/(1.3375-1) = 1.114. For the
Ophthalmometer the factor is: (1.376-1)/1.336-1) = 1.119.
Thus the actual power change (4P) is equal to the product of
AP' (change in Keratometer reading) and the error factor.
By using Keratometer change, the actual corneal power change
is underestimated by more than ten percent. (Note: 1.376 is
Gullstrand's refractive index for. the corneall.)
B. Lens Effectivity

A measurement artifact is introduced by the distance of
the phoroptor from the in subjective determination of refractive
error. The effectivity of a lens is determined by the formula
P'* = P(1-dP), where P is the effective power at the cornea,
P'" is the effective power at the lens plane, and d is the
distance between the lens plane and the cornea. Because of
this effect any change in refraction at the anterior cornea

is magnified when measured at the spectacle plane. This



ﬁagnification effect increases faster than the magnitude of
change and is also enhanced by higher refractive errors. The
proof of this is not straightforward and has been omitted,

but the following hypothetical examples illustrate the effect.
A 20 mm phoroptor-eye distance is assumed. The first finding
in each example represents the original refractive error.

The second finding represents the refractive following the

hypothetical orthokeratology.

Correcting Lens Change in Correction
at Phoropter | at Cornea at Phoroptor | at Cornea
- 3 -2.83
0 0 B +2.03
0 0 +5 +4.55
-5 -4.55 +5 #3778
Table T

For changes of refractive error greater than 2 D or for smaller
changes with high myopia, failure to consider effectivity can
lead to significant inflation of the ARE/aK ratio (change in
refractive error per change in keratometer reading). This
effect will not add significantly to error for magnitudes of
change accomplished in the majority of orthokeratology patients.
C. Calculations Involving "Flattest K"

The method for deriving the accepted aRE/aK ratio of 2 was
described by GrantlLl who utilized data submitted by ortho-
keratologists to a central computer facility. In calculating
the ratio, Grant used the flattest corneal meridian as the

measure of corneal curvature. As the cornea changes curvature,



éhanges in the flattest meridian accurately describe overall
changes only .if corneal cylinder remains constant in. power
and axis. However, when contact lenses are applied to the
eye, the relationship between flattest and steepest corneal
meridians can develop along any of several lines.

Due to the many ocular factors influencing refraction, it
is difficult to assign a given corneal parameter as being
representative of the corneas overall contribution to
refractive error. Javal's rule and the Keratometer index
itself represent attempts to do so. Changes 1n the flattest
meridian of the cornea should be compared to changes in
refractive error only in that same meridian. Grantlu does
not state what parameter (such as change in the least myopic
meridian) has been used as the gauge of refractive change in
his study. It is unlikely that Keratometer and refractive
error measurements were matched meridian for meridian however.
In the majority of reported orthokeratology cases, where
refractive astigmatism is low, a simple and reasonable method
would seem to be the use of spherical equivalents in
comparing Keratometer and refractive error measurements.

The use of "flattest K" can serve to enhance or diminish
ARE/nK relative to the same. ratio calculated using "average K"
(spherical equivalent). In cases where myopia is being reduced
the relative effects of the two calculations can be summarized
qualitatively by table II. 1In column a, "S" is the steepest
corneal meridian, "F" the flattest. Column b shows the
relative effects of using flattest K rather than average K

as the gauge of cornea change. When change in flattest K is



greater the ratio is diminished ("D"). When change in flattest
K is less than change in average K the ratio is inflated ("I").

The actual effect on corneal cylinder is listed in column c.

a. Relationship b. Effect on c¢. Effect on

of change RE/ K. corneal cylinder
Ab S,F do not change or equal no change

change equally
24 P flattens more than S D increased
B S flattens more than F I decreased
b, F flattens, S steepens D increased
5. F steepens, S flattens il decreased
6. F steepens more than S at decreésed
a. S steepens more thén F D increased

Table II

Table II shows that if changes in corneal cylinder are
normally distributed, the cases where Grant's methodl'Ll over-
estimates the average K change should equal the cases where
it underestimates the same.

Note that in the cases where corneal cylinder is increased,
the flattening effect is overstated by Grant's method. In
those where corneal cylinder is decreased, the flattening
effect is understated. To the extent that orthokeratology
tends to decrease corneal astigmatism, that method will
understate the total amount of corneal flattening and enhance
the ratio of change in refractive error to change in Keratometer
reading. The effect of -this artifact on Grant's calculations

is not stated and should be investigated.
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D. Data from children

Many orthokeratology patients reported in the literature
are young adolescents who had begun to show progression into
myopia. As the human child progresses from hyperopia toward
emmetfopia, Sorsby et all® found that the population trend is
is for a continuilng increase in axial length through 13, at
which point this parameter is at adult levels. The elongation
was.found to be partially compensated by a flattening of the
crystalline lens. Corneal curvature changes were described
over the same age span as "trivial". Several studies have
implicated axial length as the primary source of "environmental
myopia" in humansl6’17 and other primatesl8'21. Sorsby and
Fraser22 found that of all ocular optical parameters, axial
length shows the largest tendency to depart from distributions
expected by a solely hereditary theory of qguantitative
development of ocular parameters. Corneal power 1s a less
significant source of anisometropia than axial 1ength23.
Thus axial length seems to be the primary factor associated
with ametropia, especiélly that which appears to be non-
hereditary.

In view of this, corneal curvature changes measured during
early adolescence would not be expected to correlate well
with changes in refractive error, since the major process
affecting refractive status (axial length)is ignored.
E. Reliliability of data

Available literature containing orthokeratology case information
reveals large variability in the ratio of refractive change

to Keratometer reading change. This problem was recognized
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By Grant and May9 and attributed to the use of "diverse
techniques" utilized by orthokeratologists. If this hypothesis
is correct, refractive change and keratometer reading change
should correlate well when the data points being correlated
come from the same doctor. -The best matched sample conditions
would be a data set made up of findings taken from the same

eye by the same doctor during the orthokeratology procedure.

To examine this, 6 cases (12 eyes) were selected from published
case histories on the basis of having the most data points
(examination visits) and thus most meaningful analysis. They
represent findings reported by 4 different optometrists;
Shed2”, Ziff25, Harris26,‘and Nolan’. The correlations were
performed by computer using Pearson's product moment correlation
coefficient. The results are summarized in table III. Each
patient is identified by his patient number from the original

article. "n" represents the number of measurements taken.

nsFu

X" is the mean value and "s" the standard deviation for the
change identified. "r" is the correlation coefficient between
corresponding Keratometer and refractive changes from one

visit to another.

ARE ag

Doctor  Patient E¥ye n b s X S r

Shed 1 OD 5 Jo .50 .12 .62 12
Shed il 0S 6 .33 .52 .16 .53 .56
Ziff 2 oD 8 .20 .87 .19 .54 5il
Ziff 2 0S 8 .31 1.06 .26 - .65
Ziff 3 oD 7 .39 .69 .16 .72 .70
Ziff 3 0S 7 43 .54 .19 .81 .64
Harris 1 oD 6 .83 .79 .37 .50 T
Harris 1 0S 6 42 .38 b2 .57 .65
Harris 2 0D 11 .18 .53 .08 A7 . L5
Harris 2 0S 11 .16 .34 .08 T .33
Nolan 2 oD 5 .25 .18 .22 .60 -.07
Nolan 2 0S D) .20 .21 .12 .23 -.16

Table III
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None of the correlations were significant for T 925° Four
of the eyes showed essentially no correlation between refractive
change and change in Keratometer reading. It should be noted
that the correlation is not based on a specific relation
between ARE and 4K, but on the possible presence of any linear
relation. Table III might be interpreted to mean that ARE
and AK are in fact not correlated at all, defying any mean-
ingful description of their relationship. - An alternate
interpretation is that thelr relationship is simply not
linear. 1In either case, measures of central tendency such as
the mean are not appropriate descriptive statistics. To
determine the character of unexplained sources of ARE, a third-
variable (UK) was derived for each data set by the following
formula: A UK = ARE - AK. Since for any given data point, AUK
is inversely related to AK, a correlation between the two
parameters was performed to check for systemic relationships

for each eye. The results of that analysis are listed in

Table IV.
AUK AK

Doctor Patient Eye n R - X S r_

Shed i oD 5 .27  .T4 .12 62 -.75

Shed i 0S 6 .16 .49 .16 158 = lig

Ziff 2 0D 8 .01 .72 .19 .54 -.01

Ziff 2 0S 8 .04 .80 .26 Sl B ) o)

Ziff 3 oD 7 .23 .54 .16 .72 =.L4y

Z1GE 3 0S i .26 .59 .19 .81 -.812
Harris 1 oD 6 46 .64 .37 .50 -.06

Harris 1 0S 6 0 LTU 42 .57 -.878
Harris 2 OoD 11 .12 .63 .08 A7 -.55

Harris 2 0S 11 .08 .48 .08 47 ~.74¢
Nolan 2 oD 5 .07 .60 2R .60 -.9ub
Nolan 2 0S 5 .07 .34 2 .23 -.80

Table IV

As expected from an inverse relationship, all correlations

were negative. Those with "a" superscripts are significant
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éorrelations-for.r_025, "b" denotes significance for r 91>
and "c" for r po5- The pattern shown indicates that the
smaller the change in Keratometer reading, the greater will
be the relative rlefractive change from unexplained sources.
To test this =ffect, initial and final visit Keratometer
and refractive error measurements were used to determine
ARE/AK for each patient reported in the previously discussed
studieszu‘27. Walues used are contained in appendix C. Each

ratio is plotted against its corresponding aK in figure 1.

| {
& d !

Shea24 a
7iffe5 +
¥ Harrisz6x
Nolan?2l
i *
|
;4-
|
iy &
sl P .
< §
~ .
E‘ . |
g, N i 4
:.I ..iixtr =+ 1A
Folia ] A
A ,. 1 ..-‘.i 5
yi E. Ii a i + s
E] HI 1 g ¢
{ x & x ] )
1‘ 5N
A |
|
il
0 i i ' 1 ]
0.5 1.0 1.5 2.0 2.5
AK
Figure 1

To examine further the trend exhibited in figure 1, a larger
sample was considered. Published results obtained by Ziff28,

Nolan29, and Fontana3Owere plotted in the same manner. This
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aata represents total changes in K and RE for each patient.
The Ziff28 study encompassed 14 eyes and the Nolan?29 study
88 eyes. 1In both these, all refractive and Keratometric
findings were converted to spherical equivalents to avoid
the problem previously discussed in using only flattest
meridians. Patterson3? used Fontana's findings from 54 eyes
and presented only aAK and ARE for each eye without stating
the method of determination. The findings from these 3

=

studies are represented 1in figures 2 and 3.
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Figure 4 (Combined data)
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fhe combined data from all seven paperszu'BO, representing

192 eyes, 1is plotted in figure 4. It can be readily‘seen from
the preceding figures that the trend showing ratios decreasing
with increasing AK is present in all these studies. The large
variability in ARE/aK is seen not to be dependent upon any
particular fitting method or practioner, but rather upon the
high variability in ARE/aK for low amounts of AK.

In examining figure 4, it is obvious that the ARE/AK = 2
line provides a very poor fit for the data. In fact no line
parallel to the abcissa fits well. This points out a weakness
in the method generally used to derive the ratio. The
practice has been to determine the ratio by dividing the mean
change in refractive error by the mean change in K9’17’26’3O.
If this were a valid method of describing the relationship,
the data points in figure 4 should follow some line parallel
to the abcissa. They do not. To determine a better impression
of the existing relationship, a least squares calculation of
linear regression was performed. The data was then separated
into one group containing data in which AK was 1 D or less
and another group in which AK was greater than 1 D. Separate
regression calculations were performed on each group. These
are shown in appendix D. The following formulas were obtained:

1. A1l data: ARE = 0.74 + 0.66(aK)

2. Ke<1.0 D: ARE 0.80 + 0.58(AK)
3 KL e Dr ARE = 0.35 + 0.89(AK)
These relationships are plotted in figure 5. The least

squares curbe plotted in figure was determined using formula

2 for AK of 1 D or less and formula for AK greater than 1 D.
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ARE/aK = 2 . Least squares #
! (aK>1 D) A
‘ | AT
/ | ¥
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R i 2N |
. ! T o ;
11 147 Vs ."Il . ;
| i ; |
~ | l,-" -
| of '

&K

Figure 5

The least squares calculation shows that an initial 0.75D
reduction in myopia may be expected before any changes in K
reading are manifested. From that point, RE is seen to change
more z=lowly than K. The implications of this phenomena will
be discussed later. Furthermore, before making claims or
postulating mechanisms concerning any ARE/AK relationship, it
i1s important to consider the high variability for Keratometer
changes of 1 D and less.

In dealing with a ratio, the addition of any given quantity

to the numerator or denominator has a greater effect when
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£hose values are small relative to the quantity added. For
example, a 0.12 D error in RE measurement can change a ratio

of 0.25/0.12 (=2) to 0.37/0.12 (=3). The same error for a
ratio of 3.00/1.50 (=2) yields 3.12/1.50 (=2.08). The mean
ratio for these examples varies from 2 to 2.54. This factor
alone could account for a great deal of variability, especially
when changes are not large.

If a measurement bias were present, such errors could also
inflate the ratio significantly. There exists a comprehensive
body of literature concerning the reliability of the Keratometer
as a measurement tool. The design of the instrument 1s such
that several patient and examiner variables will contribute to
variability in readings. These factors were outlined by
Wittenbergl3 from a treatment of the subject by Littman. This
variability can be quite large. Kennedy31 estimated that
errors of up to 1 D could occur on any given reading. Two
studi_es32’33 indicate that readings can be reliable to 0.12 D.
Brungardt3u, using steel ball targets, found a normal measure-
ment variation range of 0.37D or more.

By conservative estimate then, Keratometer readings will
frequently be over or under power by 0.12D. When changes in
K are measured, the effect may be compounded and yield a 0.25 D
error in AK. This is not significant if the change in K is
large. However, small changes can be greatly influenced.

The problem may be further exacerbated by errors in the refraction
where measurement is generally accurate to 0.25 D35. Consider
the following hypothetical case:
True K Measured True Refraction Measured
1. Initial visit I T g4, 3y -1.50 -1.75

2. Next visit 4y .50 by .62 -1.50 =225
3. Net Change 0 0.25 0 0.50
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while neither variable has in fact changed between visits,

the finding is a 0.50 D "reduction in myopia'" accompanying

a 0.25 D "steeper K". This type of artifact would lead to a
great deal of variability in the ARE/4AK ratio for small changes
as is evident in figure 4.

A systemic inflation of this ratio by this artifact would
occur only if measurement procedures were biased to do so.
Keratometer bias would be restricted to the examiner, while
both examiner and patient could contribute to bias in refraction.
An excellent compilation of the literature on this topic has
been gathered by Rosenthal36. Experimenter effects upon data
taking, data analysis and influence on patient responses are
described.

F. Validity of the Keratometer

In addition to the problem of reliability, there is con-
siderable question as to the validity of KeratQmeter measure-
ments as an indicator of the corneal contribution to the
refractive status of the eye. This 1ssue has been considered
in detail by Gullstrand37 and more recently by Ludlam and
Wittenburg38. The problems of validity of interest to'the
orthokeratologist are those principally associated with the
size of the Keratometer mires. Since the majority of the
entrance pupil is located inside the mire images, the
majority of the light striking the retina passes thnough a
corneal zone not measured by the Keratometer.

There is no present documentation of the actual topograph-
ical corneal changes accompanying corneal flattening. One

hypothetical model which seems to have merit shows the cornea
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Becoming applanated by the force of the lens on the cornea39.
The cornea is part of a semi-rigid container, the eye. If we
assume that the surface area of that container remains constant
a decrease in curvature at one point must be accompanied by

an increase in curvature adjacent to that point. NolanuO has
presented some evidence that this may be occuring on the cornea.
Thus a cornea which has flattened over a small central zone

may actually show steepening at the zone measured by the

Keratometer.

This phenomenon is i1llustrated by the following figure:

- /-ﬂh“m r = initial central
A o radius of curv.
& By X \im r's = final central
b N\ g N radius of curv.
T r'q = final peri-central
radius of curv.

Figure 6 (after Nolan3?)

The figure shows that r'2>r>r'1.

that the Keratometer mire image is formed by the portion of

If the flattening is such

the cornea where radius of curvature has steepened or

flattened less than r'2, the AK measured is invalid.
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iII. Intraocular Sources of Discrepancy

Several factors other than anterior corneal curvature have
been proposed as possible contributers to decreases in myopia
as found in orthokeratology. To provide a basis for consideration
of the possible contribution of changes in other ocular
components, the effects of changing each axial parameter 1in
the schematic eye were calculated. Some of these effects had
been previously examinedul but the dioptric variations were
not translated to a common practical reference point. For my
calculations, the schematic eye was made to be initially
myopic (2.5 D) by increasing the vitreous chamber depth of
the eye. It must be realized that the dioptric effects of
parameter changes will vary slightly with each eye. In addition,
parameters are interrelated such that factors eliciting an
ocular change in one must effect a change in another. Since
the combinations of change are infinite, only limiting cases
were determined, holding as many variables as possible constant.
While the relationships plotted were not linear, data was fit
to straight lines when errors of assumed linearity were small.
Actual values used in determining the graphs are contained in
appendix E. All changes in refractive error are translated
to the anterior corneal surface.

A. Effects of radius of curvature change

+1-
==ﬁh%,m_1% (~posterior surface
ARE 0= (
g R anterior surface
_11 L] ¥ i L ¥ i
-.6 -.4 -.2 0 A2 LU .6
Ar (mm)

Figure 7 (crystalline lens)
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figure 7 shows that flattening at either lens surface would
have a small effect upon reducing myopia. It 1is difficult

to imagine -a mechanism whereby a corneal contact lens would
serve to flatten the crystalline lens. The possibility that
such flattening would be found only with an orthokeratology

lens seems even more remote.
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Figure 8 (cornea)
As the cornea flattens 1t might be expected that radii of
curvature at both corneal surface would increase. Because of
the small index change from cornea to aqueous, posterior

curvature changes are extremely ineffective as compared to
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énterior changes of the same magnitude. Furthermore, in
order to contribute to refractive changes enhancing those at
the anterior cornea, the posterior cornea must steepen as

the anterior surface flattens. This might be accomplished by
peri-central corneal thickening and/or central thinning. No
evidence for such a mechanism has been found.

B. Thickness and axial length changes

In considering the effects of cornea and lens thickness
changes, one must specify the direction of the swelling (or
thinning) relative to the retina. In one case, the posterior
surface of the element may remain stationary with respect to
the retina while the anterior surface is translated forward
(thickening) or back (thinning). In the other case the
anterior surface remains "stationary". This phenomena was
not considered by Rengstorff and Arnerul.in-their'calculations
of corneal thickness effects upon refraction.

Actual. thickness changes probably follow a course somewhere
between the two extremes. Thus RE resulting from thickness
changes should lie somewhere between the plots of figures 9
and 10. A smaller range of thickness changes is shown for

the cornea, since its total normal thickness is only 0.5 mm.

+1 -
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Figure 9 (corneal thickness)
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Figure 10 (lens thickness)
The method of accomplishing these variations with the

computer is summarized below for thickness change "t":

Ocular Surface Anterior Vitreous Axial

Element Translated Chamber Depth Chamber  Depth Length

cornea anterior 0 0 +t

cornea posterior -t 0 0

lens anterior -t 0 0

lens posterior 0 -t 0
Table V

Corneal thickness (figure 9) 1s seen to have little effect
upon refractive change. In the extreme case of anterior
surface translation, only 0.5 D of myopia reduction occurs
for a 60% thinning of the cornea.

Lens thickness changes would have an unpredictable effect
upon refraction unless the direction of thickening were known,
since anterior and posterior thickness translations tend to
counteract one another. The net effect upon refractive error
is probably negligible.

One possible effect of axial length change has been
considered by PattersonBO. The amount of anterior chamber

shortening for a given amount of corneal flattening was

calculated using the sagittal depth formula applied to Gullstrand's

schematic eye. Patterson, however, introduced considerable



Ey not differentiating the effecté of anterior and vitreous
chamber changes and not translating the effect to a clinically
useful reference point. The calculations were based solely
upon the total equivalent power of the eye.

Patterson's predicted value of average sagittal depth
change (0.032 mm) was inserted in the computer program as a
change in anterior chamber depth to determine the magnitude
of error introduced by Patterson. This procedure resulted
in a 0.0453 D decrease in power versus the 0.0785 D decrease
reported by Patterson. The effect was inflated by 73%!

The effects of larger changes in both chambers are plotted

in figure 11.

+2 -
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=6 ~.4 -.2 0 L2 iy .6

Adepth (mm)
Figure 11 (chamber depth)
Decreases in vitreous chamber depth are more effective than

decreases of the same magnitude in the anterior chamber in

reducing myopia.
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The myope corrected with contact lenses or by orthokeratology
must accomodate more for a given near stimulus than. when
corrected with spectacles. Young;u7 has concluded that the
accomodative process causes the vitreous chamber depth to
increase. By such a mechanism, orthokeratology might serve
to enhance the increase in vitreous chamber depth of the
developlng myope.

C. Refractive index changes

Changes in the physiological processes of the eye might

serve to alter the fluid content of ocular refractive elements

and hence a change refractive index.

+2 - /
%Lhﬁaryﬂtallinu lens
/
X
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-.08 -.04 0 .0l 408
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Figure 12 (lens and fluid index)
Obviously the refractive status of the eye is extremely
sensitive to index changes of the intraocular fluid and the
lens. Should the fluid become more opticly dense or the lens
less dense, large reductions in myopia would ensue. Again,

the probability of such a mechanism being effected exclusively
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By an orthokeratology lens seems quite small.

The cornea, on the other hand, would be much more susceptible
to contact iéns:induced index changes. However, both the
magnitude and direction of refractive changes caused by
variations in corneal index may be somewhat unexpected to

the casual observer.

i ‘H“H'“—u
ARE = ———
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\ ] [ ] ]
-.08 ~.04 0 0l 08
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Figure 13 (corneal index)

As the refractive index of the cornea increases, myopila
is reduced by small amounts. The reason that the refractive
power of the.COrnea is inversely related to its refractive
index is due to its physical form as a minus lens in air.
The effect of index change is shown by the following proof.

Let: P = back vertex power of the cornea

nl = refractive index of the medium adjacent to the
anterior cornea (i.e. air)

n2 = refractive index of the cornea

n3 = refractive index of the medium adjacent to the
posterior cornea (i.e. aqueous)

rl = anterior radius of curvature

r2 = posterior radius of curvature

t = central corneal thickness

The refractive power of the cornea can be described by the

thick lens equation: P = n2-nl + n3-n2 - t n2-nl n3-n2
rl r2 n wi B2

Expanding the equation: 5
P =mn2 - nl +n3 - n2 - t(n3n2-n3nl-n2“+nln2)
ril rl r2 r2 n2r2rl
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P2 ped = nls#.n3 = n - @etns jacnind + gnaﬁ - n2nlt
aell Rl 162 TP n2E2rl, n2r2rl n2r2rl a2r2il

Simplifying and rearranging: v ’
P=n2fl -1 + g s ‘.:.'-%*'.'-r +nl +n3 -tn3 -tnl
rii .r2 m2rl P21

rl ro r - rorl
The relationship is now of the form P = f(n2). The change in
P due to change in n2 can then be described by differentiating

P with respect to n2.

dP = L =1 + .. n2-2(tn3nl
dn2 Tl r2 r2rl ra2rl
=1 =1 + -n3nl>
T ) 712 r2rl n2<

The slope of the relationship P = f(n2) is described by
dP/dn2. That is, as n2 changes, P will change as dP/dn2.
Using Gullstrand'sll values for the pertinent parameters, the
three right hand terms of the deriviative have respective
values of 130D, 147D, and 3D. Since the sign convention used
in this deriviation was achieved by subtracting the refractive
indeces from right to left (posterior to anterior), all
radii are considered positive if convex to the left (anterior).
The slope is then calculated to be 130 - 147 + 3 = -=14D/ unit
index. Since refractive index can physiologically change
only by small amounts, a more useful relation is -0.14D/.01
unit of index change.

It can now easily be seen that the negative slope is due
to the fact that the predominant factor is the posterior

radius of curvature.
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iV. Discussion
Evidence presented here indicates the reported large ratios

of change in refraction versus change in Keratometer readings

may reasonably be attributed to artifacts. These are
associated principally with unreliability and invalidity of
the Keratometer. Further evidence showed that the accepted
ratio of 2 presents a misleading description of the ARE/AK
relation.

There are several precautions which the clinician may take
to imprdve‘the reliability and validity of findings. Virtually
all of the problems pointed out in this paper may be reduced
or eliminated by more carefully gathering and handling data.
The following considerations are recommended:

1. Translate all refractive power measurements to a common
reference point. In orthokeratology, a logical point is
the anterior corneal surface. This is important not only
for phoroptor readings, but for hypothetical or measured
changes in optical parameters posterior to the front
corneal surface.

2. Dioptric power readings from the Keratometer are based
upon an arbitréry index of refraction designed to represent
the entire corneal systemlz’lg. There is insufficient

evidence to warrant the assumption that changes in K are

valid measures of effective corneal power changes. Until

a practical clinical instrument is available to the doctor

which is reliable and capable of measuring corneal curvature

within the area described by the entrance pupil, direct

measures of corneal curvature will remain suspect. An
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alternative method of determining anterior corneal power-
changes indirectly has been suggesteduz’“3. The refraction
is first done through the contact lens, then with the lens
removed. The difference in the two values is due to the
power in air of the contact lens and the lacrimal lens.
Since all other refractive elements of the contact lens-
lacrimal lens system are easily determined, the effective
back surface power of the lacrimal lens can be readily
determined. From this, the effective central corneal
curvature can be calculated. Thus the Keratometer is
eliminated as a source of error. Unequal changes in these
two measurements could then validly be attributed to other
ocular parameters.

Data from patients whose myopia has not yet stabilized,
young adolescents in particular, should be considered
separately from adults whose myopia has stabilized. This
separate treatment may shed a great deal of light upon the
orthokeratology mechanism in both groups.

Pseudo-myopic patients whose refractive measurements have
been altered by training proceduresuu’45 should be excluded
from ARE/AK analysis, since their therapy probably has no
relation to the contact lens application.

Great care should be taken to avoid bias in data collection.
In the laboratory, this could be achieved by a "double
blind" experimental design.

The most valid parameters to be used in evaluating refractive
and corneal changes should be determined. The simplest

method seems to be the use of spherical equivalents except
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in the case of high astigmatism where principal meridians

might be considered separately.

7. Reasonable and appropriate statistical methods should be
followed in analyzing data. Medians, modes, and means are
not meaning ful when variability is high or or when
parameter relationships are not linear. If the mean is
used, the value must be considered in light of the standard
deviation and its limitations ﬁnderstood.

If these guidelines are followed, the "unexplained" changes
in refraction generated by orthokeratology may well disappear.
If differences between ARE and AK still exist, they will at
least be amenable to a more meaning ful and orderly investi-
gation.

It should be noted that ARE/AK ratio greater than unity
is not unique to orthokeratology. Rengstorffu6 studied
refractive and Keratometer changes in contact lens patients
following removal of the contacts for extended periods.
Although wide individual variations were found (just as in
orthokeratology), the pattern for mean refractive and Keratometer
changes 1s remarkably similar to those reported in the
orthokeratology literature. That is, shortly after contact
lens removal large refractive changes were accompanied by
small Keratometer changes. This occured regardless of the
direction (steepening and increased myopia, or flattening
and decreased myopia) of the change. After- about 3 weeks,
the ratio had decreased to near unity. It appears that Kerato-
meter reading required a period of time to "catch up" with

the refractive changes.
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A theory which could explain this phenomenon has been
previously discussed. Assume that corneal curvature changes
are first manifested in the central cornea inside the Kerato-
meter mires. Over time this change "spreads" outward as the
forces determining curvature are equalized across the entire
corneal contour. The stabillized curvature is eventually
reflected accurately by the Keratometer.

This could also explain the results of the linear regression
curve (figure 5), which indicates that in general 0.75D of
refractive change must occur before the change is reflected
in the Keratometer measurements. As the cornea flattens
further, more peripheral areas of the corneal contour become
involved and at some point the Keratometer measured radius
corresponds accurately to the effective radius within the
entrance pupil. This can be seen intuitively by recalling the
model of a semi-rigid sphere. The more the sphere is flattened
the larger will be the area over which the flattening is
manifested. As the sphere is allowed to return to its original
shape, as in Rengstorff‘su6 study, the inverse would occur.

Research on the effects of orthokeratology should concentrate
upon this mechanism as the key to the "unexplained" refractive

changes.



10.

11.

e

jiRce

14.

15.

34

BIBLIOGRAPHY

"Morrison,  R.J., "Observations on contact lenses and the

pregression of myopia", Contacto, 2(1):20-25, 1958.

Kelly, T.S. and D. Butler, "Preliminary report on corneal
contact lenses in relationship to myopia", Brit. J. P.O.,

21(3):175-186, 1964.

Nolan, J., "Myopia control with contact lenses", Contacto,
11(L4):24=-27, 1967,

Anderson, R.H., "Apparent arrest of myopia by contacts",
Contacto, 12(4):3-4, 1968.

Grant, S.C. and C.H. May, "Orthokeratology- a therapeutic

approach to contact lens procedures", Contacto, 14(3):
3-16, 1970.

Shed, F.W., "Orthokeratology case history information",
Contacto, 16(4): 34-35, 1972.

Nielson, R.H., S.C. Grant and €.H. May, "Emmetropization
through contact lenses", Contacto, 8(4):20-21, 1964.

Nolan, J.A., "Orthokeratology", J. Am. Optom. Assn., 42(4):
355-360, 1971.

Grant, S.C. and C.H. May, "Effects of corneal curvature
change on the visual system", Contacto, 16(2):65-69, -1972.

"Statistics programs available on file", Computer Center,
Pacific University College of Optometry, Forest Grove,
Oregon.

Gullstrand, A., "Schematic eye" in Helmholtz's Treatise
on Physiological Optics, edited by J.P.C. Southall.
Optical Society of America, 1924.

Fletcher, R.J., "Instruments used for objective examination
of the eye", in The Principles and Practice of Refraction,
Giles. Chilton Books, Philadelphia, 19&5 (2nd ed. ).

Wittenberg, S., "Ophthalmometry", in Clinical Refraction,
Borish. Professional Press, Chicago, 1970

Grant, S.C., "Orthokeratology - a statistical evaluation
on effectiveness", Contacto, 16(U4):36-U44, 1972."

Sorsby, A., B. Benjamin, M. Sheridan, "Refraction and its
components during the growth of the eye from the age of
three", Medical Research Council Special Report Series,
No. 31. Her Majesty's Stationery Office, London, 1961.



16.

17.

18

19.

20.

21.

22.

23.
24,

25.

26.
27 .
28.
29.

30.

Lad
A

Young, F.A., G.A. Leary, D.N. Farrer, "Comparative oculometry

of Caucasians, Eskimos and chimpanzees", in Ultrasono
Graphia Medica, J. Bock and K. Ossoinig editors. Wiener
Medizinischen Akadamie, Vienna, pp. 595-612, 1971.

Young, F.A. and G.A. Leary, "Ocular biometry of Eskimo
families", in Diagnostica Ultrasonica Ophthalmologica,
M. Massin and J. Poujol editors. Centre National

d'Ophthalmologie des Quinze-vingts, pp. 287-292, 1973.

Young, F.A., "The effect of restricted visual space on the
primate eye", Am. J. Ophth., 52(5.2):799-806, 1961.

Young, F.A., "The effect of nearwork illumination level
on monkey refraction", Am. J. Optom. Arch. Am. Acad. Optom.

39(2):60-67, 1962.

Young, F.A., "The effect of restricted visual space on the
refractive error of the young monkey eye", Invest. Uphth.,

2(6):571-577, 1963.

Young, F.A., "The effect of atropine on the development of
myopia in monkeys", Am. J. Optem. Arch. Am. Acad. Optom.,
42(8):439-449, 1965.

Sorsby, A. and G.R. Fraser, "A statistical note on the
components of ocular refraction in twins", J. Med. Genet.,
1:47-49, 1964,

Sorsby, A., G.A. Leary, M.J. Richards, "The optical
components in anisometropia™, Vis. Res., 2(1):43-51, 1962.

Shed, F.W., "Orthokeratology case history information",
Contacto , 16(4):34-35, 1972.

ziff, S.L., "Maintaining improved visual acuity by
corrective and retainer contact lenses", Contacto, -14(3):
44-51, 1970.

Harris, D.H., "Developmental myopia and orthokeratology",
Contacto, 16(2):49-57, 1972.

Nolan, J.A., "Orthokeratology with steep lenses'", Contacto,
16(3):31-37, 1972. ’

ziff, S.L., "Orthokeratology - Part II", J. Am. Optom. Assn.

39(3):243-254, 1968.

Nolan, J.A., "Myopia control and correction", Contacto,
14(2):18-26, 1970.

Patterson, T.C., "Orthokeratology: changes to the corneal
curvature and the effect on refractive power due to the
sagittal length change", J. Am. Assn., 46(7): 719-
729, 1975. '



314
32.

33.

34.

35.
36.

37.

88l

39.
4o.

h1.

h2.

43.

uy,

45.

36

Kennedy, J.R., "Possible errors in ophthalmometer
readings", Contacto, 16(3):29-30, 1972.

May, M.C., "Investigation of corneal curvature", Contacto,

1(1):7-9, 1957.

Reynolds, D. and H.L. Poynter, "Diurnal variation in
central corneal curvature", Am. J. Optom. Arch. Am. Acad.
Optom., 47(11):892-899, 1970.

Brungardt, T.F., "Reliability of Keratometer readings",
Am. J. Optom. Arch. Am. Acad. Optom., 46(9):686-691, 1969.

Hirsch, M.J. and M.W. Morgan, "The measurement and grading
of refractive state by the armed forces", Am. J. Optom.
Arch. Am. Acad. Optom., 42(12):707-726, 19&%.

—— -

Rosenthal, R., Experimenter Effects in Behavioral Research,
Apple-Century-Crofts, New York, 1060,

Gullstrand, A., "Photographic - ophthalmometric and clinical
investigations of corneal refraction", trans. by W.M.
Ludlam, Am. J. Optom. Arch. Am. Acad. Optom,., U43(3):143-
197, 1966.

Ludlam, W.M. and S. Wittenberg, "Measurements of the
ocular dioptric elements utilizing photographic methods.
Part II: Cornea - theoretical considerations", Am. J. Optom.

Arch. Am. Acad. Optom., 43(4):249-267, 1966.

Nolan, J.A., "Myopia - prevention and orthokeratology", 1
Opt. J. Rev. Optom., 111(8):18-24, 1974. g

Nolan, J.A., "Orthokeratology with steep lenses", Contacto,
16(3):31-37, 1972.

Rengstorff, R.H. and R.S. Arner, "Refractive changes in
the cornea: mathematical considerations", Am. J. Optom.
Arch. Am. Acad. Optom., 48(11):913-918, 1971.

Brungardt, T.F. and C.E. Potter, "Measuring refractive
error change of the contact lens wearer", Am. J. Optom.
Arch. Am. Acad. Optom., 48(6):497-503, 1971.

Brungardt, T.F., "K readings versus valid corneal curvature
values", J. Am. Optom Assn., 46(3):230-233, 1975.

Ziff, S.L. and M.D. Wesson, "Orthokeratology - visual
training", Contacto, 15(2):55-57, 1971.

Harris, D.H., "Accomodative-convergence control in myopia -
reduction”", J. Am. Optom. Assn., 45(3):292-296, 1974.



46.

47.

37

Rengstorff, R.H., "Relationship between myopia and corneal
curvature changes after wearing contact lenses", Am. J.

Optom. Arch. Am. Acad. Optom., 46(5):357-362, 1969.

o ————

Young, F.A., "The development and control of myopia in

1975.



18

Appendix A

Schematic Eye Program

A program to calculate various refractive components of

the schematic eye as well as changes in refractive error due

to changes in various ocular parameters. Also calculated are

powers of each ocular refractive component and total front

vertex power of the eye. Gullstrand's values for ocular

dimensions and refracting elements may be selected.

This program is available on file B of account 2001 at

the Pacific University College of Optometry computer center.

The program:

1 G
15
230
25

PRINT "ENTER ©§ IF GULLSTRAND'S CONSTANTS WANTED".
INPUT At
IF Al1>0 GOTO 130

LET N2=

14376,N3=1.336,N4=1.413,B1=7.7,32=6.%,B3=10

3¢ LET B4=6,B52.5,26=3.1,37=3.6,B8=16.3
42 GOTO 540 '

1006
126
1 49
1 62
1860
200
2249
247
269
280
3€2
327
348
363
380
430
420
Q403
4 ED
48 0
502
520

PRINT
INPUT
PRINT
INPUT
PRINT
INPUT
PRINT
INPUT
PRINT
INPUT

PRINT

INPUT
PRINT
INPUT
PRINT
INPUT
PRINT
INPUT
PRINT
INPUT
PRINT

INPUT

BS

"CORNEAL INDEX ="

N2 ‘
"OCULAR FLUID INDEX ="
N3

“LENS INDEX ="

N

"ANT CORNEA R ="'

Bl

“POST CORNEA R ="

B2

PANT LENS R ="

B3

"POETELENS R ="

B4

“"CORNEAL THICKWESS ="
B5

"ANT CHAMBER ="

B6

"LEMS THICKNESS ="

B7

"“YITREQOUS CHAMBER ="



540G
560
580
6an
620
640
660

TC0
726

740

76b
770
780
8E0
818
820
840
g63
886
390
i R516]
Qa5
Q10
211
924
930
Q40
960
o8a@
10606
1923
1859
1969
1970
18882
1998

1122

111
1125
11408
11643
1186

1203,

1229
124€
1269
128@
1303

LET P1=B1/1066

LET R2=382/1000

LET 13=83/1960

LET R4=B4/1G00Q

LET T1=B5/168¢

LET T2=R&/1000

LET T3=37/1006¢

LET TA=R8/1060

LET P1=(1i2-1)/R1

LET P2=(L3-N2)/D2

LET Po=(VA4=1337R35 -

LET P4=(N4-N3) /R4

LET P7=.3375/FR1

LET PS=Pl+P2-P1%xP2xT1 /N2

LET P6=P3+P4-P3%FPaxT3/N4

LET Al=3

LET Vi=P4=-N3/Ta+Al

LET V3=P3+Na4/(Na/V1-T3)

LET US=P2+N3/(N3/V3-T2) !
LET V7=P1+N2/(N2/VS5~-T1)

IF Vi>g "0TO 1527

PRINT “REFRACTIVE ERROR AT ANT. CORNEA="U7
LET-S1=V7 i

LET P8=1/C1/VT-.02)

PRINT "REFRACTIVE ERROR AT PHOROPTOR="P8
PRINT "ANT. CORNEA POWER="Pl

PRINT "X READING="P7

PRINT “CORNEA POVER IM SITU="F3

PRINT "“LENS POWER IN SITU="P6

LET. A1=03/T4

GOTO %20

PRINT "TOTAL POWER OF EYE="V7

PRINT "IF THIS IS NOT REFERENCE EYE, EMTER 3"
INPUT S5 TG

IF $5=0 GOTO.l140

LET:S6=51 '

LET 52=PS§

LET $3=P7

LET Sa=P1

IF $S5>8 GOTO 12048

LET D1=51-56

LET D2=P3-S2

LET D3=P7-S3

LET D4=P1-54

PRINT “CHANGE IN R.E. AT CORNEA="D)
PHINT ."CHANGE AT PHORORPTOR="L2

PRINT “CHANGE IN X ="D3

PRINT '"CHAMNGE IN ANT. CORMNEA POWER ="T4

PRINT "ENTER”PARAMETER CHANGE AS B VALUE, THEN 542 RUN"

39

M ey e
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Appendix B

Gullstrand's Constants

The constants are taken from Helmholtz's Treatise on

Phyalological Opticsll, pages 351 to 352.

1. Axial Dimensions:

Corneal thickness 0.5 mm
Lens thickness 3.6 mm
Anterior chambeyr depth 3.1 mm
Vitreous chamber depth 16.8 mm
Total axial length 24,0 mm
2.-Radll of curvature
Anterior cornea 7.7 mm
Posterior cornea 6.8 mm
Anterior lens 10.0 mm
Posterior lens 6.0 mm
3. Refractive indeces
Cornea 13396
Aqueous humor 1.336
Lens 1.413 (equivalent index to
account for isoindecal layers of the lens)
Vitreous humor 1.336

Anterior focal length = 17.055 mm

Posterior focal length = 22.785 mm

Equivalent power 58.64 D

Refractive error

-1D



Appendix C

Spherical equivalents used in plotting figures 1 - 4

Doctor Patient no. Eye aRE AK
Shea?" 1 OD  -2.00  -0.62
0S -2.00 -1.00

2 oD -0.75 -0.50

0S -0.37 -0.62

oD -1.50 -1.12

0S -1.87 -1.00

Yy oD -1.00 -1.12

0S -1.37 -0.75

5 oD -2.75 -0.87

25 0S -2.25 -0.50
Ziff 1 oD -1.12 -0.62
0S -1.50 -0.37

2 oD -1.62 -1.50

0S -2.50 -2.12

3 oD -2.75 -2.12

03 -3.25 -2.37

Yy oD -2.50 -0.87

0S -2.37 -1.00

5) oD -2.25 -0.62

o6 0S -1.75 -0.75
Harris i 0D -2.00 -2.62
0S -2.00 -2.62

2 oD -1.00 -0.75

0S -1.50 -1.00

3 oD =2.25 S-S

27 0S -1.25 -2.50
Nolan 1 oD -1.75 -0.75
0S -1.50 -0.87

2 OD -1.25 -1.12

0S -1.00 -0.62

0D -1.50 -0.87

0S -1.75 -1.25

Yy OD -2.62 -1.62

0S -2.25 -1.50

28 5 OD —l-.25 —0.62
Ziff 1 oD -1.75 -1.37
0S -2.00 -1.62

2 oD -1.75 -1.62

0S -1.75 -1.75

3 0D -0.87 -1.25

0S -2.00 -1.87

Yy oD +0.25 +0.12

0S +0.62 +0.37

5 OD -2.25 -1.12

0S -1.75 -0.37

6 OD -2.25 -1.12

03 -3.00 -0.62

7 0D -1.50 -1.00

0S. -0.75 -0.50
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Nolan29

Patient no.
1

2

10
11
12
i3
14
15
16
a5
18
19
20
21
22
23
24
25
26
2

Eye

OD
0S
OD
oS
OD
0S
oD
0S
oD
0S
OD
0S-
oD
0S
OD
0S
oD
0S
OD
0S
0D
0S
oD
0S
oD
0S
oD
0S
oD
0S
oD
0S
oD
0S
oD
0S
OD
0S
OD
03
OD
0S
oD
0S
OD
0S
oD
0S
0D
0S
oD
0s
OD
0S



28
29
30
31
32
33
34
35
36
g1/
38
39
4o
41
2
43
Iy

0D
0S
oD
0S
oD
0S
OD
0S
OD
0S
oD
0S
oD
0S
oD
03
oD
0S8
0D
0S
oD
0S
0D
0S
oD
0S
OD
0S
oD
0S
0D
0S
OD
0S

-1.
=1,
-1.
-1.
-0.
-0.
-1.
-1.
-0.
-0.
-0.
-0.
-1.
-0.
-0.
-0.
-0.

-0.
-0.
~-1.
-0.
+0.
+0.
-0.
-0.
-0.
-0.
-1.
-1.
-0.

-0.
-0.

-0.
-1.
-1.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

+0.
-0.
-0.
-0.
-0.
+0.
+0.
s
-0.
-1.
-1.
-1.
-1.
-1.
-0.
-0.
-0.

43
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Appendix D

Linear regression calculations

Linear regression establishes an equation of the form
y = a + bx. ¥y in this case is ARE and x is AK. The solutions

for a and b are obtained by the following equations:

a = (Ey)(&x2) - (£x)(£xy)
n&x%) - (4x)°
b = nigxy) -~ Ex){gy)
n€x2) - (§x)2
I. aK > 1D
n = 55
£4x = 86.9899
£x2 = 148.308 am=1 035
£y = 96.9499
£xy = 162.894 b = 0.89
TLABE < 1D
n = 137
£x = 71.6998
£x2 = 51.2739 a = 0.80
£y = 150.25
£xy = 86.545 b = 0.58

IITI. Combined data

n = 192

£x = 158.70 a=0.74
£x2 = 199.58

sy = 247.20 b = 0.66

£xy = 249.439



Appendix E

Data used to plot figures 7 - 13

I. Radius of curvature

A. Cornea r (mm) RE (D) r (mm) RE
] -3.53
anterior &1 1 e -2.41 posterior 7.2 +0.32
7.9 ;5 -1.24 7.0 +0.16
A 0 6.8 0
7.5 +1.30 6.6 -0.17
7.3 +2.68 6.4 -0.36
7.1 +4,13 Brs 2 -0.55
B. Lens 10.6 -0.34 6.6 -0.68
10.4 -0.23 6.4 -0.47
anterior 10.2 -0.12 posterior 6.2 -0.24
10.0 0 6.0 0
9.8 +0.12 5. 18 +0.26
9.6 +0.25 5.6 +0.54
9.4 +0.39 5.4 +0.85

IT. Axial thickness and. chamber depth

A. Cornea t (mm) t (mm)
.55 +0.23 +0.05
.60 +0.16 .60 +0.03
.55 +0.08 .55 +0.02
"forward" .50 0 "back" .50 0
) -0.16 45 -0.02
.30 -0.32 .30 -0.07"
B. Lens y,2 +0.22 4,2 -0.51"
4.0 +0.14 4.0 -0.34
"forward" 348 +0.07 "pack" 8 -0.17
3.6 0 3.6 0
3.4 -0.07 3.4 +0.17
32 -0.14 3.2 +0.35
3.0 -0.21 3.0 +0.52
C. Anterior Chamber
Sl +0.73
3.5 +0.49
el +0.25
eyl 0
2.9 -0.25
2ol -0.50
2.5 -0.75
D. Vitreous Chamber
18.5 +1.44 17.7 -0.50
18.3 +0.97 17.5 -1.00
18.1 +0.49 17.3 -1.51

17.9 0



III. Refractive index

A. Cornea n
1.56
i s
1.40
1.376
iIA8'5
1.32
1.30

B. Lens 1550
1.47
1.44
deat 13
1.38
1.36

C. Ocular fluids
1.39
1.36
1.336
1.30.

- RE (D)

-1.05
-0.68
-0.31
o
+0.34
0273
+1.00

+16.26

+10.37

+4.79
0

= 5.56
- 8.T§M

-3.41
-1.62
0

Y

Le
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