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Abstract
Longitudinal Chromatic Aberration in Pseudqphakié

Stanislaw Jay ROg

A computer operated Badal-type optometer. vas used to
measure pseudophakic- chromatic aberration lﬁ g,observeta
aged betwveen 62 and 70 years. Individuals vere tested

from 340 to 660 nm. Individual theoretlcél chromatic

5

aberration was also calculated using .ultrasound. and

keratometry readings and compared vith the observed

s

results. ©- It wvas found that there:. vas a significant

dlfference“betveen~observera‘and that no correlations befc
found between the magnitude of chromatic aberration versus
axial length and. keratometry readlpysu' A significant

correlation was found‘ betveen -magnitude of chromatic
4 ‘ .

. AR ¥

aberration and anterior chamber depth. The average data

1

vere shown to be similar to theoretical data from 400 to
660 nm vhereas _Pelov 400 nm there was an appreéiablo

increase in chromatic aberration among the observed data.

' The results shov that individual differences cannot be

attributed to axial length or the pover of the cornea but

3

to anterior chamber depth.- A major éonclusio;\\la that

Cornu's formula cannot ~ properly estimate thg change in

-

" dispersion of the crystalline lens. PR

X

4




iv

Ackhovledgelents

I vould 'first 1ike to thank Dr. Charles White for being my
supervisor and being very patient with the vay I do
things. He had also provided funding prior to my =
fellovchip, for which I and my creditors are grateful.

1 vould like to thank P;exre Simonet for providing the
excellent short course on physiological optics and his
~ exceptional technical assistance regarding formulae.

I vould also like to thank Peter A. Howvarth of the School
of Opto-etry, University of California at Berkeley _for his
interest in ‘the project and his calculations on aphakic
chromatic’ aberratlon.

I vould 1ike to thank Dz.;gordon Balaszi for providlng
access to his patients and .for shoving me that colour
coded filing systems are the wvave of the future,

‘I would like to thank Dr Michael Bross for his valuable
comments and for being a member of my thesis committee.

I wvould like to thank Dxr. Bruce Jackson and Dr. Olga
Overbury of the Department of Ophthalnology Lov Vision
Center, Royal Victoria Hospital and Ms. Mirella Molina for
the ultrasounds. .

‘I would like to thank Mr. Dave uckinley, Product
Director, and Dr. Ciano of Research & Development, IOLab
Corporation for “their invaluable technical assistance. *

"I would like to thank Bllen Babij-Rog for supporting all
my efforts and fiot really being interested at vhat I vas
doing, thereby, keeg}ng my ego in check.

This disaertation is dedicated to the memories of the late
Leon Bablij and the late Pranciszek Rog-wvho are probably
: playlng pinochle so:evhexe in the shade.

1)



" Table of Contents o /

-

Abs'tract 00:.0.lbl‘.‘l.l.".l...l."ll.l:0..’.0...“.0:0'. ill

.ACRnOVledgeﬂents ;D'.l.’.l.'l.li.'l..l.’..i“.lil.-

List.Of.'F‘iguzesL opoo-'oh-oo-,‘.o‘ooc-.oooc:o-o-.oacoo .;:.;. Vl

Lislt of Tablea .l.l..‘....':'.l...’l..;..l.."l;"....'...l' vii
v . . ) :

~ N . ‘ Coe
‘List 'of Abpehdices ..l.....‘......l.‘..l.".‘.. .".'.". viii

Introdpctl\.‘on I-OOOIC»CIl.;'.l.l'l.l.l'.'..l.l.. i‘l.o.lolo‘ 1

Chro-atlc aberi.tion .0"“..’0.0..t‘..‘l!..'l'..l..' 2‘».

Theoretical and obaetved chromatic ab zratlon cesy 3
Aging effects ... .. inieiecinienidiriniseefoeas 15
Pseudophakia and aphakia“ ................“........ 18
- . Intraocular. lenses. Y SRR R RTINS 3
Environmental and optical consequences ...........-21
Aphakic chzo-atic aberratgpn B AT NN 1

L4

Method ..h.....i...;................, B T fa

A

.

Obﬂez.verﬁl oo‘-o-loconooooo-o‘qo;-n oo;ooooo.uouoooo-o 30

¢

Appﬂrﬂtus oo‘o‘uocc-..uo.’ooo‘ooo ,00000«.'...00..’0'.0:-'0‘30

»

088'2,81 Opto‘etet AL o:o. e édos e 00 b0 0‘0 ::\o\E‘{oo LI 30

'Ultrasound ® ¢ 00 0 00000 b I I I A B B I B SR B B RT I A I I Y 35

- Keratometry ......... T |- 1

Theoretlcal pseuﬂoph ic calculations ceseees 35

oncedure ® 8 ¢ 5 00 0 0 0 a0 00> .‘ll".."...l.'.‘.l.."ll..‘. 36

t . N -

Discu‘s‘ion 0'......O..t..l'l.'l...."’...‘.."....I.l...-'.. 50

) . [

1

Referanées .....I'..'...'. l......l....'..ll'..C.".'.....l.’55

»-

mllltr.‘...-.rr*-—v;‘H...;.,.,. R EEEEE RN E AR BRI A R 39




\Llat of riqures

S \
Figure 1. Theqretical data on chronatic aberration -
/f!OIdlfo Bnt”ﬂtUleS 'le.c-t.ootl'ol.!"o-oo-anwl

Flgure 2 Observed data \from experlnental studies .....
Figure 3. The dlfferent é&pes of intraocular lenses in
use today "l.00....'\...0.'.'...'*_ ..lQ.'..l...O'

3

Figuze 4, 8cotop1c sensltlvlgy comparison betveen
phakic and aphakic/pseu ophakic data .....cc00000

Flgure 5. A conpatlson of theogetlcal and empirical
)aphakic data ..O.l..Il‘.t:‘\".‘..QOQODOOOOO‘LOIIOOOC

lamp used. in the experiment

QO.QQlQQ..QDO.!...eo\'c

lrlgute 6. The energy dletrlbutioﬁ\of the xenon'erc

\quure 7. The appazatus used in thé experiment .......,

Figure 8 CO-parison of all observer

'.l."l"‘ao..ola'e

Figuze 9. Theoretlcal and observed da -a fxrom .o

observer AB .:..t................
N .

Figure 10. Theoretical and observad dat fron
R ObSQIVBI 8" cooavo--ctooiecocte.eo

. o
\ect-otioooooooooe
v

P (N
‘ooo.co.-ooeoo"vo

.quute 11, ‘Theoretlcal and observed data £rou
observer AH I.Ql...’l.l.......'.l.....‘..IOOQUQCOI.'

Figure 13. Conparison of mean theoretical .
Observed data Q..l....‘........O.....‘\.l.lf.......

FPigure 14. Comparison of dlfferent types ofieyes and
chromatic aberration .........cvccevaedlecerscncese

Figure 15f Comparison of'anterfbr and posterior )

‘,place-ent of,IoL d’ata .'...l..'..l..........‘.;..O.
- ‘ . . -

vi

12
I4

20
23
27

32
33
40

41

43

44

47

42 .

=

49 .



H
s
v
.
‘.
.
~» .
L]
- PR
.
5
-
.
AN

“

- v

media

¢ ! .
‘ . 4 .
5 N - .
o
B <
v a
@ - L]
-

‘List of Tables

chromatic dispersion of the ocular.

1
L I R B A R R I B I R R B Y I R N N A A I R R R R N R R R R S S IR 'Y
. 1
. . . B
.. ’ .
., .\ ~d R
. . . . . w
. . 3
M . ) ! ' N f
N .
.
'
~ -
\ v
» ‘
. ’ - . " .
. [N N " A
A
~ \ . . .
. M ‘. " 1
\ : ?” ’
. 3 [N M - )
(A \
> ~ \ B ‘ 1
1] f N « E)
“ .
) -
. .
D . n
- . ‘
’ * .~
. v
- - had
+ . ¢
2 »
¢ ! :
. ~ .
. o A
. et ] .
‘ . N
A . A .
. .
N .
.
. N [] 4 s
N ' I’»
.
. ¢
. . '
» NS
' * ! N P »
' - o .
v ‘ ’
’ L4
Fl - N I3 .
F - > 4 ™
’
.
: * - . 3 ¥
. .
« ¢ v . »
- ' . B
’ ' .
N v, [ 4 . - .
.. i Ad M
. . - 1} . -
- . » R ' - - [
. . . . . -
R M - \
1 . .
. . I
I - . I
-
5 . N .
v ) R +
: 4
4 v — ’ :
. '
- ’ ]
‘ . - -
.
( * ‘
.
- b . ,
~ s . A
2 " .
’ < ~ .
» ¢ ’
- . " ’ .
Y . N - .
. . \ - ’ . et s
b . .
s . A1 4 N
' ' . ' . \
.. . A 1 "
. - ——
LI . » .
. . b \ .
s . P . . a
. . . 4
N A A - o
’ -
‘ - a -
» . -
» - v
'

9

r



'ﬁhppandlx H.. Theoretical phakic chromatic

"List of Appendices y

Appendix A, Aphakic theoretical célculations‘......... 63

&

" Appendix B. OQsQfJ;n infor-atiqn P 1

Appendix C. Oerrvez conaent form cosesseoerrersessess 10

1

Appendlx D‘ “Corneal luminance across vavelenqths
tested l'l.l.-.0"...'.0.."'C'.'Ct.l‘.'..i."'.'l.l 72

Appendlx E. Readlts of A-acans énd’x-rbadiﬁgs .....Z.. 74‘
Appendlx F.. Indlvidual rav data for, all observets U T

Appchdlx G. Theozetical pseudophaklc~chronatlc . .
aberration parameter -%.....A.V.................. 81

¢+

-

aberratlon parameters ..........................; 88
Appendix I. Regzesslon analysis and(AHOVA tables—..... 95‘

Appen&ix J. _Auovﬁ”su-nazy table ......cchci0nennccnees 97,

~ L3

, ;
ST A . E S

[



_. e . . .
Longitudinal Chromatic Aberration in Pseudophakia
’\ .
. »
The phenomenon %f longitudinal chromatic aberration

has been studied extedslvely ever since Nevton proposed in
¢ ) ' ‘

1730 that the eye's refraction is vavelength dependent.

stiict elpirgcal evaluations began to emerge only in the
middle part éf this centur'y vhezs the n;jority of studies
apdressed Fhro,atlc aberration in the phakic or intact |
eye. -When tﬁe crystalline lens is removed the eye is
opened to several pQrcepthaI~and physical aberrations such
as (1) exca;sive glare, (2) erythropsia, (3) retinal

damage, as vell as (4) ultraviolet (UV) light sensitivity,

! . ! .
the latter being the focus of the present experiment. One

' consequence of this sensitivity to UV light is reduced

visual acuity due to thopa:;E\Qberzation (Rbg, White, &

‘w1111ans, 1986). éeveral studies have been done on

aphakic chronatic abezration but none have concentrated

. thelr efforts ;;\Bseudophaklc chromatic abeztation fro-

either an enpirioal oxr theoretical pexspective.
Pseudophhkla reﬁers to the implantation of an

intraocular lens (IOL) affer the extraction of the

crystalline lens. While previous. studies have focussed on
K - : . L

wvisible 1ight they have ighored the important role of UV
=light aﬁd chromatic aberration. The purpose of thils study

is (1) to quantify longitudinal chromatic aberration in

the pseudophakié eye, (2) extend measuremehts lpto the uv;

-

L v ‘ a
W . .. '
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and (3) to compare the obtained results vith individual

d

thgoéetfcal calculations of chromatic aberration .for

individual observers. < , - -

Chromatic aberration §

The eye is far from being a perfect optical
instrument. It accomplishes what it does due to many
conpensdfory lgchanlans wvithout whlcﬁxvision would be
rather unadaptable. For example, the cr}stalling lens,
like the cornea, filters~UV light and in addition it also
exhibits chromatic aberration. Chromatic aberration is an
‘iﬁhﬁﬁent'pﬁysical property of refracting surfaces.
Intraocular lenses (IOLs) exhibit chromatic aberration
similar to that of the crystalline lens but unlike the

‘Dlens, they allow unfiltgred UV light to be refracted as

vell, 0

The refractive functions of the optical media {p ghe
human eye are alaq‘;avelf?gth’dependent, vhich produceg
ichromatic dispersion. These refracting media are the
-cornea, th; lens, the aqueous and vitreous humour.

_The refractive index of a transparent medium is the

"ratio of the sine of the angle of the incident ray to the:

normal and ‘the sine of the‘angle betwveen the refzacted'zay_ )

N

" and the normal. -This, and the fact that the incident and

refracted rays and the normal to a surface all lie in the

same piane, is referred t& as the lav of refraction or

A}

Snell's lav, after its orxriginator. When monochromatic

.

. ” \

<
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lighéaggpses through a medium then the constant in 8Snell's
lav becomes the index of refraction, or the refractiye
index, and i usually designated as n. The refractive

index of air at standard conditions is approximately

1.0003, therefore, it can be assumed to be unity. Typical

indices of refraction for other substances are 1.52 for
Crowvwn glasé and 1.333 for vater measured at the tecoénized

standard wvavelength of 589 nm, yellow sodium llght.'a

Theoretical Snd observed phakic cﬁronatic-abezzatlog
ﬁaﬁ} inveétigators have attenptéd to quantify

chromatic aberration of the hqnan eye, and one of the
ear}iest stud}es vas condycted by Young in 1802. He found
that the magnitude of chromatic aberration between the two
ends of the spectrum vas 1.30 diopters (DB. A brief
definition of dlopter is in order. Thé zeclprocallof the ,
focﬂl length of 'a lens is called power, and if the focal
leggrh is in meters then the pover of the lens ls denoted
in diopters. For example the pover %f a pos?tlve lean
vhose focal length is 1 meter vwill beil dlopter{ ff the
focal length wvas 2 meters ;heq'the pouer.vould be 0.5
diopters. i > l .
Many of the other earller\studiés, though, lacked

clear descriptions of the methodologies used (Ames &

- Proctor, 1921; Polack, 1923; Pinegin, 1941). For example,

Plnegin 21941) usea only'one'obserger and measurements

vere recorded from 300 to 76% ne but it is not clear

* ’ -
' 2
oY
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vhether the type of éye observed wvay phakic or aphakic..

Although refractive fhdices of optical materials are
videly documented, the indices of the intraocylar media
are not as commdnly kWnovwn. Many investigators made use of

sparse data from earlier studies to_ predict chfonatlc

aberration (éolack: 1923; Tagawva, 192'8)’. More rvecent’ly, .
strict empirical neasurene:?fs have beern made of the eye's
media of various species (lgalner & Sivak, 1~981; Sivak & |
Mande lman, 198'2; Canp'bel‘ll','1l984b. This 'recent data has
Qub,sequently been ‘uslqd in the f:alculation' of theoretical
chto‘latlc'aberra;tlon.( ~

Previous vthgoretica‘l'\calculations of the chromatic
aberration of the eye used a model of an eye that has the
‘sane posterior focal length as the hunﬁn eye,' but .vas
composed entirely of dlstillﬂed vater with a single

. - .
sph,ericaf refracting surface. The radius.of curvgture was

‘T assumed tc; be.5.719 .mm similar to that of. the reduced eye.

<

h,}Ong 1i.npo‘('§76t and concise study along these lines was

carried dut. by Wald and Griffin (1947) who calculated ‘the

t & T T e

chromatic aberration of the vater eye and compared the.
‘ P

results to the data obtained from normal eyes.

'rr>e‘y gesteudp‘jﬂ.ébserve"rs at 9 different vavelengths
ranging from 365 to 750 nm. They used a spectral
s'tigiascope,' and their target consisted of a black' sguare- )
vav‘e"gzating vith a vhite background. The observer's eyes

r

» \ S 2
vere not cyclopleged, therefore, their accommodation wvas
18
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. an experiment using a similar stigmascope. Twelve

fix;d by having the eye not belng tested co fixate at a
farhtarget. The magnitude of chromatic aberration vas
shown to be 3.25 D between 365 and 750 nm, When the
theoretical curve wvas compared to the mean obsexved curve,
it wvas found that chromatic aberratlon vas less in the -
water é?!tthan that of the normal eye. At the time, it
wasnpostulated that qye difference in this aberration may
have been due to the greater disnersion of the ciystailine
lens.. Wald and Griffin further specﬁlated thac'the cornea

‘ éoeianot contribute much to the total dispexsion of the-
eye. The reason given .vas that the cbrnea "is very thin
and its outer and inner surfaces aye not far fromg, °

concentrlc" (Wala & Gziffin, .1947; pg. 328).

A decade later, Bedford and Wyszecki (1957) cgnducted
]

\

subjeccs betwveen the ages of 23 and 40 years vere tested
and chromatic aberration was measured at thirteen
wevelengtﬁs ranginc from 389 to 700 nm. Five settings
verd made at each waQelength by each observer. The

results -were very sinilar to those ggLﬂnld‘nnd_ngffin

abetratlon between

(1947), and the magnitude
389 and 700 nm wvas showh to be 2. 46 D. A fav years later, .
‘+Jenkins - (1963) measured chromatlc abérration, us!ng a ‘

Badal type thopeter, in 32 subjects The observers made

N ,

8 settings at 6 diffezent vavelengths. The results,

again, vere relatively similar to those mentioned thus

2
A o
¢ i
”-
. - -
N .



far.

LeGrand (1967) attempted to calculate theoretical
chronatic’qbefrétion using a schematié model of the eye ﬁe
calculated.thé chromatic abérration as the réf:action of
the eye measured from the !drst ptincgpai plaﬁe ;t anyl
vavelength minus the refraction of the eye measured from
the flfﬁt principal plan%,af 590 nn. LeGrand(aiso
c&rrecély observed that tﬁe dispersive nature 6£ ;he'lens R
is significantly greater than that of thé cornea as |
opposed to earlier speculations. ¢ |

Several years later, Tucker (197¢)‘c;1cﬁiated
theoretical chromatic aberration using the refratctive
indices of the reciuced eye based 'orf Houston's disgers;on
formula. The calculations vere based on t;e éovet of the
eye at 580 nm minus the power of the eye at all the other
vavelengths. Th;«results did not de;iate appreciably from

¢

the calculations made by Legrand (f367) or .those of Wald -

and'bfi££1n (1947) for their vater eye. S

-

N

That same year, Millodot and Sivak (1974) measured

t’;

chromatic aberration enploying_zelagive;y simple opfiqs;
vlthvtglal lenses éo measure the differxence in refraction.
Five.suﬁjtctshwere tested and 2 measures vere taken ;t
gach vavelength. The -agnifﬁde of chtonaticxaberratlgn

vas found to be about 1.60 D between 486 and 656 nm. The -

1

¢ )
.data observed at the shorter vavelengths vere different

from the data predicted by theoretical studies. Again, it

o , T



hegan to-use nev tools in thelx 1nvestlgatlons.

1
. 4
vas bpeculatgg that this was due to the greater dispersion
v - , -
of’ the crystalline lens below 400 nm.
Millodot (1976) had conducted a follov-up study

measuring chromatic aberration in 26 suﬁjects, aged

‘between 10 and 40 years of'aée using the sapé apparatus as

Millbdot and Sivak (1974). . Here too the results were

similar to those of. previous studies by other

experimenters. ' T

Sivak and Hillodot (1975) perforned an experiment in

order to answver the questioq\of the separate contribution
3 -

4of the lens and cornea to chromatlc apexration; It wvas

shq%n‘that'the dispersive nature of the lens does -not "
diﬁfer,s;gnif;cantiy.fxom‘thaf of the cornea and that fhe

lens coﬁtributed one-third of the chromatic aberration and

«

the cornea tvo- thlzds

With the. advent of new technologies, resea:cheta

AN

Retinoscopy_hqd been “used for many years to objecti&ely"

. na&sure-th@ tefractlvé state of the eye. This apparatus'

can’ be nodified to -eagure chronatic abezration b § tha

‘light leaving the. eye fa contralled. sivak and' Bobler

(1978), and Bobier and sxvak (1980) - conducted experlnphts

-vhere 13 observers (9 prepreabyopic and 4 presbyopic) vete

ﬁested. The. Subjects fixated on a. pro;gcted 8ne11en -

‘¢

'charﬁ.'; Kodak Wratten Elltezs No.25 (doninant vavelenqth

,615~hi) and ‘No. 55 (doninant vavelength 530 nm) vcze u;ed




< egtim

l“; t | ) ' 8
,é% measure chromatic aber;ation. The results shoved that
the average chromatic aberration was 0 78 D betveen,the
green and the red vhlch vas comparable to previous
results. They also found that pupil size did not
elcnlflcanrly alter the results. Although objective
crlceria vere used, the apparatqs proved +o beri;adequa£€~
for careful péychophyclcal neasureneqt because only two s
dominant vavelengths wvere ueed.

80und neasurenents vere stlll not avallable régarding

* he

the refractive indices of eyes Sivak«and ‘Mandwdgan ' g
u(l981), thoughr attenpted to gather measurements with a- '
Pulfrich refractoneter, laklng Abbe neasurenents wvhich

rely on variations in the critical: angle of a prlsn to

,determlne the refractlve lndex. A variety of eyes. of -

different specles,wene used in thls experiment, 1nc1udlng .

~hulane, covs, 'pigs, cats, albino rats, frogs, and rock
¢

. basg. The aqueous and ‘the vltreous indices vere not

neasured in the hunan'eye. The cornea, perlpheral lens,.

aud the core of the lens were the only surfacea to be

- leasured. Five lenses vere fron 1nd1v1duals of advanced

age (59- 78), tVO vere fron a 45-year~old, and twvo vere
'fron a 16-year~old. Palner and Sivak (1981) had measured -

the crystalline lens dlspersion from a 70 year old hunan

‘eye uslng the gane ‘method as’ that .of’ 81yak.and Mandelman’

-,

(19p1@z;§;?he results of bochiexperliehfa and Cornu ..
atex”are shown ig Table 1. Cornu's formula is

.

&
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Tabple 1 - ‘
[ -
The chromatic dispersion of the ocular media reported by
Palmer 'and Sivak (1981) (70 year old lens) and Sivak and.
Mandelman* (1981) (mean of several ages .from 16 -79 years)
compared to Cornu formula calculations.

cornea lens
vavelength ‘ . N
~ (nm) 1981* Cornu 1981* 1981 cornu
v - — < s
(\
. 410 o L. 1.388 1.410 1.433
440 1.380 1.385 ~1.416 1.407 1.430 .
470 . . 1.3684 ) - 1.405 1.427 <
486 1.376 "1.382 1.410° 1.403 1.426 .
500 . -1.381 1.402 1,425 - -
*530 . 1.380 . 1.400 1.423 -
560 . ) 1.378 ) . 1.399 1.421
590 1.370 1.377 1.375 1.396 1.420
620 . 1.376 1,394 1.419 - -
650 ;E.BGB 1.375 1.371  "1.394 1.418 . . ,
A ‘ v N,
6 Ie] .
1 ‘} -
. | | , - M
- [ -
< ’
. . 'J",_ ‘,;
- . - , o



R

"indices all 1ncréase rather quickly at the violet end of

-

10

jepresented by: n = nx +# (K / (L - 130)), where n is the

index of refzgction, nx is a constant-refractive index

13

_(coznea~1.36i0, lens-1:39995, K is anotheg?constant

/

(cornea=7.4i47, leﬁs 9.2492), L is the vavelength in
guestibﬁ, and 130 is another constant ;eiqg the same
iegardless of media. According to LeGrand (1967) Cornu's
;ornula does not possess any theoretica} basis. As shown

in Table 1,/there is a slight albeit negiigible difference

~ in the refractive indices in both experiments. The -

proﬁlen‘of compar ison, though, is that one lens was
compared to a mean of 9 lenses from subjects of varfqus
ages. ‘It would be interesting to view the comparison of

refractive indices of lenses of approximate ages. Sivak

and Mandelman (1981) did report that the refractive

ﬁha spectrum. They conclude that estimated chromatic
abetratlons cannot be adequately obtalned from COrnu s

formula vhich does not take this dlgzession in tefraction/

- into account. This also suggests that the lens at the f

violet end of the spectrum‘exhibits greater dispersion-,
—)‘ ‘

"than Wvater. ' : . .

"From the data neptioned above, Mandelman agd/BIVAk
(1583) ‘caltulated the chromatic aberration of the eye
using the method of LeGrand (1967). They confirmed that -,
merely, taking the difference of the pover of the efe at

580; ox 590, nm.and at another vavelength was inaccurate due

- N .
. »

<2



. .t - o c 1

4 // to the fact that lonqitudinal chronatic aberration . 1;

B / alwvays less‘than the difference in total eye povers. As

/// prechted, cbgpnaﬁic'aberratlon,vhs shovn to be greater in
the violet end of the spectfu- than vas p;avioudiy shovd;

. This Increase in chromatic aberration, thaugh;.vas not . -
explained:by any novél'agbzoach. .The*diéberslvq ngéure of
the crystalline lens vas adaln implicated as the source.
More recgntly, Howvarth and Bradley (1986) using d

Badal op;oneéer measured the average cHzo-afic aberration
for 20 subjects betwveen the ades of 23 and 43 years. The
observers' eyes wvere cyclop{eégd to tet;rd ;ccodnodatlon '

.- - .and an artlfiéial pupil was used. Nine vavelengtha vere

tested and at least 4 settings were lade at each‘
.wavelength, The @magnitude of abezzation-das about 1. 85 D
betveen 420 and 660 nm. In otder to explain the large -
differences in chromatic aberration betwben obseqstrs,u
the axla} length of the eye vas measured and correlated
vith fhe nagndtude of chronatlc.aberration. Non N

r

slqhificant correlation was Eound. The relatlonshlp "
betveen corneal ppver and chto-atic aberration vas. also
lnvestlgqted and it vas shovn that. the differences in,
corneal pover dia not greatly contzibute to the observed
dlffezedces in abertation. It was concluded that
individual differences could be attzibuted to either

-. differences in lens constzingence oz pover, or dlfiezcnces'

’

in corneal constringence. Constringence (coefficient of

Iy

.
VA
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dlspersioﬁ) is obtained by'the formula: v = (nD - 1) / (nF

- nC) whereby, .n denotes {ndex of refraction and F, D, and

c denoté‘?raunhofér lines at wvavelengths 486.1, §89.3, and

656.3 nm respectively. A substance in vhich the speed of

e L, .
a vave varles vith vavelength is said to exhibit :

dispersion. 'Dispetsibn.ig also the reciprocal
constrlnqen&e.

Ié»order to assikilate coherenfiy the-results_of the
népy expe%}wehts presented thus far several’figures ﬁll}
sumpar ize the data.. Figure 1 shovs the data from the i
theoretical 'studies revieved with a referéence vavelengtﬂ"
of 580 nma. The curves for theb"vaggr eye" (1947), LeGrand -
(1967), and Tucker-(1974! are relativel& similar vhe;eés
the values obtained by Mandelman and S8ivak (1983) deviate
considerabiy from the resp ln-th; blue.end of the
spectrum, ‘To reiterate, the refractive indggg:’ﬁsgd by
yandiéuan and Sivak (1983) wvere from recent eiperileéfal

. v
data vhereas the other studies veke from previously known

.
.indices. Measurements of tefractive iqdlces,

unfortunately, veze&not extended into the UV due to the

limitations of the egulp-ent used. Therefore, chronatic

-

aberration could not. be calculated in the UV by Mandleman

and 8ivak (1983).

¢ - K

P The results of the experilents generating enpitlcal

data are presented in Rigure 2. The rgsultp vere adjusted

-soythat all were nor-alized‘to,tha_zdfezence vavelength
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580 nm and as. can be seen the dhéL from the ditférént
investiéétlons are in close agreeament.

For coiﬁitlson,»ﬁﬁbarth and Bradley report chromatic
aberzation to be appzégii;tely —Z.O/D at 400 nm vhereas
the theoretlcal values wvere about -1. 50 D. The .
.calculatlions by Mandelnan and Sivak (1983) vere adjusted ’
so that all wvere nornallzed to the reference wvavelength
580 nm. |
Aging effecté

As pointed out above, the cryatalline lens exhib%ta »
more dlspersion in the blue and violet end of the spectrui’
than predicted by theofetical formulae, vhich prodqces

greater chro-aﬁic aberration. The crystalline lens.ndy
. . L

13

.

also further exhibit a change 1nnlts optical ‘

€haracteristics due to,age. This change could, therefore,

alter the‘lagnltude of chromatic¢ aberration and

-expliln individua), differences found in previous -

experiments.

‘.In order to lnvestiéate'the poasiblé'change iﬁ
chrouatic aberration due xo age, Millodot and Nevton
(1976) photogzaphed Puzkinje-sanson images in red and blue

light of the eyes of 10 young subjects ;19 38 yeara of

——age) and old subjects (52-%3 years of age) and ‘made

suggested the £olloving; (1) the refracti
. . N -

.

v ° . -
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aging eyes, (2) the refractlvg index of‘vltreops inc;easeg
for biue and decreases for red Iight for éginéfeyea, and
(3) the rgfractlve index of the cornea does not chanqé
with age. The changes in the refractive .indices for the /
lens and the vitreous wvere speculated t;\account for the
decline of chxo-atic aberration in the aging eye' ’

To test the above assunption in a juore conVentional
manner, Millodot (1976) measured the chromatic aberzation
o£.58 obseyrvers aged betveen 10 go 80 years of age using a
stigmascope. . The obséervers' déta vg;e grouped into _‘
different age categories. The acuity taf%et vas a
transparency n;de up of hggh contrast black text. 8ix
vavelengths vere Feétpd and. 2 measures v;re made at each
wvavelength. Chro-atic;agmrration decréaspd'a§~a§e

increased even in aphakes. Thus, -even wvhen the

crystalline lens vas removed there vas a decrement in

‘chromatic aberiation-vlth-age. It vas concluded that the

~change in the refractive index of the vitreous wvas

taaponsib%f/;;;\this teduction in chromatic aberration.

‘ There has been opposition to the viev that she eye's
refractive media alters vith age. VWare (1982) conducted
an ékberlnent_using a modified stigmascope as“initia{ly >
utilized, by-\‘ald arid Griffin (1947).  Measurements vere
made at 10 difgefent vavelengths with 6 settings at each
vavelength. Twelve suhjects participateq in éhe \

experiment and an artificial pupil of 3 mm diameter vas -

s ]

\ ’ - N
. . <.
.

{

N/
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used. The observers ;;te divided into two groups. One
group was aged between 13 and 31 years df‘aqe, and éhé
other group vas aged 55-65 years of age. Two subjects
from the 0ld®r group had participated in a chromatic
¢aberration study previously ;one thirty years prior

;/.}Lagdfozd & Wyszecki, 1956).
P The results of the experiment shéved that there vas
no significant difference in,the magnitude of'chro-atlg
aberration due to age. The results of the two subjects
vﬁo had data from 1956 were also compared vith the data
from this Fxperiment. There vas no 'signiffcant diffexrence
in their respective measurements of chromatic abertation.f
Ware cohcluded{}hat perhapsrﬂil}odot's‘procedure and
apparatuslvas qot sufffciently controlled, such as the
_inconsistent fixation'on the aculty:target. The chromatic
.aberration mea u;éa, nonetheless, vas similar to that of
prevlgzﬁ étudiﬁg.

.'In response to‘Warex(198g),.Hozd1 and Adrif? (1985)
conducted an experiment usipg\an objective Rodé;stock
refractometer. Eight subjeéts of diifgrent ages ranging
from 21 to 50 years participated in the experiment. The
£yes being tested wvere cyclopleged and f" artlficipl
pugil of 5 mh vas used. Nine vavelengths vere used and 5
settings svere n&dé‘by each ?ubj;ct?at each vavelength. 1In
coggrast to the tesulta‘ASﬁained‘by Ware, there vas a ’

statistically significant difference betveen the 21-30

4
A
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year old group and the 31-50 year old group. One subject
<:lwv in the group participated in a chromatic aberration
; experi-ent.zo years previously using the same type of '
“A:efzactoneter. The chromatic aberration for this subject
wvas slgnlffcanfly-different in the blue region of the )
spectrum vith the magnitude of chromatic aberrationQIess

foruthe present dat?; Mordi and Adrian speculate that the

yelloving of ‘the cornea may play a major part in reducing

N chromatic aberration. My major criticism is that the

yelloving of the cornea may reduce the"consequences'of

"

longltudinal chromatic aberration,: but doég not reduce the
N q '

‘ aﬁefratlon\%&self.

> 8

To summarize, three possiBle refractive indices could

N
A chdnge due to age: the cornea, Qhe lens, and the vitreous.
i} ‘ From. the ew1dgﬁce presented it is still difficult to

conclude vhich reftadﬁive\nediul is responsible for age-

related changQ:kin chromatic aberration.

3

Pseudophakja_and aphakia -
,v . Ih; studies disc;ssed thus: far measured chromatic
abertatlonklﬁ the intact or phakic eye. Very few Qtudies
. have been done on aphakic eyes. Aphakia refers to the

state of the éye after the«érya@glline lens is teiovgd\
aj‘because-bf"cataract or trauma. Also, no previous studies

h;ve~uged\bs;udophak1c eyes,nvhégeas;pseudophakia refers

to the"iiblt?ntat):ibnvff a.correctiﬂq ‘intraocular lens (I0L)

afte? the removal of the crystaliine lens.

‘A . -
CoN. . C
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Hith the removal of the crystalline lens the eye 35
loses approxi-ately 16 Diopters (D) of focussing pover. '
This, in turn, produces a blukred 7etlna1 image causing

severe visual acuity loss. ¥ This loss in acuity can be -

: . 4
corrected with contact lenses or extremely thick and heavy

eye-glasses which cause many unwvanted optical consequences
such as a reduced vlsual fileld and severe curvature of the
image plane (Benton & Welsh, 1966; Hvidberg & Aensen,
1977; Martin, Kracher, Stark & Maumenee, 1983). The ’
wide-spread lnblantation of intraocular }enses-(IOL) seens
to indicate that pseudoph;kla LQ\bf far the better .
surgical choice ovezlaphakia (Stark, et al., 1983). ,
Intraocular lenses ‘ o

fhere 3re several reasons foé the popularity of IOLs.
The most important is the fact that IOLs allow patients to
usé their vision more efficiently with little or no .
correction, which avolids the heceséity of lov vision -
rehabilitation (Galin & Baras, 1978). Patlent
satisfaction is also of prime importance, and studies have
indicated that pseudophakics are vezy‘content vwith their
post-operative vision (Osher, 1976; Hiles, 1980).°

\ There are a vidg variety of IOL manufacturers and

ymodels to select from (Colenbrander, Woods, &.Stanpler,

1985). The -osé popular types of IOLs are lQovn in Figuré
3. About two-thirds of all implants are posterior

chamber I0Ls and the renaining‘one-third are anterior =

.
’ .
: 4
0 -
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. .
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Figure 3.
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/

The different types of lntzaocula: lenses in Gse

, today and‘yheir modes of implantation. (1, 2,

3) anterior chamber lenses (4a) posterior

chamber lens with plano surface posterior (4b)
posterior chamber lens with plano surface
anterior. : B
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84). Since aoré postetlof'

chamber IOLs (Apple e% al.,
chamber I0OLs are iiplanted the most cé-qon fé&l of surgery

is e*ttacapsular cataract extxgction (BECCE). In BCCE a
3 \ Vv
capsule is removed - ; _

N large portion of the anterior lens
along with the lens nucleus. “The iélﬁtenance,of a
k]

, R . .
separation between the anterior chamber and the vitreous
is achieved by the posterior lens capsule. The majority

og-gnterior implants are-done after intracapsular cataract

In this form of surgery the lens
There are,

extraction (ICCE).
capsule and the lens jre co;pletely removed.

several advantages of ECCE suchaaiéthe smaller incision at
the corneoscleral limbus and the posterior lens capsule

preventing any bulgipq of the vltreous.(daffe,et al.,

<
1978). : -
Envlron-entalﬂand ogtfcal conseguencéﬁ of pseudophakia .
There axe sevefal negative environmental and optical

consequences associated vith IOLs which dlffd}entlate them
from the ézyﬁtalllne lens, the most notable being the lack
{

of UV filtetlngL The crystalliné lens is a natural filter

. of UV 1ight. The visible spectrum extends from
. ..
. approximately 380 to 700 nm. Daylight-is copposed of a
full spéctxu- vhich extends into the UV. The UV region of

the specgrun is ugpally classified “into tvo teqiéﬁ!: Uv-aA
and UV-B. The UV-B region (200-300 nm) is screened out by

/ ~
. the cornea, &nd the crystalline lens absorbs the UV-A area
(300-380 nm)- of the speétrpn. Some acrylic 10Ls allowv UV
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ilght to enten{thé eye and fall on the retina. As much -
as 70 to 903 of light between 300 and 700 nl 15

.trandhltted to- the retina. (Keates, Genstler, & Tarabichi,

1982; Thons, Fishhan, & Vander Heulen, 1983). Hores '

1
N

recently Mainster (1986) measuring the spectrai S e

'ttansnlttance of 16 different types of I0Ls found that the

¢
Iensea tested varied dbnslderably in their transmittance.’

This lack of uv flltering allovs the pseuddphakic
lndivldual to be highly sensltlve to light betwveen 300 - _'
380 nm vwith peak sensitivity at about 3504nl (Williams,

White,. & stark 1983) As shoén ln Figure 4, the scotopicz

:sensitivity across the other part of the visible 5pectzul

) B

remained the same for aphaklds, pseudophakics, and
phakics. ' . ST B
Many recently deveiobed IOLs have Uv;ébsorblng o
ptopérties. Bven though'these lenses are qainfnglxn
populérity, studies are stilllbeing bongucted as to thgir
safety (Clayman, 1984; Gupta, 1984a; Gupta, 1984b).  The
major considerations azervhethe: or not the absorption '

p&épettles remalin constant vith age and vhqpher‘or not any:

'

toxicity occurs. Studies so far have shovn that the

lenses are safe and vell’tolerited in primate eyes

L4 &
(Peynan, 810qp, & Liu, 1982, Peyman, Zak, & 8loan, 1983).
No longgtezlsln vlvo studias have yet been docunented, as

the practice of ilplanting Uv absorbing IOLs is relatively

tocenb.‘ > . . . T ~

e
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& Stark, 1983) o . "\
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B The increased sensltivlty to .UV light gives rise to

-

'.ﬁnique ptoblenﬁ that aphakics.and‘pseddéphdklcé must .

enduze such as (1) ezythropsia, (2) retinal damage, and

(3) reduced vlsual aculty. . -
Aphaklc and pseudophakic erythropsia is tﬁe \

experiencing of "reddish" vision after prolonged exposure—-

to bright outdoot light. ' It has been shovn that -

‘erythropsia is primarily d\glare phenomenon due to high ‘ -

. luminance (Kamel & Patker; 1973; 8;rau§, ﬁanent &\_‘ .

Larodhe, 1984). Hainster (1986) states, on tﬁﬁ\other .

hand, that it is still unclear vhethet severe etythropsia°

causes permanent damage to the zetina that may not be

iniﬁlally observed by ophthdlmoscopy. Halnstex (1986)"

also ststes that erythropsia may also be the clinical o "}

analog of blue-sensltive cone ph;;ochenical danaqe ' o

obsetved in primates at very lov levela of light | ‘ -

(Bper;lng, Johnson, & Haxwerth{ 1980). '
A very serious consequence o0f UV exboéure 1n"86hak19

ta

and pqeudophakla is z;tinal daiaqg; ‘BGVGtal studies have - | ‘ .
sﬁovn f%at prolonged undue exposhre ;o'haiardousioutdoor )
uv ilqht can cause irreversible photic maculopathy (Zigman

& Vluéhn,,197i;,uhinster, 1978; Hginstez,‘ﬂa-, & Delori,

1983). 8eéveral ingestlggtots have implicated high -

intenslty'operati nstrument light in the development of
cystold macular edema after cata:aé& surgery (Berler & .
. . 2

Peyser, 1983; Colvard, 1984). Jampol, Kraff, Sanders,

o
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Alexander, aﬂqulebetlan (1985), ‘on th; other hand,
zepbrted‘thap the incidence of macular edema in =
paeudophakla is not slénlilcantly'dlffgrent b§tveen
patients who had sutgery pexformed with UV'llght £11tered
from the operatlng lnstrulents and patients vho had bean
operated on with no filtratldn»of UV 1ight. More *
. zecentl}, Robertson and Feldman (1986) produced lesions on
the.iétlna ;fter a 60-minute expdaqre to 1ight from an
\ operating microscope. ‘ Xﬁtet a secoﬁd exposuré.vlth EE:“UV
- 1light filtered, aililar lesions vere also produced,
therefore, light intensity and not simply UV‘llght is
. impllcated in retinal damage. o .
| The thizd consequance of the use of IOLs is the T
‘artifact of reduced visual acuity due to UV light. Rog,a
whlte and w1111ans (1986) showved that vhen pseudophakic {j}
obsetvezs vieved a target illu-inated by visible and Uv
llght thelr aculty dzopped by about one line on a

-

conventional eye qhart. The same wvas found for veinier

’

acuity tazgets.f The prediction that aro;e from this .
study, and~vh1chﬂvas coztoborated by other inveatigatoxs,
stated th{t'a UV blur-circle is cast‘ppon thq retina
’prgvénttng,sfinulus‘clazlfy (White .& Wolbarsht, 1975;
Zlgman, 1982; ¥Willlams, White, & stark, 1983). -
Abhakic'chronitié agerratibq . ‘ . - s
. Aphak{c_dhzo-atic abezzation‘%as not attracted as o
Q?ny investhatlpgs as thg phakic sye. In fact, $.;y fev
, e

\ ) . - 1‘
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studies have attempted this task. Ivanoff (1947, 1953)
neasyted chromatic aberration in tﬁp aphakiec eyes. Two
vavel?ﬁgths ve{:”tcated:‘483 and 712 nm. The aberration
wvas found to be -.di and .18 D reséectivaly. .

Millodot (1976) measured the chromatic aberration,

using a t;glascépe, of 10 aphakic os;ervqté aged 19 to 7?-
years. » The.results vere reported as the qagnltude of '
chromatic aberration between 458 and 656 nm. Since the
main objective of this expezllent vas to assess hgt
chrouatlc aberration decreased vith age, indicidual curv;s
across the vavelength tested vere not reported.
Neverthe;éss, t‘e average‘difference betveen Ehe zefeience’
vavelengths vas calculated to be 0.46 D.vith a standard
deviation of 0.27 vhich. These zesultsvﬁere Qezy sinlldz
;tojthose found by Ivanoff (1947) in his studies bith
aphakics. "o ' ’
. The estimated chromatic aberration of the aphakic '
Eeye, théugh, can be derived theoretically by calcula%lﬁg
the chromatic aberration of a schematic aphakic. eye
(Howarth, 1985; Rdg, Vhite, & Simonet, 1987). The .
pa:a:aggrs and equations employed by Rog et al. (1987) are
shovn in Qppendix A. 8hown in Figure 5 are the results
that Ivanoff (1947) obtained for aphakic eyes and data
from theoretical aphakic eyes. As shown, the aph@kic data -
fall relatively close_to ;ﬁa qilculatéd-theorgﬁical‘data:
If_thehasau-ptlgﬁ lsibaAe that there are relatively

S - e - _
4\
. .
\. . * !
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reliable data in phakic-measuriements and that the sca;Ee
aphakic data match théoretical predictions, where could
‘the data of pseu&ophaklc observers fali? 1f the PMMA lens
is ctear and allovs more blue and UV 1ight in, it should,
‘thetefé&e, act 1like an'infant's‘lenﬁ‘vhich is void of‘aﬁy
discoloring. The chromatic aberration should, logically,
be ‘less. than phakic data if the argument is taken that -
chromatic abgrration_decreases due to age.  But if it is
aaguledAthéf chromatic aberration does not change vith age
then the measured pseudophakic Sberration shou}q\be close
to that Bf thq‘phaklc eye. Another co;siderat;on is the
role of inter-observer differences vhich have consistently
been obse;vedlln.prevlous studies. " Since all observers
vill be fitted with clear ISLS the differences betveen
‘subjeéts:ahould be attributed to variables 6ther't§an the
aging procesa'of the lens, such as anterior chamber depth,
IOL thickness and IOL type. - ' v
- gIn summary, previous ewpirical research has’
conslsteﬁtly shovn ihat‘thete is agreement l; the
magnitude of chromatic aberration in the phakic eye.
Theoretical studies shov less agreement regarding the v
-agnitudeyof chromatic aberration vhich is primarily
9tttlbu§ed to the greater dlspér;lon of the crystalline”
‘lens in the blue region ofkthe séectful. Théﬁreticai
aphakic éaléulaflons are in clbse agreement with the scant-

) a
empirical measurements. If it is assumed that the IOL is

Y -
L4

.
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&s dispersive as the crystalline lens then pqeudopﬁaklé
chromatic’aberration must be less than phakic chromatic

LA

aﬁerratlon due to the fact that the IOL is ﬁot affected Ly -
;aing. Therefore, the theoretical lculations should be '
similar to the observed data aﬁa ;nggoaslble individual °
differences may be explained by different variables such |

as a#ierlor chamber depth, axial length, and IOL type.

Dovning and@ Sayano (1983) speculated that by sllply
- . ¥ -
+ implanting a plano-convex lens with the plano surface

foxvardinay, in fact, decrease spherical and chromatic .

-
r

aberration.

The’purpose of the present experiment is to. quantify
the amount of ch;olatlc ab@tratlon in pseudophaﬁlc eyes
implanted with clear PMMA IOLs, vith ueaSure;enFs

. extending into the UV, and to éxpl;in any pdk&lblé
individual differences in ze;;tion to IOL type, anterior

chamber depth, and axial length.

‘ . ‘ . i o\
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Method

Observers. . !

-

Four pseudophakic observers aged betvé%n 62 and 70
particinted in this study. Individual char;;terlstics of
al} observe;s(c;n be found in Appendix B. They were
recruited from a private ophthalmological ptéctice,
Willingness, good health, and a'visual acuity of 20/40 ox
better, uncorrected, in the ;seudophakic eye's vere the
qu&?renents for particigatioy vith no ocular pathology
in the pseudophakié‘eyes. Only one eye with the better
chity wvas tested per °b'etvejk’\?he IOL v;a either a
pogterlqr chamber or ant‘rgor chamber . type lanufactured 1n|
polymethyl methacrylate, with no ptovisioﬂs for filtering
ultraviolet 1lght. «

Participants weére either pd1§,$5.00 an hour for

participating, or. their transportation éosts,vere R

reimbursed. Each egperinenyal’ée;slon«Jasted about 2

°

hours with appropriate rest periods. One observer

required tvo visits but the other three frequired only Qnén

.All observers completed a consent i?:- deﬁchlblng the

experiment (Appendix C) and: vere told thatithey could

- withdrav from the expeiilent at’ any time and informed of

" ' , .
the confidentiality of the results. >
‘Badal Optometer. The light source vas a 75-watt

xenon arc lamp housed in 1 stabilarc 100 Lamphouse

"

-
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(Ealing, Mddel 27-1411) and povered by a 250-vatt
Universal Arc Lamp Supply (Baling Model 27-1015). An
ultravlolet(gbsorblnq filter (Eastman Kodak, CP2B) was
placed in front of thé source for v;velengthﬁ above 380 nm
to minimize exposure to UV light. The light source energy
is shown in Figure 6. As shown, the light sohtce‘
—'teselbles daylight and the UV filter blocks out light
below appréxilately 380 nm. Appendix D shows the absolute
corneal irradlénce at ghe vavelengths testead at a°
b;ndvldth of 5 nm. A double-grating monochromator
(Kratoa, Model 200) wvas uaed to select the vavelenqth
bands. An Apple 11+ co-puger and a stepping motor (Ansi
Corp., Model 82700) controlled the monochromator..

The optical system was a Badal-type optometer with a
10 D quartz lens (Badal, 1876). Other automated
‘optometers vere n?t suitable because the lenses must all
be qguartz to allov UV transmission. The advantages of the
Badal system are that (1) image size does not change vith
dl;tance;and (2) the dloétflc vergence varies wvith the
axial 6bs§tlon of the target. Therefore, the'lo D lens
’.allows for a 1:; ratio of dioptérs to dlstance the target -
was iéveﬂ, i.e.,°1 cm pér diopter. |

‘The equtilenta;«set-up is shown in Figure 7. The
observer - is positioned at the headrest and the eyepiece is

adjusted to the position of the ‘eye being tested. The

obqgrver's right ﬁand is used to move the targét vith the

< , N
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Figure 6. The energy distribution of the Xenon arc lamp .
. used in the experiment. A comparison betveen
the light source and outdoor light is also
shown. The so0lid line represents the energy
distribution with the Kodak UV-filter in place
* (Rbg, White, & Williams, 1986). %
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. Figure 7. Schematic diagram of the automated Badal ' L,
optometer used in this expériment is shown. The =~
target shovn consisted of 2 fine parallel ~ . ¢ .
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attached mouse and the left hand is A'Ld to open the
shutter méchanism remotely.

A custom-made chin rest vith velcro straps secured
the position of the head comfortably. A bite-bar was not
congldered beceuée'of'the likelihood that the participants

- might:-vear dentures. The eyepiece wvas 40 mm in focal )
length ahd 30 mm in diameter vith a 3 mm artificial pppll.'
No cyclo;ieéic agent. vas used. The shutter (Uniblitz,
Model 2250) vas positioned in front of the eyepliece and
headrest. The Badal lens wvas mounted on the shutter
enclosure. The shutter vas povered b} a drive unit
(Uniblitz, Model 100-2B) which, in tu;n, vas povered by a

. 12 VDC pover supply (Micronta, Model 22-8224). The

shutter opening vas opetateé by the observer by a remote
svitch conveniently located by the headrest.
The target vai-.é similar to the one used‘y Hovarth &

Bradley (1986). Twvo fine vertical hairs 5 mm apart vere

°

positioned over an aperture of 14 mm dlameter on a black |
‘pieqe of cardboard. The target was attached to a optical "
“"bench mounting bracket vhich slidhfzeely on the optical
bench. An Apple II mouse va; attached to the mounting
bracket so that the target's axial position could be
transmitted to the -%eroconputet vhich printed the

position of the taréef.én an Apple 8ilentype printer. The
briht-but shoved the‘vavel;ngth and the position of the .

mouse at that vavelength. One centimetre (one diopt;t)~
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S

equalled 37.8 mouse steps.

The light from the arc lamp wvas focussed tﬁtough a
series of tvo 8 D qugttz lenses and an iris diaphragm
through 'the monochromator. Light exiting from the
monochromator was ‘then projected onto a glftusion screen
positioned on a black baffle. The baffle vas Soccn‘sddh;e
vith a centered aperture of 50 -u-hianet:z. A plece of.
‘Uv-ttansnitting plei}glasg (Rohm and Haas), frosted by )
gentle abrasion, was piaced onlthla qqenlng.

A vooden ventilated enclosure fas used to prevent any
stray lfght from entering the~1aboiat0ty as vell as
protecting the experimenter and observers from any
possible malfunctions. |

Ultrasouﬁd. Post-operative ulttasohnq measurements
of axial length)(h-scans) vere madé on tvo subjects at the
Royal Victoria Hospital. The othat'évo observers vere not
available for the poqt-oparatlve A-scans.é The daga are
repoited 16 Appendix E. ‘

Keratometry. ,PoQt~opera£ive keratometry ;Ehautelenfs:

(K-readings) vere done by the ophthalmologist as a routine

follov~up procedure (Appendix E). S | 4
Theoretical pseudophakic galgg;g;;gng,niIho~zesu1ts

$ * . :
of the A-scans and ‘k-readings vere used in the calculation

of individual pseudophakic chromatic aberrati he

thickness and the curvature ot the I0Ls used obtajined

from IOLab Cotporation. The Cilco lens.vas found to be
) .

Y,
%
.

\ q“t,”

R R,
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comparable to IOLab'a‘iodel,'thete£0tq, IOLab's
measurements vere used for the CILCO lens. This-.
) - , %t
information ia'confldential and, therefore, vill not be

o

reported. Theoretical calculations in phakia vere alsb
14

caléulated.. ]
. i

Procedure. 3

A The ‘abservers vere figst asked fo'sign the consent

form that e;plained a11 the facets of the experiment. The
| 5ubject;; chart vas exalin;d and the pseudpphakic eye vith
the better acu!ty'vas used in the experiment. Visual
acuities are showvn in Appendix B. ;
tﬁ\ . The observer vas then seated at the chin rese. An
eye patch vas comfortably positioned over the eye not
-being used in the study. The chin regt va;'adjustedAto
fit comfortably and moved.to acconnodate*eith;r thexleft -
.or right eye. Prior to this, the subject vas given 15 -
-inutea to adapt to thecdarkness. Several practice trials
\\7vere then given to familiarize the observer v%éﬁ the task.
The éxperlnent began vhen the observer and the
.expetllentef felt the task vas*sugflciently undQ:stood.'
fhe experimenter then typed in theqdesired
vavelength, the sfepplng motor dialed .to that vavelength
and the first £ocu§sln§ of the target wvas started. The
observer opened the shutter with the use 6f the gpiote
svitch and began to focus the target by moving the

mounting bracket with the target and mouse i%tached. One

[}
-~

—

&y
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obsetver (AH) could not operate the shutter properly due \
to several aging probiéns, therefore, the_expe:l-enter f‘“>
took over the control. When the obsatvarlfgnlshed
focussing the target and wvas saflpfied that it vas the
clearest possible the shutter button wvas released by the
. observer or the experimenter and the computer registered
the position of the mouse. ;he experlndhtet r;nGOlgy
moved the mouse away from the location before a next
vavelength was tested. The monochromator vas then dialed
'ito another ;Qvelength and the procedure vas repeated.

The testing was done from ?40 to 660 nm at intervals

5 4

of 20 nm. Belov 340 and above 660 nm the intendity of the(_ .
.arc lamp ;ga not sufficlent for the observer to make A
response and it vas not advisable to increase'the
vinfensity in the UV due to the pseudophakic's high.
sensittviiy tp these vavelengths.

There vere a minimum of 6 and a maximum of 8 settings
at each vavelength for each observer g;v;ng»a nfhilul of 6
'dat; points per vaveleﬁgth. A/’

bthp a spectral run v;; completed there ve;é»ninor‘

calibrations reqardlhg thg equipment. The mouse wvas ¢
checked and repositioned at the same spot nearest to the
obggtver. The monachromator vas cgﬁstantly monitored as
to vhether any error in wvavelength locat;on vas made.

The obser&ers ve}e also closely loﬁltorod‘to-qauqe )

their lévgl of comfort and vhether or not they vere haQing

\
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any ;;toblols lo::atgénq and focussing the tatqe—t. The
piaserveu}vere not ‘readu& capable of vithstanding long ‘
periods vithout res—t. Bv&y prec;autlon vas taken to make
the observers as comfortable as possible during the
exbetllent. This, in turn, produced lengthy, albeit,

productive seséions. -

>

-y

LY ’ e



\ Results ~

A comparison of all observers was plotted and is

shovn {n Figure 8. The mean of all observers is also

" ~shown.

The resilts of the pseudophakic theoretical
calculations and the experinental flndinqs are %resented
for eaqh observer, in Pigures 9 through 12. The .
norlallzatlon procedure Vﬁs as follovs: each deviation

b

score (the nean for each observé?xlinus each value for
.that observer) was subtracted from the mean of all ;&
observers at 580 nnm, noz-alizing the data at that

vgveléngth. . Individual rawv data can be found in Appendix

F. The schematic representation of the ;Qe, éhe Squat;ons,'

Yy

uéed, and the parameters involved in the Ehegrebfcal

calculations can be found in Appendix G. The thirad ogdezp

N L)

polynonial cutve-fitting vas abco-pllshed by the use of

v-\p, >

co-puter software. '

;ighre 13 depicts the mean theoretical chromatic
abgrzgtlon and th; mean observed qh:onatlewabcrratlon. As
shovwn, ths theoretical and obsétve; values are re}ativgly
1 si-ilar ffo- 400 to 660 nm vhereas below ;00 nm there is
an increase in chzo-atfcjaberration in the obserch data.

Theoretical chromatic aberration vas alaqa.
calculated'goz phakic eyes, and the schematic

representation of the ejé and the parameters. used in the

calculations are found in fbbcndlx H. Th? equation used

kY . ~ !
®

P
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I curve is the regression curve (polynomial of third

LY order) of the average df all observers.
order produced the best fitting curve vithout
,exaggerating the achromaticism found-in the longer

vavelengths.

q’ \
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‘ // is similar to that used in the calculation of pseddophakic
i : chromatic aberr;tlgg;__lt—yas found that the chromatic
‘ <

aberratlbn‘yas similar to previous findings except for the
’ . ’
data re&hrte by Mandleman and 8ivak (1983) where the

chromatig, abgrration vas greater.
- A

‘Figure 14 is a co-parigén of the different eye-types:
( . phaklc;'aphaklc, and paeudophgkic. The ‘me: théo:étlcal -
pseudopﬁakic, theorétical phakic, theoret(ijl ép?akic, and
- observed pseudophakic data repreéant the efforts of thii)
study, vhet%‘g, the observed phakic data is taken from
Hovarth and Bradley (1986).¢°The phatlc curve exhlbits the
most chromatic aberration at 400 nm. Logically, the lgast
is shown to be the aphakic curve. .The observed -.
pseudophakic curve fall relatively close to the
" theoretical phakic curve. Thé theoretical pseudophakic *
i data’fal; above the .theoretical belov~400,ﬁl and then
remain relatively the sa:e as the observed ﬁseudophaqu'
~ data. ‘At the other end of the spectrum, the ‘observed and =
.thQOteélcal,pseudqpha&;c data féllq relatiyely-close to
zero diopters, vhersas, the remaining curvés are in closé
agreement at approxlnately 0.5 D.
To test vhethez 1ndlv1dua1 obsetVed datt vere'
dlfﬁo:ent from the theoretlcal values a multiple .
regresslon analysis wvas calculated. It vas £ound that’
lndlvlduak\data vere not slgnificantly dlfferent from

- theoretical values. An acconpanying aﬁalysis Jf vatiance
. - ¢

.
o
- ¢ a

) . l - . ‘ . ' ‘

A
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shoved a significant model value, (F = 8.09, p < .002).
The multiple regression and the accompanying analysis of
variance reports are shovn in Appendix I} The nodei;.
therefore, significantly flt; the datat

Although it(vas shovn that individual obsézyers' data
vere good predictors of the theoretical values, more |
chromatic aberration vas observed in observers with
anterior placements as compared to theoretical values. A
split-plot analysis of vari&nce vas, therefore, ‘

calculated. Appendix J shows the summary table for the

analysis of variance and Figure 15 shows the anterior and

[ -

posterior chamber data.\.uo significance vas observed
betveen anterior and posterigg chamber placements.
S8ignificance vas observed fdathe vavelength (repeated .

6,neasutea),cogd1tion (F = 77.72, p < .01) and the
interaction (F = 4.40, p < .01). The interaction sl:novsl"
that chromatic aberration ls’Agpendent on the anterior anad
posterior placenent‘of the IOL. More ahorﬁ-#aye.chzo-atic

l”abdrr;tion vas observed in obser¥ers who. vere implanted
with éntgxior chamber IOLs.

To shl-azlzg; pseudophakic chromatic aberration vas
hhoyn‘to bé leas than empirical phakic chromatic
aberration but similar-to theé;etical ﬁhakicavaluea. The\
'obse;ved,pseudophaklc data were shovn to be good .*

predictors of the theoretical pseudophakic values.

S
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o‘\ ,Discussion
As predicted, the pseudophakié chromatic aberration
that vas observed in the present st;HQ'vés legs than that .
previously obuervedain phaklé.éyes (Hovarth & Bradley,
1986). '
4 14
- 8ince observed values vere good predictors of .
theoretical values no significant differences between
observets\ca? be concldﬂed, vhich differs from previous
gtndlngs that ;howv!ndivldual‘dlfferences. ‘Hovarth and
Béadley (1986), in their experiment, attempted to
implicate a sttuctuge or mechanism to account for
individual di;ierences, They found no signlflcént
correlations between the -agnlf;dé of chromatic aberration
and elther corneal powver or axial length. In the present
study,nthe differences between anterior chamber and
posterior chaiber ;iaceleﬁt of the IOL suggest that®

f

anterior chamber depth is a possible source of'iﬁriablllty
. ) g

-

among observers. <

To reviev this phenomenon, observer AB and SH had-’ .

anterior chglber IOLs implanted. Analysis of their

results shovs a consistent trend: the observed chromatic

e a

aberration vas greater than the calculated chromatic
ahezratian. The only ébv;%us d%:fezence betveqn.antexior
and poégbrior chamber lenses is their physical placement -

in the eye. Therefore, the anterior chamber depth is less.

in the anterior chamber implants ‘than in the posterior

S

.t



51

chamber implants. Does this difference in placement
account for :'change in chromatic abe:ration? Could the
placement of the lens produce bulging of the vitreous
out;prd, thereby creating an additional refractive surface

vhich would increase chromatic aberration? The bulging of

the vitreous could not produce a refractive surface of'any'

significance. . To elaborate, the front Qurface of the
Gitreous;éguld'be the posterior surface of the IOL, which
is'tlat. obSeFverﬁ AH and TL had posterior chamber IOLs
-1np1;nted.‘ These tvo sub?egtsxshoved a consistent pattern
of less chromatic aberration than theoretical
calcu;ations. Therefore, the placement of the posterior
chamber lens véu%p notlyllov for bulging of the vitreous,
.producing no apparent increase in chromatic ;berratlon.

» There has been a consistent difference betveen r
th;oretical and expexilenta} data in phaEia._“?hia
.difference is most commonly in.the blue and.vlolet end of
the-spectrum. The gene;al prediction is that the T
crystalline }ens exhibits more dispersion than 10Ls. .The
' mean theoretical]nnd'the mean observed chromatic
abeératloh as devzlopbd in this experiment shov an
ihtezesting similar trend in the area belov 400 nm. As
shovn in FPigure 13, the observed data belov 400 nm are )
greate? than thentheotetizzl &ata. The regression curves,
th:uéh}_leet at about 550 nm. An increase in dispersion

of the crystalline lens is usually dttzibd%ed to the

/
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normal aging of the lens. Does_;he.IOL, vhich is
lanyféctuted ftqp PMMA, possess the same optical qualgtieh
as does the crystalline lens? The IOL is a clear plastic,
presumably not affected by the aging process eépecially in
regards to yelloving. If it were, then logically a ’
pséu&ophakic could develop IOL ”cataracts"; This is
probably not the case. Therefore, some other mechanisa
must be responsible for the deviation of observed

chromatic aberration from theoretical calculations in

pseudophakia.

Phakic calculations employ COIAU'S formula for the -
refractive indexes of the agueous, vitreous, cornea, and
lens vithout regardﬂto‘any changes in the refractive index

due to aglng.‘ The‘pseudophak;c calculations use the same

_formula, but the refractive indices for PMMA were stpplied

-
-

byf;OLab Corporation. The curves are similar, vhereas, on
visual inaﬁectlon the chromatic aberration for the
theoretical pseudoéhakfc data is less than the observed
pseudophakic-data. Another point to consider regarding
this dlscrepancyals th;t the conétants for Cofnq's foziulaﬁy
wvere selected to fit dispersion in the visible and not the
UV part of the spectrunm..

There is one'iijor diffétence@betveen pseudophakic

LA

.chromatic aberration, both observed and theoretical, and

phakic and aphakic chromatic aberration, both observed and

theéretlcal. This occurs in the red end of the spectrum.
)
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The-pseudophakic data falls about Gn the zerxo &loptor
level, vhereas, thé o?her data fall above that. The
reason for this "achrq‘aticls-" is not quite cle;t. It
équld represent a property of thg PMMA that is used in the
manufacture of IOL; slnc? both the experimental and
caiculated data exhibit the same pattern. H

The debate as to whether o not chromatic aberration
decreases with age is'unxesolved. Some studies have
\'sﬁovn }hat chromatic aberration decreased with age )
(Millodot, 1976; Adrian & Mordi, 1985). Hilloéqt (1976)
tested aphakiés of dlfferept ages and found that ;s age

increased chromatic aberration ‘decreased until an observer

reached an ‘age vhere there would not be any more chrynitlc“

-

aberration. . The vitreous vas then 1lp11cat§d as the - . - .

"V

reason for this decrease as opbosed fovthe lens.
Conversely, it ha;“also been shovn that chromatic.
aberration remains unchanged (l;;e, 1982).

Considering thgt only elderly observers participated
in tﬁe present experiment there could be a change in the
dispersioﬁ of eithér the cornea, the vitreous, or possibly
both. Testing younger ébservezs vould 5# zcco-nended‘but -
locating such observers is difficult because a very young
observer wvould probably be aphakic rather than /
pseudophaﬁic.A’It is unlikely that chromatic aberration
chahqgs vith age but more likely that the constants used

in Cornu's formula must be re-evaluated in order to .




Y

. absorbing IOLs.
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}

o 0

accgunt for the greater dispersion of the crystalline leps
in thQ b%ue and violet end of the spectrunm.

One "implication from the present experiment -is that .
although there is less chromatic aberration in
pseudaphakla than phakia in the blue and violet end of the
spectru-,‘the visual conseguences of‘chzo-atic aberrgtipn
may be greater in pseudgphakia because of the increased UV

transmission. Becauﬁe more light is entering the

‘pseudophakic's eye, this added component may cause the

obsezved}decrenent in visual abﬁity (Rog, White, &
Villiams 1986). . o
In viev of the present evidence, the-use of UV-

absorbing I0Ls to reduce chromatic aberration wvould be -

advisable in addition to protecting the retina from

hazardous UV levels. One benefit of this zédgction in
chromatic aberration wvould be clearer vision in the

presence Sf uv light. Puture iesearch may address

~ . chromatic abérration in pseudophakes fitted vith UV-

“
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nA : index of agueous

nC*: 1lndex ¢cf cornea - \

tC ¢ tnickness of, cornea

Dl : Fower of the anterior corneal surface = {nC - 1)/l
I

P4

Rl Antexrior corneal radius
R2 : Fosterior corneal zadius
FC : Fowes of the correa = Dl + D2 - (tC/nC) x D1 -°x D?

e e s

H1H : position of the first prinéipal pfane
from the corneal apex = tC/nC xD2/FC

H'2H' " : position of the second principal plane
from the back.surface of the cornea =

£° : .
- nA % tC/nC x D1/Fc

N

H'C : Potition of the second ptincipal plane
from the apex of the cornea = tC +H'2..M \

therefore:

H'R = 1' = H'C..C + CR [
n'A/l' = 1/1 + FC '
n'A/l = K 4 FC

R = (n'A/Y') - FC

nVv’

»

Fower of the posterior corneal surface = (nA - nC)/R2
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42, 4664 42.3887" - -42,3170 42,2508 q2. 168549 © 42,1222 N
42, q64? 42, 3868 . 42.3151 42, 2467 Q. 1872 42. 1300
9, 4qE-04 9.45E-04 9.45E-04 9.4SE-04 .9.46E-04 .9.4€E-04
~-0. 14408 ~-0.14418 - ~0.14431 ~0. 14443 -D. 14454 ~0. 14454
° 1.13748 1.13762 1.13774 1.1278¢ 1.13797 - 1.12808
~1.3€2-04 ~1.36E-04 ~1.26E~04 =-1.37E-04 ~1.3PE-04q ~1.37E-04
~1.449Z-03 ~=1,44E-03 ~1.44E-03. ~1.4<€E-D3 ~1.449E-03 ~1,44E-03
-1.36E-04 ~—1.36E-04 ~1.36E-04 <~1.3PE-04 <~1.3PE-04 _~1.37E-04
2.4064E~02 2.4084E-02 2.4064E-02 2.4063E~02 2.40€3E-02 2.4052E-02
S=, =508 S5.%359 £5.%130 55.4919 Ss. 4722 . 8% 4540°
13.0844 13.1473 132. 1980 13.2411 13.282¢ 13.3217
0.0293" 0.0822 0.1309 0.17¢0 0.2178 0.25¢6
0.057582 0.110464 0.159199  D.204256

-
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"l'l.le since Post-op

8s Age IOL D
Tested Type operation acuity

' \ (months)

AB 62 OD CILCO AC 20.0 24 20/40

Model 22723 . . .

SH 62 0S8 IOLab AC 19.5 ~ 3 20/25

' : Model 55JM ~ i
TL 70 08 I10Lab‘PC 21.5 15 "20/20
- ) - Model 706G, - - . -
AH 63 OD 1I0Lab PC 25.0 9 20/20 .

S Model 706G .
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OBBERVER CONSENT FORM
DEPARTMENT OF PSYCHOLOGY, CONCORDIA UNIVERSITY

. 3
<+

¥ NAME: 8SEX: AGE

- ADDRESS:

TELEPHONE ; _ .

I HAVE VOLUNTEERED TO PARTICIPATE IN A STUDY DESIGNED J0
MEASURE CHROMATIC ABEBRRATION AND HAVE BEEN FULLY INFORMRD.
OF THB.BXPBRIHRNTAL PROCIDURI WHICH INCLUDES:

(1) CHROHATIC ABERRATION WILL BE MEASURED USING AN
'OPTOMETER IN A DARKENED ENVIRONMENT. .

(2) THE LIGHT SOURCE THAT I8 DIRECTED TOWARDS THE TARGET

? IS COMPRISED OF THE FULL VISIBLE S8PECTRUM®PLUS A SMALL UV
COMPONENT (FAR LESS THAN OUTDOOR LIGHT) FROM A XENON ARC
me . hY

I : .
(3) THE EXPERIHRNTAL SESSION WILL LAST ABOUT TWO HOURS

INCLUDING REST PERIODS.  : .

(4) YOU WILL BE REIMBURSED TAXI PARE (RETURN) OR $5.00 PER
HOUR FOR PARTICIPATING.

(5) UNCONDITIONAL WITHDRAWAL FROM THE S8TUDY CAN BE MADE AT
ANY TIME AND THE RESULTS OF YOUR TESTS VWILL BE kepT :

CONPIDENTIAL. — -

/

(6) YOU WILL RECEIVE A SUMMARY OF THB RﬂBULTB AT THER
CONCLUSION OF THE STUDY. ' T

} °

‘DATE: SIGNATURE: , .

EXPERIMENTER:
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‘.“B -
Waveélength corneal irradiance ' R
~ (microvatts/cm2) .
340 * . 006586
360 _ .007616
‘380 ——— - —— 020314 ———— .t o
"400-—-, .030634 . L T
420 . .038983
440 2033630
460 .029708
48 . 019138
500 028913
- 520 v .02974 .
540 .021217 - °
560 ’ .016262
580 ' .012541r’u3 : ¢
600 . 008359 . .
620 .006006 s
’640 . .003443
"660 .001241
‘ a
o
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"y

ULTRASOUNDS (A-SCANS) ) ' -
‘Observez © Axial A.C. - lens
length depth thickness
(mm) - o i{mm) (mlt)
pre/post pre/post pre/post
! r e /L
AB 22.65/22.28 3.00/2.17 ' 5.25/.833
SH 23.47/23.30 2.85/2.76 4.65/.813
. ) ! c . * N
TTL 22.70/22.42% *  2,25%/3,95% 5.50%/.881 *
AH- 21.92/21.66* 2.30/4.00% 5.41/1.001 ,
) v . L *) .

R Appt%xinate values wvere estimated
" of pre and post A-scans for known

—~—n

' KERATOMERY (K-READINGS)

»

44.06

. Observer keratometry

T ‘ (diopters)

AB . 45.31 ,

sH— . 41.56 )
TL 45.00.

AH

-

-

' L ey
Poo% e el W SRIG ’L«[.

~ s

%

-

*

by/examining the ratio
lues.
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Individual data for all observers:
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C::'er'ver: AH ‘
' TRIALS
1 2 3 4 5 6 9 8
wAVELENGTH .
.340 2.53 .1 2.51 2.26.  4.21 L 2.99 3,09 ‘a.57
360 2.83. 2.84 * 3.17 3.31 2,94 4,28 3.99 | 4.58°
380 2.86 3117 3,28 4,15 5.94 4.81 %9 4.9
4G0 3.39 4,44 "3.28 4,31 3.94 5.0, 4.29 5.C5"
420 | .44 4.44 2.10 4,31 _3.78 5.29 4.52 €. 18
440 3.44  ° 4.Z4 2.33 4.31 4,66 5.6 4.81 5.29
40 3,28 4,24 3.€9 4.47 3 4,79 - S5.66 4,91 8,68
480 3.99 5.16 4,29 4,47 ¢ 497 £.€8 €.05 5.93
509 2.52 ' 5.95 4.42 4,55 4,97 5.66 5.05 6.
£20 2.99 5.63 4,42 4,74 5.34 5.66 .05 6.3¢
s40 3.8 6.06 4,82 4,87 5.45 5.55 5,55 5.96
523 4.18 6.96 4,65 4,87 5. 45 5:5% £.55 £,7?
S0 4,18 5.?71 4.92 8.1 5.19 5.5% £.55 8.77
600 . 4.€5 S.82 4.92 5.19 S.42 5.56 8,77 . £.77
620 4.50 6.53 5,29 £.19 5.42 « 5, 5.93 5.7?2
€40 4.21 €.06 s.'es F.19 '5.42 S.56 5,93 6.1
660 ", 4.63 6.72 €.69 £, 34 5. %7 5.5u b.Ub 6.1
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Coserver: SH . '
' . TRIALS ' . L
] 2 3 4, S ) ? , 8 MEAN
RRUELENGTH
, 342 3.23 4,42 2.54 3.70 2.96 3.44 3.44 3.2 3.e2
3d 3.85 - '35.94 3.73 3.78 3.23 4.2% 3.65 3.€5 2.76
380 4.15 4 .47 4.42 a.2? 2.70 4.18 4.13 4,05 4.25
400 3.97 4.31 © 4.7 4.81. 4,42 4,£8 4.3] 4.13 4,42
420 4. 68 £.03 4,64 + 4,34 4.€3 4,84 4,44 4.74 ENL:
449 .1 £.03 4.5 4.42 4.63 5. 34 4,97 5.00 4.87,
40 4E5  ~\b.14 5,77 s.79 5.02;  5.28 S.1€ 4.52 5.34
B0 455 542 5,23 6.0} © 5.21 5.45  5.26  5.32  £.23
SLo 6.16 5.67 5.53 6.19 5.21 .<8 5.79 .- 5.34 5,72
£20 6.11 5.82 5.7 £ .79 5.34 E.74 ®.34,, 5.7 €70 v
. 540  5.69  5.90 - 5.79 @Pw S48 5,53 588 , 5.§3  5.73
5:0 . 5.6% £.08. 6.1! 6.27 5,74 ) 6.€3 €.e2 £.57
£€0 6.22 6.08 6.3 6.11 S.74 . 5.£9 £.43 5.77 5.0
- 830 6.11 ©  6.64 6.51 6.5! 5.71 6.06 .. 6.08 LR £.17
622 6.80 6.6% _ 6.53 6.96 5.71 6.01 6.28 5.77 €.36
F40 6,45 ' 2.28 . &.53 6.22 s.e2 =.58 6.14 s.6! &, 22
© BED 6,59 5.87 6.65 6.32 .85 €.27 6.40 5. 45 6.20
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Observer: R3 . ..
» - . TRIALS [} ‘ s
1 . 2 3 4 5 e 6 mgah
WRVELENGTH . 1 ,
342 2,04 1.28 2.06 .20 1.81 0.79 1.83 -
- 38D 2.€5 2.70 2.08 2.34 1.51. 1.51 2.13
* 3ED 2.€5 2.28 2.06 2.28 1.€1 2.4% 2,24
402 3.52 3.35 3,62 2.72 2.26 3.78 2.40
422 3.52 3.31 . '3.15 - 2.28 5.38 3.76 , 3,23 L
442 3.99 3.97 2.15 3,20 "2.73 3.7 3.£3
4£0 3.99 3.76 3.15 2,36 3.73 . 3.7 3.€2
42D 3,99, 4,02 2.94 - 4.29 35.72 3.76. 3.79.
s2a 5.48 4.18 2.3 4.79 ., 4.26 3.7 4,29
€20 4,60 . 4,34 4.31 4,79 4,26 4,89 - 4,53 .
$4C - 4,89 4,97 4,31 4.26 4.23 4.8 4,53
. €82 4.E9 4,97 4,31, 4.52 4.23 4.69 4,64 ©
520 4.69 5.40 4.31 €.13 4.02 L4.89 4.78
, 6C2 5.00 5..40 4,89 JE.03 4.07 . 4.€69 4,88 .
622 5.42 4,47 S.66 5.45 © 4,42 4,69 5.05 |
640 S.05 3.B4 . 5.29 £.45 4,42 4.9 4,82
£en £.15 .3,4° 3.12 5.24 4,71 4 29 4.44
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. 1 :
ke
tc ol tL D4 . tAC FC
e X mvaw * e X mwrws 4 D x -
‘ nc FC nL FL nA Fe
ar I
+ - Fe
tL D3 . €R - t0 T tAC » (L .
T R 4 reeemmccaccman -
n. FL nV.
nC : index of cornea
nA ¢ indev of Aqueuts . '
ny ¢ index of vitredous
K -
nL t Ind#x ¢f Intraocular lens
tl : thickness of cotnea B .
tAl: thickness of the anterior chamber
tL : thnickness of 10L
FC : power of the cornea = D14D2 - te/nC x Dlxb2
FL 3 Power of the {OL = DJIsD4 - tL/nlL  x D3IxD4
Fe : Powerz of the eye = *

FCrFL-FCXFLX(NAXES/NCxDL/FCI+LAC (RAXTL/NIXDS/F1)/NL

Di
£2
Ll
D4
Rl

K3
R4

: Power

e ee o0 e ar ee es

e [ AC o]

Power
Fower

of
of
of

the
the

the anterior lens surface

anterior carneal surface =

{nC -

LI1/R)

pesterlor carneal surface =

(nA -nCi/R2

(nL - nA)/R3

Powe: of the posterior lens surface =

Anterior corﬂes+%radlus’ -
Pusterior cornea) radius

Anterior lens radius
Posterjor lens radlus

D4
R3

C ol

(aV - nL}/R4

Af\

K

i

i R4

o

"
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CORNU FORMULA CONSTANTS
bese index (nd
constant C(kJ

wavelength constant (lamdad

, -

o

rad.
rad.

cornea ant.
cornea post.
L I10L ant., rad.
I10L post. rad.

- Thickrmess of cornea (ted .
Thekrnss of ant. ch. (tac)

Thickness of IOL C(tL)

Retina to cornea. apex (CR)

(radl)
C(rad2)
(rad3)
(radd)

CORNER
1.3610
?.414?
130

m

8.58E~03
6.5S0E~03
?.23E~-03
0.00E+00

1.30E-D3
3.35E-03
8.082E-04
2.24E~-02

o

L

<

v

WAVELENGTH

cornea index (nc)

aqueous index (na)

I0L index C(nld
vitroous

Power
Pouwer
Power
Pouwer
Pouwer
Pouwer
Power

of
of
of
of
of
of
of

index C(nv)

ant. cornea (01>
post. cornea (025
cornea (Fc)

ant. I0L <03
post. I0L (D<)
I0L CFL3

the eye (Fe)d

Cte/nc % D1/Fed
Ctac/nad
C(Fe/Fa)

Solution 1

Ctl/nl »x D3/F1>
Solution 2 -

CCR-tc-tac~-t1l/nv)
. Solution 3

% [

Solution 1+2+3
1/Solution 1+42+3

F 4
= R(lamdad-

Hbo&o ~ Fe

—

NORMALIZED AT S589.6 NM
NORMALIZED AT 'S80 NM

RAUEDUS
1.3221
?.0096

130

mm
8.5800
6.5000
?.2300
0.0000

1.3000
3.3500
0.8820
22.4200

<gd
<36

+ 1.38%2
1.3450
1.5010
1.3436

«<4.9C06"

-6.16884
38.9729
21.573?

0.0000
21.5737
57.8555

0.801081
0.002451

¢ 0.673625

0.002406
0. 000588

0.012569

0.015%63
64.2563
6.4008

ALY

-Q. 7844

' -0.9934

83

VITREOUS
1.3208
6.9806

130

m
0. 00858 °
0. 00650
0.00723
0.00000
LY

0.00130
0.00335%
0.000882
0.022492

4.5
486

1.3818
1.3418
1.4970
1.3404

44,5014
-6. 1596
38.5996
'21.4683

a.00a0
21.4683
57.4079

0.001085

~ 0.002497

0.672375
0.002408

0.000589
0.012599

0.01%596
64.117%
6.7096

- =0.4756

~0.6845




ar

(e
S4ae

1.3788
1.3389
1.4930
1.3376

«4,1515
38.27249
21.3076

0.000a0
21.3076
S6.9548

‘0.001088

0. 002502
0.671979
0.002412

0.000591

0.012626

.0.015629

63.9847
?.0299

-0.15%53

~0.3643

(dop]
50

1.3771
11,3374
1.4310
1.3360

«3.9549
~6.1202

38.0886 .

21.2515
0:0000
21.2515
S6.7306
0.0010689
0. 002505
0.671395
0.002418

0.000592 ¢
0.0:12641

0.015646
63.9158
?.1852

0. 0000
-0.2090

(4 op)
656

1.3751
1.3254
1.4890
1.3341,

43.7166
~6.1030
37.8658
21,2422
0.0000
21.2422
S6.5110

0.001091
0. 002509

. Q.670061 .
0.0024912

0. 000592

0.012659

0.015664
63.8420
7.3310

.

D. 1458
-0.0632

300

_ 1.404s
¥ 3.3633
1.5240
1.3619

47.1580
-6.3512
«41.0840
22.2223

0.00GCo
22,2223
60.4318

0.001062
0.002457
0.679841
0.002393

0.000579

0.012401

0.018372
63.0527

4.86209

a

-2.5643
-2.7733

320

1.4000
1.3590
1.5190
1.3575

46. 6229

«<0.S836
22. 1310

0. 0000
22. 1310
59. 8767

0.001067
20. 002465

0.677786 .

0.0023%949
0.000s81

0.0124450

0,01541S

64.8736

4. 9369

-2.1883
-2.2973

s

4

84

¥ .

340,

;
1.3963
1.3585
1.5150

1.3540 -

46. 1898
-6.2814
'40. 1 7685
22.0638

0. 0000
22. 0638
9. 4331

0.001070

0.002471
0. 676029
0.0023384

0.ao0582°

L

0.012472
5

D.015449

64. 7299
5, 2968

-1.8884
-2.0974

.

‘




0

360

1.3932
. 1.3526
1.5110
1.3512

<5.8319
-6.2556
39.8438
21.9120

0.0000
21.9120
Se.s8l4

0.001073
0. 0024977
0.675523
0.002398

-~ 0. 000584
W 0.012499

0.015481
64.5958

S5.6144

.o . —1.5708
, -1.7798

e |

380

1.3507
1.3S01
1.5070
1.3487

<5,5313
-6. g
‘9.5

21.695Y

0.0000
21.6959
58.5233

0.001076
0.002481
0.676017
0.002405

0. 000585

o.o12521

D.015511
64. 4688
'5,94S5

-1.2397
~1.4487

<00

1.3885
1.3481

' 1.5040

1.3467

45.2753
-6.2154
39.3233
21.5683

0.0600
21..5683
5871829

0.001078

0.002485

0.675856

0.002408

0.00Cs8s
0.012541

0.01553S

64.3697

6.1868

-0.9985
-1.2075

®

|20

1.3866
1.3463
1.5010
1.34499

«5.0545
~6.1995
3%.1169
21.4010

0.0000,

21.4010
57.8387

0.001080
C. 002488
0.676310
0.002413

0.000588

0.012557

0:0155S8 |

‘64,2749
6.4362

- ~0:74390
~0. 9580

S

440

1.35849
1.39447
1.4990
1.3433

44.8623
~6.1857
38.9371
21.2400

G.0000
21.3400
S°.6140

0.001082
0.002491
0.678827
0.002415

0.000588
0.012572

0.01357S
64.2062
6.5922

~0.5930
~0.8020
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