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ABSTRACT

T h e  e f f e c t s  o f  c h a n g e s  in t h e  o p t i c a l  d e s i g n  of 

s i m u l t a n e o u s - v i s i o n  b i f o c a l  c o n t a c t  l e n s e s  (BCL) u p o n  
o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  w e r e  i n v e s t i g a t e d .  In 
t h i s  c o n t e x t ,  t h e  e f f e c t s  o f  a g e  u p o n  c o n t a c t  l e n s  w e a r  

a n d  t h e o r e t i c a l  a s p e c t s  o f  B C L  a n d  p r e v i o u s  s t u d i e s  of 
B C L  w e r e  r e v i e w e d .

T h e  s u r f a c e  p r o f i l e  o f  b o t h  r i g i d  a n d  s o f t  

d i f f r a c t i v e  B C L  w a s  i n v e s t i g a t e d  w i t h  a n  i n t e r f e r o m e t r i c  
t e c h n i q u e  ( N o m a r s k i ) .

T h e  o p t i c a l  p e r f o r m a n c e  ( M o d u l a t i o n  T r a n s f e r  
F u n c t i o n )  w a s  m e a s u r e d  w i t h  a s o l i d  s t a t e  E R O S .

I n  p r e l i m i n a r y  s t u d i e s  (a) a r a n g e  o f  p r o c e d u r e s  f o r  
t h e  m e a s u r e m e n t  o f  c o n t r a s t  s e n s i t i v i t y  (CS) w i t h  a 
m o n i t o r  d i s p l a y  w e r e  d e t e r m i n e d ;  a n d  (b) t h e  s e n s i t i v i t y  

o f  a m o n i t o r - b a s e d  m e a s u r e  o f  CS, t h e  V i s t e c h  c h a r t ,  t h e  

P e l l i - R o b s o n  c h a r t  t h e  M e l b o u r n e  E d g e  T e s t  a n d  l o w  a n d  
h i g h  c o n t r a s t  v i s u a l  a c u i t y  ( V A ) , a l l  m e a s u r e d  a t  t w o  

l u m i n a n c e  l e v e l s ,  t o  c h a n g e s  in t h e  d e s i g n  o f  r i g i d  
d i f f r a c t i v e  B C L  w a s  i n v e s t i g a t e d  t o  d e t e r m i n e  a n  o p t i m a l  
r o u t i n e  f o r  t h e  a s s e s s m e n t  o f  v i s u a l  p e r f o r m a n c e .

T h e  m a i n  s t u d y  u s e d  t h e  m o n i t o r - b a s e d  CS, t h e  P e l l i -  
R o b s o n  c h a r t  a n d  l o w  a n d  h i g h  c o n t r a s t  V A  t o  m e a s u r e  t h e  
v i s u a l  p e r f o r m a n c e  of s m a l l  g r o u p s  o f  s u b j e c t s  w e a r i n g  
t h e  BCL.

T h e  r e l i a b i l i t y  o f  t h e  o p t i c a l  a n d  t h e  v i s u a l  
p e r f o r m a n c e  m e a s u r e s  w a s  p o o r ,  a n d  r e l a t e d  t o  t h e  p o o r  
i m a g e  q u a l i t y  t y p i c a l  o f  BCL.

T h e  e f f e c t  o f  v a r i a t i o n s  in t h e  c e n t r a l  o p t i c  z o n e  
d i a m e t e r ,  p u p i l  size, d e c e n t r a t i o n  a n d  B C L  d e s i g n  

( c e n t r e - d i s t a n c e  o r  c e n t r e - n e a r )  o f  c o n c e n t r i c - d e s i g n  
r e f r a c t i v e  B C L  w e r e  i n v e s t i g a t e d .  T h e  c o m p l e x  
r e l a t i o n s h i p  b e t w e e n  t h e  m e a s u r e d  v a r i a b l e s  a n d  c h a n g e s  

w i t h  s p a t i a l  f r e q u e n c y  w i t h  r e f r a c t i v e  B C L  w e r e  
d e m o n s t r a t e d ,  l e a d i n g  t o  p r e d i c t i o n s  f o r  o p t i m a l  d e s i g n s .

T h e  e f f e c t  o f  c h a n g e s  in w a v e l e n g t h ,  p u p i l  size, 

d e c e n t r a t i o n ,  d i f f r a c t i v e  z o n e  j u n c t i o n  (DZJ) h e i g h t  a n d  

D Z J  s h a p e  o f  r i g i d  d i f f r a c t i v e  B C L  w e r e  i n v e s t i g a t e d .  
T h e  e f f e c t  o f  c h a n g e s  in t h e  m a n i p u l a t e d  v a r i a b l e s ,  t h e  

s u r f a c e  q u a l i t y  a n d  o t h e r  a s p e c t s  o f  m a n u f a c t u r e  of 
d i f f r a c t i v e  B C L  w e r e  e x a m i n e d ,  l e a d i n g  t o  s u g g e s t i o n s  f o r  
i m p r o v e m e n t s  in d e s i g n .

T h e  e f f e c t  o f  c h a n g e s  in D Z J  h e i g h t ,  D Z J  s h a p e  a n d  

m a n u f a c t u r e  t e c h n i q u e  ( l a t h e  o r  m o u l d )  o f  s o f t  
d i f f r a c t i v e  B C L  w e r e  i n v e s t i g a t e d .  I n  a d d i t i o n  a 
" r e v e r s e "  a d d  s o f t  d i f f r a c t i v e  B C L  w a s  i n v e s t i g a t e d .

T h e  i n t e r f e r o m e t r i c  m e a s u r e m e n t s  o f  t h e  d i f f r a c t i v e  
B C L  i n d i c a t e d  t h a t  s m a l l  v a r i a t i o n s  i n  t h e  p a r a m e t e r s  o f  

i n t e r e s t  a f f e c t  b o t h  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e .
C h a n g e s  in v i s u a l  p e r f o r m a n c e ,  g e n e r a l l y ,  w e r e  

m a t c h e d  b y  s i m i l a r  c h a n g e s  in o p t i c a l  p e r f o r m a n c e .  

M o d e l s  t o  d e s c r i b e  v i s u a l  p e r f o r m a n c e  b a s e d  u p o n  o p t i c a l  
p e r f o r m a n c e  m e a s u r e s  o f  t h e  s a m e  B C L  w e r e  d e m o n s t r a t e d .  

T h e  u t i l i t y  o f  t h e s e  e m p i r i c a l l y  d e r i v e d  e q u a t i o n s  i n  t h e  
d e v e l o p m e n t  o f  f u t u r e  B C L s  is d i s c u s s e d .
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Chapter 1 INTRODUCTION AND AIMS

I t  w a s  t h e  i n t e n t i o n  o f  t h i s  s t u d y  t o  i n v e s t i g a t e  t h e  

e f f e c t s  o f  v a r i a t i o n s  in t h e  d e s i g n  o f  v a r i o u s  

s i m u l t a n e o u s - v i s i o n  b i f o c a l  c o n t a c t  l e n s e s  (BCL) u p o n  

o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e .  A l t e r n a t i n g - v i s i o n  B C L  

w e r e  n o t  e x a m i n e d  in t h i s  s t u d y .  I n  t h e  f i r s t  c h a p t e r  

t h e  e f f e c t s  o f  c e r t a i n  a g e - r e l a t e d  c h a n g e s  u p o n  B C L  w e a r ;  

t h e o r e t i c a l  a s p e c t s  o f  B C L  a n d  p r e v i o u s  s t u d i e s  w i t h  BCL; 

o p t i c a l  p e r f o r m a n c e  m e a s u r e s ;  v i s u a l  p e r f o r m a n c e  

m e a s u r e s ;  a n d  f i n a l l y  t h e  a i m s  a n d  e x p e r i m e n t a l  d e s i g n  

a r e  d i s c u s s e d .  I n  t h e  s e c o n d  c h a p t e r  t w o  p r e l i m i n a r y  

s t u d i e s  w h i c h  w e r e  u s e d  t o  e s t a b l i s h  s u i t a b l e  m e t h o d s  o f  

v i s u a l  p e r f o r m a n c e  m e a s u r e m e n t  a r e  r e p o r t e d .  R i g i d  

c o n c e n t r i c - d e s i g n  r e f r a c t i v e  BCL, r i g i d  d i f f r a c t i v e  B C L  

a n d  s o f t  d i f f r a c t i v e  B C L  w e r e  t h e n  e x a m i n e d  i n  a s e r i e s  

o f  s t u d i e s  o f  t h e  i n f l u e n c e  o f  B C L  d e s i g n  v a r i a t i o n s  u p o n  

o p t i c a l  p e r f o r m a n c e  ( m o d u l a t i o n  t r a n s f e r  f u n c t i o n )  a n d  

v i s u a l  p e r f o r m a n c e  ( c o n t r a s t  s e n s i t i v i t y ,  P e l l i - R o b s o n  

c o n t r a s t  t h r e s h o l d s  a n d  l o w  a n d  h i g h  c o n t r a s t  v i s u a l  

a c u i t y ) . I n  a d d i t i o n ,  p h y s i c a l  ( i n t e r f e r o m e t r i c )

m e a s u r e m e n t s  o f  t h e  s u r f a c e  p r o f i l e  w e r e  m a d e .  T h e  

e x p e r i m e n t a l  m e t h o d s  a r e  d e t a i l e d  i n  t h e  t h i r d  c h a p t e r  

a n d  t h i s  is f o l l o w e d  b y  e x p e r i m e n t a l  r e s u l t s ,  d i s c u s s i o n  

a n d  c o n c l u s i o n s .

T h i s  s t u d y  w a s  t h e  f i r s t  l a r g e  s c a l e  i n v e s t i g a t i o n  o f  t h e  

o p t i c a l  p e r f o r m a n c e  a n d  v i s u a l  p e r f o r m a n c e  o f  t h e  s a m e
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INTRODUCTION

BCL; t h e  e f f e c t s  o f  p u p i l  siz e ,  c e n t r a l  o p t i c  z o n e  

d i a m e t e r  a n d  B C L  d é c e n t r a t i o n  u p o n  t h e  o p t i c a l  a n d  v i s u a l  

p e r f o r m a n c e  o f  r i g i d  c o n c e n t r i c - d e s i g n  r e f r a c t i v e  BCL; 

a c t u a l  m e a s u r e m e n t s  o f  t h e  d i f f r a c t i v e  s u r f a c e  o f  b o t h  

r i g i d  a n d  s o f t  d i f f r a c t i v e  BCL; t h e  e f f e c t  o f  c h a n g e s  in 

d i f f r a c t i v e  B C L  l e n s  d e s i g n  u p o n  b o t h  o p t i c a l  a n d  v i s u a l  

p e r f o r m a n c e ;  t h e  e f f e c t  o f  s u r f a c e  q u a l i t y  u p o n  o p t i c a l  

p e r f o r m a n c e  o f  r i g i d  d i f f r a c t i v e  B C L ;  a n d  t h e  f i r s t  

a t t e m p t  t o  p r e d i c t  v i s u a l  p e r f o r m a n c e  w i t h  B C L  f r o m  

o p t i c a l  p e r f o r m a n c e  m e a s u r e s .

1.1 Age and simultaneous-vision bifocal contact lens 

wear

I n  t h i s  s e c t i o n  s o m e  o f  t h e  c h a n g e s  in o c u l a r

c h a r a c t e r i s t i c s  a n d  v i s u a l  p e r f o r m a n c e  w h i c h  o c c u r  w i t h  

i n c r e a s i n g  a g e  a r e  d i s c u s s e d  w i t h  p a r t i c u l a r  r e f e r e n c e  t o  

s i m u l t a n e o u s - v i s i o n  B C L  ( s e c t i o n  1 . 2 . 1 ) .  S o m e  o f  t h e  

i n f o r m a t i o n  c o n t a i n e d  in t h i s  s e c t i o n  h a s  b e e n  g i v e n  in 

m o r e  d e t a i l  in e a r l i e r  r e v i e w s  b y  t h e  a u t h o r  (Woods, 

1 9 9 1 c ;  1992) a n d  t h e  r e a d e r  is r e f e r r e d  t o  t h e s e  a r t i c l e s  

f o r  m o r e  c o m p l e t e  r e f e r e n c e s  a n d  f u r t h e r  i n f o r m a t i o n

( i n c l u d e d  as Appendices 1 and 2) .

P o p u l a t i o n  d e m o g r a p h i c s  in a l l  t h e  w e s t e r n  n a t i o n s  

i n d i c a t e s  a t r e n d  t o w a r d s  a n  a g i n g  p o p u l a t i o n  ( O SAC 

R e p o r t ,  199 0 ;  P a p a s ,  19 9 1 ) .  I n  a d d i t i o n  m a n y  o f  t h e  

p a t i e n t s  f i t t e d  w i t h  c o n t a c t  l e n s e s  (CL) s i n c e  t h e i r
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i n t r o d u c t i o n  n o w  e x p e c t  a C L  c o r r e c t i o n  o f  t h e i r  

p r e s b y o p i c  v i s u a l  p r o b l e m .  I n t e r e s t  i n  B C L  h a s  i n c r e a s e d  

i n  i n d u s t r y ,  t h e  o p h t h a l m i c  p r o f e s s i o n s  a n d  a m o n g s t  t h e  

g e n e r a l  p u b l i c  a s  t h e y  h a v e  b e c o m e  a w a r e  o f  t h e  

p o s s i b i l i t y  t h r o u g h  t h e  o p t i c a l  a n d  t h e  g e n e r a l  m e d i a .

1.1.1 ANTERIOR EYE AND AGE

T h e r e  is a r e d u c t i o n  in t h e  v o l u m e  o f  t h e  o c u l a r  a d n e x a  

w i t h  age. C h a n g e s  t o  t h e  e y e l i d s  w i t h  a g e  i n c l u d e  a 

r e d u c t i o n  in t o n u s  o f  b o t h  u p p e r  a n d  l o w e r  e y e l i d s ,  

r e d u c e d  l o w e r  e y e l i d  m o v e m e n t  a n d  a r e d u c t i o n  in 

p a l p e b r a l  a p e r t u r e  d u e  t o  a l o w e r i n g  o f  b o t h  t h e  u p p e r  

a n d  l o w e r  e y e l i d s .  T h e s e  c h a n g e s  in t h e  o c u l a r  a d n e x a  

m a y  i n f l u e n c e  t h e  l o c a t i o n  o f  s i m u l t a n e o u s - v i s i o n  B C L  in 

r e l a t i o n  t o  t h e  p u p i l  a n d  v i s u a l  a x is.

W h i l s t  i n f o r m a t i o n  is c o n t r a d i c t o r y  t h e r e  a p p e a r s  t o  b e  a 

d e c r e a s e  in t e a r  p r o d u c t i o n  w i t h  a g e  a n d  a n  i n c r e a s e  in 

t e a r  r e t e n t i o n  a f t e r  t h e  f o u r t h  d e c a d e  d u e  p e r h a p s  t o  

c h a n g i n g  l i d  s h a p e  a n d  a r e d u c e d  f a c i l i t y  o f  p u n c t u m  

d r a i n a g e .  A s  a r e s u l t  t h e r e  is l i t t l e  c h a n g e  in t h e  t e a r  

v o l u m e  w i t h  age, t h o u g h  t e a r  c o n s t i t u e n t s  a n d  a c i d i t y  

a l t e r  w i t h  age. T h e  q u a l i t y  o f  t h e  t e a r s  a s  m e a s u r e d  b y  

t h e  s t a b i l i t y  o f  t h e  t e a r  f i l m  r e d u c e s  w i t h  age. T h e  

i n c i d e n c e  o f  d r y  e y e s  i n c r e a s e s  w i t h  a g e  t h o u g h  i t  is 

l e s s  f r e q u e n t l y  r e p o r t e d  b y  o l d e r  s u b j e c t s .  C o r n e a l  

c u r v a t u r e  v a r i e s  w i t h  a g e  a n d  m a y  a l t e r  d u r i n g  m e n o p a u s e .  

H e n c e  B C L  m a y  f i t  a n d  m o v e  d i f f e r e n t l y  a n d  t h e  p r e -
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c o n t a c t  l e n s  t e a r  f i l m  m a y  b e  o f  a l e s s e r  q u a l i t y  w h e n  

c o m p a r e d  t o  t h e  s a m e  C L  o n  y o u n g e r  w e a r e r s .

T h e  c o r n e a  t h i n s  w i t h  a g e  t h o u g h  c o r n e a l  t h i c k n e s s  m a y  

a l t e r  d u r i n g  m e n o p a u s e .  W i t h  a g e  c o r n e a l  t o u c h

s e n s i t i v i t y  d e c r e a s e s  a n d  c o r n e a l  f r a g i l i t y  i n c r e a s e s .  

O l d e r  e y e s  h e a l  m o r e  s l o w l y  f r o m  e x p e r i m e n t a l  i n s u l t .  

T h e  c o r n e a l  e p i t h e l i u m  o f  c a t s  s t r e s s e d  w i t h  C L  w e a r  

a p p e a r s  t o  l o s e  a d h e r e n c e  t o  t h e  b a s e m e n t  m e m b r a n e  

p o s s i b l y  d u e  t o  c h a n g e s  t o  B o w m a n ' s  l a y e r .  C l i n i c a l l y  

t h e r e  is a n  i n c r e a s e d  i n c i d e n c e  o f  k e r a t o - c o n j u n c t i v i t i s  

s i c c a  a n d  e p i t h e l i a l  c o m p r o m i s e  w i t h  a g e  e s p e c i a l l y  in 

t h e  l o w e r  c o r n e a .  H e n c e  C L  w e a r i n g  o l d e r  p a t i e n t s  a r e  

m o r e  l i k e l y  t o  s u f f e r  c o r n e a l  d a m a g e ,  y e t  a r e  l e s s  l i k e l y  

t o  b e  a w a r e  o f  it, a n d  h e n c e  a r e  a t  g r e a t e r  r i s k  o f  

a n t e r i o r  c o r n e a l  c o m p r o m i s e .  T h e r e  a r e  a g e - r e l a t e d  

c h a n g e s  in D e s c e m e t ' s  m e m b r a n e  a n d  t h e  c o r n e a l  

e n d o t h e l i u m  w h i l e  e n d o t h e l i a l  p u m p  f u n c t i o n  d e c r e a s e s  

w i t h  age. L o n g - t e r m  w e a r  o f  h a r d  C L  a n d  e x t e n d e d  w e a r  C L  

c a u s e s  e n d o t h e l i a l  c h a n g e s  o v e r  a n d  a b o v e  n o r m a l  a g e  

c h a n g e s .  H e n c e  c a r e  m u s t  s t i l l  b e  t a k e n  in f i t t i n g  o l d e r  

l o n g - t e r m  h a r d  o r  e x t e n d e d  w e a r  C L  p a t i e n t s ,  a n d  a c c o u n t  

t a k e n  o f  t h e  i n c r e a s e d  i n c i d e n c e  o f  e n d o t h e l i a l  p a t h o l o g y  

i n  o l d e r  p a t i e n t s .  M a n y  c o r n e a l  c h a r a c t e r i s t i c s  a l s o  

a l t e r  in d i a b e t e s  a n d  a f t e r  c a t a r a c t  s u r g e r y .

Summary

A g e - r e l a t e d  c h a n g e s  t o  t h e  o c u l a r  a d n e x a  a n d  t e a r  f i l m  

m a y  e f f e c t  t h e  l o c a t i o n ,  m o v e m e n t  a n d  o p t i c a l  p e r f o r m a n c e
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o f  BCL. T h e  c o r n e a l  c h a n g e s  d i s c u s s e d  m a y  r e d u c e  t h e  

s a f e t y  o f  f i t t i n g  C L  t o  o l d e r  p a t i e n t s .

1.1.2 PUPIL SIZE AND AGE

T h e  s i z e  o f  t h e  p u p i l  is d e p e n d e n t  u p o n  t h e  r e t i n a l  

i l l u m i n a n c e  a n d  l e v e l  o f  a d a p t a t i o n ,  a c c o m m o d a t i o n ,  t h e  

s t a t e  o f  t h e  e n t i r e  c e n t r a l  n e r v o u s  s y s t e m  (e.g. 

f a t i g u e )  , p s y c h i c  i n f l u e n c e s  s u c h  a s  f e a r  a n d  p a i n  (e.g. 

C L  i n d u c e d  c o r n e a l  i r r i t a t i o n )  a n d  age. P u p i l  s i z e  

^effected t h e  v i s u a l  p e r f o r m a n c e  w i t h  B C L  a s  d e m o n s t r a t e d  

in t h i s  s t u d y  ( s e c t i o n  4 . 3 . 3 ) .

Dark Adapted

T h e  a g e - r e l a t e d  c h a n g e s  in d a r k  a d a p t e d  p u p i l  s i z e  h a v e  

b e e n  t h o r o u g h l y  d e s c r i b e d .  S u m m a r i s i n g  t h e  l a r g e s t  s t u d y  

L o e w e n f e l d  (1979) s t a t e d  t h a t  " t h e  p u p i l s  b e c o m e  l a r g e r  

w i t h i n  t h e  f i r s t  d e c a d e  o f  life. D u r i n g  t h e  s e c o n d  

d e c a d e  t h e  c u r v e  r o u n d s  a g r a d u a l  p e a k ,  a n d  t h e n  a s t e a d y  

d e c l i n e  b e g i n s  a n d  c o n t i n u e s  o v e r  t h e  r e m a i n i n g  l i f e -

s p a n " .  Figure 1.1-1 s h o w s  t h e  c h a n g e  i n  p u p i l  s i z e  w i t h  a g e  

a s  f o u n d  in f o u r  s t u d i e s .  T h e r e  w a s  n o  d e p e n d e n c e  of 

d a r k  a d a p t e d  p u p i l  s i z e  u p o n  s e x  o r  i r i s  c o l o u r ,  o r  s k i n  

c o l o u r .

The light reflex

T h e  l i g h t  r e f l e x  w a s  m a i n t a i n e d  w i t h  age. F o r  a g i v e n  

p u p i l  siz e ,  t h e r e  w a s  a c o n s t a n t  p r o p o r t i o n a l  c h a n g e  w i t h  

l u m i n a n c e  i n d e p e n d e n t  o f  a g e  ( K u m n i c k ,  1 9 5 6 ;  L o e w e n f e l d ,
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Figure 1.1-1 : The relationship between dark adapted pupil diameter and age. A  
compilation from four studies (Birren et al, 1950; Kadlecova and Peleska, 1958; 
Loewenfeld, 1979; Seitz, 1957). The total number of subjects, length of time in the 
dark and mode of measurement varied between studies.
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Figure 1.1-2 The relationship between light adapted pupil diameter and age. A  

compilation of the light adapted pupil diameter as measured in the eight unrelated 
studies listed. N o  attempt has been made to compensate for luminance which varied 

from study to study. The luminance levels quoted were: Erickson and Robboy (1985) 

70 cd/m2; Owsley et al (1983) 103 cd/m2; Richards (1977) 34 cd/m2; Wright and 
Drasdo (1985) 6 cd/m2.



INTRODUCTION

1 9 7 9 ) .  T h i s  w a s  a l s o  t r u e  o f  t h e  n e a r  r e f l e x .  T h u s  t h e  

v a r i a t i o n  in p u p i l  s i z e  w i t h  c h a n g e s  i n  l u m i n a n c e  s h o u l d  

b e  p r e d i c t a b l e  f r o m  m e a s u r e m e n t  a t  a s i n g l e  l u m i n a n c e  

l e v e l .  F o r  t h e  f i v e  s u b j e c t s  r e p o r t e d  in t h i s  s t u d y  t h i s  

w a s  n o t  t h e  c a s e  ( s e c t i o n  4. 2 . 3 )

Light Adapted

M a n y  s t u d i e s  r e p o r t  t h e  l i g h t  a d a p t e d  p u p i l  s i z e  o f  t h e i r  

s u b j e c t s ,  b u t  w i t h  l i t t l e  o r  n o  r e f e r e n c e  t o  t h e  l i g h t i n g  

c o n d i t i o n s ,  p s y c h i c  s t a t e  o r  a g e  o f  t h e  s u b j e c t s .  T o  

d a t e  t h e r e  h a v e  b e e n  o n l y  l i m i t e d  i n v e s t i g a t i o n s  o f  t h e  

r e l a t i o n s h i p  b e t w e e n  a g e  a n d  l i g h t  a d a p t e d  p u p i l  s i z e  

u n d e r  v a r i e d  s t a b l e  l u m i n a n c e  c o n d i t i o n s .

Figure 1.1-2 is a c o m p i l a t i o n  o f  t h e  r e s u l t s  o f  e i g h t  s t u d i e s  

w h i c h  r e p o r t  l i g h t  a d a p t e d  p u p i l  s i z e  a n d  s u b j e c t  age. 

T h e  l u m i n a n c e  in t h e  q u o t e d  s t u d i e s  v a r i e d  f r o m  6 t o  103 

c d / m 2. A s  c a n  b e  s e e n  in Figure 1.1-2 t h e  r e s u l t s  w e r e  q u i t e  

v a r i a b l e ,  a n d  a p p e a r e d  n o t  t o  b e  r e l a t e d  t o  t h e  l u m i n a n c e  

l e v e l s  q u o t e d .  T h i s  w a s  p r o b a b l y  d u e  t o  t h e  p a r t i c u l a r  

e x p e r i m e n t a l  c o n d i t i o n s  a n d  m e t h o d  o f  m e a s u r e m e n t ,  r a t h e r  

t h a n  t o  o t h e r  f a c t o r s .  I n  g e n e r a l ,  u n d e r  l i g h t  a d a p t e d  

c o n d i t i o n s ,  t h e  r e d u c e d  p u p i l  s i z e  w i t h  a g e  r e m a i n e d .  

T h o u g h  n o t  i n t e n d e d  a s  p r e d i c t i v e ,  Figure 1.1-2 i n d i c a t e s  

t h a t  t h e  a v e r a g e  l i g h t - a d a p t e d  p u p i l  s i z e  w a s  

a p p r o x i m a t e l y  5 m m  a t  a g e  20 y e a r s  r e d u c e d  t o  3 m m  a t  a g e  

80 y e a r s  f o r  c o m m o n  l e v e l s  o f  l u m i n a n c e .
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Summary

P u p i l  s i z e  r e d u c e d  w i t h  age, t h o u g h  t h e  e f f e c t s  o f  l i g h t  

a d a p t a t i o n  h a v e  n o t  b e e n  w e l l  d o c u m e n t e d .  V i s u a l  

p e r f o r m a n c e  w i t h  B C L  v a r i e d  w i t h  p u p i l  siz e .

Figure 1.1-3 Spectral transmission change with age. The relative 

transmission of the entire ocular media is shown as a function of wavelength. 
Transmission of the ocular media of a 63 year-old observer was compared to 
a 21 year-old observer, such that the transmission of the younger observer 

was considered to be unity and that of the older observer relatively reduced, 
(redrawn from Ruddock, 1965)

1.1.3 SPECTRAL TRANSMISSION AND AGE

T h e r e  is a w a v e l e n g t h - s e l e c t i v e  t r a n s m i s s i o n  o f  l i g h t  

t h r o u g h  t h e  o c u l a r  m e d i a  o f  t h e  h u m a n  e y e  c a u s e d  b y  

r e f l e c t i o n ,  a b s o r p t i o n  a n d  s c a t t e r i n g .  T h e  r e l a t i v e  

s p e c t r a l  t r a n s m i s s i o n  o f  a n  o l d e r  o b s e r v e r  a s  c o m p a r e d  t o  

a y o u n g e r  o b s e r v e r  is s h o w n  in Figure 1 .1-3. T o t a l  r e t i n a l  

i l l u m i n a t i o n  b y  a g e  s i x t y  w a s  r e d u c e d  t o  a p p r o x i m a t e l y  

o n e - t h i r d  t h a t  a t  a g e  t w e n t y  y e a r s  t h r o u g h  a c o m b i n a t i o n  

o f  r e d u c e d  p u p i l  s i z e  a n d  i n c r e a s e d  a t t e n u a t i o n  b y  t h e  

o c u l a r  m e d i a .  T h e  m a j o r  a g e - r e l a t e d  c h a n g e s  i n  s p e c t r a l  

t r a n s m i s s i o n  h a v e  b e e n  a t t r i b u t e d  t o  t h e  c r y s t a l l i n e
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l e ns, t h o u g h  o t h e r  t i s s u e s  o f  t h e  eye, i n c l u d i n g  t h e  

c o r n e a  a n d  v i t r e o u s ,  a l s o  s h o w e d  c h a n g e s  i n  s p e c t r a l  

t r a n s m i t t a n c e  w i t h  age. (rev i e w :  W o o d s ,  1 9 9 1 c ) .

Diffractive bifocal contact lenses and spectral 

transmission

T h e  a g e - r e l a t e d  w a v e l e n g t h  s e l e c t i v e  r e d u c t i o n  in 

t r a n s m i s s i o n  m a y  h a v e  s o m e  u n e x p e c t e d  r e s u l t s .  

D i f f r a c t i v e  B C L  a r e  w a v e l e n g t h  d e p e n d e n t ,  w i t h  t h e  

d i s t a n c e  i m a g e  b e i n g  m o r e  " b l u e "  a n d  t h e  n e a r  i m a g e  m o r e  

" r e d "  ( s e c t i o n  1.2.3) as s h o w n  in Figure 1 .1-4.

Figure 1.1-4 Spectral energy of diffractive bifocal contact lens foci. Due to 
the chosen design characteristics, have two major foci (usually zero and first 
order foci) each containing approximately forty percent of the incident light. 
When the relative energy is calculated for these two foci the split of the 
incident light varies with wavelength, with the distance image (zero order 
focus) being red (long wavelength) dominant and the near image (first order 
focus) being blue (short wavelength) dominant.

A s  t h e  o l d e r  e y e  is l e s s  a b l e  t o  u t i l i s e  s h o r t  (blue) 

w a v e l e n g t h s  t h e r e  is a p o s s i b i l i t y  t h a t  s o m e  w e a r e r s  m a y  

f i n d  t h e  d i s t a n c e  i m a g e  i n a d e q u a t e .  T h i s  m a y  b e  f u r t h e r  

e n h a n c e d  b y  t h e  s p e c t r a l  c o n t e n t  o f  t h e  i l l u m i n a t i n g  

s o u r c e .  A  d i f f r a c t i v e  l e n s  d e s i g n e d  t o  g i v e  a 50 : 50
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r a t i o  b e t w e e n  d i s t a n c e  a n d  n e a r  i m a g e s ,  g i v e n  t h e  h u m a n  

s p e c t r a l  s e n s i t i v i t y  (VA, a s  s h o w n  i n  Figure 1.1-5) , in

d a y l i g h t  (e.g. D 6 5  in Figure 1.1-5) w i l l  g i v e  a d i f f e r e n t

r a t i o  u n d e r  a d i f f e r e n t  i l l u m i n a n t .  F o r  e x a m p l e ,  b y  t h e  

a u t h o r ' s  c a l c u l a t i o n ,  w h e n  u s e d  w i t h  t u n g s t e n  f i l a m e n t  

l a m p s  (e.g. S t a n d a r d  I l l u m i n a n t  A) w h i c h  p r o d u c e  m o s t  of 

t h e i r  e n e r g y  in t h e  l o n g e r  (red) w a v e l e n g t h s  a s  s h o w n  in 

Figure 1.1-5, t h e  e n e r g y  in t h e  t w o  i m a g e s  w o u l d  a l t e r  f r o m  

50 : 50 t o  47 : 53. T h i s  m a y  t h u s  f u r t h e r  r e d u c e

d i s t a n c e  v i s i o n  w i t h  d i f f r a c t i v e  B C L  u n d e r  c e r t a i n

c o n d i t i o n s .  F o r  e x a m p l e ,  t h e  c u r r e n t  d e s i g n  P i l k i n g t o n  

D i f f r a x  r i g i d  d i f f r a c t i v e  B C L  h a s  b e e n  r e p o r t e d  t o  b e

d i s t a n c e  v i s i o n  b i a s e d ,  w h i l s t  t h e  A l l e r g a n  E c h e l o n  s o f t  

d i f f r a c t i v e  B C L  h a s  b e e n  r e p o r t e d  t o  b e  a l m o s t  e q u a l l y  

b a l a n c e d  b e t w e e n  d i s t a n c e  a n d  n e a r  v i s i o n .  T h i s  b a l a n c e  

c a n  b e  m o d i f i e d  w i t h  B C L  d e s i g n  ( s e c t i o n  1 . 2 . 3 ) .

wavelength (nm)

Relative

Intensity

Figure 1.1-5 The human relative spectral sensitivity (VA) (solid) and the 

relative spectral content of two standard light sources: D65 (a daylight 
equivalent) (dotted) and Standard Illuminant A  (tungsten) (dashed) are shown.
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Summary

T h e r e  is a w a v e l e n g t h  d e p e n d e n t  r e d u c t i o n  i n  s p e c t r a l  

t r a n s m i s s i o n  w i t h  a g e  w h i c h  m a y  i n f l u e n c e  v i s u a l  

p e r f o r m a n c e  w i t h  d i f f r a c t i v e  BCL.

1.1.4 CHROMATIC ABERRATION AND AGE

T h e  l o n g i t u d i n a l  c h r o m a t i c  a b e r r a t i o n  (LCA) o f  t h e  h u m a n  

e y e  a v e r a g e s  a p p r o x i m a t e l y  1 . 5 5  D i o p t r e s ,  f o r  w a v e l e n g t h s  

b e t w e e n  45 0  a n d  650 n m  ( B e d f o r d  a n d  W y s z e c k i ,  1 9 5 7 ) .  

T h o u g h  t h e r e  h a v e  b e e n  c o n f l i c t i n g  r e p o r t s ,  t h e  w e i g h t  of 

e v i d e n c e  s u g g e s t s  t h a t  t h e r e  a r e  n o  a g e - r e l a t e d  c h a n g e s  

i n  L C A  (review: W o o d s ,  1 9 9 1 c ) .

A s  d i s c u s s e d  in s e c t i o n  1.2 . 3 ,  t h e  n e a r  f o c a l  l e n g t h  of 

c u r r e n t  d i f f r a c t i v e  B C L  is i n v e r s e l y  p r o p o r t i o n a l  t o  

w a v e l e n g t h ,  t h e  r e v e r s e  o f  t h e  c a s e  w i t h  r e f r a c t i v e  L C A  

s u c h  a s  w i t h  s p e c t a c l e  l e n s e s  a n d  in t h e  h u m a n  eye. 

T h e o r e t i c a l  p r e d i c t i o n s  s u g g e s t  t h a t  t h e  L C A  o f  t h e  n e a r  

( f i r s t  or d e r )  f o c u s  o f  a d i f f r a c t i v e  B C L  w o u l d  r e d u c e  t h e  

i n h e r e n t  L C A  o f  t h e  h u m a n  e y e  ( C h a r m a n ,  1 9 8 6 ;  F r e e m a n ,  

1 9 8 4 ) .  T h e  n o r m a l  h u m a n  o c u l a r  L C A  ( b e t w e e n  4 5 0  a n d  650 

nm) f o r  n e a r  o b j e c t s  w o u l d  t h e n  b e  r e d u c e d  f r o m

a p p r o x i m a t e l y  1 . 5  t o  0.8 D i o p t r e s .

1.1.5 VISUAL ACUITY AND AGE

V i s u a l  A c u i t y  (VA) h a s  t y p i c a l l y  b e e n  d e f i n e d  a s  t h e  

a b i l i t y  t o  i d e n t i f y  s m a l l  o b j e c t s  o f  h i g h  c o n t r a s t  a t
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r e l a t i v e l y  h i g h  l u m i n a n c e  l e v e l s .  A s  s u c h ,  V A  is 

c o n s i d e r e d  a g o o d  m e a s u r e  o f  fo c u s .  V A  r e a c h e s  a p e a k  in 

t h e  t h i r d  d e c a d e  o f  life, a f t e r  w h i c h  t h e r e  is a g r a d u a l  

d e c l i n e .  T h e r e  is s o m e  v a r i a b i l i t y  i n  t h e  p u b l i s h e d  

d a t a ,  m u c h  o f  w h i c h  c a n  b e  e x p l a i n e d  t h r o u g h  d i f f e r e n c e s  

i n  e x p e r i m e n t a l  t e c h n i q u e  a n d  s u b j e c t  s e l e c t i o n  c r i t e r i a .  

Figure 1.1-6 s h o w s  r e s u l t s  f r o m  a n u m b e r  o f  p u b l i s h e d  s t u d i e s  

r e v i e w e d  b y  P i t t s  (1982a, b) . T h e  r e d u c t i o n  i n  h i g h  

c o n t r a s t  V A  is f o u n d  t o  b e  m o s t  p r o n o u n c e d  a f t e r  t h e  

f i f t h  d e c a d e .

Visual 

Acuity 
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*  *  *  *

* ° *  K  ¥ *  a  ,

+  +  f  X
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Figure 1.1-6 A  compilation of visual acuity changes with age from eight 

unrelated studies. Visual acuity was reported as the best corrected in either 
eye which is given in -logMAR units (0 = 6/6, -1 = 6/60). N o  attempt has 

been made to compensate for variances in chart type, luminance levels or 
other factors, (redrawn from Pitts, 1982b)

Luminance

R e d u c e d  l u m i n a n c e  r e d u c e s  V A  ( C a m p b e l l  a n d  G r e e n ,  1 9 6 5 a ) , 

a n d  a c c e n t u a t e s  a g e - r e l a t e d  d i f f e r e n c e s  i n  V A  ( R i c h a r d s ,  

1 9 7 7 ) .  S i m i l a r  r e s u l t s  h a v e  b e e n  d e m o n s t r a t e d  w i t h  

g r a t i n g  a c u i t y  a n d  i n t e r f e r e n c e  f r i n g e s  ( V o l a  e t  al,
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1 9 8 3 ) .  I n c r e a s e d  t a r g e t  l u m i n a n c e  g r e a t l y  i m p r o v e s  t h e  

V A  o f  o l d e r  s u b j e c t s ,  b u t  n o t  t o  t h a t  o f  y o u n g e r  s u b j e c t s  

( R i c h a r d s ,  1977, B l a c k w e l l  a n d  B l a c k w e l l ,  1 9 7 1 ) .  

S i m i l a r l y ,  t h e  a g e - r e l a t e d  r e d u c t i o n  i n  V A  c o u l d  n o t  b e  

s i m u l a t e d  w i t h  t h e  u s e  o f  f i l t e r s  (Weale, 1961) . H e n c e  

t h e  n e e d  f o r  i m p r o v e d  l i g h t i n g  f o r  f i n e  o r  d e t a i l e d  

t a s k s .

E x p e r i m e n t a l  s t u d i e s  h a v e  s u g g e s t e d  t h a t  t h e  s e n s i t i v i t y  

o f  V A  t e s t s  c a n  b e  i m p r o v e d  w h e n  p e r f o r m e d  u n d e r  l o w  

l u m i n a n c e  c o n d i t i o n s  ( A d a m s  e t  al, 1 9 8 8 ;  G u i l l o n  e t  al, 

1 9 8 8 a ,  b, 1 9 9 0 ) .  T h e  V A  o f  o l d e r  s u b j e c t s  w i l l  r e d u c e  

s i g n i f i c a n t l y  m o r e  t h a n  t h e  V A  o f  y o u n g e r  s u b j e c t s  w h e n  

l u m i n a n c e  is r e d u c e d ,  b u t  t h e  p r e l i m i n a r y  s t u d y  r e p o r t e d  

i n  s e c t i o n  2 . 3  d i d  n o t  f i n d  i n c r e a s e d  s i g n i f i c a n c e  w h e n  

d e t e r m i n i n g  t h e  e f f e c t  o f  c h a n g e s  i n  d i f f r a c t i v e  B C L  

d e s i g n .  D e s p i t e  t h i s  r e s u l t ,  w h e n  f i t t i n g  BCL, V A  u n d e r  

l o w  l u m i n a n c e  m a y  d e t e r m i n e  t h o s e  p a t i e n t s  l e s s  l i k e l y  t o  

s u c c e e d  w i t h  BCL.

Contrast

W h i l s t  t h e r e  h a s  b e e n  m u c h  i n t e r e s t  i n  c o n t r a s t  

s e n s i t i v i t y  t h e r e  h a s  b e e n  l i m i t e d  w o r k  w i t h  V A  c h a r t s  

c o m p o s e d  o f  l e t t e r s  o f  r e d u c e d  c o n t r a s t .  V i s u a l  a c u i t y  

( A l l e n  a n d  V o s ,  1967, R i c h a r d s ,  1 9 7 7 ) ,  t h r e s h o l d  

d e t e c t i o n  ( B l a c k w e l l  a n d  B l a c k w e l l ,  1971) a n d  g r a t i n g  

a c u i t y  ( W o o d h o u s e ,  1975) r e d u c e d  w i t h  d e c r e a s i n g  t a r g e t  

c o n t r a s t .  E x p e r i m e n t a l  s t u d i e s  h a v e  l e d  t o  t h e  

r e c o m m e n d a t i o n  o f  t h e  u s e  o f  l o w  c o n t r a s t  V A  c h a r t s  w i t h
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a c o n t r a s t  o f  l e s s  t h a n  a b o u t  15% ( R e g a n  a n d  N e i m a ,  1 9 83; 

H o  a n d  B i l t o n ,  1 9 8 6 ;  G u i l l o n  e t  al, 1 9 8 8 b ;  A d a m s  e t  al,

1988) .

L o w  c o n t r a s t  V A  c h a r t s  w e r e  m o r e  s e n s i t i v e  t o  t h e  a g e -  

r e l a t e d  r e d u c t i o n  in V A  (review: W o o d s ,  1992) . In 

p a r t i c u l a r ,  R i c h a r d s  (1977) n o t e d  t h a t ,  w i t h  l u m i n a n c e s  

o f  g r e a t e r  t h a n  0.3 c d / m 2, t h e  a g e - r e l a t e d  r e d u c t i o n  in V A  

w a s  g r e a t e r  f o r  c o n t r a s t s  o f  l e s s  t h a n  34%. L o w  c o n t r a s t  

V A  c h a r t s  h a v e  b e e n  s h o w n  t o  b e  m o r e  s e n s i t i v e  t h a n  h i g h  

c o n t r a s t  V A  c h a r t s  t o  t h e  e f f e c t s  o f  s i m u l t a n e o u s - v i s i o n  

B C L  a n d  m o n o v i s i o n  u p o n  V A  ( B a c k  e t  al, 1986, 1 9 8 7 ;  P a p a s  

e t  al, 1988, 1 9 9 0 ) .  I t  h a s  b e e n  s u g g e s t e d  t h a t  p a t i e n t s  

w i t h  a r e d u c e d  l o w  c o n t r a s t  V A  m a y  b e  u n s u i t a b l e  f o r  t h i s  

f o r m  o f  c o r r e c t i o n  ( F r e e m a n  a n d  S t o n e ,  1987, P a p a s  e t  al, 

1 9 9 0 ) .

Pupil size

T h e o r e t i c a l  e v a l u a t i o n  o f  t h e  h u m a n  o c u l a r  m o d u l a t i o n  

t r a n s f e r  f u n c t i o n  (MTF) i n d i c a t e d  t h a t  t h e  o p t i m a l  p u p i l  

d i a m e t e r  w a s  b e t w e e n  2 a n d  3 mm, a n d  t h a t  h i g h e r  s p a t i a l  

f r e q u e n c y  t a r g e t s  w e r e  o n l y  s e v e r e l y  a t t e n u a t e d  f o r  p u p i l  

s i z e  b e l o w  2 m m  (van M e e t e r e n ,  1 9 7 4 ) .  F o r  y o u n g  s u b j e c t s  

a n d  p u p i l  s i z e s  a b o v e  2 mm, V A  (97% t o  1 1 %  c o n t r a s t )  

i n c r e a s e d  w i t h  i n c r e a s i n g  l u m i n a n c e  a n d  t h e  o p t i m a l  p u p i l  

d i a m e t e r  r e d u c e d  f r o m  a p p r o x i m a t e l y  4 m m  a t  10 c d / m 2 t o

2 . 5  m m  a t  1 0 0 0  c d / m 2 ( C a m p b e l l  a n d  G r e g o r y ,  1 9 60; 

W o o d h o u s e ,  1 9 7 5 ) .
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A n  a v e r a g e  ( l i g h t  a d a p t e d )  p u p i l  o f  a p p r o x i m a t e l y  3 m m  

w a s  f o u n d  a t  a b o u t  a g e  70 y e a r s ,  a n d  5 m m  a t  a g e  20 y e a r s  

(Figure 1.1-2) . T h u s ,  a t  h i g h e r  l i g h t  l e v e l s ,  t h e  o l d e r  

p u p i l  w a s  c l o s e r  t o  a n  o p t i m a l  l e v e l  t h a n  t h e  y o u n g e r  

p u p i l  (but v i s u a l  p e r f o r m a n c e  w a s  s t i l l  r e d u c e d ) . T h e  

r e v e r s e  w a s  t r u e  a t  l o w  l i g h t  l e v e l s .  T h i s  is

c o m p l i c a t e d  b y  a g e - r e l a t e d  c h a n g e s  in s p e c t r a l

t r a n s m i s s i o n  w h i c h  r e d u c e  r e t i n a l  i l l u m i n a n c e .

P u p i l  s i z e  i n f l u e n c e d  v i s u a l  p e r f o r m a n c e  w i t h  m o s t  BCL. 

T h e  c h o i c e  o f  a n  o p t i m a l  c e n t r a l  o p t i c  z o n e  d i a m e t e r  

(COZD) f o r  a c o n c e n t r i c - d e s i g n  B C L  is p u p i l  s i z e  

d e p e n d e n t  ( E r i c k s o n  a n d  R o b b o y ,  1985, J o n e s  a n d  L o w t h e r ,  

1 9 8 9 ;  Cox, 1986) a n d  c o m p l i c a t e d  b y  o n - e y e  d e c e n t r a t i o n  

a n d  l e n s  m o v e m e n t  (Woods, 19 9 1 a ,  b) . V i s u a l  p e r f o r m a n c e  

a n d  o p t i m a l  C O Z D  v a r i e d  w i t h  t h e  n a t u r a l  l u m i n a n c e  

r e l a t e d  c h a n g e s  in p u p i l  s i ze. T h e  r e l a t i v e l y  s m a l l  

(3.5 t o  4.2 mm) d i a m e t e r  o f  t h e  d i f f r a c t i v e  z o n e  of 

A l l e r g a n  E c h e l o n  s o f t  d i f f r a c t i v e  B C L  c o u l d  r e d u c e  n e a r  

V A  f o r  s o m e  p a t i e n t s  w i t h  l a r g e r  p u p i l s  a n d  u n d e r  l o w  

l u m i n a n c e  c o n d i t i o n s .  P a t i e n t s  w i t h  l a r g e r  p u p i l s  (>= 

6 mm) h a v e  b e e n  r e p o r t e d  t o  b e  l e s s  s u c c e s s f u l  w i t h  

E c h e l o n  B C L  ( C o u r t n e y  e t  al, 1 9 9 1 b ) .

Summary

W i t h  i n c r e a s i n g  a g e  V A  r e d u c e d .  T h i s  r e d u c t i o n  w a s  

g r e a t e r  f o r  l o w  c o n t r a s t  t a r g e t s  a n d  u n d e r  l o w  l u m i n a n c e  

c o n d i t i o n s .  N e u r a l  e f f e c t s  w e r e  s u g g e s t e d  t o  e x p l a i n
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t h e s e  c h a n g e s  w h i c h  c o u l d  n o t  b e  f u l l y  e x p l a i n e d  b y  a 

r e d u c t i o n  in r e t i n a l  i l l u m i n a n c e .

1.1.6 CONTRAST SENSITIVITY AND AGE

C o n t r a s t  s e n s i t i v i t y  (CS) is a m e a s u r e  o f  t h e  c o n t r a s t  

b e t w e e n  o b j e c t  a n d  s u r r o u n d  r e q u i r e d  f o r  d e t e c t i o n  o f  t h e  

o b j e c t .  T y p i c a l l y  b o t h  t h e  s p a t i a l  a n d  t e m p o r a l  

c h a r a c t e r i s t i c s  o f  t h e  o b j e c t  h a v e  b e e n  v a r i e d  t o  

i n v e s t i g a t e  C S . CS is c o n s i d e r e d  a m e a s u r e  o f  c e r t a i n  

f u n d a m e n t a l  a s p e c t s  o f  v i s i o n  w h i c h  c a n  b e  u s e d  t o  

c o n s t r u c t  a b r o a d e r  v i e w  o f  v i s u a l  a b i l i t y .

Spatial Contrast Sensitivity

S p a t i a l  CS (the a b i l i t y  t o  s e e  f a i n t  s t r i p e s  o f  v a r y i n g  

w i d t h )  d e c l i n e s  w i t h  a g e  f o r  i n t e r m e d i a t e  a n d  h i g h  

s p a t i a l  f r e q u e n c i e s  (i.e. a b o v e  3 t o  5 c . p . d . )  b u t  w a s  

r e t a i n e d  o r  o n l y  s l i g h t l y  r e d u c e d  f o r  l o w  s p a t i a l  

f r e q u e n c i e s  (rev i e w :  W o o d s ,  1992) (e.g. Figure l . l -7 a ) . T h i s

h a s  b e e n  f o u n d  o v e r  a w i d e  r a n g e  o f  t e s t  l u m i n a n c e s  f r o m  

2 c d / m 2 ( M c G r a t h  a n d  M o r r i s o n ,  1981) t o  3 0 0  c d / m 2 (Ro s s  e t  

al, 19 8 5 ) .  P e a k  CS s h i f t e d  t o  a l o w e r  s p a t i a l  f r e q u e n c y  

w i t h  i n c r e a s i n g  age. S u p r a - t h r e s h o l d  C S  m a y  n o t  s h o w  a n  

a g e - r e l a t e d  r e d u c t i o n  ( B e a r d  e t  al, 1 9 9 0 ;  T u l u n a y - K e e s e y  

e t  al, 1988), t h o u g h  t h i s  r e q u i r e s  f u r t h e r  e x a m i n a t i o n .

I n t e r f e r o m e t r i c  t e c h n i q u e s  o f  CS m e a s u r e m e n t ,  w h i c h  

t h e o r e t i c a l l y  w e r e  n o t  e f f e c t e d  b y  t h e  o p t i c a l  q u a l i t y  o f  

t h e  eye, d e m o n s t r a t e d  a g e - r e l a t e d  r e d u c t i o n s  in
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(a) monitor based contrast sensitivity

Spatial Frequency (c.p.d.)

(b) interferometric contrast sensitivity

Figure 1.1-7 Contrast Sensitivity (CS) and age. The CS of 16 old (72 ± 4.3 years) 
and 16 young (21.5 ± 2.7 years) subjects measured with (a) a monitor-based 
computer system and (b) a modified Rodenstock retinometer. The latter technique 
theoretically bypasses the effects of the optical media and assesses the function of the 
retinal and neural systems. The former assesses the complete visual system with a 
conventional technique. The older group display significantly lower CS with both 
tests implying that most of the loss is retinal and neural, with optical factors having 
only a slight effect at the highest spatial frequency (16.5 c.p.d.) (redrawn from 
Elliott, 1987)
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s e n s i t i v i t y  ( M o r r i s o n  a n d  M c G r a t h ,  1 9 8 5 ;  E l l i o t t ,  19 8 7 ) .  

A s  s h o w n  in Figure 1.1 -7b , o p t i c a l  f a c t o r s  o n l y  h a v e  a n  

i n f l u e n c e  o n  CS a t  h i g h e r  s p a t i a l  f r e q u e n c i e s  (>11 

c . p . d . ) .  T h e r e  h a v e  b e e n  s o m e  d o u b t s  t h a t  s u c h  

i n t e r f e r o m e t r i c  t e c h n i q u e s  a r e  e n t i r e l y  f r e e  o f  t h e  

e f f e c t s  o f  t h e  o c u l a r  m e d i a  a s  t h e s e  p r o c e d u r e s  h a v e  b e e n  

s h o w n  t o  b e  p o o r  p r e d i c t o r s  o f  v i s u a l  p e r f o r m a n c e  (e.g. 

T h o r p e  D a v i s  e t  al, 1991).

L u m i n a n c e  a n d  s p a t i a l  c o n t r a s t  s e n s i t i v i t y  

W i t h  r e d u c i n g  l u m i n a n c e ,  CS r e d u c e d  a n d  t h e  p e a k  

s e n s i t i v i t y  s h i f t e d  t o  a l o w e r  s p a t i a l  f r e q u e n c y  (van N e s  

a n d  B o u m a n ,  19 6 7 ) .  T h i s  s i m u l a t e d  t h e  a g e - r e l a t e d

r e d u c t i o n  in CS w h i c h  h a s  b e e n  d e m o n s t r a t e d  a c r o s s  a 

l a r g e  r a n g e  o f  l u m i n a n c e s .  T h e  a g e - r e l a t e d  d i f f e r e n c e  in 

CS w a s  m o s t  p r o n o u n c e d  a t  l o w e r  l u m i n a n c e  l e v e l s .  

B l a c k w e l l  a n d  B l a c k w e l l  (1971) c a l c u l a t e d  t h e  i n c r e a s e  in 

c o n t r a s t  r e q u i r e d  f o r  d e t e c t i o n  w i t h  l u m i n a n c e  o f  0 . 0 0 3  

t o  1 7 1 0  c d / m 2 (Figure 1.1-8) . T h e s e  " c o n t r a s t  m u l t i p l i e r s "  

w e r e  f o u n d  t o  p r e d i c t  a g e - r e l a t e d  r e d u c t i o n s  i n  l o w  

c o n t r a s t  V A  ( A d a m s  e t  al, 1988).

P u p i l  s i z e  a n d  s p a t i a l  c o n t r a s t  s e n s i t i v i t y  

S e n i l e  m i o s i s  i m p r o v e d  CS, b u t  w a s  n o t  s u f f i c i e n t  t o  

c o u n t e r  o t h e r  c h a n g e s  in t h e  v i s u a l  s y s t e m .  A t  h i g h e r  

l u m i n a n c e  l e v e l s  a r e d u c t i o n  in p u p i l  s i z e  h a s  t h e  e f f e c t  

o f  i m p r o v i n g  CS, a n d  s h i f t i n g  t h e  p e a k  C S  t o  a s l i g h t l y  

h i g h e r  s p a t i a l  f r e q u e n c y  ( C a m p b e l l  a n d  G r e e n ,  1965a) 

w h i l e  t h e  r e v e r s e  o c c u r s  w i t h  i n c r e a s i n g  a g e  a s  CS
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P e a k  S p a t i a l  C o n t r a s t  S e n s i t i v i t y  a n d  E d g e  D e t e c t i o n  

T h e  c o n t r a s t  b e t w e e n  t w o  h a l v e s  o f  a t a r g e t  d i v i d e d  b y  a 

s h a r p  s t r a i g h t  b o r d e r  r e q u i r e d  f o r  d e t e c t i o n  is k n o w n  as 

t h e  e d g e  d e t e c t i o n  t h r e s h o l d .  I t  h a s  b e e n  s u g g e s t e d  t h a t  

e d g e  d e t e c t i o n  is m e d i a t e d  b y  t h e  c h a n n e l  w i t h  p e a k  CS 

( l o w e s t  t h r e s h o l d ) . E d g e  d e t e c t i o n  c o r r e l a t e d  w i t h  p e a k  

s p a t i a l  CS (How e l l ,  1 9 78; G r e e v e s  e t  al, 1987) a n d  

c o r r e l a t e d  w i t h  l o w  v i s i o n  p e d e s t r i a n  m o b i l i t y  

( C u n n i n g h a m  e t  al, 19 8 0 ) .  E d g e  d e t e c t i o n ,  w i t h  t h e  

M e l b o u r n e  E d g e  T e s t  ( s e c t i o n  1 . 4 . 7 ) ,  m a y  d e c l i n e  w i t h  a g e  

( V e r b a k e n  a n d  J o h n s t o n ,  198 6 ;  G r e y  a n d  Yap, 1 9 8 7 ) .  A  

c h a n g e  w o u l d  b e  e x p e c t e d  t o  b e  c o n s i s t e n t  w i t h  t h e  

r e d u c t i o n  in p e a k  s p a t i a l  CS w i t h  age.

T h e  P e l l i - R o b s o n  c o n t r a s t  t h r e s h o l d  c h a r t  (PRC) m e a s u r e s  

t h e  d e t e c t i o n  o f  l a r g e  ( a p p r o x i m a t e l y  3 c . p . d .  a t  3 

m e t r e s )  l e t t e r s  o f  r e d u c i n g  c o n t r a s t  ( s e c t i o n  1 . 4 . 6 ) .  

T h i s  is e x p e c t e d  t o  b e  a m e a s u r e  o f  (near) p e a k  C S . A n  

a g e - r e l a t e d  d e c r e a s e  in P R C  d e t e c t i o n  h a s  b e e n  

d e m o n s t r a t e d  ( E l l i o t t  e t  al, 1 9 9 0 a ;  W e i s s g o l d  e t  al, 

1 9 9 0 ;  T a u b  a n d  S t u r r ,  1991) w h i c h  w a s  g r e a t e r  a t  a 

r e d u c e d  l u m i n a n c e  l e v e l  ( T a u b  a n d  S t u r r ,  1991) .

Temporal Contrast Sensitivity

T e m p o r a l  CS (the a b i l i t y  t o  s e e  a o b j e c t  a t  d i f f e r e n t  

r a t e s  o f  f l i c k e r )  d e c r e a s e d  a f t e r  t h e  f o u r t h  d e c a d e  a n d  

t h i s  d e c r e a s e  w a s  g r e a t e s t  f o r  h i g h e r  t e m p o r a l  

f r e q u e n c i e s  (10 t o  45 Hz) . D i f f e r e n c e s  in r e t i n a l  

i l l u m i n a n c e  d i d  n o t  f u l l y  e x p l a i n  t h e  l o s s  i n  s e n s i t i v i t y
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w i t h  i n c r e a s i n g  age. P e a k  t e m p o r a l  C S  s h i f t e d  t o  a l o w e r  

t e m p o r a l  f r e q u e n c y  w i t h  i n c r e a s i n g  age. T e m p o r a l  C S  a l s o  

v a r i e d  w i t h  s p a t i a l  f r e q u e n c y ,  w i t h  a n  a g e - r e l a t e d  l o s s  

n o t e d  f o r  m e d i a n  b u t  n o t  f o r  v e r y  l o w  s p a t i a l  f r e q u e n c y  

g r a t i n g s  ( S t u r r  e t  al, 1 9 88; E l l i o t t  e t  al, 1 9 9 0 c ) .  It 

is d i f f i c u l t  t o  p r e d i c t  t h e  e f f e c t  o f  t h e s e  c h a n g e s  u p o n  

B C L  w e a r .  C L  m o v e m e n t  m a y  r e d u c e  t h e  a b i l i t y  t o  d e t e c t  

o b j e c t s  ( T o m l i n s o n  a n d  R i d d e r ,  1991) a n d  t h i s  m a y  b e  

f u r t h e r  r e d u c e d  b y  a g e - r e l a t e d  r e d u c t i o n s  in t h e  t e m p o r a l  

CS.

Summary

T h e r e  w a s  a r e d u c t i o n  in p e a k  a n d  h i g h e r  s p a t i a l  

f r e q u e n c y  CS a n d  a r e d u c t i o n  in h i g h e r  t e m p o r a l  f r e q u e n c y  

CS w i t h  age. A s  w i t h  VA, t h e  a g e - r e l a t e d  r e d u c t i o n  in 

CS, w h i c h  r e m a i n e d  a t  h i g h e r  l e v e l s  o f  i l l u m i n a t i o n ,  

c o u l d  n o t  b e  e x p l a i n e d  b y  s e n i l e  m i o s i s ,  c h a n g e s  t o  t h e  

o c u l a r  m e d i a  t r a n s p a r e n c y ,  a n d  r e d u c e d  r e t i n a l

i l l u m i n a n c e .  N e u r a l  e f f e c t s  h a v e  b e e n  s u g g e s t e d  t o  

e x p l a i n  t h e s e  c h a n g e s .

Contact Lens wear

C L  w e a r  h a s  b e e n  r e p o r t e d  t o  b o t h  r e d u c e  a n d  e n h a n c e  V A  

a n d  CS (revi e w :  W o o d s ,  1 9 9 2 ) .  T h e  v a r i a b i l i t y  o f  t h e s e  

f i n d i n g s  m a y  h a v e  b e e n  d u e  t o  m a n u f a c t u r i n g  e f f e c t s  as 

t h e  C S  w i t h  a C L  w a s  l i t t l e  d i f f e r e n t  f r o m  t h a t  w i t h o u t  a 

C L  i n  t h e  m o r e  r e c e n t  s t u d i e s .  B C L  o f  v a r i o u s  d e s i g n s  

r e s u l t  in a d e c r e a s e  in CS a n d  V A  d u e  t o  t h e  i n h e r e n t  

o p t i c a l  c o m p r o m i s e  o f  a l l  e x i s t i n g  B C L  d e s i g n s  ( s e c t i o n
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1 . 2 . ) *  A s  a n  e x a m p l e ,  t y p i c a l  CSF, P R C  a n d  V A  r e s u l t s  

f o r  a s i n g l e  s u b j e c t  f r o m  t h i s  s t u d y  w i t h  a s i n g l e  v i s i o n  

C L  (Figure 1.1-9) a n d  w i t h  a r e f r a c t i v e  a n d  a d i f f r a c t i v e  B C L  

a r e  s h o w n  in Figure 1.1-10. T h e  a g e - r e l a t e d  d e c r e a s e  in CS 

is a n  a d d i t i o n a l  f a c t o r  w h e n  f i t t i n g  C L  w i t h  l e s s  t h a n  

o p t i m a l  o p t i c a l  p e r f o r m a n c e  w h i c h  h a s  o f t e n  b e e n  

n e g l e c t e d .  T h e  C L  d e s i g n e r ,  m a n u f a c t u r e r  a n d  f i t t e r  m a y  

n e e d  t o  e x e r c i s e  c a r e  w h e n  o f f e r i n g  B C L  t o  o l d e r  p a t i e n t s  

d u e  t o  t h e  p o s s i b l e  s u m m a t i o n  o f  t h e  B C L  i n d u c e d  e f f e c t s  

u p o n  a g e  a f f e c t e d  v i s u a l  p e r f o r m a n c e .  I t  h a s  b e e n  

s u g g e s t e d  b y  F r e e m a n  a n d  S t o n e  (1987) " t h a t  p a t i e n t s  in 

t h e  l o w e r  q u a r t i l e  o f  ' n o r m a l 7 c o n t r a s t  s e n s i t i v i t y  m a y  

b e  c o n t r a - i n d i c a t e d  f o r  a l l  s i m u l t a n e o u s  v i s i o n  l e n s e s " .

Best corrected

Spatial Freq. (cpd)
CS Dist ♦ A VC Dist ■ PRC Dist

Figure 1.1-9 Visual performance with a single vision contact lens. Contrast 
sensitivity (CS), Visual Acuity (AVC) and Pelli-Robson contrast thresholds 

(PRC) for a single subject (#2) (data from this study)
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(a) Centre Distance 
Refractive Bifocal Contact Lens

-®- CS Near O AVC Near ° p r c  Near

(b) Diffractive Bifocal 
Contact Lens

Spatial Freq. (cpd)
CS Dist ♦  AVC Dist ■ PRC Dist
CS Near O AVC Near □ PRC Near

Figure 1.1-10 An example of visual performance with bifocal contact lenses (BCL). 
Distance and near contrast sensitivity (CS), Visual Acuity (AVC) and Pelli-Robson 
contrast thresholds (PRC) for a single subject (#2) with (a) a near-centre concentric- 
design BCL (COZD = 2.6 mm); and (b) a diffractive BCL (DZJ height 2.0 /im). For 
comparison the distance visual performance with a single vision contact lens is shown 
in Figure 1.1-9. (data from this study)
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A g e - r e l a t e d  c h a n g e s  a r e  i m p o r t a n t  t o  t h e  p r a c t i t i o n e r  

f i t t i n g  C L  a n d  a l s o  t o  t h e  C L  d e s i g n e r ,  a s  d e c i s i o n s  a n d  

p r i o r i t i e s  m a y  d i f f e r  f o r  p a t i e n t s  o f  d i f f e r e n t  a g e s .

1.2 Bifocal Contact Lenses

S e c t i o n  1 . 2 . 1  b r i e f l y  o u t l i n e s  t h e  c o n t a c t  l e n s  (CL) 

o p t i o n s  a v a i l a b l e  t o  t h e  p r e s b y o p e ,  t h e  v a r i o u s  f o r m s  o f  

b i f o c a l  c o n t a c t  l e n s  ( B C L ) , a n d  t h e  h i s t o r y  a n d  c u r r e n t  

s t a t e  o f  B C L  f i t t i n g .  A  m o r e  l e n g t h y  d i s c u s s i o n  o f  

c o n c e n t r i c - d e s i g n  r e f r a c t i v e  B C L  f o l l o w s ,  i n c l u d i n g  a 

r e v i e w  o f  p r e v i o u s  i n v e s t i g a t i o n s  o f  o p t i c a l  a n d  v i s u a l  

p e r f o r m a n c e  w i t h  t h i s  f o r m  o f  c o r r e c t i o n  ( s e c t i o n  1 . 2 . 2 ) .  

T h e  f i n a l  s e c t i o n  (1.2.3) d e t a i l s  t h e o r e t i c a l  a s p e c t s  of 

d i f f r a c t i v e  BCL, t h e  i n f l u e n c e  o f  c e r t a i n  c h a n g e s  i n  B C L  

d e s i g n ,  a n d  d i s c u s s e s  p r e v i o u s  r e p o r t s  o f  o p t i c a l  a n d  

v i s u a l  p e r f o r m a n c e  w i t h  t h i s  f o r m  o f  BCL.

1.2.1 INTRODUCTION

A s  n o t e d  in s e c t i o n  1.1, t h e  p e r c e p t i o n  o f  a n  e n o r m o u s  

p o t e n t i a l  m a r k e t  f o r  p r e s b y o p i c  C L  c o r r e c t i o n  h a s  l e d  t o  

a d e g r e e  o f  i n t e r e s t  w i t h i n  t h e  C L  i n d u s t r y ,  b u t  o n l y  

a b o u t  o n e  p e r c e n t  o f  C L  p a t i e n t s  h a v e  b e e n  f i t t e d  w i t h  

B C L  ( H o l d e n  e t  al, 1 9 8 9 ;  L l o y d ,  1 9 8 4 ;  S w a r b r i c k  e t  al, 

1 9 8 5 ;  S w e e n e y  e t  al, 1 9 9 1 ) .  A  s l i g h t l y  l a r g e r  g r o u p  h a v e  

b e e n  f i t t e d  w i t h  t h e  a l t e r n a t i v e  p r e s b y o p e  C L  o p t i o n ,  

m o n o v i s i o n  ( H o l d e n  e t  al, 1 9 8 9 ;  M c G e e h o n ,  1 9 8 8 ;  S w e e n e y
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e t  al, 1991) . M o n o v i s i o n  h a s  b e e n  p r o b a b l y  t h e  m o s t  

s u c c e s s f u l  s y s t e m  o f  p r e s b y o p i c  C L  c o r r e c t i o n ,  b u t  is 

c o n s i d e r e d  b y  m a n y  p r a c t i t i o n e r s  t o  b e  u n s a t i s f a c t o r y  d u e  

t o  i t s  d e l e t e r i o u s  e f f e c t s  u p o n  b i n o c u l a r  v i s i o n  (e.g. 

H a r r i s  a n d  C l a s s e ,  1 9 88; J o s e p h s o n ,  1 9 89; L e b o w  a n d  

G o l d b e r g ,  197 5 ;  M c M o n n i e s ,  1 9 74; N o l a n  a n d  N o l a n ,  1984) 

( r e v i e w :  J o s e p h s o n  e t  al, 1991).

A  l a r g e  a m o u n t  o f  r e s e a r c h  h a s  b e e n  d i r e c t e d  t o w a r d s  t h e  

d e v e l o p m e n t  o f  B C L  s y s t e m s  f o r  p r e s b y o p i a  (e.g. J o s e p h s o n  

a n d  C a f f e r y ,  1 9 8 6 ;  L l o y d ,  1984; P a p a s ,  1991) s i n c e  B C L  

w e r e  f i r s t  d e s c r i b e d  b y  F e i n b l o o m  (1938). T h e  f i r s t  

d e s c r i p t i o n  o f  a c o n c e n t r i c - d e s i g n  B C L  h a s  b e e n  

a t t r i b u t e d  t o  W i l l i a m s o n - N o b l e  (1951), a n d  r i g i d  

c o n c e n t r i c - d e s i g n  B C L  h a v e  b e e n  in u s e  s i n c e  t h a t  t i m e  

(e.g. Bie r ,  1 9 6 7 ;  d e  C a r l e ,  1 9 5 7 ;  H o d d ,  1 9 6 9 ) .  A t  

p r e s e n t  m u c h  i n t e r e s t  l i e s  in t h e  d e v e l o p m e n t  o f  s o f t  a n d  

d i f f r a c t i v e  BCL. S o f t  B C L  h a v e  t h e  a d v a n t a g e s  o f  g r e a t e r  

p a t i e n t  a c c e p t a n c e  d u e  t o  t h e  i n i t i a l  c o m f o r t  a n d  t h e  

e a s e  o f  f i t t i n g  f o r  t h e  p r a c t i t i o n e r .  B o t h  l a r g e  a n d  

s m a l l  C L  c o m p a n i e s  h a v e  d e v e l o p e d  a n d  p u b l i c i s e d  s o f t  

v e r s i o n s  o f  t h e  r i g i d  B C L  u s e d  b y  a l i m i t e d  n u m b e r  o f  

e x p e r i e n c e d  p r a c t i t i o n e r s  f o r  m a n y  y e a r s  (e.g. B a c k  et 

al, 1986, 1 9 8 7 ;  J o s e p h s o n  a n d  C a f f e r y ,  1 9 8 6 ;  L o w t h e r ,

1 9 8 2 ;  M o l i n a r i  a n d  C a p l a n ,  19 8 6 ) .  D i f f r a c t i v e  BCL, 

a v a i l a b l e  in r i g i d  ( C h u r m s  e t  al, 1987, F r e e m a n  a n d  

S t o n e ,  1987) a n d  in s o f t  ( Y o u n g  a n d  P a p a s ,  1987) f o r m s  

u t i l i s e  a d i f f e r e n t  o p t i c a l  m e c h a n i s m  t o  t h e  r e f r a c t i v e  

o p t i c s  t r a d i t i o n a l l y  u s e d  t o  c r e a t e  t h e  B C L  e f f e c t  as
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d i s c u s s e d  i n  s e c t i o n  1 . 2 . 3 .  I n  a d d i t i o n  d e  C a r l e  (1984, 

19 8 9 a )  h a s  p r o p o s e d  m u l t i z o n e  r e f r a c t i v e  B C L  w h i c h  w e r e  

s t i l l  u n d e r  i n v e s t i g a t i o n .

D e s p i t e  m u c h  B C L  d e v e l o p m e n t  a n d  p r o m o t i o n ,  B C L  h a v e  n o t  

r e c e i v e d  g e n e r a l  p r a c t i t i o n e r  a c c e p t a n c e  d u e  p r i n c i p a l l y  

t o  t h e i r  r e p u t a t i o n  f o r  p o o r  p a t i e n t  s u c c e s s .  S u c c e s s  

r a t e s  v a r y  e n o r m o u s l y  in t h e  l i t e r a t u r e  (e.g. B a c k  e t  al, 

1986, 1987, 1 9 89; C o u r t n e y  e t  al, 1 9 9 1 a ,  b; M a l t z m a n ,  

1 9 8 5 ;  M o l i n a r i  a n d  C a p l a n ,  19 8 6 ) ,  p a r t l y  d u e  t o  B C L  

d e s i g n  and, a s  n o t e d  b y  B a c k  e t  al (1989), p a r t l y  d u e  t o  

t h e  d i f f e r e n t  c l a s s i f i c a t i o n s  o f  s u c c e s s .

C o n v e n t i o n a l  C L  c o r r e c t i o n  o f  p r e s b y o p i a  m a y  b e  

c l a s s i f i e d  i n t o  t h r e e  m a j o r  c a t e g o r i e s  : m o n o v i s i o n ;  

a l t e r n a t i n g - v i s i o n  BCL; a n d  s i m u l t a n e o u s - v i s i o n  B C L  (see 

e.g. B i e r  a n d  L o w t h e r ,  1 9 77; M a n d e l l ,  1 9 7 4 ;  P h i l l i p s  a n d  

S t o n e ,  19 8 9 ) .  Monovision i n v o l v e s  f i t t i n g  e a c h  e y e  w i t h  

a s i n g l e  v i s i o n  C L  w i t h  t h e  f o c a l  p o w e r s  c h o s e n  s u c h  t h a t  

o n e  e y e  is u s e d  f o r  d i s t a n t  v i s i o n  a n d  t h e  o t h e r  f o r  n e a r  

v i s i o n .  Alternating-vision o r  t r a n s l a t i n g - v i s i o n  B C L  

t y p i c a l l y  h a v e  t w o  d i s t i n c t  o p t i c a l  z o n e s  a n d  r e l y  u p o n  

C L  m o v e m e n t  w i t h  d o w n - g a z e  t o  p r o v i d e  n e a r  v i s i o n .  

A l t e r n a t i n g - v i s i o n  BCL, d u e  t o  t h e  d e s i g n  r e q u i r e m e n t s  t o  

e n s u r e  s a t i s f a c t o r y  C L  m o v e m e n t ,  o f t e n  r e s u l t  in a 

c o m p r o m i s e  o f  p h y s i o l o g y  a n d  c o m f o r t .  A n o t h e r  

d i s a d v a n t a g e  w i t h  a l t e r n a t i n g - v i s i o n  B C L  is t h a t  n e a r  

v i s i o n  is o n l y  a v a i l a b l e  o n  d o w n - g a z e .  R i g i d  

a l t e r n a t i n g - v i s i o n  B C L  h a v e  b e e n  f i t t e d  b y  a v e r y  s m a l l
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g r o u p  o f  p r a c t i t i o n e r s  f o r  a t  l e a s t  f o r t y  y e a r s  (e.g. 

B o r i s h  a n d  S o n i ,  1982; d e  C a r l e ,  1989b) a n d  m o r e  r e c e n t l y  

t h e r e  h a v e  b e e n  s o m e  r e a s o n a b l y  s u c c e s s f u l  a l t e r n a t i n g -  

v i s i o n  B C L  m a d e  f r o m  g a s  p e r m e a b l e  m a t e r i a l s  (e.g. A m e s  

e t  al, 1 9 89; J o s e p h s o n  a n d  C a f f e r y ,  19 8 9 ) .  M o s t

a l t e r n a t i n g - v i s i o n  B C L  h a v e  b e e n  m a d e  f r o m  r i g i d  

m a t e r i a l s  a s  it h a s  p r o v e n  d i f f i c u l t  t o  a c h i e v e  

s u f f i c i e n t  C L  t r a n s l a t i o n  w i t h  h y d r o p h i l i c  m a t e r i a l s  

( B o r i s h  a n d  P e r r i g a n ,  1 9 87; R o b b o y ,  1 9 8 5 ;  R o b b o y  a n d  Cox, 

1 9 8 8 ;  R o b b o y  a n d  E r i c k s o n ,  198 7 ) .  A l t e r n a t i n g - v i s i o n  B C L  

h a v e  n o t  b e e n  i n c l u d e d  in t h e  r e m a i n d e r  o f  t h i s  r e v i e w .

Simultaneous-vision B C L  r e m a i n  s t a t i o n a r y  o v e r  t h e  p u p i l ,

w i t h  a l l s e c t i o n s of t h e B C L f o r m i n g a n  i m a g e  a t  al l

t i m e s . T h i s  m a y b e t h e t w o f o c i  o f a r e f r a c t i v e  o r

d i f f r a c t i v e  BCL, o r  t h e  c o n s t a n t l y  v a r y i n g  f o c u s  o f  a 

m u l t i f o c a l  CL. S u c h  a B C L  s y s t e m  f o r m s  a n  i m a g e  c o m p o s e d  

o f  t w o  s e p a r a t e  s u p e r i m p o s e d  i m a g e s .  M u l t i f o c a l  C L  

e f f e c t i v e l y  i n c r e a s e  t h e  d e p t h  o f  f o c u s  w i t h o u t  h a v i n g  

d i s c r e t e  foci. T h i s  r e s u l t s  in a n  i m a g e  o f  r e d u c e d  

o p t i c a l  q u a l i t y  c o m p a r e d  t o  a s i n g l e  v i s i o n  CL, w h i c h  h a s  

b e e n  s h o w n  t o  r e d u c e  c o n t r a s t  a n d  c a u s e  a v i s u a l  

c o m p r o m i s e  ( B a c k  e t  al, 1986, 1 9 8 7 ;  Cox, 1 9 85, 1986; 

E r i c k s o n  a n d  R o b b o y ,  1 9 8 5 ;  M c G i l l  e t  al, 1986, 1987,

P a p a s  e t  al, 1987, 199 0 ) ,  e s p e c i a l l y  u n d e r  a d v e r s e

l i g h t i n g  c o n d i t i o n s  ( G u i l l o n  a n d  S a y e r ,  1 9 8 8 ;  W o o d s ,  

198 6) , a n  a s p e c t  w h i c h  h a s  b e e n  u n a c c e p t a b l e  t o  m a n y  

p a t i e n t s .  B o t h  s o f t  a n d  r i g i d  s i m u l t a n e o u s - v i s i o n  B C L  

h a v e  b e e n  s u c c e s s f u l l y  f i t t e d  b y  a s m a l l  n u m b e r  o f
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p r a c t i t i o n e r s .  E x a m p l e s  o f  t h e  r e d u c t i o n  i n  v i s u a l  

p e r f o r m a n c e  a r e  s h o w n  in Figure 1.1-10.

F u r t h e r  d e v e l o p m e n t  o f  B C L  a n d  t h e  m a r k e t i n g  c a p a b i l i t i e s  

o f  t h e  l a r g e  c o m p a n i e s  m a y  l e a d  t o  a n  i n c r e a s e  in t h e

n u m b e r  of p r e s b y o p e s f i t t e d w i t h BCL. D e s p i t e t h e

i n c r e a s e d i n t e r e s t , i n v e s t i g a t i o n o f t h e  a v a i l a b l e

l i t e r a t u r e i n d i c a t e s t h a t t h e r e w e r e a n u m b e r o f

f u n d a m e n t a l  q u e s t i o n s  r e g a r d i n g  B C L  d e s i g n  a n d  v i s i o n  

w h i c h  h a v e  n o t  b e e n  f u l l y  a d d r e s s e d .

1.2.2 CONCENTRIC-DESIGN REFRACTIVE BIFOCAL CONTACT 

LENSES

C o n v e n t i o n a l  r e f r a c t i v e  s i m u l t a n e o u s - v i s i o n  d e s i g n s  h a v e  

t y p i c a l l y  b e e n  r a d i a l l y  s y m m e t r i c  w i t h  e i t h e r  a n e a r  

o p t i c  s u r r o u n d i n g  a c e n t r e  d i s t a n c e  (CD) o p t i c  o r  t h e  

r e v e r s e ,  a d i s t a n c e  o p t i c  s u r r o u n d i n g  a c e n t r e  n e a r  (CN) 

o p t i c .  F o r  t h i s  d i s c u s s i o n  t h e  t w o  o p t i c a l  z o n e s  w i l l  b e  

r e f e r r e d  t o  a s  t h e  C e n t r a l  O p t i c a l  Z o n e  (COZ) a n d  t h e  

P e r i p h e r a l  O p t i c a l  Z o n e  (POZ) ( D r a f t  I n t e r n a t i o n a l  

C o n t a c t  L e n s  S t a n d a r d s ,  19 9 1 ) .

General considerations

O p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  h a v e  b e e n  d e m o n s t r a t e d  t o  

b e  i n f l u e n c e d  b y  t h e  B C L  f o r m a t  (i.e. C N  o r  CD) ( B a c k  e t  

al, 1 9 9 0 ;  H o l d e n ,  1986), C O Z D  ( B a c k  e t  al, 1 9 9 0 ;  Cox, 

1 9 8 6 ;  E r i c k s o n  a n d  R o b b o y ,  1985; J o n e s  a n d  L o w t h e r ,

1989) , p u p i l  c o v e r a g e  b y  t h e  C O Z  ( C h a r m a n  a n d  W a l s h
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1 9 8 6 b ,  198 8 ;  H o d d ,  1969) a n d  d e g r e e  o f  b l e n d i n g  o f  t h e

r e f r a c t i v e  z o n e  j u n c t i o n  (RZJ) b e t w e e n  t h e  C O Z  a n d  t h e  

P O Z  ( C h a r m a n  a n d  S a u n d e r s ,  199 0 ;  H o l d e n ,  1986) o r  t h e  

a s p h e r i c i t y  o f  t h e  m u l t i f o c a l  d e s i g n s  ( C h a r m a n ,  1983a, 

1 9 8 4 ;  C h a r m a n  a n d  S a u n d e r s ,  1 9 9 0 ;  C h a r m a n  a n d  W a l s h ,  

1 9 8 6 a ,  19 8 6 b ,  1 9 8 8 ;  M e i e r  a n d  L o w t h e r ,  1 9 8 3 ) .

G i v e n  a p p r o x i m a t e l y  e q u a l  c o v e r a g e  o f  t h e  p u p i l  b y  t h e  

t w o  z o n e s  t h e n  o n e  m i g h t  e x p e c t  t h a t  t h e r e  w o u l d  b e  a 

b a l a n c e  b e t w e e n  d i s t a n c e  a n d  nea r .  The. C O Z D  r e q u i r e d  t o  

a c h i e v e  t h i s  is d e p e n d e n t  u p o n  p u p i l  s i z e  w h i c h  v a r i e s  

w i t h  l u m i n a n c e  l e v e l  a n d  v i e w i n g  d i s t a n c e .  O f t e n  it h a s  

b e e n  a s s u m e d  t h a t  t h e  B C L  w e r e  c e n t r e d  o v e r  t h e  p u p i l ,  

b u t  C L  ( p a r t i c u l a r l y  r i g i d  CL) , a r e  o f t e n  n o t  c e n t r e d  

o v e r  t h e  p u p i l .  T h e  p u p i l  is n o t  n e c e s s a r i l y  c e n t r e d  

o v e r  t h e  v i s u a l  axis, n o r  is it a l w a y s  c e n t r a l  w i t h  

r e s p e c t  t o  t h e  c o r n e a l  l i m b u s  a n d  w i t h  c h a n g e s  in s i z e  

m a y  a l t e r  p o s i t i o n  in r e l a t i o n  t o  t h e  v i s u a l  a x i s  ( W i l s o n  

e t  al, 1991, 1992) . D e c e n t r a t i o n  o f  a B C L  m a y  r e s u l t  in 

c h a n g e s  in t h e  f o r m  o f  t h e  i m a g e  w h i c h  s u b s t a n t i a l l y  

a l t e r s  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e .  I m a g e  f o r m  v a r i e s  

d e p e n d i n g  w h e t h e r  t h e  l i g h t  p a s s i n g  t h r o u g h  t h e  C O Z  o r  

t h e  P O Z  is in f o c u s  a t  t h e  r e t i n a .  T h e  c o n s e q u e n c e s  of 

t h e s e  e f f e c t s  a r e  d i s c u s s e d  b e l o w .

Optical Performance

C o n c e n t r i c - d e s i g n  B C L  f o r m  i m a g e s  w h i c h  v a r y  s l i g h t l y  

d e p e n d i n g  u p o n  w h e t h e r  t h e  C O Z  o r  t h e  P O Z  is f o r m i n g  

t h e  f o c u s  a t  t h e  r e t i n a .  F o r  e x a m p l e ,  w i t h  a C N  B C L
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l i g h t  f r o m  a d i s t a n t  o b j e c t  w i l l  b e  f o c u s e d  o n  t h e  

r e t i n a  b y  t h e  P O Z  ( d i s t a n c e  p o w e r )  . A s  s h o w n  in 

Figure 1.2-la l i g h t  p a s s i n g  t h r o u g h  t h e  ( n e a r  p o w e r )  C O Z  

(shaded) w i l l  f o r m  a w i d e ,  b u t  l o w  i n t e n s i t y  b l u r .  T h e  

a c t u a l  r e t i n a l  i m a g e  is c o m p o s e d  o f  t h e  t w o  i m a g e s .  

T h e  L i n e  S p r e a d  F u n c t i o n  ( L S F ) , a c r o s s - s e c t i o n  

i n t e n s i t y  p l o t  o f  t h e  i m a g e  o f  a s l i t  m e a s u r e d  o n  a n  

o p t i c a l  b e n c h  ( s e c t i o n  1 . 3 . 2 ) ,  d e m o n s t r a t e s  t h e  e f f e c t  

as s h o w n  in Figure 1.2-lb ( " p e d e s t a l "  form) . T h e  s a m e  

i m a g e  f o r m  o c c u r s  w i t h  a C D  B C L  a n d  a n e a r  o b j e c t .  

W i t h  a m o r e  c o m p l e x  o b j e c t  t h e  p e d e s t a l  f o r m  m a y  b e  

e x p e c t e d  t o  r e d u c e  s p a t i a l  d e t a i l .

W h e n  a n e a r  o b j e c t  is v i e w e d  b y  t h e  s a m e  B C L  t y p e  (CN) , 

a s  s h o w n  in Figure 1.2-2a, t h e  C O Z  o f  t h e  B C L  p r o d u c e s  a 

f o c u s  a t  t h e  r e t i n a  a n d  t h e  ( d i s t a n c e  p o w e r )  P O Z  (shaded) 

p r o d u c e s  a r e l a t i v e l y  l o w  i n t e n s i t y  a n n u l a r  b l u r r e d  

i m a g e .  T h e  o p t i c a l  b e n c h  (LSF) c o n f i r m s  t h a t  t h e  f i n a l  

i m a g e  (Figure 1.2-2b) h a s  a d i f f e r e n t  ( a n n u l a r )  form. T h e  

s a m e  i m a g e  f o r m  o c c u r s  w i t h  a C D  B C L  a n d  a d i s t a n t  o b j e c t  

(Hodd, 1 9 69; K l e i n  a n d  Ho, 198 6 ) .  W i t h  a m o r e  c o m p l e x  

o b j e c t  t h e  a n n u l a r  f o r m  m i g h t  b e  e x p e c t e d  t o  r e d u c e  

o v e r a l l  c o n t r a s t  in t h e  image.

T h e o r e t i c a l  c o n s i d e r a t i o n s

T h e  i m a g e  s h a p e  w i t h  c o n c e n t r i c - d e s i g n  B C L  m a y  b e  

e x p e c t e d  t o  a l t e r  r e s o l u t i o n  a n d  c o n t r a s t .  I n  a n  

a n a l y s i s  o f  a n e w  t e s t  o f  r e s o l u t i o n ,  H o t c h k i s s  e t  al 

(1951) f o u n d  t h a t  o p t i m a l  c o n t r a s t  r e n d i t i o n  o c c u r r e d
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Figure 1.2-1 (a) Image formation with a Centre-Near refractive BCL when viewing 
a distant object. The central optic zone (COZ)(shaded) forms a focus before the 
retina, creating, at the retina, a blurred image superimposed on the in-focus image 
formed by the peripheral optic zone (POZ). (b) A measured LSF for this 
arrangement shows the out-of-focus pedestal of light formed by the COZ overlaid on 
the in-focus image formed by the POZ. (data from this study)
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Figure 1.2-2 (a) Image formation with a Centre-Near refractive BCL when viewing 
a near object. The peripheral optic zone (POZ)(shaded) forms a focus beyond the 
retina hence creating an annular blurred image around the in-focus image formed by 
the central optic zone (COZ). (b) A measured LSF for this arrangement shows the 
annular out-of-focus image formed by the POZ, overlaid on the in-focus image 
formed by the COZ. (data from this study)
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w h e n  t h e  i m a g e  o f  a p o i n t  h a d  a m i n i m u m  o v e r a l l  size, 

w h i l e  b e s t  r e s o l u t i o n  o c c u r r e d  w h e n  t h e  i m a g e  o f  a p o i n t  

s o u r c e  h a d  t h e  m o s t  l i g h t  c o n c e n t r a t e d  a t  t h e  c e n t r e ,  

e v e n  i f  t h e  o v e r a l l  d i a m e t e r  o f  t h e  p o i n t  i m a g e  w a s  

g r e a t e r .  T h i s  w a s  r e f l e c t e d  in v i s u a l  p e r f o r m a n c e  as 

R e m o l e  (1982) r e p o r t e d  t h a t  t h e  r e s o l u t i o n  l i m i t  o f  t h e  

h u m a n  e y e  w a s  m o r e  d e p e n d e n t  o n  t h e  c e n t r a l  m a x i m u m  

i l l u m i n a n c e  t h a n  o n  t h e  t o t a l  s p r e a d  o f  t h e  b l u r  c i r c l e .

O ' N e i l l  (1956) c a l c u l a t e d  t h e  o p t i c a l  t r a n s f e r  f u n c t i o n  

(OTF) f o r  a n  a n n u l a r  a p e r t u r e  a n d  d e m o n s t r a t e d  t h a t ,  f o r  

a g i v e n  o u t e r  r a d i u s ,  as t h e  i n n e r  r a d i u s  i n c r e a s e d  t h e  

O T F  r e d u c e d  a t  m e d i a n  s p a t i a l  f r e q u e n c i e s  a n d  i m p r o v e d  

f o r  h i g h e r  s p a t i a l  f r e q u e n c i e s  (Figure 1.2-3) . T h i s

c o n f i r m e d  t h e  e a r l i e r  r e p o r t  b y  S t e w a r d  (1928) t h a t  w i t h  

a n  a n n u l a r  a p e r t u r e  t h e  c e n t r a l  p e a k  n a r r o w e d  a n d  

r e s o l u t i o n  i n c r e a s e d .  A s  t h e  r a d i u s  o f  a c i r c u l a r  

a p e r t u r e  i n c r e a s e d  t h e  O T F  i m p r o v e d  (Figure 1.2-4) (Ho p k i n s ,  

1 9 5 6 ) .  If t h e  e f f e c t  o f  t h e  o u t - o f - f o c u s  i m a g e  o f  a 

c o n c e n t r i c - d e s i g n  B C L  is d i s r e g a r d e d  it w o u l d  b e  e x p e c t e d  

t h a t  t h e  C O Z  w o u l d  g i v e  a g o o d  m e d i a n  s p a t i a l  f r e q u e n c y  

r e s p o n s e ,  w i t h  a r e l a t i v e l y  l o w  c u t - o f f  f r e q u e n c y .  

C o n v e r s e l y  t h e  P O Z  w o u l d  g i v e  a r e d u c e d  m e d i a n  s p a t i a l  

f r e q u e n c y  r e s p o n s e ,  w i t h  a h i g h e r  c u t - o f f  f r e q u e n c y  a n d  

b e t t e r  h i g h  s p a t i a l  f r e q u e n c y  r e s p o n s e .  T h i s  s h o u l d  b e  

r e f l e c t e d  in c h a n g e s  in v i s u a l  p e r f o r m a n c e  (Remole, 

1982) .
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Figure 1.2-3 The modulation transfer function for an annular aperture of varying 
central radius (rc) and fixed outer radius (r0) where n = (r0 - rc) /  r0. (from 
O’Neill, 1966)

Figure 1.2-4 The modulation transfer function for a circular aperture of varying 
radius, (redrawn from Hopkins, 1956)



INTRODUCTION

P u p i l  c o v e r a g e  a n d  c o n t a c t  l e n s  c e n t r a t i o n

S i m u l t a n e o u s - v i s i o n  B C L  r e l y  u p o n  b o t h  o p t i c a l  s e c t i o n s  

b e i n g  o v e r  t h e  p u p i l  a t  a l l  t i m e s .  T h i s  w i l l  a l m o s t  

a l w a y s  b e  t h e  c a s e  w i t h  d i f f r a c t i v e  B C L  a n d  w i t h  s o m e  o f  

t h e  m o r e  e x o t i c  d e s i g n s  p r o p o s e d  (e.g. d e  C a r l e ,  1984, 

1 9 8 9 a ) . B o t h  o p t i c a l  s e c t i o n s  o f  a c o n c e n t r i c - d e s i g n  B C L  

w i l l  n o t  n e c e s s a r i l y  l i e  o v e r  t h e  p u p i l  a t  a l l  t i m e s .  

F i g u r e  1 . 2 - 5 a  s h o w s  a p e r f e c t l y  c e n t r e d  c o n c e n t r i c - d e s i g n  

B C L  w h e r e  t h e  C O Z  a n d  t h e  P O Z  e a c h  c o v e r  a p p r o x i m a t e l y  

5 0 %  o f  t h e  p u p i l  a r e a .  A  s i m p l e  c h a n g e  in p u p i l  s i z e  

(due t o  e . g  i l l u m i n a n c e  o r  c o n v e r g e n c e )  w i l l  l e a d  t o  a 

c h a n g e  in t h e  p r o p o r t i o n  o f  t h e  p u p i l  c o v e r e d  b y  t h e  t w o  

o p t i c  z o n e s  a s  s h o w n  in Figure 1.2-5b. T h i s  c h a n g e  is 

c o m p o u n d e d  b y  C L  l o c a t i o n  a n d  C L  m o v e m e n t .  It u n u s u a l  t o  

h a v e  a p e r f e c t l y  c e n t r e d  BCL. D e c e n t r a t i o n  o f  a 

c o n c e n t r i c - d e s i g n  B C L  m a y  l e a d  t o  a v a r i a t i o n  in t h e  

p r o p o r t i o n  o f  t h e  p u p i l  c o v e r e d  b y  t h e  C O Z  a s  s h o w n  in 

Figure ].2-5c. R e d u c t i o n  i n  p u p i l  s i z e  m a y  t h e n  f u r t h e r  

r e d u c e  t h e  p r o p o r t i o n  o f  t h e  p u p i l  c o v e r e d  b y  t h e  C O Z  as 

s h o w n  in Figure 1.2-5d. O b v i o u s l y  f o r  c e r t a i n  c o n f i g u r a t i o n s  

o f  p u p i l  size, C O Z D  a n d  B C L  l o c a t i o n  t h e  C O Z  m a y  n o  

l o n g e r  c o v e r  a n y  p o r t i o n  o f  t h e  p u p i l .  H e n c e  it is 

i m p e r a t i v e  in a n  i n v e s t i g a t i o n  o f  c o n c e n t r i c - d e s i g n  B C L  

t h a t  t h e  p u p i l  s i z e  a n d  B C L  l o c a t i o n  is k n o w n  d u r i n g  

a s s e s s m e n t  o f  v i s u a l  p e r f o r m a n c e .  T h i s  is c o n f u s e d  b y  

v a r i a t i o n s  in p u p i l  s i z e  w i t h  i l l u m i n a n c e ,  c o n v e r g e n c e  

a n d  p s y c h o l o g i c a l  s t a t e .
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(a) (b)

Figure 1.2-5 The effect of pupil size and décentration upon concentric-design 
refractive BCL. (a) A diagrammatic representation of the central optic zone (COZ) 
(white) of a concentric-design BCL centred over the pupil (black) and iris (shaded). 
In this instance the COZ of the BCL covers less than 50% of the pupil area, the 
remainder being covered by the peripheral optic zone (POZ) which has a different 
optical power to achieve the bifocal effect, (b) A reduction in pupil size will lead 
to a reduction in the area of the pupil covered by the POZ of the BCL. The 
proportion of the pupil covered by the COZ consequently increases. (c)
Décentration of a concentric-design BCL will alter the location of the COZ over the 
pupil and iris. If the COZ remains within the pupil area the proportion of pupil 
cover by the COZ would remain the same as in (a). As shown, décentration may 
lead to a change in the area of the pupil which is covered by the COZ. (d) A 
reduction in pupil size may reduce the area of the pupil covered by the COZ of a 
BCL as compared to (b) and the proportion of the pupil covered by the POZ may 
increase as compared to (b) and (c).



INTRODUCTION

T h e o r e t i c a l  i n v e s t i g a t i o n s

T h r e e  d i f f e r e n t  t h e o r e t i c a l  a p p r o a c h e s  h a v e  b e e n  t a k e n .  

T h e s e  h a v e  i n v o l v e d  s i m p l e  c a l c u l a t i o n  o f  r e l a t i v e  p u p i l  

c o v e r a g e  ( E r i c k s o n  e t  al, 1 9 8 8 ;  R o b i r d s ,  1 9 8 8 ) ;  t h e  

c a l c u l a t i o n  o f  r e t i n a l  i m a g e  f o r m a t i o n  w i t h  c o n c e n t r i c -  

d e s i g n  B C L  t y p i c a l l y  b y  r a y  t r a c i n g  t e c h n i q u e s  ( C h a r m a n  

a n d  W a l s h  1 9 8 6 b ,  198 8 ;  F r e e m a n  a n d  S t o n e ,  1 9 8 7 ;  H o d d ,  

1 9 6 9 ;  K l e i n  a n d  Ho, 1 9 8 6 ;  W e s l e y ,  1 9 7 1 ) ;  a n d  t h e  

c a l c u l a t i o n  o f  t h e  m o d u l a t i o n  t r a n s f e r  f u n c t i o n  (MTF) of 

t h e  B C L  ( C h a r m a n  a n d  S a u n d e r s ,  1 9 90; F r e e m a n  a n d  S t o n e ,  

1 9 8 7 ;  K l e i n  a n d  Ho, 1986).

E r i c k s o n  e t  al (1988), in a n  e v a l u a t i o n  o f  g e o m e t r i c a l  

m o d e l s  a n d  B C L  m e a s u r e m e n t s ,  c o n c l u d e d  t h a t  C O Z  l o c a t i o n  

a n d  p o w e r  d i s t r i b u t i o n  w e r e  s e n s i t i v e  t o  p u p i l  s i z e  a n d  

B C L  l o c a t i o n .  C h a n g e s  in i m a g e  f o r m  w i t h  p u p i l  s i z e  a n d  

B C L  d e c e n t r a t i o n  c a n  b e  s i m p l y  d e m o n s t r a t e d  b y  s i m p l e  r a y  

t r a c i n g  (Hodd, 1 9 6 9 ) .  M o r e  i n f o r m a t i v e l y ,  s p o t  d i a g r a m s  

b a s e d  u p o n  c o m p u t e r  g e n e r a t e d  r a y  t r a c i n g  c a l c u l a t i o n s  

w h i c h  i n d i c a t e  t h e  i m a g e  i n t e n s i t y  h a v e  b e e n  d e m o n s t r a t e d  

t o  v a r y  s i g n i f i c a n t l y  w i t h  c h a n g e s  in p u p i l  s i z e  ( C h a r m a n  

a n d  W a l s h  1 9 8 6 b ;  F r e e m a n  a n d  S t o n e ,  19 8 7 ) ,  c h a n g e s  in 

C O Z D  ( C h a r m a n  a n d  W a l s h  1986b) a n d  w i t h  B C L  d e c e n t r a t i o n  

( W e s l e y ,  197 1 ;  C h a r m a n  a n d  W a l s h  1 9 8 6 b ) . M o s t  o f  t h e s e  

t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  t h e  r e t i n a l  i m a g e  f o r m  a r e  

l i m i t e d  a s  r e l a t i v e l y  s i m p l e  a b e r r a t i o n  f r e e  m o d e l s  of 

t h e  h u m a n  e y e  h a v e  b e e n  u s e d  in t h e  c a l c u l a t i o n s .

- page 47 -



INTRODUCTION

C a l c u l a t e d  M T F s  f o r  c o n c e n t r i c - d e s i g n  B C L  h a v e  b e e n  

p r o d u c e d  ( K l e i n  a n d  Ho, 1986, F r e e m a n  a n d  S t o n e ,  1987, 

C h a t m a n  a n d  S a u n d e r s ,  1 9 9 0 ) .  T h e  c a l c u l a t i o n s  b y  K l e i n  

a n d  H o  (1986) a p p e a r  t o  s u f f e r  f r o m  s o m e  c a l c u l a t i o n  

p r o b l e m  a s  i n d i c a t e d  b y  t h e i r  a x i a l  i n t e n s i t y  p l o t  f o r  

t h e  " t w o  z o n e "  B C L  o n  p a g e  29, w h i c h  b e a r s  n o  r e s e m b l a n c e  

t o  m e a s u r e d  a x i a l  i n t e n s i t y  (Los h i n ,  1 9 8 9 ) .  T h e

c a l c u l a t e d  M T F  o f  c o n c e n t r i c - d e s i g n  B C L  h a s  b e e n  s h o w n  t o  

b e  r e d u c e d  a t  a l l  b u t  t h e  l o w e s t  s p a t i a l  f r e q u e n c i e s .  

T h e  M T F  a p p e a r s  t o  v a r y  b e t w e e n  t h e  t w o  d i f f e r e n t  foci, 

t h o u g h  t h i s  w a s  d i f f i c u l t  t o  d e t e r m i n e  as t h e  s p a t i a l  

f r e q u e n c y  r a n g e s  s h o w n  h a v e  b e e n  r e l a t i v e l y  r e s t r i c t e d .  

W h e n  t h e  C O Z  f o r m s  t h e  f o c u s s e d  i m a g e  t h e  M T F  a p p e a r s  

s l i g h t l y  b e t t e r  t h a n  w h e n  t h e  P O Z  f o r m s  t h e  im a g e .  

C h a r m a n  a n d  S a u n d e r s  (1990) h a v e  d e m o n s t r a t e d  c h a n g e s  in 

t h e  c a l c u l a t e d  M T F  w i t h  p u p i l  s i z e .  A s  w o u l d  b e

e x p e c t e d ,  as t h e  C O Z D  o f  t h e  C N  B C L  w a s  i n c r e a s e d  t h e  

n e a r  M T F  i m p r o v e d  a n d  t h e  d i s t a n c e  (POZ) M T F  r e d u c e d  a n d  

v i c e  v e r s a .  C h a r m a n  a n d  W a l s h  (1986b, 1988) a l s o

d e m o n s t r a t e d  t h e  d e p e n d e n c e  o f  t h e  M T F  u p o n  t h e

e c c e n t r i c i t y  o f  m u l t i f o c a l  CL, p u p i l  s i z e  a n d  o b j e c t  

v e r g e n c e .

O p t i c a l  m e a s u r e m e n t s

G r e y  a n d  S h e r i d a n  (1988) r e p o r t e d  t h e  m e a s u r e d  M T F  o f  a 

s e r i e s  o f  s i n g l e  v i s i o n  CL. T h e  m e a s u r e d  M T F s  w e r e  al l  

v e r y  h i g h  a n d  c l o s e  t o  t h e  d i f f r a c t i o n  l i m i t  o f  t h e  

m e a s u r e m e n t  s y s t e m .  T h i s  w a s  n o t  t h e  c a s e  f o r  B C L  w h i c h  

h a v e  a r e d u c e d  M T F  c o m p a r e d  t o  s i n g l e  v i s i o n  CL. T h e
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m e a s u r e d  M T F  o f  c o n c e n t r i c - d e s i g n  B C L  w a s  s i m i l a r  t o  t h e  

t h e o r e t i c a l l y  c a l c u l a t e d  M T F  a n d  d e m o n s t r a t e d  t h e

p r e d i c t e d  p u p i l  ( a p e r t u r e )  d e p e n d e n c e  ( K lein, 1 9 86; 

L o s h i n ,  1 9 8 9 ;  L o s h i n  a n d  Hug, 1 9 86; Y o u n g  e t  al, 1990). 

W h e n  t h e  C O Z  f o r m e d  t h e  f o c u s s e d  i m a g e  t h e  M T F  w a s  

d e p r e s s e d  in t h e  m e d i a n  s p a t i a l  f r e q u e n c i e s ,  b u t  a p p e a r e d  

t o  r e t a i n  f a i r  m o d u l a t i o n  t r a n s f e r  f o r  h i g h e r  s p a t i a l  

f r e q u e n c i e s ,  a n d  t h e  M T F  r e d u c e d  w i t h  i n c r e a s i n g  a p e r t u r e  

s i z e .  C o n v e r s e l y ,  w h e n  t h e  P O Z  f o r m e d  t h e  f o c u s s e d  i m a g e  

t h e  M T F  i m p r o v e d  w i t h  i n c r e a s i n g  a p e r t u r e  s i z e .  A t  50 %  

p u p i l  c o v e r a g e  b y  t h e  COZ, a t  a n  a r b i t r a r i l y  c h o s e n  12 

c . p . d . .  t h e  m e a s u r e d  m o d u l a t i o n  o f  t h e  i m a g e  f o r m e d  w h e n  

l i g h t  p a s s i n g  t h r o u g h  t h e  P O Z  w a s  in f o c u s  w a s  g r e a t e r  

t h a n  t h e  m o d u l a t i o n  o f  t h e  i m a g e  f o r m e d  w h e n  l i g h t  

p a s s i n g  t h r o u g h  t h e  C O Z  f o r m e d  t h e  f o c u s s e d  i m a g e  w i t h  

b o t h  B C L  ( Y o u n g  e t  al, 1990) . T h i s  d i d  n o t  a g r e e  w i t h

t h e  c a l c u l a t i o n s  o f  K l e i n  a n d  H o  (1986) w h i c h  i n d i c a t e d  

t h a t  w h e n  t h e  C O Z  a n d  P O Z  c o v e r e d  e q u a l  a r e a s  o v e r  t h e  

p u p i l  t h e  i m a g e  f o r m e d  b y  t h e  CO Z  h a d  a b e t t e r  M T F  (as

n o t e d  e a r l i e r  t h e r e w a s  s o m e r e a s o n t o  d o u b t t h e s e

c a l c u l a t i o n s ) . If a h i g h e r s p a t i a l f r e q u e n c y , f o r

e x a m p l e  30 c . p . d . , w a s  e x a m i n e d  t h e C O Z  w a s m o r e

e f f i c i e n t .  T h i s  w a s  t h e n  in a g r e e m e n t  w i t h  t h e  c h a n g e s  

in m o d u l a t i o n  w i t h  s p a t i a l  f r e q u e n c y  i n d i c a t e d  b y  t h e  

c a l c u l a t i o n s  o f  O ' N e i l l  (1956). Y o u n g  e t  al (1990) u s e d  

o n l y  o n e  C O Z D  o f  e a c h  B C L  f o r m  (CD a n d  CN) a n d  h e n c e  d i d  

n o t  i n v e s t i g a t e  t h e  i n t e r a c t i o n  b e t w e e n  C O Z D  a n d  a p e r t u r e  

s i z e .  O t h e r  a s p e c t s  o f  B C L  d e s i g n  w e r e  n o t  c o n s i d e r e d  

s u c h  a s  t h e  a m o u n t  o f  R Z J  b l e n d i n g  (the C D  B C L  w a s
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b l e n d e d ,  w h i l e  t h e  C N  B C L  w a s  not) a n d  p l a c e d  t h e  

a p e r t u r e  a t  a n  u n d e f i n e d  d i s t a n c e  b e f o r e  t h e  B C L  as 

o p p o s e d  t o  t h e  o n - e y e  s i t u a t i o n .  W i t h  t h e  o p t i c a l  

a r r a n g e m e n t  u s e d  t h e r e  w a s  a p o s s i b i l i t y  t h a t  t h e  

m a g n i f i c a t i o n  o f  t h e  i m a g e  i n t r o d u c e d  b y  t h e  d i f f e r e n t  

f o c a l  l e n g t h s  o f  t h e  d i s t a n c e  a n d  n e a r  i m a g e s  m a y  h a v e  

i n t r o d u c e d  a n  e r r o n e o u s  c o m p a r i s o n  b e t w e e n  d i s t a n c e  a n d  

n e a r  ( s e c t i o n  1 . 3 . 5 ) .

B y  d i r e c t  m e a s u r e m e n t  o f  i m a g e  c o n t r a s t  w i t h  a s i m u l a t e d  

c o n c e n t r i c - d e s i g n  i n t r a o c u l a r  l e n s  (IOL) a n d  a m a g n i f i e d  

s c h e m a t i c  e y e  A t e b a r a  a n d  M i l l e r  (1990) s u g g e s t e d  t h a t  

e q u a l  p e r f o r m a n c e  w a s  a c h i e v e d  w h e n  t h e  C O Z  c o v e r e d  a b o u t  

4 0 %  o f  t h e  p u p i l .  T h i s  m o d e l  c o u l d  b e  e q u a l l y  a p p l i c a b l e  

t o  B C L  b u t  s u f f e r s  f r o m  a n u m b e r  o f  p r o b l e m s .

D e c e n t r a t i o n

W h e n  a c o n c e n t r i c - d e s i g n  B C L  d e c e n t r e s  o v e r  t h e  a p e r t u r e  

(pupil) t h e  i m a g e  f o r m e d  b y  t h e  B C L  v a r i e s  f r o m  t h a t  

s h o w n  in Figures 1.2-1 and 1.2-2. W i t h  s o m e  i n t e r e s t i n g  r a y  

t r a c i n g  d i a g r a m s ,  H o d d  (1969) d e m o n s t r a t e d  t h e  a s y m m e t r y  

o f  t h e  i m a g e  s h a p e  w i t h  d e c e n t r a t i o n .  Chairman a n d  W a l s h  

(1986b) p r o d u c e d  s p o t  d i a g r a m s  b a s e d  u p o n  c o m p u t e r  

g e n e r a t e d  r a y  t r a c i n g  c a l c u l a t i o n s  w h i c h  i n d i c a t e d  t h e  

i m a g e  i n t e n s i t y  w i t h  v a r i a t i o n s  in B C L  l o c a t i o n  a n d  

s h o w e d  t h a t  t h e s e  c a n  a l t e r  s i g n i f i c a n t l y .  T h e  m e a s u r e d  

LSF, s h o w n  i n  Figure 1 .2-6, c o n f i r m e d  t h e i r  c a l c u l a t i o n s .  

D e c e n t r a t i o n  o f  t h e  c o n c e n t r i c - d e s i g n  B C L  p r o d u c e s  a n  

o r i e n t a t i o n  d e p e n d e n t  OTF. T h e r e  h a v e  b e e n  n o  p u b l i s h e d
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r e p o r t s  o f  o p t i c a l  m e a s u r e s  o f  d e c e n t r e d  s i m u l t a n e o u s -  

v i s i o n  B C L  ( e x c e p t  d a t a  f r o m  t h i s  s t u d y  w h i c h  h a s  b e e n  

a c c e p t e d  f o r  p u b l i c a t i o n :  W o o d s ,  S a u n d e r s  a n d  Port, 

1992) . I n  a d i s c u s s i o n  o f  t h e  p u p i l  d e p e n d e n c e  o f

a l t e r n a t i n g - v i s i o n  B C L  B o r i s h  (1988) s h o w e d  t h e  m e a s u r e d  

M T F  o f  a n  a l t e r n a t i n g - v i s i o n  B C L  w h i c h  d e m o n s t r a t e d  t h e  

e f f e c t  o f  t h e  d e c e n t r e d  o p t i c  in t h i s  f o r m  o f  BCL.

H e n c e  it w o u l d  a p p e a r  t h a t  t h e r e  h a s  b e e n  l i m i t e d  

i n f o r m a t i o n  a v a i l a b l e  a b o u t  t h e  o p t i c a l  p e r f o r m a n c e  o f  

c o n c e n t r i c - d e s i g n  BCL. T h e r e  h a v e  b e e n  n o  p u b l i s h e d

r e p o r t s  w h i c h  d i r e c t l y  r e l a t e  o p t i c a l  p e r f o r m a n c e  t o  

v i s u a l  p e r f o r m a n c e .

(a ) COZ
décentration = 1 .5  mm

(b ) POZ
décentration = 1 .5  mm

detector location detector location

Figure 1.2-6 Image shape with a decentred concentric-design refractive BCL. 
Line Spread Functions (LSF) measured with the light passing through : (a)
the central optic zone (COZ) of a 2.6 mm COZD BCL in focus with 1.5 mm 
décentration over the 4 mm aperture. With increasing décentration there is a 
dramatic change in image shape and a commensurate reduction in the optical 
performance (MTF); and (b) the peripheral optic zone (POZ) of a 2.6 mm 
COZD BCL in focus with 1.5 mm décentration over the 4 mm aperture. 
Increasing décentration has only a small effect upon the image shape, (data 
from this study)
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Visual Performance

T h e  e f f e c t  o f  i m a g e  f o r m

V i s u a l  p e r f o r m a n c e  v a r i e s  a c c o r d i n g  t o  t h e  i m a g e  f o r m  in 

a p r e d i c t a b l e  w a y .  A s  n o t e d  t h e  r e s o l u t i o n  l i m i t  o f  t h e  

h u m a n  e y e  w a s  m o r e  d e p e n d e n t  o n  t h e  c e n t r a l  m a x i m u m  

i l l u m i n a n c e  t h a n  o n  t h e  t o t a l  s p r e a d  o f  t h e  b l u r  c i r c l e  

(Rem o l e ,  1 9 8 2 ) .  C o x  (1985, 1986) d e m o n s t r a t e d  t h a t  t h e

a n n u l a r  b l u r  o n  t h e  i m a g e  (Figure 1.2-2b) w a s  l e s s  

d e t r i m e n t a l  t o  v i s u a l  p e r f o r m a n c e  t h a n  t h e  p e d e s t a l  f o r m  

(Figure 1.2-2a) . V i s u a l  p e r f o r m a n c e  w i t h  l i g h t  p a s s i n g  

t h r o u g h  t h e  C O Z  in f o c u s  w a s  s i m i l a r  t o  a r e d u c t i o n  in 

i m a g e  c o n t r a s t ,  a n d  w i t h  t h e  PO Z  in f o c u s  w a s  s i m i l a r  t o  

a r e d u c t i o n  i n  s p a t i a l  d e t a i l  (Ho a n d  B i l t o n ,  1986) . 

E f f e c t i v e l y ,  f o r  a g i v e n  p u p i l  size, t h e  C O Z  w a s  f o u n d  t o  

b e  m o r e  e f f i c i e n t  t h a n  t h e  POZ. F o r  e x a m p l e ,  w i t h  

c o n c e n t r i c - d e s i g n  BCL, if t h e r e  w a s  e q u a l  p u p i l  c o v e r a g e  

b y  t h e  C O Z  a n d  P O Z  o f  t h e  C N  B C L  u n d e r  d i s c u s s i o n  t h e n  

t h e  n e a r  v i s u a l  p e r f o r m a n c e  w o u l d  b e  s l i g h t l y  b e t t e r  t h a n  

t h e  d i s t a n c e  v i s u a l  p e r f o r m a n c e .  F r o m  a s i m i l a r  a n a l y s i s  

o f  a C D  B C L  it c a n  b e  s h o w n  t h a t  t h e  r e v e r s e  o c c u r s .  

H e n c e  t o  a c h i e v e  e q u a l  d i s t a n c e  a n d  n e a r  v i s u a l  

p e r f o r m a n c e  t h e  C O Z  w o u l d  n e e d  t o  c o v e r  l e s s  t h a n  5 0 %  o f  

t h e  p u p i l .  T h i s  d o e s  n o t  c o n s i d e r  t h e  n o r m a l  c h a n g e s  in 

p u p i l  s i z e  w i t h  c o n v e r g e n c e .

M a n y  r e p o r t s  o f  c o n c e n t r i c - d e s i g n  B C L  h a v e  o n l y  r e p o r t e d  

t h e  r e d u c t i o n s  i n  h i g h  c o n t r a s t  V A  a n d  s t e r e o a c u i t y  (e.g. 

E r i c k s o n  a n d  R o b b o y ,  1985; J o n e s  a n d  L o w t h e r ,  1989; 

L o w t h e r ,  1 9 8 2 ) .  S o m e  m o r e  r e c e n t  r e p o r t s  h a v e  s h o w n  a
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r e d u c t i o n  in C S F  a t  m e d i u m  a n d  h i g h  s p a t i a l  f r e q u e n c i e s  

(> 2 c . p . d . ) ,  b u t  w i t h  n o  n o t e  o f  c e n t r a t i o n  o r  p u p i l

c o v e r a g e  b y  t h e  C O Z  ( B r o w n  e t  al, 1 9 8 7 ;  C o l l i n s  e t  al, 

1 9 8 9 ;  M c G i l l  e t  al, 1986, 198 7 ;  S a u n d e r s ,  1989, 1 9 9 0 ) .

V i s u o m o t o r  t a s k s  a n d  c o m p l e x  t a s k  r e a c t i o n  t i m e s  h a v e  

b e e n  s h o w n  t o  b e  r e d u c e d  w i t h  B C L  ( B r o w n  e t  al, 1987, 

1 9 8 8 ;  S h e e d y  e t  al, 19 9 1 ) .  C o m p a r i s o n  t o  e a r l i e r  r e s u l t s  

w i t h  m o n o v i s i o n  ( S h e e d y  e t  al, 1988) i n d i c a t e d  t h a t  t h e  

p e r f o r m a n c e  r e d u c t i o n  w a s  d u e  t o  r e d u c e d  v i s u a l  a c u i t y  

( i m a g e  q u a l i t y )  r a t h e r  t h a n  t o  t h e  r e d u c t i o n  in 

s t e r e o a c u i t y .  S t e r e o a c u i t y  h a s  b e e n  s u g g e s t e d  as

p r e d i c t i v e  o f  s u c c e s s  w i t h  c o n c e n t r i c - d e s i g n  B C L  ( B a c k  

a n d  S a y e r ,  1985) a n d  n o t  a r e a s o n  f o r  v i s i o n - r e l a t e d  

f a i l u r e  ( B a c k  e t  al, 19 8 9 ) .

P u p i l  c o v e r a g e

It w o u l d  b e  e x p e c t e d  tha t ,  f o r  a C D  BCL, a s  t h e

p r o p o r t i o n  o f  t h e  p u p i l  w h i c h  w a s  c o v e r e d  b y  t h e  C O Z D

i n c r e a s e d  t h e  v i s u a l  p e r f o r m a n c e  f o r  d i s t a n c e  w o u l d

i m p r o v e  a n d  n e a r  v i s i o n  w o u l d  r e d u c e .  T h e  r e v e r s e  s h o u l d  

o c c u r  f o r  a C N  BCL. A s  d i s c u s s e d  a b o v e ,  t h i s  h a s  b e e n  

d e m o n s t r a t e d  f o r  o p t i c a l  p e r f o r m a n c e .

D e s p i t e  t h e  c o m m o n  a c c e p t a n c e  o f  a r e l a t i o n s h i p  b e t w e e n  

p u p i l  size, a l t e r a t i o n s  t o  B C L  d e s i g n  a n d  v i s u a l

p e r f o r m a n c e  v e r y  l i t t l e  w o r k  h a s  b e e n  d o n e  t o  i n v e s t i g a t e  

a n d  t o  q u a n t i f y  t h i s  r e l a t i o n s h i p .  T h e  t w o  p r i n c i p a l  

i n v e s t i g a t i o n s  o f  c h a n g e s  in C O Z D  w i t h  p r e s b y o p i c
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s u b j e c t s  h a v e  b e e n  w i t h  s o f t  BCL, o n e  w i t h  C D  ( E r i c k s o n  

a n d  R o b b o y ,  1985) a n d  t h e  o t h e r  w i t h  C N  ( J o n e s  a n d  

L o w t h e r ,  1989) BCL. T h e  v i s u a l  p e r f o r m a n c e  m e a s u r e  

r e p o r t e d  in b o t h  s t u d i e s  w a s  h i g h  c o n t r a s t  VA.

A s  n o t e d ,  i n c r e a s i n g  t h e  C O Z D  w o u l d  b e  e x p e c t e d  t o  l e a d  

t o  a n  i m p r o v e m e n t  in v i s u a l  p e r f o r m a n c e  f o r  t h e  r e l e v a n t  

v i e w i n g  d i s t a n c e ,  a s  t h e  i m a g e  f o r m e d  w o u l d  b e c o m e  

d o m i n a n t .  E r i c k s o n  a n d  R o b b o y  (1985) d e m o n s t r a t e d  t h a t  

d i s t a n c e  v i s i o n  i m p r o v e d  w h e n  t h e  ( d i s t a n c e )  C O Z D  

i n c r e a s e d ,  b u t  t h e  e x p e c t e d  d e c r e a s e  i n  n e a r  v i s i o n  d i d  

n o t  o c c u r  (Figure 1.2-7) . T h i s  s t u d y  f a i l e d  t o  r e l a t e  t h e  

C O Z D  t o  t h e  a c t u a l  p u p i l  size, o r  t o  g i v e  a p e r c e n t a g e  

p u p i l  c o v e r .  C L  l o c a t i o n  w a s  r e c o r d e d ,  b u t  n o t  r e l a t e d  

t o  VA. T h e y  c o n c l u d e d  t h a t  f o r  t h e  a v e r a g e  3.7 m m  p u p i l  

( r a n g e  1.7 t o  5 . 0  mm) a 2. 5  m m  ( d i s t a n c e )  C O Z  ( a v e r a g e  46 

p e r c e n t  p u p i l  c o v e r a g e )  p r o v i d e d  t h e  " b e s t  p e r f o r m a n c e  

f o r  m o s t  s u b j e c t s " ,  t h o u g h  m o s t  s u b j e c t s  e x h i b i t e d  a 

s i m i l a r  p e r f o r m a n c e  a c r o s s  t w o  o r  t h r e e  z o n e  d i a m e t e r s  as 

a s s e s s e d  w i t h  h i g h  c o n t r a s t  V A  c h a r t s .

J o n e s  a n d  L o w t h e r  (1989) , u s i n g  a C N  BCL, s h o w e d  t h a t  as 

t h e  (near) C O Z D  i n c r e a s e d ,  t h e  d i s t a n c e  v i s i o n  d e c r e a s e d ,  

b u t  t h e y  d i d  n o t  s h o w  t h e  e x p e c t e d  i n c r e a s e  in n e a r  

v i s i o n  (Figure 1.2-8) . T h e y  f o u n d  n o  c o r r e l a t i o n  b e t w e e n  

p u p i l  s i z e  a n d  COZ D .  T h i s  m a y  h a v e  b e e n  d u e  t o  t h e  

t e c h n i q u e  o f  p u p i l  s i z e  e s t i m a t i o n ,  a l a c k  o f  c e n t r a t i o n  

o f  t h e  BCL, a n d  t o  t h e  u s e  o f  h i g h  l u m i n a n c e ,  h i g h  

c o n t r a s t  V A  o n l y  ( C h a r m a n  a n d  S a u n d e r s ,  1 9 9 0 ) .  In
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Figure 1.2-7 A previous study with soft Centre-Distance refractive BCL which 
measured high contrast Visual Acuity at distance and near. As the central optic zone 
diameter increased distance vision (solid line) was expected to improve, and near 
vision (dotted line) to deteriorate, (redrawn from Erickson and Robboy, 1985)
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Figure 1.2-8 : A previous study with soft Centre-Near refractive BCL which 
measured high contrast Visual Acuity at distance and near. As the central optic zone 
diameter increased near vision (dotted line) was expected to improve, and distance 
vision (solid line) to deteriorate, (redrawn from Jones and Lowther, 1989)
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a d d i t i o n  t h e  r e p e a t a b i l i t y  o f  t h e  m e a s u r e  w a s  n o t  t e s t e d ,  

a n d  w i t h  t h e  s m a l l  s a m p l e  s i z e  m a y  e x p l a i n  t h e  l a c k  o f  

c o r r e l a t i o n .

E r i c k s o n  a n d  R o b b o y  (1985) r e p o r t e d  t h e  s u b j e c t i v e  

p r e f e r e n c e  o f  t h e  s u b j e c t s  f o r  t h e  d i f f e r e n t  C O Z D  as 

s h o w n  in Figure 1.2-7. S u r p r i s i n g l y  o n l y  o n e  s u b j e c t  

p r e f e r r e d  t h e  l a r g e s t  C O Z D  (3.25 mm) d e s p i t e  t h e  

a p p a r e n t l y  b e t t e r  v i s i o n  f o r  b o t h  d i s t a n c e  a n d  nea r .  

T h i s  w a s  n o t  e x p l a i n e d  b y  t h e  a u t h o r s .

C o x  (1985, 19 8 6 ) ,  w i t h  y o u n g  s u b j e c t s ,  i n v e s t i g a t e d  p o w e r  

v a r i a t i o n s  a c r o s s  s o f t  C L  a n d  d e m o n s t r a t e d  v a r i a t i o n s  in 

v i s u a l  p e r f o r m a n c e  w i t h  p e r c e n t a g e  p u p i l  c o v e r a g e  b y  t h e  

C O Z  w i t h  s o f t  C D  a n d  C N  BCL. V i s u a l  p e r f o r m a n c e  w a s  

a s s e s s e d  w i t h  h i g h  a n d  l o w  c o n t r a s t  V A  a n d  t h e  CSF. T h e  

e x p e c t e d  t r e n d s  w i t h  c h a n g e s  in C O Z D  w e r e  d e m o n s t r a t e d  

w i t h  b o t h  B C L  d e s i g n s  a n d  f o r  a l l  t e s t s .  W h i l s t  t h e  

d i a m e t e r  o f  t h e  a r t i f i c i a l  p u p i l s  w e r e  s t a t e d  it w a s  n o t  

p o s s i b l e  t o  d e t e r m i n e  t h e  e n t r a n c e  p u p i l  d i a m e t e r  (pupil 

size) a n d  t h e n c e  d e t e r m i n e  t h e  a c t u a l  p r o p o r t i o n  o f  t h e  

p u p i l  c o v e r e d  b y  t h e  COZ. In a n  i n v e s t i g a t i o n ,  w i t h  

p r e s b y o p i c  s u b j e c t s ,  o f  b o t h  C D  a n d  C N  B C L  H o l d e n  a n d  c o -

w o r k e r s  ( B a c k  e t  al, 1 9 90; H o l d e n ,  1986) f o u n d  a 

r e l a t i o n s h i p  b e t w e e n  C O Z D  a n d  h i g h  a n d  l o w  c o n t r a s t  V A  

w h i c h  v a r i e d  w i t h  t h e  c o n f i g u r a t i o n  (i.e. C D  o r  CN) . 

T h e  v a r i a t i o n  i n  V A  w i t h  C O Z D  ( B a c k  e t  al, 1990) w a s  v e r y  

s i m i l a r  i n  f o r m  t o  c o n t r a s t  m e a s u r e s  i n  s i m u l a t i o n  

( A t e b a r a  a n d  M i l l e r ,  1990) a n d  M T F  m e a s u r e s  ( Y o u n g  e t  al,
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1990) . T h e  s o f t  B C L  u s e d  in b o t h  t h e s e  s t u d i e s  h a d  

v a r y i n g  d e g r e e s  o f  b l e n d i n g  o f  t h e  R Z J ,  a n d  w h i c h  v a r i e d  

s y s t e m a t i c a l l y  b e t w e e n  t h e  C D  a n d  C N  B C L  d u e  t o  t h e  

m a n u f a c t u r i n g  t e c h n i q u e  (ca s t  m o u l d i n g )  (Hol d e n ,  1986). 

O t h e r  i n v e s t i g a t i o n s  o f  t h e  e f f e c t  o f  C O Z D  h a v e  b e e n  

p e r f o r m e d  in t h e  d e v e l o p m e n t  o f  c o m m e r c i a l l y  a v a i l a b l e  

c o n c e n t r i c - d e s i g n  BCL, b u t  t h e  r e s u l t s  r e m a i n  u n p u b l i s h e d  

( C a r m i c h a e l ,  1 9 8 6 ;  L o w t h e r ,  1985).

T h e  S t i l e s - C r a w f o r d  E f f e c t

N o t  a l l  l i g h t  is e q u a l  in i t s  e f f e c t i v e n e s s .  L i g h t  

p a s s i n g  t h r o u g h  t h e  c e n t r e  o f  t h e  p u p i l  is m o r e  e f f e c t i v e  

t h a n  l i g h t  p a s s i n g  t h r o u g h  t h e  p e r i p h e r a l  p u p i l  ( S t i l e s -  

C r a w f o r d  e f f e c t ) . C a l c u l a t i o n s  b y  t h e  a u t h o r  b a s e d  u p o n  

t h i s  e f f e c t  (data: C r a w f o r d ,  1972) i n d i c a t e  t h a t  t h e  COZ 

n e e d s  t o  c o v e r  l e s s  t h a n  50 %  o f  t h e  p u p i l  a r e a  t o  b e  as 

e f f e c t i v e  as t h e  POZ. T h i s  d e p e n d s  s l i g h t l y  u p o n  p u p i l  

s i z e .  A s  s h o w n  in Figure 1.2-9, f o r  e q u a l  r e l a t i v e  

e f f i c i e n c y  b e t w e e n  C O Z  a n d  POZ, t h e  p r o p o r t i o n  o f  t h e  

p u p i l  c o v e r e d  b y  t h e  C O Z  r e d u c e s  f r o m  4 3 %  a t  2 m m  t o  35% 

a t  6 mm.

T h e  h u m a n  p u p i l  is n o t  f i x e d  in s i z e  a n d  f o r  a n  a v e r a g e  

55 y e a r  o l d  v a r i e s  f r o m  a b o u t  5 . 5  m m  in t h e  d a r k  t o  a b o u t  

3 . 2 5  m m  u n d e r  n o r m a l  " r o o m "  i l l u m i n a t i o n  (Woods, 1 9 9 1 c ) .  

A s  a n  e x a m p l e ,  w i t h  a 4 m m  p u p i l  t h e  C O Z D  m u s t  b e  2 . 8 3  m m  

t o  g e o m e t r i c a l l y  c o v e r  5 0 %  o f  t h e  p u p i l ,  b u t  f o r  t h e  COZ 

a n d  P O Z  t o  b e  e q u a l l y  e f f e c t i v e  a 2 . 5 5  m m  C O Z D  w o u l d  b e  

r e q u i r e d .
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Figure 1.2-9 The Stiles-Crawford effect and central optic zone (COZ) 
diameter coverage of the pupil. The per cent coverage of the pupil by the 
COZ of a concentric-design refractive BCL centred over the pupil to achieve 
equal relative efficiency of the COZ and POZ when the Stiles-Crawford 
effect is considered.

D é c e n t r a t i o n

T h e r e  h a v e  b e e n  n o  p u b l i s h e d  s t u d i e s  w h i c h  r e l a t e  t h e  

a m o u n t  o f  d é c e n t r a t i o n  o f  c o n c e n t r i c - d e s i g n  B C L  t o  

a s p e c t s  o f  v i s u a l  p e r f o r m a n c e .  T h e r e  h a v e  b e e n  n o  

p u b l i s h e d  s t u d i e s  w h i c h  r e l a t e  t h e  f o r m  (i.e. d e g r e e  o f  

b l e n d i n g )  o f  t h e  R Z J  t o  c h a n g e s  in v i s u a l  p e r f o r m a n c e .

S u m m a r y

H e n c e  t h e r e  is a p o o r l y  d e f i n e d ,  r e l a t i o n s h i p  b e t w e e n  

p u p i l  s i ze, CO Z  d e s i g n ,  d é c e n t r a t i o n ,  o p t i c a l  p e r f o r m a n c e  

a n d  v i s u a l  p e r f o r m a n c e  o f  c o n c e n t r i c - d e s i g n  r e f r a c t i v e  

BCL. S u g g e s t i o n s  f o r  C O Z  c o v e r a g e  o f  t h e  p u p i l  in t h e  

l i t e r a t u r e  h a v e  v a r i e d  f r o m  20 %  ( B r e g e r ,  1983) t o  o v e r  

8 0 %  ( J o s e p h s o n  a n d  C a f f e r y ,  1986; R o b i r d s ,  1 9 8 7 ) ,  t h o u g h  

s u g g e s t i o n s  o f  5 0 %  p u p i l  c o v e r a g e  h a v e  b e e n  m o r e  c o m m o n  

(Bier, 1967, B i e r  a n d  L o w t h e r ,  1 9 7 7 ;  d e  C a r l e ,  1 9 8 9 b ;  

S h e e d y  e t  al, 199 1 ) .  T h e r e  h a s  b e e n  s o m e  e v i d e n c e  f r o m
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s t u d i e s  o f  c o n c e n t r i c - d e s i g n s  (Cox, 1 9 8 6 ;  H o l d e n ,  1 9 86; 

K l e i n  a n d  Ho, 1986) t h a t  5 0 %  m a y  n o t  b e  o p t i m a l .

1.2.3 DIFFRACTIVE BIFOCAL CONTACT LENSES

D i f f r a c t i v e  BCL, w h i c h  u t i l i s e  t h e  n a t u r a l  i n t e r f e r e n c e  

p r o p e r t i e s  o f  l i g h t  t o  p r o d u c e  t h e  r e q u i r e d  foci, w e r e  

t h e  m o s t  r e c e n t  s i m u l t a n e o u s - v i s i o n  i n n o v a t i o n .  T h o u g h  

t h e  m a j o r  a d v a n t a g e  is t h e  r e l a t i v e  i n d e p e n d e n c e  f r o m  t h e  

e f f e c t s  o f  c h a n g e s  in p u p i l  size, t h e  r a t i o  o f  l i g h t  in 

t h e  t w o  i m a g e s  is s u b j e c t  t o  v a r i a t i o n  a s  is d i s c u s s e d  

b e l o w .  T h e  d i f f r a c t i v e  p o r t i o n  o f  t h e  B C L  t y p i c a l l y  

c o v e r s  t h e  c e n t r a l  3 t o  6 m m  a n d  is s u r r o u n d e d  b y  a 

r e f r a c t i v e  o p t i c a l  zone. F o r  t h i s  d i s c u s s i o n  t h e  t w o  

o p t i c a l  z o n e s  w i l l  b e  r e f e r r e d  t o  a s  t h e  C e n t r a l  

D i f f r a c t i v e  Z o n e  (CDZ) a n d  t h e  P e r i p h e r a l  R e f r a c t i v e  Z o n e  

(PRZ) ( D r a f t  I n t e r n a t i o n a l  C o n t a c t  L e n s  S t a n d a r d s ,  19 9 1 ) .

T h e o r e t i c a l  a s p e c t s

T h e  d e v e l o p m e n t  o f  d i f f r a c t i v e  B C L  is d e t a i l e d  in a 

h i s t o r i c a l  c o n t e x t  a n d  t h e o r e t i c a l  c o n s i d e r a t i o n s  

d i s c u s s e d .

Z o n e  p l a t e s

D i f f r a c t i v e  B C L  w e r e  a d e v e l o p m e n t  f r o m  s i m p l e  z o n e  

p l a t e s  w h i c h  u t i l i s e  a s p e c t s  o f  t h e  w a v e  n a t u r e  o f  l i g h t .  

F r e s n e l  t o  e x p l a i n  d i f f r a c t i o n ,  u t i l i s e d  H u y g e n ' s  

p r i n c i p l e  w h i c h  a s s u m e s  t h a t  e a c h  p o i n t  o n  a w a v e f r o n t  

m a y  b e  c o n s i d e r e d  as a s o u r c e  o f  s e c o n d a r y  w a v e s  o r
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w a v e l e t s .  T h e n ,  a t  s o m e  g i v e n  l o c a t i o n ,  P , t h e  e f f e c t  o f  

a w a v e f r o n t  c a n  b e  c o n s i d e r e d  as t h e  r e s u l t  o f  a s e r i e s  

o f  w a v e l e t s  e m a n a t i n g  f r o m  a l l  p o i n t s  (or f o r  s i m p l i c i t y ,  

s m a l l  a r e a s )  o f  t h e  o r i g i n a l  w a v e f r o n t .  T h e  e f f e c t  a t  P 

is a r e s u l t  o f  t h e  s u m m a t i o n  o f  t h e  a m p l i t u d e  a n d  

r e l a t i v e  p h a s e  o f  e a c h  w a v e l e t  a c c o r d i n g  t o  t h e  p r i n c i p l e  

o f  s u p e r p o s i t i o n  ( D i t c h b u r n ,  1976). I f  a l l  t h e  w a v e l e t s  

a r e  i n  p h a s e  r e s u l t i n g  in c o n s t r u c t i v e  i n t e r f e r e n c e  t h e n  

t h e r e  is a n  a r e a  o f  i n c r e a s e d  i l l u m i n a t i o n  w h i c h  is k n o w n  

a s  a f o c a l  p o i n t .  A  s p e c i a l  c o n s t r u c t i o n ,  i n v e n t e d  b y  

R a y l e i g h  in 1 8 7 1  ( J e n k i n s  a n d  W h i t e ,  1 9 7 6 ) ,  k n o w n  a s  a 

z o n e  p l a t e  u t i l i s e s  t h i s  p r i n c i p l e  t o  f o r m  a f o c u s  b y  

b l o c k i n g  w a v e l e t s  f r o m  a r e a s  w h i c h  w o u l d  a r r i v e  o u t  of 

p h a s e .

O n l y  w a v e l e t s  w h i c h  a r e  in p h a s e  a r e  a l l o w e d  t o  r e a c h  t h e  

f o c a l  p o i n t  F b y  a t y p i c a l  s i m p l e  z o n e  p l a t e  (Figure 1.2-10) 

w h i c h  is o p a q u e  w i t h  a s e r i e s  o f  c l e a r ,  n a r r o w ,  

c o n c e n t r i c  r i n g s  w i t h  r a d i u s  rm a c c o r d i n g  t o  t h e  

e q u a t i o n :

rm = ( 2 m x f ' + ("l x )* ) 1

w h e r e  A =  w a v e l e n g t h  o f  i n c i d e n t  l i g h t ,  a n d  f '  = 

d i s t a n c e  f r o m  p l a t e  t o  F (focal l e n g t h )  . A s  f o r  m o s t  

p u r p o s e s  t h e  f o c a l  l e n g t h  f  is f a r  g r e a t e r  t h a n  (m\)2, 

t h i s  m a y  b e  r e w r i t t e n :

rm =  ( 2 m X f  ) ' 2 ...........  Equation 1.2-1
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Figure 1.2-10 A  simple zone plate. The radii of the clear zones are found 
according to Equation 1.2-1. Then the path length of light incident at the 

focal length / ’ from any zone r will be f '  + r X. As all light which is out of 
phase has been blocked a focus at F will result.

W a v e l e t s  p a s s i n g  t h r o u g h  t h e s e  n a r r o w  z o n e s  w i l l  a l l  

r e a c h  t h e  f o c a l  p o i n t  in p h a s e  s i n c e  t h e  p a t h  l e n g t h  f r o m  

t h e  rt h  z o n e  w i l l  b e  f '  + r X. It f o l l o w s  f r o m  Equation 1.2-1 

a n d  e v a l u a t i o n  o f  t h e  c o n d i t i o n  o f  f o r m a t i o n  o f  t h e  f o c a l  

p o i n t ,  t h e  r e g u i r e m e n t  t h a t  a l l  w a v e l e t s  a r r i v e  i n  p h a s e ,  

t h a t  t h e  d e s i g n  f o c u s  o f  a z o n e  p l a t e  is o n l y  o n e  o f  a 

s e r i e s  o f  f o c i  a n d  is t e r m e d  t h e  f i r s t - o r d e r  f o c u s  

( J e n k i n s  a n d  W h i t e ,  1976). W h e r e  t h e  o u t e r  r a d i u s  o f  t h e  

f u l l - p e r i o d  z o n e  is rm , t h e  f o c a l  l e n g t h  f o r  t h e  k^  

o r d e r  f o c u s  ( f ' k )  is g i v e n  b y  t h e  e q u a t i o n :

Equation 1.2-2
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A s  a l l  t h e  w a v e l e t s  m u s t  a r r i v e  a t  i n f i n i t y  i n  p h a s e  

t h e r e  is a z e r o - o r d e r  f o c u s  c o r r e s p o n d i n g  t o  n o  

d i f f r a c t i v e  p o w e r .  T h e r e  a r e  e f f e c t i v e l y  n o  e v e n  o r d e r  

f o c i  a s  t h e  w a v e l e t s  f r o m  a l t e r n a t e  z o n e s  a r r i v e  in 

o p p o s i t e  p h a s e  a n d  h e n c e  d e s t r u c t i v e l y  i n t e r f e r e .  

T h e o r e t i c a l  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  b u l k  o f  t h e  

e n e r g y  g o e s  i n t o  t h e  z e r o  (35%) a n d  f i r s t - o r d e r  ( ± 2 9 %  

e a ch) foci, w i t h  d e c r e a s i n g  a m o u n t s  t o  t h e  h i g h e r  o r d e r  

f o c i  ( F r e e m a n ,  19 8 4 ) .

A n o t h e r  p r o b l e m  r e l a t e s  t o  t h e  p o l y c h r o m a t i c  (white) 

l i g h t  o f  t h e  " r e a l "  w o r l d .  G i v e n  f i x e d  z o n e  r a d i i  

(Equation 1.2-2) it c a n  b e  s e e n  t h a t  f o c a l  l e n g t h  is i n v e r s e l y  

p r o p o r t i o n a l  t o  w a v e l e n g t h .  T h i s  r e s u l t s  in s u b s t a n t i a l  

c h r o m a t i c  a b e r r a t i o n  a c r o s s  t h e  v i s i b l e  s p e c t r u m  a n d  

w h i c h  is t h e  r e v e r s e  o f  t h a t  f o u n d  w i t h  r e f r a c t i v e  

s y s t e m s .  T h e  i m p l i c a t i o n s  a r e  d i s c u s s e d  b e l o w .

T h e  m a j o r  d i s a d v a n t a g e  o f  t h e  z o n e  p l a t e  is t h e  l o w  l i g h t  

t r a n s m i s s i o n  t h r o u g h  t h e  n a r r o w  a n n u l a r  z o n e s .  F o r  a l l  

p r a c t i c a l  p u r p o s e s  it is n o t  n e c e s s a r y  t o  h a v e  t h e  

w a v e l e t s  p r e c i s e l y  in p h a s e ,  a n d  t h e r e  is l i t t l e  l o s s  o f  

i m a g e  q u a l i t y  w i t h  p h a s e  v a r i a t i o n s  o f  u p  t o  * (^A) . T h i s  

is t h e  c l a s s i c a l  F r e s n e l  z o n e  p l a t e  w h e r e  t h e  r i n g s  a r e  

h a l f - p e r i o d  z o n e s  (Figure 1 .2 -llb ) . W i t h  t h i s  c o n s t r u c t i o n  

a p p r o x i m a t e l y  h a l f  t h e  i n c i d e n t  l i g h t  is a b s o r b e d .  A s  a 

f u r t h e r  d e v e l o p m e n t  t o  i n c r e a s e  t h e  a m o u n t  o f  t r a n s m i t t e d  

l i g h t  W o o d  (1923) s u g g e s t e d  t h a t  t h e  o p a q u e  s e c t i o n s  o f  

t h e  t r a d i t i o n a l  F r e s n e l  z o n e  p l a t e  b e  r e p l a c e d  w i t h  a
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c l e a r  s e c t i o n  in w h i c h  a n  a d d i t i o n a l  h a l f - p h a s e  t h i c k n e s s  

o f  o p t i c a l  m a t e r i a l  is i n c l u d e d  t o  b r i n g  t h e  w a v e l e t s  

f r o m  t h e s e  s e g m e n t s  i n t o  p h a s e  (Figure 1 .2 -llc ) . T h i s  

r e s u l t s  in t h e  l o s s  o f  t h e  z e r o - o r d e r  f o c u s  a s  t h e  h a l f -

p h a s e  r e a c h e s  i n f i n i t y  o u t  o f  p h a s e  a n d  d e s t r u c t i v e l y  

i n t e r f e r e s .  T h e  l i g h t  is t h e n  m a i n l y  f o u n d  i n  t h e  

p o s i t i v e  a n d  n e g a t i v e  f i r s t  o r d e r  f o c i  ( ± 4 0 %  e a c h ) .

m

Figure 1.2-11 A  schematic representation of the development of the B C L  

showing the transition from zone plates to a kinoform lens. Cross-sections of 

two zones (radii according to Equation 1.2-1) of (a) a simple zone plate; (b) 

a Fresnel zone plate which transmits phase delay of up to A/2; (c) a half 

phase (Wood) lens where the light blocked in a Fresnel lens is given an 
additional A/2 delay; (d) a lens composed of three sub-zones of A/3 phase 
delay where the area of each annular sub-zone is equal; (e) a lens with a 
continuous asymmetric delay (kinoform) lens (i.e. composed of infinite sub-
zones); and (f) a lens with triangular sections which approximate an ideal 
kinoform.
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K i n o f o r m s

T h i s  c o n s t r u c t i o n  c a n  b e  f u r t h e r  i m p r o v e d  b y  s u b d i v i d i n g  

e a c h  a n n u l a r  z o n e  i n t o  m o r e  t h a n  t w o  s t e p s ,  p r o d u c i n g  a n  

a s y m m e t r i c a l  s t a i r c a s e  o f  p h a s e  d e l a y ,  t o  b r i n g  t h e  

w a v e l e t s  m o r e  c l o s e l y  i n t o  p h a s e  ( L e s e m  e t  al, 196 9 ) .  

F o r  e x a m p l e ,  if t h e  z o n e  is d i v i d e d  i n t o  t h r e e  s u b - z o n e s  

o f  e q u a l  a r e a ,  s u c h  t h a t  t h e  p h a s e  d e l a y  b e t w e e n  e a c h  

s t e p p e d  s u b - z o n e  is A/3 (Figure 1 .2 -lld ) . F u r t h e r  d i v i s i o n

o f  t h e  z o n e  i n t o  s m a l l e r  s u b - z o n e s  w i l l  i n c r e a s e  t h e  

a m o u n t  o f  l i g h t  i n t o  t h e  f i r s t  o r d e r  f o c u s .  W i t h  n s u b -

z o n e s  t h e  r e s u l t i n g  i n t e n s i t i e s  i n t o  t h e  /71t h  o r d e r  i m a g e  

(Im ) m a y  b e  f o u n d  a c c o r d i n g  to:

( s i n  7T ( m -  r\ +  h - 1  ) 2 ^

---------------------- ----------  }• . . . Equation 1.2-3

ir [ m -  q +  n 1 ) J

w h e r e  q = AQ /  A^ (AQ is t h e  d e s i g n  w a v e l e n g t h  a n d  A^ 

is t h e  w a v e l e n g t h  o f  t h e  i m a g i n g  light) . F r o m  Equation 1.2-3, 

f o r  l i g h t  o f  t h e  d e s i g n  w a v e l e n g t h  ( rj = 1) , w i t h  3 s u b -

z o n e s  a p p r o x i m a t e l y  6 8 % o f  l i g h t  is f o u n d  i n  t h e  f i r s t  

o r d e r  fo c u s .  T h i s  i n c r e a s e s  t o  8 1 %  w i t h  f o u r  s u b - z o n e s  

a n d  9 7 %  w i t h  t e n  s u b - z o n e s .

T h i s  p r o c e s s  c a n  b e  e x t e n d e d  u n t i l  a s m o o t h  a s y m m e t r i c a l  

t r a n s i t i o n  in p h a s e  d e l a y  is a c h i e v e d  a c r o s s  e a c h  z o n e  

(Figure 1.2-1 le )  . Equation 1.2-3 t h e n  r e d u c e s  to:

{s i n  7r ( m - 77 )2 1

-------------------------  | ...... Equation 1.2-3 a

7T ( m -  r? ) J
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T h i s  k i n o f o r m  ( L e s e m  e t  al, 1969) t h e n  p l a c e s  1 0 0 %  o f  t h e  

l i g h t  (of t h e  d e s i g n  w a v e l e n g t h )  i n t o  t h e  f i r s t  o r d e r  

f o c u s  (Equation 1.2-3a) . T h e  i d e a l  f o r m  o f  t h e  t r a n s i t i o n  is 

p a r a b o l i c  ( L e s e m  e t  al, 1 9 6 9 ;  E m e r t o n ,  1 9 8 6 ) ,  b u t  m a y  b e  

a p p r o x i m a t e d  b y  a t r i a n g u l a r  s e c t i o n  (Figure 1.2-1 I f )  . 

E m e r t o n  e t  al (1987) d e m o n s t r a t e d  t h e  i n c r e a s i n g  

e f f i c i e n c y  o f  t r i a n g u l a r  s e c t i o n s  w i t h  i n c r e a s i n g  n u m b e r  

o f  z o n e s .  F o r  e x a m p l e ,  a t  t h e  d e s i g n  w a v e l e n g t h  t h e  

e f f i c i e n c y  f o r  10 t r i a n g u l a r  z o n e s  w a s  a p p r o x i m a t e l y  92%. 

T h e  m o d i f i c a t i o n  o f  t h e  k i n o f o r m  t o  p r o d u c e  a b i f o c a l  

e f f e c t  w a s  f i r s t  p r o p o s e d  b y  F r e e m a n  (1984).

A t  t h i s  p o i n t  it is w o r t h  d i s c u s s i n g  t h e  d i f f e r e n c e s  

b e t w e e n  t h i s  k i n o f o r m  d e s i g n  a n d  F r e s n e l  l e n s e s .  A  

F r e s n e l  l e n s  c o n s i s t s  o f  a n n u l a r  f a c e t s  s h a p e d  t o  b r i n g  

g e o m e t r i c  r a y s  t o  a c o m m o n  foc u s .  A s  e a c h  f a c e t  h a s  t h e  

s a m e  w i d t h  a n d  t h e  t h i c k n e s s  o f  t h e  f a c e t s  ( o f t e n  m a n y  

t h o u s a n d s  o f  w a v e l e n g t h s )  is s u c h  t h a t  m a n y ,  u n c o r r e l a t e d  

p h a s e  d e l a y s  o c c u r  w i t h  c o m p l e x  a m p l i t u d e  c o n t r i b u t i o n s  

a t  t h e  focus. T h u s ,  u n l i k e  t h e  k i n o f o r m  lens, a F r e s n e l  

l e n s  a c t s  l i k e  a s i n g l e  lens, w i t h  n o  s y s t e m a t i c  

c o n s t r u c t i v e  i n t e r f e r e n c e .  T h e  o r i g i n a l  d e s c r i p t i o n s  b y  

C o h e n  (1979, 1980, 198 2 a ,  1982b) o f  a n  a l t e r n a t i v e  B C L  

u s e d  F r e s n e l  p r i n c i p l e s .  M o r e  r e c e n t l y  a t r u l y  

d i f f r a c t i v e  B C L  h a s  b e e n  p r o p o s e d  b y  C o h e n  ( r e p o r t e d  b y  

H e m e n g e r  a n d  T o m l i n s o n ,  1990) .
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A  d i f f r a c t i v e  b i f o c a l

R e t u r n i n g  t o  d i f f r a c t i v e  l e n s e s ,  t o  a c h i e v e  t h e  c o r r e c t  

p h a s e  d e l a y  t h e  h e i g h t  (h) o f  e a c h  b l a z e ,  s t e p  o r  

d i f f r a c t i v e  z o n e  j u n c t i o n  (DZJ) is g i v e n  b y  :

h = XQ /  Sn Equation 1.2-4

w h e r e  Sn is t h e  d i f f e r e n c e  in r e f r a c t i v e  i n d i c e s  o f  t h e  

m a t e r i a l  a n d  s u r r o u n d i n g  m e d i a  a n d  AQ t h e  d e s i g n  

w a v e l e n g t h .  T h e  D Z J  h e i g h t  o f  t h e  d i f f r a c t i v e  e l e m e n t  

c o r r e s p o n d s  w i t h  o n l y  o n e  p a r t i c u l a r  w a v e l e n g t h ,  AQ , a n d  

t h u s  o n l y  t h a t  w a v e l e n g t h  is a c t u a l l y  in f o c u s .  A t  

w a v e l e n g t h s  o t h e r  t h a n  t h e  d e s i g n  w a v e l e n g t h  (r/ < >  1)

l e s s  l i g h t  is c o n c e n t r a t e d  in t h e  f i r s t  o r d e r  f o c u s  a n d  

a p p e a r s  in o t h e r  o r d e r s  o f  f o c u s  (Equation 1.2-3a) .

F o r  a n y  g i v e n  d e s i g n  o f  d i f f r a c t i v e  BCL, a s  d e v i s e d  b y  

F r e e m a n  (1984, 1 9 8 6 b ,  1 9 8 6 c ) ,  w i t h  c o r r e c t  c h o i c e  o f  AQ ,

it is p o s s i b l e  t o  p l a c e  m o s t  o f  t h e  l i g h t  i n t o  t h e  z e r o  

a n d  f i r s t  o r d e r  foci. B y  a l t e r a t i o n  o f  t h e  A0 it is t h e n  

p o s s i b l e  t o  p l a c e  v a r y i n g  a m o u n t s  o f  l i g h t  i n  t h e  t w o  

(BCL) foci. F o r  e x a m p l e ,  w i t h  a P o l y c o n  II d i f f r a c t i v e  

B C L  in s a l i n e  (Sn =  1 . 4 7 6  - 1 . 3 3 4 ) ,  a AQ =  2 7 5  n m  w i l l  

p l a c e  a p p r o x i m a t e l y  4 0% o f  t h e  l i g h t  o f  5 5 0  n m  i n t o  e a c h  

o f  t h e  z e r o  a n d  f i r s t  o r d e r  foci. T h e  s p l i t  w i l l  v a r y  

w i t h  w a v e l e n g t h  a s  s h o w n  in Figure 1.2-12, w i t h  l o n g  (red) 

w a v e l e n g t h s  f a v o u r i n g  t h e  z e r o  o r d e r  ( d i s t a n c e )  f o c u s  a n d  

s h o r t  (blue) w a v e l e n g t h s  f a v o u r i n g  t h e  f i r s t  o r d e r  (near) 

f o c u s .  T h e  r e m a i n d e r  o f  t h e  l i g h t  g o e s  i n t o  t h e  o t h e r
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o r d e r s .  T h i s  p l u r a l i t y  o f  f o c i  c a n  b e  s e e n  b y  c a r e f u l  

e x a m i n a t i o n  o f  a d i f f r a c t i v e  B C L  w i t h  a f o c i m e t e r .  

U n l e s s  a w e t  c e l l  is u s e d ,  t h e  m e a s u r e d  f o c i  w i l l  n o t  

c o r r e s p o n d  t o  t h o s e  e f f e c t i v e  o n  e y e  a s  t h e  s u r r o u n d i n g  

m e d i a  is a i r  n o t  t e a r s  a l t e r i n g  t h e  p h a s e  d e l a y  

(Equation 1.2-4) .

Figure 1.2-12 The spectral energy of the diffractive foci of a kinoform lens 
used to create a bifocal effect. The bulk of the energy is split between zero 

and first order foci of an ideal kinoform lens with a design wavelength of 

275 n m  (from Equation 1.2-3a). This places approximately 40% of the light 
of wavelength 550 n m  (approximately the peak of human photopic sensitivity) 
into each of these foci, with the remainder of the light into the other orders ( 
< 5%). Each of the "bifocal" foci has a distinctly different spectral energy 
profile.

T h e  a n n u l a r  z o n e s  o f  a d i f f r a c t i v e  B C L  a r e  e f f e c t i v e l y  

a p p l i e d  t o  a n o r m a l  s i n g l e  v i s i o n  C L  a n d  t h e  n o r m a l  

d i f f e r e n c e s  in f r o n t  a n d  b a c k  s u r f a c e  c u r v a t u r e  in 

c o n j u n c t i o n  w i t h  t h e  z e r o - o r d e r  d i f f r a c t i v e  p o w e r  p r o v i d e  

t h e  d i s t a n c e  c o r r e c t i o n .  T h e  f i r s t - o r d e r  d i f f r a c t i v e  

p o w e r  t h e n  p r o v i d e s  t h e  n e a r  c o r r e c t i o n .  A  d i f f r a c t i v e  

BCL, l i k e  a n y  z o n e  p l a t e ,  w i t h  a f o c a l  l e n g t h  f '  =  0 . 5  m  

a n d  A =  5 5 0  n m  r e q u i r e s  e l e v e n  z o n e s  t o  c o v e r  a 5 m m  

p u p i l  (Equation 1.2-1) . I t  is p o s s i b l e  t o  r e v e r s e  t h e  s h a p e
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o f  t h e  d i f f r a c t i v e  z o n e s  t o  c r e a t e  a B C L  w i t h  a n e g a t i v e  

d i f f r a c t i v e  f o c a l  l e n g t h .  T h e  d i s t a n c e  p o w e r  o f  a B C L  o f  

t h i s  " r e v e r s e "  a d d  B C L  w o u l d  b e  c r e a t e d  b y  t h e  f i r s t  

o r d e r  f o c u s ,  a n d  t h e  n e a r  p o w e r  b y  t h e  z e r o  o r d e r  fo c u s .  

T h e  d i s t a n c e  f o c u s  w o u l d  t h e n  d i s p l a y  t h e  r e v e r s e  LCA, 

w h i l e  t h e  n e a r  f o c u s  w o u l d  h a v e  o n l y  t h e  n o r m a l  

r e f r a c t i v e  LCA. T h i s  m a y  h a v e  s o m e  a d v a n t a g e s  a s  t h e  

n e a r  f o c a l  l e n g t h  m a y  n o t  b e  as c r i t i c a l .

Chromatic effects

A s  n o t e d  e a r l i e r  t h e r e  a r e  s o m e  a s p e c t s  o f  d i f f r a c t i v e  

B C L  i m a g e  f o r m a t i o n  w h i c h  a r e  w a v e l e n g t h  d e p e n d e n t .  

T h e s e  s p e c t r a l  e f f e c t s  a r e  d i s c u s s e d  b e l o w .

C h r o m a t i c  A b e r r a t i o n

T h e  f o c a l  l e n g t h  o f  d i f f r a c t i v e  o p t i c a l  e l e m e n t s  is 

i n v e r s e l y  p r o p o r t i o n a l  t o  w a v e l e n g t h  (Equation 1.2-1) , t h e  

r e v e r s e  o f  r e f r a c t i v e  L o n g i t u d i n a l  C h r o m a t i c  A b e r r a t i o n  

(LCA) s u c h  a s  w i t h  s p e c t a c l e  l e n s e s  a n d  in t h e  h u m a n  eye. 

T h e o r e t i c a l  p r e d i c t i o n s  ( F r eeman, 1 9 8 4 ;  C h a r m a n ,  1986) 

s u g g e s t  t h a t  t h e  L C A  o f  t h e  f i r s t  o r d e r  f o c u s  (near) o f  

t h e  d i f f r a c t i v e  B C L  w o u l d  l a r g e l y  n e g a t e  t h e  i n h e r e n t  

a x i a l  c h r o m a t i c  a b e r r a t i o n  o f  t h e  h u m a n  e y e  

( a p p r o x i m a t e l y  1 . 5  D b e t w e e n  4 5 0  a n d  6 5 0  n m ) . T h e  L C A  o f  

a d i f f r a c t i v e  f o c u s  m a y  b e  d e f i n e d  b y  ;

^min ~ ^max
L C A  =  ----------------------  ----------  Equation 1.2-5

^focus x  f '
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w h e r e  *min an<^ Amax a r e  t h e  m i n i m u m  a n d  m a x i m u m  

w a v e l e n g t h s  o f  i n t e r e s t ,  Af ocus is t h e  f o c u s  w a v e l e n g t h  of 

t h e  l e n s  a n d  f '  t h e  f i r s t  o r d e r  f o c a l  l e n g t h .  F o r  

e x a m p l e ,  g i v e n  Xmax =  65 0  nm, Xmin =  4 5 0  nm, Xfocus = 

5 5 0  nm, a n d  f  =  0 . 5  m, t h e n  t h e  L C A  =  - 0 . 7 3  D.

T h o u g h  t h i s  L C A  w o u l d  b e  u n l i k e l y  t o  c a u s e  a n y  e f f e c t s  

u p o n  c o l o u r  p e r c e p t i o n  o r  v i s u a l  a c u i t y  ( M e s l i n  a n d  

O b r e c h t ,  1 9 8 8 ) ,  it m a y  r e d u c e  t h e  d e p t h  o f  f o c u s  a t  n e ar, 

m a k i n g  t h e  n e a r  w o r k i n g  d i s t a n c e  m o r e  c r i t i c a l .  T h e  a g e -  

r e l a t e d  r e d u c t i o n  in p u p i l  d i a m e t e r  ( s e c t i o n  1.1.2) 

r e s u l t s  in a l a r g e r  d e p t h  o f  f o c u s  f o r  p r e s b y o p e s  t h a n  

p r e - p r e s b y o p e s  a n d  t h u s  t h e  r e s u l t a n t  e f f e c t  o f  c h r o m a t i c  

a b e r r a t i o n  c o r r e c t i o n  m a y  b e  m i n i m a l .

T h e r e  h a v e  b e e n  n o  r e p o r t s  o f  i n v e s t i g a t i o n  o f  t h e  

e f f e c t s  o f  t h e  L C A  o f  t h e  d i f f r a c t i v e  f o c u s .  U s i n g  t h e  

e x a m p l e  a b o v e ,  w i t h  a f o c u s  w a v e l e n g t h  o f  5 5 0  n m  t h e  

f o c a l  s e p a r a t i o n  o f  t h e  z e r o  a n d  f i r s t  o r d e r  f o c i  w i l l  b e  

2 D. F o r  4 5 0  n m  a n d  650 n m  t h e  s e p a r a t i o n  w i l l  b e  1 . 6 2  D 

a n d  2 . 3 4  D r e s p e c t i v e l y .  It is t h e n  f e a s i b l e  t o  m e a s u r e  

t h e  l e n g t h  o f  t h e  f o c a l  s e p a r a t i o n  ( d i s t a n c e  b e t w e e n  t h e  

z e r o  a n d  f i r s t  o r d e r  foci) a t  d i f f e r e n t  w a v e l e n g t h s  t o  

c o n f i r m  t h e o r e t i c a l  c a l c u l a t i o n s .

S p e c t r a l  t r a n s m i s s i o n

D i f f r a c t i v e  B C L  a r e  w a v e l e n g t h  d e p e n d e n t .  A s  n o t e d  

e a r l i e r ,  t h e  p r o p o r t i o n  o f  l i g h t  in t h e  z e r o  a n d  f i r s t  

o r d e r  f o c i  w i l l  v a r y  w i t h  w a v e l e n g t h  a s  s h o w n  in
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Figure 1.2-12. L o n g  (red) w a v e l e n g t h s  a r e  f a v o u r e d  i n  t h e  

z e r o  o r d e r  ( d i s t a n c e )  f o c u s  a n d  s h o r t  (blue) w a v e l e n g t h s  

a r e  f a v o u r e d  t h e  f i r s t  o r d e r  (near) f o c u s .  A s  d e s c r i b e d  

i n  s e c t i o n  1 . 1 . 3 ,  t h e  a g e - r e l a t e d  w a v e l e n g t h  s e l e c t i v e  

r e d u c t i o n  in t r a n s m i s s i o n  o f  s h o r t e r  w a v e l e n g t h s  m a y  

r e d u c e  i n t e n s i t y  o f  t h e  z e r o  o r d e r  ( d i s t a n c e )  im a g e .

T h i s  e f f e c t  m a y  b e  f u r t h e r  e n h a n c e d  b y  t h e  s p e c t r a l

c o n t e n t  o f  t h e  i l l u m i n a t i n g  s o u r c e  a s  d e s c r i b e d  in

s e c t i o n  1 . 1 . 3 .  A s  s h o w n ,  a 50 : 50 r a t i o  b e t w e e n

d i s t a n c e  a n d  n e a r  i m a g e s  in d a y l i g h t ,  w i t h  S t a n d a r d  

I l l u m i n a n t  A  ( l o n g  w a v e l e n g t h  d o m i n a n t )  w i l l  a l t e r  t o  

47 : 53. T h i s  f u r t h e r  r e d u c e s  t h e  i n t e n s i t y  o f  t h e  i m a g e  

o f  a d i s t a n t  o b j e c t .  A s  n o t e d  b e l o w  t h i s  b a l a n c e  c a n  b e  

m o d i f i e d  w i t h  B C L  d e s i g n .  D i f f i c u l t i e s  o f  t h i s  s o r t  h a v e  

n o t  b e e n  r e p o r t e d .

D i f f r a c t i v e  Z o n e  J u n c t i o n  H e i g h t

V a r i a t i o n s  in p h a s e  d e l a y  a c r o s s  t h e  v i s i b l e  s p e c t r u m  

i n t r o d u c e d  b y  t h e  d i f f r a c t i v e  z o n e s  r e s u l t s  i n  a 

w a v e l e n g t h  d e p e n d e n t  s p i l l  o f  l i g h t  f r o m  t h e  f i r s t  o r d e r  

f o c u s  i n t o  t h e  z e r o  o r d e r  ( d i s t a n c e )  f o c u s .  T h e  a m o u n t  

o f  l i g h t  in t h e  v a r i o u s  f o c i  o f  a d i f f r a c t i v e  B C L  d e p e n d s  

u p o n  t h e  p h a s e  d e l a y  (as d e f i n e d  b y  t h e  d e s i g n  w a v e l e n g t h  

i n  Equation 1.2-3a) a n d  h e n c e  t h e  D Z J  h e i g h t  (Figure 1.2-11) . B y  

c a r e f u l  c h o i c e  o f  D Z J  h e i g h t  it is p o s s i b l e  t o  v a r y  t h e  

a m o u n t  o f  l i g h t  in t h e  v a r i o u s  foci. A s  t h e  D Z J  h e i g h t  

i n c r e a s e s  t h e  a m o u n t  o f  l i g h t  in t h e  f i r s t  o r d e r  f o c u s  

i n c r e a s e s .  H e n c e  it is p o s s i b l e  t o  s e l e c t  t h e  r a t i o  o f  

l i g h t  in t h e  t w o  B C L  i m a g e s .  T h i s  w i l l  a l t e r  t h e  i m a g e
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q u a l i t y  s u c h  t h a t  v a r i a t i o n s  in D Z J  h e i g h t  w i l l  l e a d  t o  

v a r i a t i o n s  in t h e  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  w i t h  D Z J  

h e i g h t .

T h e r e  h a v e  b e e n  n o  r e p o r t s  o f  i n v e s t i g a t i o n s  o f  t h e  

e f f e c t  o f  v a r i a t i o n s  in D Z J  h e i g h t  o f  d i f f r a c t i v e  B C L  in 

t h e  l i t e r a t u r e .

O t h e r  d e s i g n  c o n s i d e r a t i o n s

A s  n o t e d  a b o v e ,  t h e  i d e a l  c r o s s - s e c t i o n a l  f o r m  o f  e a c h  

z o n e  o f  a k i n o f o r m  ( d i f f r a c t i v e  BCL) is p a r a b o l i c  

(Figure 1 .2 - l le ) , t h o u g h  r e a s o n a b l e  a p p r o x i m a t i o n s  t o  t h e  

p a r a b o l i c  f o r m  (e.g. Figure 1.2-1 I f )  w i l l  p r o d u c e  d i f f r a c t i v e  

f o c i  w i t h  a n  e f f i c i e n c y  w h i c h  i n c r e a s e s  a s  t h e  s h a p e  

a p p r o a c h e s  t h e  i d e a l  s h a p e  a n d  t h e  n u m b e r  o f  z o n e s  

i n c r e a s e s  ( E m e r t o n  e t  al, 1987). T h e  m a n u f a c t u r i n g  

t e c h n i q u e  e m p l o y e d  t o  p r o d u c e  t h e  B C L  u s e d  in t h i s  s t u d y  

c r e a t e d  z o n e s  o f  a p p r o x i m a t e l y  t r i a n g u l a r  form.

T h e  i d e a l  c r o s s - s e c t i o n a l  f o r m  a l s o  h a s  a s h a r p  D Z J  as 

t h e  p h a s e  d e l a y  m u s t  a l t e r  b y  2 tt a t  t h i s  p o i n t .  D u e  t o  

p h y s i c a l  l i m i t a t i o n s  i m p o s e d  b y  m a n u f a c t u r i n g  p r o c e s s e s  

it is n o t  p o s s i b l e  t o  h a v e  a s h a r p  DZJ. B C L  m a n u f a c t u r e d  

w i t h  c o n v e n t i o n a l  l a t h e s  h a v e  b e e n  l i m i t e d  b y  t h e  s i z e  

a n d  s h a p e  o f  t h e  c u t t i n g  t o o l .  L i g h t  w i l l  b e  l o s t  f r o m  

t h e  d e s i r e d  f o c i  d u e  t o  t h e  f a i l u r e  t o  c o n f o r m  t o  t h e  

i d e a l  D Z J  s h a p e .  T h i s  is r e f e r r e d  t o  a s  t h e  f i n i t e  t o o l  

e f f e c t .  T h e  l o s s  w i l l  d e p e n d  u p o n  t h e  s h a p e  a n d  w i d t h  o f  

t h e  f i n i t e  t o o l  e f f e c t .  A  d i a m o n d  t o o l  w i t h  a r a d i u s  o f
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2 5 0  jim w i l l  t h e o r e t i c a l l y  p r o d u c e  a f i n i t e  t o o l  e f f e c t  

32 /im w i d e  a t  a 2 . 0  jim D Z J  h e i g h t .  T h i s  f i n i t e  t o o l

e f f e c t  w i l l  o c c u p y  a l a r g e r  p r o p o r t i o n  o f  o u t e r  z o n e s  as 

t h e  d i s t a n c e  b e t w e e n  s u c c e s s i v e  z o n e s  d e c r e a s e s

(Equation 1.2-1) . F o r  e x a m p l e ,  t h e  f i n i t e  t o o l  e f f e c t  o n  a 

B C L  w i t h  a f i r s t - o r d e r  d i f f r a c t i v e  f o c a l  p o w e r  o f  2 . 0 0  D 

i n c r e a s e s  f r o m  8% o f  t h e  f i r s t  (inner) z o n e  t o  2 8 %  o f  t h e  

e l e v e n t h  (outer) z o n e  (approx. 5 mm) . T h i s  e f f e c t  h a s  

b e e n  n o t e d  b y  C h a r m a n  a n d  S a u n d e r s  (1990) w i t h  P i l k i n g t o n  

D i f f r a x  BCL.

S i m i l a r l y ,  o t h e r  f a i l u r e s  t o  c o n f o r m  t o  t h e  r e q u i r e d  

s h a p e  m a y  a l s o  r e s u l t  in a r e d u c t i o n  in l i g h t  in t h e  

d e s i r e d  f o c i  l e a d i n g  t o  a r e d u c t i o n  i n  i m a g e  q u a l i t y .  

S o m e  p o t e n t i a l  m a n u f a c t u r i n g  e r r o r s  a r e  i l l u s t r a t e d  in 

Figure 1.2-13 ( F r e e m a n ,  1989) .

M a n u f a c t u r i n g  e r r o r s  c a n  l e a d  t o  s i g n i f i c a n t  c h a n g e s  in 

o p t i c a l  p e r f o r m a n c e .  F o r  e x a m p l e ,  f r o m  Equation 1 .2 -1, it is 

p o s s i b l e  t o  d e m o n s t r a t e  t h a t  a f o c a l  l e n g t h  e r r o r  is 

p r o p o r t i o n a l  t o  t h e  d i f f r a c t i v e  z o n e  d i a m e t e r  ( D Z D ) . F o r  

a B C L  w i t h  a f i r s t - o r d e r  d i f f r a c t i v e  f o c a l  p o w e r  o f

2 . 0 0  D a f o c a l  e r r o r  o f  0 . 1 2 5  D  w i l l  o c c u r  if t h e  D Z D  

v a r i e s  b y  - 3 . 3 %  a n d  + 3 . 0 % .  If 0 . 1 2 5  D  is c o n s i d e r e d  t h e  

m a x i m u m  a c c e p t a b l e  e r r o r  in f o c a l  p o w e r  t h e n  t h i s  

t r a n s l a t e s  t o  a m a n u f a c t u r i n g  t o l e r a n c e s  f o r  t h e  f i r s t  

z o n e  o f  - 4 9  jim / + 4 4  jim, a n d  f o r  t h e  t e n t h  z o n e  of 

- 1 6 2  /im /  + 1 4 8  Jim.
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Figure 1.2-13 Potential errors in the manufacturing of diffractive BCL when 
using a lathe which controls radius and angle. These include a diffractive 
zone radius (DZR) error, DZ diameter (DZD) error, the finite tool effect, DZ 
slope error, DZJ height error, and tool overshoot and undershoot. These 
errors are not mutually exclusive (redrawn from Freeman, 1989).

T h e  i n f l u e n c e  o f  t h e s e  v a r i o u s  m a n u f a c t u r i n g  e f f e c t s  h a v e  

n o t  b e e n  r e p o r t e d  p r e v i o u s l y .

Optical Performance

i) T h e o r e t i c a l  i n v e s t i g a t i o n s

C a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  M T F  o f  d i f f r a c t i v e  BCL, 

l i k e  t h a t  o f  c o n c e n t r i c - d e s i g n  r e f r a c t i v e  BCL, s h o w s  a 

c h a r a c t e r i s t i c  r e d u c t i o n  t o  a b o u t  f o r t y  p e r c e n t  o f  t h e  

s i n g l e  v i s i o n  M T F  (Fr e e m a n ,  1 9 8 6 c ;  F r e e m a n  a n d  S t o n e ,  

1 9 8 7 ;  K l e i n  a n d  Ho, 19 8 6 ) .  T h e  t h e o r e t i c a l  M T F  o f

d i f f r a c t i v e  B C L  w a s  i n f l u e n c e d  s l i g h t l y  b y  p u p i l  d i a m e t e r  

g i v i n g  a c h a n g e  p r i n c i p a l l y  in t h e  l o w  s p a t i a l  f r e q u e n c y  

r e s p o n s e  ( E d w a r d s  a n d  F r e e m a n ,  1 9 8 9 ) .  G e n e r a l l y ,  if a n  

a p p r o p r i a t e  D Z J  h e i g h t  w a s  c h o s e n ,  t h e  M T F  f o r  b o t h  

d i s t a n c e  ( z e r o  o r d e r )  a n d  n e a r  ( f i r s t  o r d e r )  f o c i  w e r e

- page 72 -



INTRODUCTION

e q u a l  f o r  a p a r t i c u l a r  w a v e l e n g t h  ( t y p i c a l l y  a b o u t  

5 5 0  nm) . K l e i n  a n d  H o  (1986) d e m o n s t r a t e d  t h e  e f f e c t  o f  

D Z J  h e i g h t  ( " b l a z e  c o e f f i c i e n t " )  o n  t h e  c a l c u l a t e d  M T F .  

A s  e x p e c t e d ,  w h e n  t h e  e f f e c t i v e  D Z J  h e i g h t  i n c r e a s e d  t h e  

c a l c u l a t e d  M T F  i m p r o v e d  a t  t h e  f i r s t  o r d e r  f o c u s  a n d  

r e d u c e d  a t  t h e  z e r o  o r d e r  focus. T h e  c a l c u l a t e d  M T F  w a s  

w a v e l e n g t h  d e p e n d e n t  a s  e x p e c t e d  ( E d w a r d s  a n d  F r e e m a n ,  

1989) . C a l c u l a t i o n  o f  t h e  p o l y c h r o m a t i c  M T F  is v e r y  

d i f f i c u l t  a n d  t i m e  c o n s u m i n g .  S u c h  c a l c u l a t i o n s  i n d i c a t e  

t h a t  t h e  p o l y c h r o m a t i c  M T F  w a s  b e t t e r  t h a n  w o u l d  b e  

e x p e c t e d  f r o m  c o n s i d e r a t i o n  o f  m o n o c h r o m a t i c  M T F s  

( E d w a r d s  a n d  F r e e m a n ,  1989; K l e i n  a n d  Ho, 19 8 6 ) .

ii) O p t i c a l  m e a s u r e m e n t s

O n l y  m o n o c h r o m a t i c  M T F  m e a s u r e m e n t s  h a v e  b e e n  r e p o r t e d  

d u e  t o  t h e  d i f f i c u l t i e s  i n t r o d u c e d  b y  t h e  L C A  o f  t h e  

d i f f r a c t i v e  foci. A s  t h e  h u m a n  e y e  h a s  L C A  o f  a b o u t  

t w i c e  t h e  m a g n i t u d e  a n d  in t h e  o p p o s i t e  s e n s e ,  as 

p r e v i o u s l y  n o t e d ,  t h i s  is e f f e c t i v e l y  n e g a t e d  i n  v i v o .  

I n  a d d i t i o n  t h e  h u m a n  e y e  w a s  r e l a t i v e l y  i n s e n s i t i v e  t o  

c h r o m a t i c  d i s p e r s i o n  ( M e s l i n  a n d  O b r e c h t ,  1 9 8 8 ) .  T h e  

m e a s u r e d  M T F  o f  d i f f r a c t i v e  B C L  d e m o n s t r a t e s  t h e  

c h a r a c t e r i s t i c  r e d u c t i o n  s u g g e s t e d  b y  t h e o r e t i c a l  

c o n s i d e r a t i o n s  ( F r e e m a n  r e p o r t e d  in P h i l l i p s ,  1 9 8 8 ;  Y o u n g  

e t  al, 1 9 9 0 ) .  Y o u n g  e t  al (1990) d e m o n s t r a t e d  t h e  

c h a n g e s  i n  o p t i c a l  p e r f o r m a n c e  w i t h  w a v e l e n g t h  d i s c u s s e d  

e a r l i e r .  T h e y  a l s o  n o t e d  a d e g r e e  o f  p u p i l  d e p e n d e n c e  o f  

t h e  t w o  c o m m e r c i a l l y  a v a i l a b l e  B C L  m e a s u r e d ,  w h i c h  a s  

t h e y  n o t e  m a y  b e  r e l a t e d  t o  t h e  n u m b e r  o f  d i f f r a c t i v e
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z o n e s  a v a i l a b l e  o v e r  t h e  a p e r t u r e  ( E m e r t o n  e t  al, 1987) 

a n d  m a y  a l s o  b e  d u e  t o  t h e  m a n u f a c t u r i n g  l i m i t a t i o n s  

d i s c u s s e d  e a r l i e r .  In a d d i t i o n ,  w h e n  t h e  a p e r t u r e  

e x c e e d s  t h e  s i z e  o f  t h e  d i f f r a c t i v e  g r a t i n g  t h e  o p t i c a l  

p e r f o r m a n c e  w i l l  b e c o m e  d i s t a n c e  b i a s e d  a s  t h e  P R Z  h a s  

d i s t a n c e  p o w e r  ( w i t h  c u r r e n t  B C L  t h e  z e r o  o r d e r  f o c u s  

f o r m s  t h e  d i s t a n c e  f o c u s ) .

I n  a n  a s s e s s m e n t  o f  i m a g e  c o n t r a s t  m e a s u r e d  w i t h  a C C D  

c a m e r a  L i n d s a y  (1990) n o t e d  a r e d u c t i o n ,  in i m a g e  c o n t r a s t  

a t  b o t h  f o c i  o f  t w o  c o m m e r c i a l l y  a v a i l a b l e  BCL. T h e  

r a t i o  o f  d i s t a n c e  t o  n e a r  i m a g e  i n t e n s i t y  v a r i e d  

s i g n i f i c a n t l y  b e t w e e n  B C L  i n d i c a t i n g  m a n u f a c t u r i n g  

d i f f i c u l t i e s .  T h e  t e c h n i q u e  d o e s  n o t  a l l o w  a n y

c o n c l u s i o n s  a b o u t  t h e  s o u r c e  o f  t h e  e r r o r .

Visual Performance

C l i n i c a l  i n f o r m a t i o n  o n  r i g i d  ( C h u r m s  e t  al, 1 9 87; 

P h i l l i p s ,  1 9 8 8 ;  S t o n e ,  1988) a n d  s o f t  ( C o u r t n e y  e t  al, 

1 9 9 1 a ,  1 9 9 1 b ;  M o l i n a r i ,  1988; P a p a s  e t  al, 198 8 ,  1989,

1 9 9 0 ;  Y o u n g  a n d  P a p a s ,  1987) d i f f r a c t i v e  B C L  s u g g e s t  a 

v i s u a l  c o m p r o m i s e  in k e e p i n g  w i t h  t h e o r e t i c a l  

c o n s i d e r a t i o n s .  S u g g e s t e d  a r e a s  o f  p o s s i b l e  p r o b l e m s  

w i t h  d i f f r a c t i v e  BCL, i n c l u d i n g  c h r o m a t i c  e f f e c t s  h a v e  

n o t  b e e n  r e p o r t e d  as c l i n i c a l  p r o b l e m s .  P r o b l e m s  w i t h  

h a l o e s  a r o u n d  s m a l l  b r i g h t  l i g h t  s o u r c e s  h a v e  b e e n  

r e p o r t e d  ( C h u r m s  e t  al, 1 9 87; P a p a s  e t  al, 1990) a n d  

w h i c h  it h a s  b e e n  s u g g e s t e d  m a y  b e  d u e  t o  m a n u f a c t u r i n g  

e f f e c t s  ( P a p a s  e t  al, 19 9 0 ) .  A  p u p i l  s i z e  d e p e n d e n c e  o f
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a s o f t  d i f f r a c t i v e  B C L  h a s  b e e n  n o t e d ,  a s  p a t i e n t s  w i t h  

s m a l l  (<3 mm) a n d  l a r g e  (>6 mm) p u p i l s  w e r e  f o u n d  t o  b e  

l e s s  l i k e l y  t o  b e  s u c c e s s f u l  ( C o u r t n e y  e t  al, 1 9 9 1 b ) .

P a p a s  a n d  c o - w o r k e r s  ( Y o u n g  a n d  P a p a s ,  1 9 8 7 ;  P a p a s  e t  al,

1988, 1989, 1990) h a v e d e m o n s t r a t e d  r e d u c t i o n s in VA,

CSF, s t e r e o a c u i t y a n d g l a r e r e s p o n s e  w i t h a s o f t

d i f f r a c t i v e  BCL. L o w  c o n t r a s t V A  w a s  f o u n d  t o b e t h e

m o s t  s e n s i t i v e  t o  t h e  e f f e c t s  u p o n  v i s i o n .  S i m i l a r l y ,  

F r e e m a n  a n d  M u l e n  ( r e p o r t e d  i n  . P h i l l i p s ,  1988) 

d e m o n s t r a t e d  t h a t  t h e  C S F  w a s  d e p r e s s e d  o v e r  a w i d e  

s p a t i a l  f r e q u e n c y  r a n g e  w i t h  a r i g i d  d i f f r a c t i v e  BCL.

I n  t h e  o n l y  r e p o r t  w h i c h  h a s  d i r e c t l y  r e l a t e d  o p t i c a l  

p e r f o r m a n c e  t o  v i s u a l  p e r f o r m a n c e  F r e e m a n  a n d  M u l e n  

( r e p o r t e d  in P h i l l i p s ,  1988) , i n  a p r e l i m i n a r y  

i n v e s t i g a t i o n ,  n o t e d  t h a t  t h e  m e a s u r e d  r e d u c t i o n  in C S F  

w a s  l e s s  t h a n  t h a t  p r e d i c t e d  b y  m e a s u r e m e n t  o f  t h e  M T F  o f  

t h e  s a m e  d i f f r a c t i v e  BCL. F r e e m a n  h a s  p r o p o s e d  a n  

" a d a p t a t i o n "  e f f e c t  t o  e x p l a i n  t h e  d i f f e r e n c e .  M T F  

m e a s u r e m e n t  w a s  m o n o c h r o m a t i c  a n d  a s  n o t e d  t h e  

p o l y c h r o m a t i c  M T F  m a y  b e  s u b s t a n t i a l l y  b e t t e r .  T h i s  

a p p r o a c h  m a y  a l s o  b e  t o o  s i m p l i s t i c  a s  t h e  d i r e c t  

p r e d i c t i o n  o f  C S F  f r o m  M T F  is n o t  c e r t a i n  a s  t h e  t w o  

o p t i c a l  s y s t e m s  (eye a n d  BCL) a r e  u n l i k e l y  t o  b e  i n  p h a s e  

(MTF c o n t a i n s  n o  p h a s e  i n f o r m a t i o n )  ( H o p k i n s ,  1988) .
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T h e r e  h a v e  b e e n  n o  p u b l i s h e d  r e p o r t s  o f  t h e  e f f e c t s  o f  

c h a n g e s  in d i f f r a c t i v e  B C L  d e s i g n  s u c h  a s  D Z J  h e i g h t  o r  

s h a p e  u p o n  v i s u a l  p e r f o r m a n c e .

1.3 Optical Performance Measurement

1.3.1 INTRODUCTION

N u m e r o u s  m e t h o d s  h a v e  b e e n  d e v i s e d  to. e v a l u a t e  o p t i c a l  

p e r f o r m a n c e  o f  a n  o p t i c a l  s y s t e m .  T h e s e  i n c l u d e

r e s o l u t i o n  t e s t s ,  s t a r  t e s t s ,  i m a g e  c o n t r a s t  t e s t s ,  t h e  

p o i n t  s p r e a d  f u n c t i o n ,  S t r e h l  i n t e n s i t y  r a t i o s ,  t h e  l i n e  

s p r e a d  f u n c t i o n ,  e d g e  g r a d i e n t  f u n c t i o n s ,  F o u c a u l t ' s  

k n i f e  e d g e  t e s t ,  t h e  S c h l i e r e n  t e s t ,  s h a d o w  t e s t s  a n d  

i n t e r f e r o m e t r i c  t e s t s .  D i f f e r e n t  t e s t s  s e r v e  d i f f e r e n t  

p u r p o s e s .  I t  w a s  d e c i d e d  f o r  t h e  o p t i c a l  t e s t i n g  o f  t h e  

B C L  u n d e r  i n v e s t i g a t i o n  t o  e m p l o y  a m e a s u r e  o f  t h e  

s p a t i a l  f r e q u e n c y  r e s p o n s e .

T h e  O p t i c a l  T r a n s f e r  F u n c t i o n  (OTF) a n d  t h e  M o d u l a t i o n  

T r a n s f e r  F u n c t i o n  (MTF) a r e  m e a s u r e s  o f  t h e  a b i l i t y  o f  a n  

o p t i c a l  s y s t e m  t o  t r a n s m i t  o p t i c a l  i n f o r m a t i o n .  A n  

o p t i c a l  s y s t e m  c o u l d  c o n s t i t u t e  a t e l e s c o p e ,  a c a m e r a  

l e n s ,  a c o n t a c t  l e n s  (CL) o r  e v e n  t h e  h u m a n  eye. F o r  

e x a m p l e  C a m p b e l l  a n d  G u b i s c h  (1966) a n d  W a l s h  a n d  C h a r m a n  

(1985) m e a s u r e d  t h e  M T F  o f  t h e  h u m a n  eye, a n d  G r e y  a n d  

S h e r i d a n  (1988) m e a s u r e d  t h e  M T F  o f  s i n g l e  v i s i o n  CL. 

T h e  M T F  h a s  i n t u i t i v e  a p p e a l  a s  it h a s  s i m i l a r i t i e s  t o
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t h e  p s y c h o p h y s i c a l  m e a s u r e s  e m p l o y e d  ( S e c t i o n  1.4) a n d  

w a s  c h o s e n  t o  e x a m i n e  t h e  o p t i c a l  p e r f o r m a n c e  o f  t h e  

e x p e r i m e n t a l  b i f o c a l  c o n t a c t  l e n s e s  ( B C L ) . I n  a d d i t i o n ,  

t h e  L i n e  S p r e a d  F u n c t i o n  (LSF) ( f r o m  w h i c h  M T F  w a s  

c a l c u l a t e d )  w a s  u s e d  t o  q u a l i t a t i v e l y  e x a m i n e  i m a g e  

f o r m a t i o n  w i t h  t h e  d i f f e r e n t  BCL.

A  s u m m a r y  o f  t h e  t h e o r e t i c a l  b a s i s  o f  t h e  LSF, O T F  a n d  

M T F  is f o l l o w e d  b y  a b r i e f  d i s c u s s i o n  o f  t h e  u s e  o f  t h e  

M T F  t o  a s s e s s  BCL.

1.3.2 THE LINE SPREAD FUNCTION

T h e  L S F  is a c r o s s - s e c t i o n  o f  t h e  i m a g e  o f  a n  i n f i n i t e l y  

n a r r o w  s l i t  o b j e c t ,  w h i c h  is e f f e c t i v e l y  a l i n e  o f  p o i n t  

s p r e a d  f u n c t i o n s  (PSF) . T h e  L S F  c a n  b e  u s e d  t o  

q u a l i t a t i v e l y  e v a l u a t e  c h a n g e s  in i m a g e  s h a p e  a n d  w a s  

p a r t i c u l a r l y  u s e f u l  in e v a l u a t i n g  t h e  e f f e c t  o f  

d e c e n t r a t i o n  o f  b i f o c a l s  u p o n  i m a g e  f o r m a t i o n .  

E x p e r i m e n t a l l y ,  t h e  M T F  w a s  d e r i v e d  f r o m  a m e a s u r e m e n t  of 

t h e  LSF.

1.3.3 THE OPTICAL TRANSFER FUNCTION

A n y  o p t i c a l  s y s t e m ,  d u e  t o  a b e r r a t i o n s ,  s c a t t e r i n g  a n d  

d i f f r a c t i o n ,  w i l l  r e d u c e  t h e  c l a r i t y  o f  t h e  i m a g e  in 

c o m p a r i s o n  t o  t h e  o b j e c t .  F o u r i e r  t h e o r y  s u g g e s t s  t h a t  

a n y  o b j e c t  (or image) c a n  b e  d e s c r i b e d  i n  t e r m s  o f  i t s  

s p a t i a l  f r e q u e n c y  c o n t e n t .  A s s u m i n g  t h a t  a n  o p t i c a l
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s y s t e m  i m a g i n g  i n c o h e r e n t  l i g h t  c a n  b e  c o n s i d e r e d  l i n e a r ,  

t h e  i m a g e  o f  a s i n e  w a v e  (object) w i l l  h a v e  t h e  s a m e  

f r e q u e n c y ,  t h o u g h  t h e  a m p l i t u d e  a n d  p h a s e  m a y  v a r y .  

S i m i l a r l y ,  o n  t h e  a s s u m p t i o n  o f  l i n e a r i t y ,  t h e  

t r a n s m i s s i o n  o f  e a c h  f r e q u e n c y  is n o t  d e p e n d e n t  u p o n  t h e  

t r a n s m i s s i o n  o f  a n y  o t h e r  f r e q u e n c y .  T h e  O T F  g i v e s  t h e  

r e s p o n s e  o f  a n  o p t i c a l  s y s t e m  t o  a s i n u s o i d a l l y  v a r y i n g  

i n p u t .  E x p e r i m e n t a l l y ,  t h e  O T F  m a y  b e  d e t e r m i n e d  b y  

m e a s u r i n g  t h e  c h a n g e  in c o n t r a s t  ( m o d u l a t i o n )  a n d  t h e  

p h a s e  s h i f t  in t h e  i m a g e  o f  a s i n u s o i d a l  g r a t i n g ,  o r  b y  

c a l c u l a t i o n  f r o m  t h e  i m a g e  o f  a s l i t  (LSF) . T h e  M T F  m a y  

b e  d e s c r i b e d  a s  t h e  r a t i o  b e t w e e n  t h e  i m a g e  c o n t r a s t  a n d  

t h e  o b j e c t  c o n t r a s t .  T h e  p h a s e  t r a n s f e r  f u n c t i o n  (PTF) 

is t h e  v a r i a t i o n  in p h a s e  w i t h  f r e q u e n c y .  T h e  

r e l a t i o n s h i p  b e t w e e n  t h e  t h r e e  is d e s c r i b e d  b y  :

(OTF) =  (MTF) e /(P T F )

T h i s  a l l o w s  t h e  m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  i m a g e  o f  

a n y  o b j e c t  g i v e n  t h e  O T F  o f  t h e  i m a g i n g  s y s t e m .  O T F s  a r e  

m u l t i p l i c a t i v e ,  s u c h  t h a t  t h e  f i n a l  i m a g e  f o r m e d  b y  a 

s e r i e s  o f  o p t i c a l  s y s t e m s  c a n  b e  f o u n d  s i m p l y  b y  

m u l t i p l y i n g  t h e  O T F  o f  e a c h  o p t i c a l  s y s t e m .  T h e  O T F  is 

t h e  F o u r i e r  t r a n s f o r m  o f  t h e  i n t e n s i t y  d i s t r i b u t i o n  o f  

t h e  L S F  (e.g. B o r n  a n d  W o l f ,  1980) . A s  t h e  M T F  d o e s  n o t  

c o n t a i n  p h a s e  i n f o r m a t i o n  M T F s  g e n e r a l l y  a r e  n o t  

m u l t i p l i c a t i v e .  A  d e t a i l e d  d i s c u s s i o n  o f  t h e  O T F  m a y  b e  

f o u n d  i n  H o p k i n s  (1956, 1962) o r  B o r n  a n d  W o l f  (1980).
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I t  w a s  n o t  p o s s i b l e  t o  r e c o r d  t h e  O T F  w i t h  t h e  a v a i l a b l e  

e q u i p m e n t .

1.3.4 THE MODULATION TRANSFER FUNCTION

T h e  M T F  is p r o b a b l y  t h e  m o s t  c o m m o n  m e a s u r e  o f  o p t i c a l  

p e r f o r m a n c e  c u r r e n t l y  in use. T y p i c a l l y  t h e  m o d u l a t i o n  

(the r a t i o  o f  t h e  c o n t r a s t  o f  t h e  i m a g e  t o  t h e  c o n t r a s t  

o f  t h e  o r i g i n a l  o b j e c t )  is p l o t t e d  a g a i n s t  s p a t i a l  

f r e q u e n c y .  T h e  d e v e l o p m e n t  o f  t e c h n i q u e s  o f  M T F  

m e a s u r e m e n t  h a s  l e a d  t o  i t s  c o m m o n  u s e  as a m e t h o d  o f  

d e s c r i b i n g  t h e  q u a l i t y  o f  a n  o p t i c a l  s y s t e m .  W i t h  

c u r r e n t  e q u i p m e n t ,  t h e  M T F  o f  a n  o p t i c a l  s y s t e m  c a n  b e  

c a l c u l a t e d  f r o m  t h e  L S F  b y  c o n s i d e r a t i o n  o f  d i f f r a c t i o n  

t h e o r y  a n d  i n v o l v e s  G a u s s i a n  q u a d r a t u r e ,  C h e b y s c h e v  

p o l y n o m i a l s  a n d  B e s s e l  f u n c t i o n s .  T y p i c a l l y  a n  M T F  

m e a s u r e m e n t  s y s t e m  c o m p r i s e s  a n  i l l u m i n a t e d  s l i t  w h i c h  is 

i m a g e d  t h r o u g h  t h e  o p t i c a l  s y s t e m  u n d e r  t e s t .  A  d e t e c t o r  

(e.g. p h o t o d i o d e  a r r a y )  is l o c a t e d  a t  t h e  i m a g e  p l a n e  

a n d  is o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  s l i t  i m a g e .  T h e  M T F  

c a n  t h e n  b e  c a l c u l a t e d  f r o m  t h e  i n t e n s i t y  d i s t r i b u t i o n  of 

t h e  i m a g e  o f  t h e  slit.

T h e  C o n t r a s t  S e n s i t i v i t y  F u n c t i o n  (CSF) is a m e a s u r e  o f  

t h e  s e n s i t i v i t y  o f  t h e  v i s u a l  s y s t e m  t o  s i n e  w a v e  

g r a t i n g s  ( s e c t i o n  1 . 4 . 2 ) .  R e t i n a l  i m a g e  f o r m a t i o n  is a 

r e s u l t  o f  i n t e r a c t i o n  b e t w e e n  t h e  O T F  o f  t h e  e y e  a n d  t h e  

O T F  o f  a n y  o p t i c a l  d e v i c e  u s e d .  A s  t h e  e y e  a n d  B C L  a r e  

i n c o h e r e n t  s y s t e m s  ( p o t e n t i a l  p h a s e  d i f f e r e n c e s )  a n d
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s i n c e  t h e r e  a r e  v a r i a b l e ,  i d i o s y n c r a t i c  o c u l a r  

a b e r r a t i o n s  l e a d i n g  t o  p h a s e  d i f f e r e n c e s  a c r o s s  t h e  

r e t i n a  ( C a m p b e l l  e t  al, 199 0 ;  W a l s h  a n d  Chairman, 1989) 

t h e  M T F  o f  t h e  r e t i n a l  i m a g e  d u e  t o  a B C L  c a n n o t  b e  

t h e o r e t i c a l l y  p r e d i c t e d  s i m p l y  f r o m  a k n o w l e d g e  o f  t h e  

M T F  o f  t h e  B C L  a n d  t h e  o p t i c s  o f  t h e  eye. D e s p i t e  thi s ,  

i t  m i g h t  b e  e x p e c t e d  t h a t  t h e  m e a s u r e d  C S F  a n d  o t h e r  

v i s u a l  p e r f o r m a n c e  m e a s u r e s  w o u l d  r e f l e c t  t h e  M T F  o f  B C L  

w o r n .  T h e  C S F  is a f f e c t e d  b y  t h e  q u a l i t y  o f  t h e  r e t i n a l  

i m a g e  (e.g. C a m p b e l l  a n d  G r e e n ,  19 6 5 b )  a n d  m a y  b e  

c o n s i d e r e d  in p a r t  a c o r r e l a t e  o f  t h e  M T F  o f  t h e  r e t i n a l  

i m a g e .

4.9 mm -0- 5.8 mm 6.6 mm

Figure 1.3-1 The measured M T F  of the human eye reduces with increasing 
pupil size, (derived from Campbell and Gubisch, 1966 : figure 7).

A  d i f f r a c t i o n  l i m i t e d  o p t i c a l  s y s t e m  in i n c o h e r e n t  

i l l u m i n a t i o n  h a s  a c u t - o f f  f r e q u e n c y  (f c ) g i v e n

a p p r o x i m a t e l y  b y  :

f c — (2 s i n  6) /  X Equation 1.3-1

-  page 80 -



INTRODUCTION

W h e r e  6 is t h e  a c c e p t a n c e  a n g l e  o f  t h e  o p t i c a l  s y s t e m  a n d  

A t h e  w a v e l e n g t h  o f  t h e  i n c i d e n t  l i g h t  ( F r e e m a n ,  19 9 0 ) .  

T h u s  f o r  a d i f f r a c t i o n  l i m i t e d  s y s t e m ,  a s  s h o w n  i n  Figure

1.2-4 , a s  t h e  a p e r t u r e  s i z e  i n c r e a s e s ,  f c i n c r e a s e s  a n d  t h e  

M T F  i m p r o v e s  ( H o p k i n s ,  19 5 6 ) .  C o n v e r s e l y ,  a s  s h o w n  in 

Figure 1 .3-1 , t h e  M T F  o f  t h e  h u m a n  e y e  d e c r e a s e d  w i t h  

i n c r e a s i n g  p u p i l  s i z e  o f  g r e a t e r  t h a n  2 m m  ( C a m p b e l l  a n d  

G u b i s c h ,  1 9 6 6 ) .  T h i s  w a s  d u e  m a i n l y  t o  t h e  c h r o m a t i c  

a b e r r a t i o n  a n d  ( i r r e g u l a r )  s p h e r i c a l  a b e r r a t i o n  o f  t h e  

h u m a n  e y e  ( F r e e m a n ,  19 9 0 ) .  H e n c e  t h e  s i g n i f i c a n c e  o f  M T F  

r e s u l t s  f o r  B C L  ( p a r t i c u l a r l y  t h o s e  w h i c h  a r e  m o r e  

a p e r t u r e  d e p e n d e n t )  m e a s u r e d  o n  a n  o p t i c a l  b e n c h  m u s t  b e  

t r e a t e d  w i t h  s o m e  c a u t i o n  as n o  m o d i f i c a t i o n  h a s  b e e n  

m a d e  f o r  t h e  v a r i o u s  o c u l a r  a b e r r a t i o n s .

A l l  r e p o r t s  o f  M T F  m e a s u r e m e n t  o f  d i f f r a c t i v e  B C L  h a v e  

b e e n  p e r f o r m e d  i n  m o n o c h r o m a t i c  l i g h t  d u e  t o  t h e  p r o b l e m s  

i n t r o d u c e d  b y  t h e  i n v e r s e  l o n g i t u d i n a l  c h r o m a t i c  

a b e r r a t i o n  i n h e r e n t  in t h e  d i f f r a c t i v e  foc i .  H e n c e  t h e r e  

w e r e  f u r t h e r  l i m i t a t i o n s  t o  i n t e r p r e t a t i o n  o f  t h e s e  

r e s u l t s .

1 . 3 . 5  B I F O C A L  C O N T A C T  L E N S E S

T h e  t h e o r e t i c a l  M T F  a n d  a c t u a l  m e a s u r e m e n t s  o f  t h e  M T F  

f o r  b o t h  c o n c e n t r i c - d e s i g n  r e f r a c t i v e  B C L  ( s e c t i o n  1.2.2) 

a n d  d i f f r a c t i v e  B C L  ( s e c t i o n  1.2.3) h a v e  b e e n  r e p o r t e d
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p r e v i o u s l y .  N o n e  o f  t h e s e  i n v e s t i g a t i o n s  h a s  b e e n  as

e x t e n s i v e  a s  t h e  p r e s e n t  st u d y .

A s  t h e r e  w e r e  t w o  f o c i  o f  i n t e r e s t  i t  w a s  i m p o r t a n t  t o  

c o n t r o l  f o r  t h e  p o s s i b l e  e f f e c t s  o f  c h a n g e s  in i m a g e  s i z e  

a t  t h e  t w o  f o c i  ( m a g n i f i c a t i o n  is a f u n c t i o n  o f  t h e

d i s t a n c e s  b e t w e e n  t h e  o b j e c t ,  f o c u s s i n g  l e n s e s  a n d  t h e

i m a g e  p l a n e  a n d  t h e  a c c e p t a n c e  a n g l e  o f  t h e  o p t i c a l

s y s t e m ) .  T h i s  w a s  a v o i d e d ,  as n o t e d  i n  s e c t i o n  3 . 2 . 3 ,  b y  

t h e  u s e  o f  a B a d a l  o p t o m e t e r  a r r a n g e m e n t  d u r i n g  t h e  

m e a s u r e m e n t  o f  t h e  M T F .  I t  w a s  u n c l e a r  w h e t h e r  p r e v i o u s  

i n v e s t i g a t o r s  h a d  t a k e n  t h i s  p r e c a u t i o n .

1.4 Visual Performance Measurement

1.4.1 INTRODUCTION

V i s u a l  A c u i t y  (VA) f o r  m a n y  y e a r s  h a s  b e e n  t h e  m a i n  s t a y  

o f  v i s i o n  a s s e s s m e n t .  V A  a s s e s s e s  t h e  r e c o g n i t i o n  o f  

s m a l l  h i g h  c o n t r a s t  l e t t e r s  (high s p a t i a l  f r e q u e n c y ) , a n d  

is t h u s  a m e a s u r e  o f  t h e  r e s o l u t i o n  l i m i t  o f  t h e  v i s u a l  

s y s t e m .  I t  is n o w  r e c o g n i s e d  t h a t  a s  t h e  r e s o l u t i o n  o f  

o b j e c t s  o f  o t h e r  l e v e l s  o f  c o n t r a s t  a n d  s p a t i a l  f r e q u e n c y  

is i g n o r e d ,  a s  a s i n g l e  m e a s u r e ,  V A  is t o o  s i m p l i s t i c  a n  

a s s e s s m e n t  o f  v i s u a l  p e r f o r m a n c e  a n d  h e n c e  o t h e r  

t e c h n i q u e s  h a v e  b e e n  g a i n i n g  a c c e p t a n c e .  T h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  u s e d  in t h i s  s t u d y  a r e  d e s c r i b e d
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b e l o w .  T h e  a c t u a l  e x p e r i m e n t a l  m e t h o d s  a r e  g i v e n  in 

s e c t i o n s  2.2, 2. 3  a n d  3.3.

Figure 1.4-1 The contrast sensitivity monitor displaying a low spatial 
frequency sine wave grating at a high contrast level.

1.4.2 CONTRAST SENSITIVITY

T h e  C o n t r a s t  S e n s i t i v i t y  F u n c t i o n  (CSF) is a m e a s u r e  of 

t h e  v i s u a l  t h r e s h o l d  f o r  a r a n g e  o f  s p a t i a l  f r e q u e n c i e s ,  

a n d  is t y p i c a l l y  d e f i n e d  as t h e  c o n t r a s t  r e q u i r e d  t o  s e e  

a g r a t i n g  p a t t e r n  o f  v a r y i n g  b a r  w i d t h  ( s p a t i a l  

f r e q u e n c y )  (Figure 1.4-1) . V i s i b i l i t y  o f  t h e  g r a t i n g  p a t t e r n  

w i l l  v a r y  w i t h  n u m e r o u s  a s p e c t s  o f  t h e  m e t h o d  o f  

p r e s e n t a t i o n  i n c l u d i n g  t h e  s i z e  a n d  s h a p e  o f  t h e  d i s p l a y ,  

t h e  t y p e  o f  g r a t i n g  (e.g. s q u a r e  o r  s i n e  w a v e )  a n d  its 

t e m p o r a l  p r o p e r t i e s .  T r a d i t i o n a l  m e t h o d s  o f  C S F  

m e a s u r e m e n t  w i t h  e l e c t r o n i c a l l y  g e n e r a t e d  g r a t i n g
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p a t t e r n s  h a v e  b e e n  t y p i c a l l y  t i m e - c o n s u m i n g  a n d  i n v o l v e d  

s o p h i s t i c a t e d  e q u i p m e n t .  A  m o n i t o r  b a s e d  s y s t e m  w a s  

d e v e l o p e d  f o r  t h i s  s t u d y  ( s e c t i o n s  2. 2  a n d  3 . 3 . 2 ) .

C S  m a y  a l s o  b e  m e a s u r e d  w i t h  v a r i o u s  c h a r t  b a s e d  t e s t s ,  

s o m e  o f  w h i c h  a r e  d e s c r i b e d  b e l o w .

1.4.3 VISTECH CHARTS

S i n c e  t h e  f i r s t  a l t e r n a t i v e  c l i n i c a l  t e s t  d e v i s e d  b y  

A r d e n  a n d  J a c o b s o n  (1978) t h e r e  h a v e  b e e n  a n u m b e r  o f  

c l i n i c a l  c h a r t - b a s e d  t e s t s  o f  CS. P r o b a b l y  t h e  m o s t  

c o m m e r c i a l l y  s u c c e s s f u l  h a s  b e e n  t h e  V i s t e c h  V C T S  6 5 0 0  

( G i n s b u r g ,  1984) , s h o w n  in Figure 1.4-2.

T h e  V i s t e c h  V C T S  6 5 0 0  c o n t a i n e d  f i v e  r o w s  o f  n i n e  d i s c s  

e a c h  c o n t a i n i n g  a s i n e - w a v e  g r a t i n g  o f  a f i x e d  a v e r a g e  

l u m i n a n c e  o n  a h i g h e r  l u m i n a n c e  w h i t e  b a c k g r o u n d .  T h e  

s p a t i a l  f r e q u e n c y  v a r i e d  w i t h  e a c h  row, i n c r e a s i n g  f r o m  

t o p  t o  b o t t o m .  S u b j e c t s  w e r e  r e q u i r e d  t o  v i e w  a s i n g l e  

r o w  a n d  f r o m  l e f t  t o  r i g h t ,  a n d  t o  i n d i c a t e  t h e  

o r i e n t a t i o n  o f  t h e  g r a t i n g  (75, 90 o r  1 0 5  d e g r e e s )  in

e a c h  d i s c .  T h e  c o n t r a s t  r e d u c e d  f r o m  l e f t  t o  r i g h t ,  a n d  

t h e  c o n t r a s t  o f  t h e  l a s t  d i s c  c o r r e c t l y  i d e n t i f i e d  w a s  

r e c o r d e d  a s  t h r e s h o l d .  S i g n i f i c a n t  b u t  l o w  (r =  0 . 2 2  t o  

r  =  0.48) c o r r e l a t i o n s  w i t h  a t r a d i t i o n a l  C R T - C S F

p r o c e d u r e  ( s i m i l a r  t o  t h e  m e t h o d  o f  a s c e n d i n g  l i m i t s  w i t h  

c o n t i n u o u s  p r e s e n t a t i o n  (CAML) p r o c e d u r e  d e s c r i b e d  in 

S e c t i o n  2 . 1 . 2 )  h a v e  b e e n  d e m o n s t r a t e d  ( G i n s b u r g ,  1 9 8 4 ) .
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Figure 1.4-2 A Vistech VCTS 6500 chart used for the assessment of contrast 
sensitivity.
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Figure 1.4-3 An Australian Vision Chart used for the assessment of visual acuity at 
high (90%) and low (10%) contrast.



INTRODUCTION

T h e  l a r g e  a n d  v a r i a b l e  s t e p s  b e t w e e n  s u c c e s s i v e  d i s c s  

h a v e  b e e n  s h o w n  t o  l e a d  t o  b u n c h e d  a n d  s k e w e d  d a t a  

( R e e v e s  a n d  H i l l ,  1987) m a k i n g  e s t i m a t i o n  o f  t e s t - r e t e s t  

r e l i a b i l i t y  d i f f i c u l t  ( L o n g  a n d  T u c k ,  1 9 8 8 ;  R e e v e s  a n d  

H i l l ,  1 9 8 7 ) .  R e l i a b i l i t y  h a s  b e e n  s h o w n  t o  b e  p o o r  

( R e e v e s  e t  al, 1 9 91; R u b i n ,  1988) a n d  s e n s i t i v i t y  l o w  

( R e e v e s  a n d  H i l l ,  1987). T h e r e  h a s  b e e n  n o  p h o t o m e t r i c  

o r  o t h e r  e v i d e n c e  o f  q u a l i t y  c o n t r o l  o f  t h e  c h a r t  

p r o d u c t i o n ,  a n d  t h e  c o n t r a s t  w i t h i n  d i s c s  m a y  n o t  h a v e  

b e e n  a s  s t i p u l a t e d .  T h o u g h  t h e r e  w e r e  a n u m b e r  o f  

p r o b l e m s  w i t h  t h i s  t e st, m a n y  o f  w h i c h  h a v e  b e e n  d e t a i l e d  

b y  R e e v e s  a n d  c o - w o r k e r s ,  it r e m a i n s  p r o b a b l y  t h e  m o s t  

c o m m o n l y  u s e d  c h a r t  b a s e d  C S F  m e a s u r e  in c l i n i c a l  

p r a c t i c e .

1.4.4 LETTER CHARTS

D e s p i t e  a p p a r e n t l y  h a v i n g  b e e n  f i r s t  d e s c r i b e d  b y  B e r r y  

i n  1 8 8 9  (Regan, 1988) o n l y  r e c e n t l y  h a v e  l e t t e r

r e c o g n i t i o n  t a s k s  w i t h  t a r g e t s  o f  v a r y i n g  c o n t r a s t  b e e n  

s u g g e s t e d  as a l t e r n a t i v e s  t o  m o r e  c o n v e n t i o n a l  C S F  

m e a s u r e s .  S o m e  w o r k e r s  ( G r e e v e s ,  C o l e  a n d  J a c o b s ,  1987, 

1 9 8 8 ;  V e r b a k e n ,  1987a) h a v e  s u g g e s t e d  t h a t  s i m i l a r  

i n f o r m a t i o n  t o  t h e  C S F  c a n  b e  g a i n e d  b y  v a r y i n g  t h e

c o n t r a s t  o f  l e t t e r  r e c o g n i t i o n  t a s k s ,  w h i c h  a r e  m o r e

f a m i l i a r  t o  u n t r a i n e d  s u b j e c t s ,  a n d  a n  e d g e  d e t e c t i o n

t a s k .  T w o  d i f f e r e n t  l e t t e r  c h a r t s  a r e  d e s c r i b e d  b e l o w .
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C o n t r a s t  o f  l e t t e r  c h a r t s  is d e f i n e d  a c c o r d i n g  t o  t h e  

e q u a t i o n  :

Contrasty = (LuminanceWflX - Luminancew/,j) /  Lum inance,^*

w h i c h  m a y  b e  c o n v e r t e d  t o  t h e  c o n t r a s t  d e f i n i t i o n  u s e d

f o r  t h e  m o n i t o r - b a s e d  CS :

Luminance„jflX - Lum inance,^
Contrasted = — ----------------------------------------

LuminancemflX + Luminance,,,^

b y  t h e  e q u a t i o n  :

Contrasted = Contrasty / ( 2 - Contrasty ).

1.4.5 AUSTRALIAN VISION CHARTS

T h e  A u s t r a l i a n  V i s i o n  C h a r t  (AVC) ( V e r b a k e n  a n d  J a c o b s ,  

1 9 8 5 ;  V e r b a k e n ,  1 9 8 7 b ) ,  m e a s u r e d  V A  a t  t w o  c o n t r a s t  

l e v e l s  (10% a n d  90%) w i t h  t w o  d i f f e r e n t  l e t t e r  s e q u e n c e s  

a s  s h o w n  in Figure 1.4-3.

T o  o v e r c o m e  m a n y  o f  t h e  s h o r t c o m i n g s  o f  t h e  t r a d i t i o n a l  

S n e l l e n  c h a r t  t h e  A V C  w a s  d e s i g n e d  o n  t h e  p r i n c i p l e s  s e t  

o u t  b y  B a i l e y  a n d  L o v i e  (1976). T h i s  d e s i g n  u s e d  t e n  

l e t t e r s  o f  a p p r o x i m a t e l y  e q u a l  l e g i b i l i t y  (BS: 427 4 ,  

19 68) , f i v e  t o  a line, s p a c e d  s u c h  t h a t  t h e  s e p a r a t i o n  

b e t w e e n  l i n e s  a n d  b e t w e e n  t h e  i n d i v i d u a l  l e t t e r s  o n  e a c h  

l i n e .  T h i s  a v o i d e d  t h e  o b j e c t i o n  t o  c o n v e n t i o n a l  S n e l l e n  

c h a r t s  t h a t  t h e  t a s k  v a r i e d  a t  d i f f e r e n t  l e v e l s  ( l i n e s  o r  

d i s t a n c e s ) . A V C  u s e d  a l o g a r i t h m i c  p r o g r e s s i o n  o f  l e t t e r  

s i z e s  s c o r e d  a c c o r d i n g  t o  t h e  l o g M A R  s y s t e m  ( l o g a r i t h m i c  

M i n i m u m  A n g l e  o f  R e s o l u t i o n :  b a s e d  u p o n  t h e  b a r  w i d t h  o f  

t h e  c o n s t i t u e n t  l e t t e r s )  w h i c h  s h o w e d  a g o o d
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a p p r o x i m a t i o n  t o  a n  e q u a l  d i s c r i m i n a b i l i t y  s c a l e  

( W e s t h e i m e r ,  19 7 9 ) .

T h e  t e s t - r e t e s t  r e p e a t a b i l i t y  (95% c o n f i d e n c e  l i m i t )  w i t h  

n o r m a l  s u b j e c t s  o f  s i m i l a r  h i g h  c o n t r a s t  V A  c h a r t s  h a s  

b e e n  r e p o r t e d  a s  b e t w e e n  0 . 0 7  a n d  0 . 1 9  l o g M A R  u n i t s  

( L o v i e - K i t c h i n ,  1988; E l l i o t t  a n d  S h e r i d a n ,  1 9 8 8 ;  R e e v e s  

e t  al, 1991) a n d  a s  l e s s  t h a n  0 . 1 0  l o g M A R  u n i t s  ( G r e e v e s  

e t  al, 1988) f o r  s i m i l a r  l o w  c o n t r a s t  V A  c h a r t s .  E l l i o t t  

a n d  S h e r i d a n  (1988) r e p o r t e d  t h a t  s u b j e c t s  w i t h  c a t a r a c t  

h a v e  b e e n  r e p o r t e d  t o  h a v e  a h i g h  c o n t r a s t  V A  t e s t - r e t e s t  

r e p e a t a b i l i t y  o f  o n l y  s l i g h t l y  w o r s e  t h a n  n o r m a l s  t e s t e d  

a t  t h e  s a m e  t i m e  (0.09 l o g M A R  u n i t s ) ,  i n d i c a t i n g  t h a t  

r e p e a t a b i l i t y  w a s  h i g h  e v e n  u n d e r  o p t i c a l  d e g r a d a t i o n .

C h a r t s  o f  v a r y i n g  c o n t r a s t  h a v e  b e e n  s h o w n  t o  b e  

c o m p a r a b l e  t o  e l e c t r o n i c a l l y  g e n e r a t e d  C S F  r e s u l t s  

( G r e e v e s  e t  al, 1987, 19 8 8 ) ,  p r e d i c t i v e  o f  C S F  c h a n g e s  

( R e g a n  a n d  N e i m a ,  1 9 83; G r e e v e s  e t  al, 1988) a n d  c o u l d  

d i f f e r e n t i a t e  b e t w e e n  r e f r a c t i v e  a n d  d i f f u s i v e  b l u r  (Ho 

a n d  B i l t o n ,  1986).

1.4.6 PELLI-ROBSON CONTRAST THRESHOLD CHARTS

T h e  P e l l i - R o b s o n  c h a r t s  (PRC) ( P e l l i  e t  al, 1988) w e r e  

c l o s e r  t o  t h e  t r a d i t i o n a l  CS tas k ,  t h e  l e t t e r s  b e i n g  k e p t  

a t  a c o n s t a n t  a n g u l a r  s i z e  ( s p a t i a l  f r e q u e n c y )  w h i l e  t h e  

m i n i m u m  d e t e c t a b l e  c o n t r a s t  w a s  d e t e r m i n e d .  PRC, as 

s h o w n  i n  Figure 1.4-4, c o n s i s t e d  o f  e i g h t  l i n e s  o f  S n e l l e n
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Figure 1.4-4 A Pelli-Robson contrast threshold chart.



INTRODUCTION

o p t o t y p e s ,  e a c h  l i n e  b e i n g  c o m p o s e d  o f  t w o  g r o u p s  o f  

t h r e e  l e t t e r s .  L e t t e r s  in e a c h  g r o u p  h a d  t h e  s a m e  

c o n t r a s t ,  a n d  t h e  c o n t r a s t  in s u c c e s s i v e  g r o u p s  r e d u c e d  

b y  0 . 1 5  l o g  u n i t s .  A t  t h e  s t a n d a r d  v i e w i n g  d i s t a n c e  o f  

o n e  m e t r e  t e s t - r e t e s t  r e p e a t a b i l i t y  (95% c o n f i d e n c e )  f o r  

n o r m a l s  h a s  b e e n  r e p o r t e d  a s  l e s s  t h a n  0 . 1 5  l o g  u n i t s  

( E l l i o t t  e t  al, 1 9 9 0 a ) .

P e l l i  e t  al (1988) s u g g e s t e d  t h a t  a t  o n e  m e t r e  t h e  

l e t t e r s  w e r e  e q u i v a l e n t  t o  C S F  o f  b e t w e e n  o n e  a n d  t w o  

c . p . d . ,  t h o u g h  t h i s  h a s  n o t  b e e n  c o n f i r m e d .  O n  t h e  

a s s u m p t i o n  t h a t  t h e  a n g u l a r  s u b t e n s e  o f  t h e  c o m p o n e n t  

b a r s ,  a n d  h e n c e  l e t t e r  s i ze, r e l a t e d  t o  t h e  p r i n c i p a l  

s p a t i a l  f r e q u e n c y  c o m p o n e n t ,  a n  a s s e s s m e n t  o f  v i s u a l  

p e r f o r m a n c e  a t  s p e c i f i e d  s p a t i a l  f r e q u e n c i e s  c o u l d  b e  

m a d e  b y  v a r y i n g  t h e  a n g u l a r  s u b t e n s e  t h r o u g h  v a r i a t i o n s  

in v i e w i n g  d i s t a n c e .  T h e r e  w e r e  o f  c o u r s e  r e s t r i c t i o n s  

t o  t h i s  a s s u m p t i o n  b a s e d  u p o n  : i) t h e  s q u a r e  w a v e  f o r m  

o f  s n e l l e n  o p t o t y p e s  a n d  c o n s e q u e n t  h i g h e r  o r d e r  s p a t i a l  

f r e q u e n c y  c o n t e n t ;  ii) t h e  c o m p l e x  m i x t u r e  o f  t h e  

e l e m e n t s  c o m p o s i n g  t h e  l e t t e r s  w h i c h  i n t r o d u c e d  a b r o a d  

r a n g e  o f  s p a t i a l  f r e q u e n c i e s ;  a n d  iii) t h e  l e t t e r s  

r e p r e s e n t e d  a t a s k  w h i c h  w a s  m o r e  c o m p l e x  t h a n  t h e  

d e t e c t i o n  o f  a s i n e  w a v e  in t r a d i t i o n a l  C S F  (Bouma, 

1 9 7 1 ) .  W i t h  t h e s e  r e s t r i c t i o n s ,  P R C  c o n t r a s t  d e t e c t i o n  

m a y  b e  a n a l y s e d  a c c o r d i n g  t o  t h e  f u n d a m e n t a l  s p a t i a l  

f r e q u e n c y  o f  t h e  c o m p o n e n t  l e t t e r s .  T h e  a v e r a g e  b a r  

w i d t h  o f  l e t t e r s  o n  t h e  P e l l i - R o b s o n  c h a r t  is 9 . 8  m m  

( 0 . 5 6 °  a t  1 m ) . T h e  f u n d a m e n t a l  s p a t i a l  f r e q u e n c y  w h e n
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v i e w e d  f r o m  d i s t a n c e s  o f  t w o  a n d  f o u r  m e t r e s  w a s  1.8 a n d  

3 . 6  c . p . d .  r e s p e c t i v e l y .

A c c o r d i n g  t o  F o u r i e r  a n a l y s i s ,  a s q u a r e  w a v e  c a n  b e

a n a l y s e d  as a s e r i e s  o f  s i n e  w a v e s  o f  i n c r e a s i n g  

f r e q u e n c y  a n d  d e c r e a s i n g  a m p l i t u d e .  O n l y  t h e  o d d  

h a r m o n i c s  a r e  p r e s e n t .  A f t e r  t h e  f i r s t  ( f u n d a m e n t a l ) ,  

t h e  l a r g e s t  h a r m o n i c  is t h e  t h i r d  w i t h  a n  r e l a t i v e

a m p l i t u d e  ( c o n t r a s t )  o f  0 . 4 2  (4/37r) t h a t  o f  t h e  s q u a r e  

w a v e  (letter) . W h e n  t h e  P R C  l e t t e r s  w e r e  v i e w e d  a t  t w o  

a n d  f o u r  m e t r e s  t h e r e  w a s  a s p a t i a l  f r e q u e n c y  c o m p o n e n t  

a t  5.3 (1.8 x 3) a n d  1 0 . 7  (3.6 x 3) c . p . d .  r e s p e c t i v e l y

w i t h  a c o n t r a s t  r e d u c e d  t o  0 . 4 2  t h e  o r i g i n a l .  T h e  p e a k  

C S  o f  n o r m a l  o b s e r v e r s  is t y p i c a l l y  3 t o  5 c . p . d . .  A  

t h i r d  h a r m o n i c  a t  a b o u t  5 c . p . d .  m a y  a p p r o a c h  t h e  

t h r e s h o l d  o f  n o r m a l  o b s e r v e r s  b u t  a t h i r d  h a r m o n i c  o f

a p p r o x i m a t e l y  11 c . p . d .  w o u l d  b e  w e l l  b e l o w  t h e  

t h r e s h o l d .  T h e  a m p l i t u d e  o f  o t h e r  h a r m o n i c s  a b o v e  t h e  

p e a k  (3 t o  5 c . p . d . )  w e r e  t o o  s m a l l  b e  o f  i n t e r e s t  at

t h e s e  v i e w i n g  d i s t a n c e s  a t  t h e  a p p r o p r i a t e  s p a t i a l  

f r e q u e n c i e s .

H e n c e  a t  a v i e w i n g  d i s t a n c e  o f  t w o  m e t r e s  a s p a t i a l  

f r e q u e n c y  c o m p o n e n t  o t h e r  t h a n  t h e  f u n d a m e n t a l  m a y  h a v e  

b e e n  d e t e c t e d .  T h e s e  o t h e r  c o m p o n e n t s  w e r e  c o n s i s t e n t  

f o r  a l l  t e s t  c o n d i t i o n s  a n d  h e n c e  w o u l d  n o t  a f f e c t  t h e  

a c t u a l  r e s u l t s  a n d  t h e  a n a l y s i s  o f  d i f f e r e n c e s  b e t w e e n  

BCL.
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1.4.7 MELBOURNE EDGE TEST

T h e  M e l b o u r n e  E d g e  T e s t  (MET) ( V e r b a k e n  a n d  J o h n s t o n ,

1986) w a s  a h a n d  h e l d  t e s t  w h i c h  c o n s i s t e d  o f  a s e r i e s  o f  

25 m m  d i s c s  c o n t a i n i n g  a n  c o n t r a s t  s t e p  o f  v a r y i n g  

o r i e n t a t i o n  o n  a g r e y  l u m i n a n c e  m a t c h e d  b a c k g r o u n d .  E a c h  

s u c c e s s i v e  d i s c  h a d  a l o g a r i t h m i c a l l y  r e d u c e d  c o n t r a s t  t o  

t e s t  e d g e  d e t e c t i o n  (Figure 1.4-5) .

Melbourne Edge Test © co py ri g ht »86 j  verbaken.
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Figure 1.4-4 A Melbourne Edge Test used to assess edge detection, which 
has been shown to relate to peak contrast sensitivity.

E d g e  d e t e c t i o n  h a s  b e e n  d e m o n s t r a t e d  t o  c o r r e l a t e  w i t h  

t h e  p e a k  s p a t i a l  CS a n d  t o  CS a t  1 c . p . d .  ( C u n n i n g h a m  e t  

al, 1 9 8 0 ;  G r e e v e s  e t  al, 1987), b u t  n o t  t o  h i g h  c o n t r a s t  

V A  ( G r e e v e s  e t  al, 19 8 7 ) .  A c c o r d i n g  t o  F o u r i e r  a n a l y s i s ,  

a t  a n  e d g e  a l l  s p a t i a l  f r e q u e n c i e s  a r e  p r e s e n t  a n d  it h a s  

b e e n  a r g u e d  t h a t  e d g e  d e t e c t i o n  w o u l d  b e  m e d i a t e d  b y  t h e
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s p a t i a l  f r e q u e n c y  c h a n n e l  w i t h  t h e  l o w e s t  t h r e s h o l d .  A s  

a l l  s p a t i a l  f r e q u e n c i e s  w e r e  p r e s e n t ,  a n d  l o w  s p a t i a l  

f r e q u e n c i e s  a r e  r e s i s t a n t  t o  o p t i c a l  d e f o c u s  ( C a m p b e l l  

a n d  G r e e n ,  1965) t h e  M E T  w a s  i n s e n s i t i v e  t o  r e a s o n a b l e  

v a r i a t i o n s  in v i e w i n g  d i s t a n c e  ( V e r b a k e n  a n d  J o h n s t o n ,

1 9 8 6 ) .  T e s t - r e t e s t  r e p e a t a b i l i t y  ( S t a n d a r d  E r r o r )  h a s  

b e e n  r e p o r t e d  a s  l e s s  t h a n  0 . 0 7 5  l o g  u n i t s  ( G r e e v e s  et 

al, 198 7 ) .

1.4.8 VISUAL PERFORMANCE WITH REDUCED LUMINANCE

V A  a n d  CS h a v e  b e e n  s h o w n  t o  d e c r e a s e  w i t h  r e d u c e d  

l u m i n a n c e  ( C a m p b e l l  a n d  G r e g o r y ,  1 9 6 0 ;  C a m p b e l l  a n d  

R o b s o n ,  19 6 8 ) .  G u i l l o n ,  L y d o n  a n d  S o l m a n  (1988), o n  t h e  

b a s i s  o f  e m p i r i c a l  f i n d i n g s ,  h a v e  s u g g e s t e d  t h a t  t e s t i n g  

a t  m o r e  t h a n  o n e  l u m i n a n c e  l e v e l  m a y  d e m o n s t r a t e  

d i f f e r e n c e s  in v i s u a l  p e r f o r m a n c e  w h i c h  w e r e  n o t  e v i d e n t  

a t  t r a d i t i o n a l  h i g h  l u m i n a n c e  l e v e l s .  S t a t i s t i c a l l y ,  

t h i s  w o u l d  b e  i n d i c a t e d  b y  a n  i n t e r a c t i o n  b e t w e e n  

l u m i n a n c e  a n d  a n o t h e r  f a c t o r  u n d e r  i n v e s t i g a t i o n .

1.4.9 DISTANCE AND NEAR VISION TESTING

T h e  c o n v e n t i o n a l  t e c h n i q u e  f o r  t e s t i n g  n e a r  v i s i o n  h a s  

b e e n  t o  h a v e  t h e  s u b j e c t  h o l d  a r e d u c e d  s i z e  V A  c h a r t  in 

t h e  n o r m a l  r e a d i n g  p o s i t i o n .  W h i l e  t h i s  w o u l d  a p p e a r  t o  

b e  t h e  o b v i o u s  w a y  t o  t e s t  n e a r  v i s i o n  t h e r e  h a v e  b e e n  

s o m e  p r o b l e m s  a s s o c i a t e d  w i t h  t h i s  a p p r o a c h .  T h e  m a j o r

p r o b l e m  h a s  b e e n  t h e  d i f f i c u l t y  e n s u r i n g  t h a t  t h e
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d i s t a n c e  w a s  c o n s t a n t  f o r  a l l  s u b j e c t s ,  a s  t h e  n o r m a l  

r e a d i n g  p o s i t i o n  v a r i e d  f r o m  s u b j e c t  t o  s u b j e c t .  V a r y i n g  

t h e  d i s t a n c e  t o  t h e  n e a r  c h a r t  v a r i e d  t h e  d i f f i c u l t y  of 

t h e  t a s k .  T h i s  h a s  b e e n  o v e r c o m e  b y  e i t h e r  c a r e f u l l y  

m e a s u r i n g  t h e  d i s t a n c e  a n d  c o n v e r t i n g  f o r  t h e  a c t u a l  

d i s t a n c e  o r  b y  u s i n g  s o m e  m e a n s  t o  e n s u r e  t h a t  t h e  

r e q u i r e d  d i s t a n c e  w a s  a l w a y s  u s e d .  A n o t h e r  p r o b l e m  h a s  

b e e n  t h a t  c o n v e n t i o n a l  n e a r  v i s i o n  c h a r t s ,  c o m m o n l y  

c o n t a i n  b l o c k s  o f  t e x t  r a t h e r  t h a n  r o w s  o f  l e t t e r s ,  a n d  

h e n c e  n o t  c o m p a r a b l e  t o  t h e  d i s t a n c e  v i s i o n  t e s t s  u s e d .  

R e d u c e d  v e r s i o n s  o f  s o m e  d i s t a n c e  c h a r t s  h a v e  b e e n  

p r o d u c e d  t o  a l l o w  d i r e c t  c o m p a r i s o n  o f  d i s t a n c e  a n d  n e a r  

v i s u a l  p e r f o r m a n c e ,  b u t  it h a s  b e e n  d i f f i c u l t  t o  e n s u r e  

g o o d  r e p r o d u c t i o n  o f  c h a r t s  o f  t h e  s m a l l  s i z e  r e q u i r e d  

( V e r b a k e n  a n d  J a c o b s ,  1985) . I n  a d d i t i o n  i t  h a s  b e e n  

v e r y  d i f f i c u l t  t o  r e c r e a t e  t h e  s a m e  l i g h t i n g  c o n d i t i o n s  

o n  d i s t a n c e  c h a r t s  a t  f o r  e x a m p l e  6 m  a n d  n e a r  c h a r t s  a t  

40 cm. C h a n g e s  in t h e  i l l u m i n a n c e  c o u l d  h a v e  a l t e r e d  

b o t h  t h e  v i s i b i l i t y  o f  t h e  t a s k  a n d  t h e  a c t u a l  c o n t r a s t  

l e v e l s  o f  t h e  c h a r t .

A s  t h e  m a i n  i n t e r e s t  in t h i s  s t u d y  w a s  t h e  v i s u a l  

p e r f o r m a n c e  it w a s  d e c i d e d  t o  t e s t  b o t h  d i s t a n c e  a n d  n e a r  

s e c t i o n s  o f  t h e  B C L  w i t h  t h e  s a m e  t e s t s  f r o m  t h e  s a m e  

d i s t a n c e s ,  b u t  w i t h  a n  a p p r o p r i a t e  o p t i c a l  c o r r e c t i o n .  

H e n c e  d i s t a n c e  v i s i o n  w a s  c o n s i d e r e d  t o  b e  o p t i c a l  

i n f i n i t y  a n d  n e a r  v i s i o n  w a s  t h e n  m e a s u r e d  w i t h  a n  

a d d i t i o n a l  ( s p e c t a c l e )  l e n s ( e s )  o f  a p p r o p r i a t e  p o w e r .  

F o r  e x a m p l e  f o r  a B C L  w i t h  a n  a d d  o f  + 2 . 0 0  D  an
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a d d i t i o n a l  l e n s  o f  p o w e r  - 2 . 0 0  D w a s  u s e d  t o  b r i n g  t h e  

c h a r t  i n t o  f o c u s  w i t h  t h e  n e a r  s e c t i o n  o f  t h e  BCL. H e n c e  

t h e  v e r g e n c e  o f  t h e  t e s t  w a s  v a r i e d  r a t h e r  t h a n  t h e  t e s t  

d i s t a n c e .  B i n o c u l a r  v i e w i n g  w a s  a p r o b l e m  w i t h  t h i s  

t e c h n i q u e  a s  t h e  c o n v e r g e n t  s t i m u l u s  o f  t h e  o b j e c t  m a y  

n o t  m a t c h  t h e  v e r g e n c e  s t i m u l u s ,  p o s s i b l y  c a u s i n g  

d i p l o p i a .  H e n c e  a l l  i n v e s t i g a t i o n s  w e r e  m o n o c u l a r .  

A n o t h e r  p o t e n t i a l  p r o b l e m  w a s  t h e  m a g n i f i c a t i o n  

i n t r o d u c e d  b y  t h e  a d d i t i o n a l  l e n s e s  in a t r i a l  f r a m e  

( v e r t e x  d i s t a n c e  12 t o  14 mm) h o w e v e r  t h e  e f f e c t s  w e r e  

s m a l l .  C a l c u l a t i o n s  i n d i c a t e d  t h a t  t h e  p o w e r s  i n v o l v e d  

( < 6 . 0 0  D) d i d  n o t  i n t r o d u c e  m a g n i f i c a t i o n  s u f f i c i e n t  t o  

i n v a l i d a t e  t h e  c o n c l u s i o n s .  A n o t h e r  p o t e n t i a l  a r g u m e n t  

a g a i n s t  t h i s  t e c h n i q u e  d e r i v e d  f r o m  f a i l i n g  t o  u s e  t h e  

s u b j e c t s  p r e f e r r e d  d i s t a n c e .  A s  t h i s  w a s  n o t  a s t u d y  

i n v e s t i g a t i n g  w e a r i n g  p a t t e r n s  o r  s u c c e s s ,  a n d  t h e  

p r i n c i p a l  i n t e r e s t  w a s  ,the r e l a t i v e  e f f e c t s  u p o n  d i s t a n c e  

a n d  n e a r  v i s u a l  p e r f o r m a n c e  i n t r o d u c e d  b y  c h a n g e s  in B C L  

d e s i g n  t h i s  w a s  n o t  a m a j o r  o b j e c t i o n .

T h e  p u p i l  n o r m a l l y  r e d u c e s  in s i z e  w i t h  n e a r  v i e w i n g .  

C o n v e r g e n c e  r e l a t e d  a l t e r a t i o n  in p u p i l  s i z e  d i d  n o t  

o c c u r  w i t h  t h e  e x p e r i m e n t a l  d e s i g n  u s e d  h e r e  a n d  w a s  a 

d i s a d v a n t a g e  o f  t h i s  t e c h n i q u e .  C h a n g e s  i n  p u p i l  s i z e  

a l t e r  t h e  p r o p o r t i o n  o f  t h e  p u p i l  c o v e r e d  b y  t h e  C O Z  a n d  

P O Z  o f  a c o n c e n t r i c - d e s i g n  BCL. T h i s  m a y  l e a d  t o  c h a n g e s  

i n  v i s u a l  p e r f o r m a n c e  a n d  in p a r t i c u l a r  t h e  b a l a n c e  

b e t w e e n  d i s t a n c e  a n d  n e a r .  W i t h  a k n o w l e d g e  o f  B C L  

l o c a t i o n  a n d  p u p i l  s i z e  it w a s  p o s s i b l e  t o  t a k e  i n t o
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a c c o u n t  t h e s e  v a r i a t i o n s  a n d  t o  m a k e  c o r r e c t i o n s  

a c c o r d i n g  t o  a n  a s s u m e d  v a r i a t i o n  w i t h  c o n v e r g e n c e .  

C o n v e r g e n c e  r e l a t e d  p u p i l  s i z e  v a r i a t i o n  w a s  a s s u m e d  t o  

b e  p r o p o r t i o n a l  t o  t h e  u n c o n v e r g e d  p u p i l  s i z e  ( S c h a f e r  

a n d  W e a l e ,  1970) . A s  c h a n g e s  in p u p i l  s i z e  h a v e  o n l y  a 

l i m i t e d  e f f e c t  u p o n  t h e  M T F  o f  d i f f r a c t i v e  B C L  ( Y o u n g  e t  

al, 1990) t h i s  w a s  n o t  c o n s i d e r e d  a p r o b l e m  f o r  

e x p e r i m e n t s  w h i c h  i n v o l v e d  d i f f r a c t i v e  BCL. N o  p r e v i o u s  

i n v e s t i g a t i o n  h a s  u s e d  t h i s  t e c h n i q u e ,  a n d  h e n c e  

c o m p a r i s o n s  b e t w e e n  d i s t a n c e  a n d  n e a r  v i s i o n  h a v e  b e e n  

s u b j e c t  t o  v a r i o u s  r e s t r i c t i o n s .

1.5 Aims and Experimental Design

1.5.1 INTRODUCTION

A  b r i e f  o u t l i n e  o f  t h e  a i m s  o f  t h i s  s t u d y  a n d  t h e  

e x p e r i m e n t a l  d e s i g n  f o l l o w s .  T h e  t e c h n i q u e s  a d o p t e d  f o r  

m e a s u r e m e n t  o f  B C L  p a r a m e t e r s ,  o p t i c a l  p e r f o r m a n c e  a n d  

v i s u a l  p e r f o r m a n c e  a r e  d e t a i l e d  b r i e f l y  in s e c t i o n s  1 . 5 . 2  

t o  1 . 5 . 4 .  S e c t i o n s  1 . 5 . 5  a n d  1 . 5 . 6  d i s c u s s  t h e  r a t i o n a l e  

a n d  d e t a i l s  o f  t h e  e v a l u a t i o n  o f  t h e  t w o  B C L  t y p e s  - 

r e f r a c t i v e  a n d  d i f f r a c t i v e  - e x a m i n e d  i n  t h i s  s t u d y .

A s  n o t e d  in s e c t i o n  1.2, d e s c r i p t i o n s  in t h e  l i t e r a t u r e  

o f  t h e  e f f e c t s  o f  c h a n g e s  in B C L  d e s i g n  h a v e  b e e n  

l i m i t e d .  I n  p a r t i c u l a r ,  t h e  v i s u a l  a n d  t h e  o p t i c a l  

p e r f o r m a n c e  o f  t h e  s a m e  B C L  h a s  n o t  p r e v i o u s l y  b e e n
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r e p o r t e d .  T o  a d d r e s s  t h i s  area, t h e  e f f e c t  o f  v a r i o u s  

c h a n g e s  in B C L  d e s i g n ,  i n f l u e n c i n g  t h e  o p t i c a l  

p a r a m e t e r s ,  o f  b o t h  c o n c e n t r i c - d e s i g n  r e f r a c t i v e  B C L  a n d  

d i f f r a c t i v e  B C L  u p o n  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  w e r e  

i n v e s t i g a t e d .  T h e  o p t i m a l  B C L  d e s i g n ,  w h i c h  w a s  d e f i n e d  

a s  t h e  d e s i g n  w h i c h  p r o v i d e d  e q u a l  p e r f o r m a n c e  a t  

d i s t a n c e  a n d  n e a r ,  w a s  e x a m i n e d  w i t h  e m p i r i c a l l y  d e r i v e d  

q u a d r a t i c  e q u a t i o n s .  I t  w a s  p r e s u m e d  t h a t  e q u a l  

p e r f o r m a n c e  a t  d i s t a n c e  a n d  n e a r  w a s  t h e  b e s t  c o m p r o m i s e  

in B C L  d e s i g n .  P r e d i c t i o n  o f  v i s u a l  p e r f o r m a n c e  f r o m  

o p t i c a l  p e r f o r m a n c e  w a s  a l s o  i n v e s t i g a t e d .  A s p e c t s  o f  

t h e  s u r f a c e  o f  t h e  d i f f r a c t i v e  B C L  w e r e  m e a s u r e d  a n d  t h e  

i n f l u e n c e  o f  v a r i a t i o n s  in p h y s i c a l  p a r a m e t e r s  u p o n  

o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  w a s  a l s o  i n v e s t i g a t e d .

1.5.2 PHYSICAL CONTACT LENS MEASUREMENTS

A l l  e x p e r i m e n t a l  B C L  w e r e  e x a m i n e d  w i t h  a r a n g e  of 

c o n v e n t i o n a l  C L  m e a s u r e s  ( s e c t i o n  3 . 1 . 1 ) .  I n  a d d i t i o n  

t h e  c e n t r a l  o p t i c  z o n e  d i a m e t e r  (COZD) o f  r e f r a c t i v e  B C L  

a n d  t h e  d i f f r a c t i v e  z o n e  d i a m e t e r s  (DZD) o f  d i f f r a c t i v e  

B C L  w e r e  m e a s u r e d .  T h e  s u r f a c e  p r o f i l e  o f  t h e  

d i f f r a c t i v e  B C L  i n c l u d i n g  t h e  h e i g h t  a n d  s h a p e  o f  t h e  

d i f f r a c t i v e  z o n e  j u n c t i o n s  ( D Z J ) , a n d  t h e  s u r f a c e  q u a l i t y  

w a s  a s s e s s e d  w i t h  a n  i n t e r f e r o m e t r i c  t e c h n i q u e  ( s e c t i o n

3 . 1 . 2 ) .  T h e  i n f l u e n c e  o f  t h e  p h y s i c a l  m e a s u r e m e n t s  u p o n  

t h e  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  o f  t h e  B C L  w e r e  

e x a m i n e d  ( s e c t i o n  4 . 5). T h e  r e p e a t a b i l i t y  o f  al l  

t e c h n i q u e s  w a s  e x a m i n e d  a s  d e s c r i b e d  in s e c t i o n  3.7.
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1.5.3 OPTICAL PERFORMANCE MEASUREMENTS

A s  d e s c r i b e d  in s e c t i o n s  1.3 a n d  3.2, t h e  M o d u l a t i o n  

T r a n s f e r  F u n c t i o n  w a s  u s e d  t o  e x a m i n e  t h e  o p t i c a l  

p e r f o r m a n c e  o f  t h e  e x p e r i m e n t a l  BCL, a n d  t h e  L i n e  S p r e a d  

F u n c t i o n  w a s  u s e d  t o  q u a l i t a t i v e l y  e v a l u a t e  t h e  e f f e c t  of 

d e c e n t r a t i o n  u p o n  i m a g e  f o r m a t i o n .  T h e r e  h a v e  b e e n  n o  

p r e v i o u s  r e p o r t s  w h i c h  h a v e  e x a m i n e d ,  s i m u l t a n e o u s l y ,  as 

m a n y  a s p e c t s  o f  r e f r a c t i v e  B C L  d e s i g n .  T h e r e  h a v e  b e e n  

n o  p r e v i o u s  r e p o r t s  o f  t h e  e f f e c t  o f  c h a n g e s  i n  d e s i g n  o f  

d i f f r a c t i v e  B C L  u p o n  o p t i c a l  p e r f o r m a n c e .

1.5.4 VISUAL PERFORMANCE MEASUREMENTS

A f t e r  a n  i n v e s t i g a t i o n  t o  e s t a b l i s h  a n  o p t i m a l  c o n t r a s t  

s e n s i t i v i t y  (CS) m e a s u r e  ( s e c t i o n  2 . 2 ) ,  t h e  s e n s i t i v i t y  

o f  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  d i s c u s s e d  in s e c t i o n

1.4 t o  c e r t a i n  B C L  d e s i g n  c h a n g e s  w a s  a s s e s s e d  u n d e r  t w o  

l u m i n a n c e  c o n d i t i o n s  ( s e c t i o n  2.3). F o l l o w i n g  t h e s e  

p r e l i m i n a r y  e v a l u a t i o n s  a r e d u c e d  p r o t o c o l  f o r  t h e  

e v a l u a t i o n  o f  v i s u a l  p e r f o r m a n c e  w h i c h  i n c l u d e d  t h e  

m o n i t o r - b a s e d  CS t e s t ,  h i g h  a n d  l o w  c o n t r a s t  V A  a n d  

P e l l i - R o b s o n  c h a r t s  (PRC) w a s  d e v i s e d  ( s e c t i o n  3.3 ) .  In 

a d d i t i o n ,  t h e  o n - e y e  l o n g i t u d i n a l  c h r o m a t i c  a b e r r a t i o n  o f  

a s m a l l  n u m b e r  o f  d i f f r a c t i v e  B C L  w a s  e x a m i n e d  w i t h  a 

s i m p l e  p s y c h o m e t r i c  t e c h n i q u e  ( s e c t i o n  3.4).

- page 96 -



INTRODUCTION

V i s u a l  p e r f o r m a n c e  w a s  i n v e s t i g a t e d  w i t h  a l a r g e  r a n g e  o f  

B C L  w o r n  b y  a s m a l l  g r o u p  o f  e x p e r i e n c e d  s u b j e c t s  as 

o p p o s e d  t o  p r e v i o u s  s t u d i e s  w h i c h  h a v e  g e n e r a l l y  u s e d  a 

l i m i t e d  r a n g e  o f  B C L  o n  a l a r g e r  n u m b e r  o f  s u b j e c t s .  

T h i s  p r o t o c o l  w a s  e x p e c t e d  t o  m o r e  c l e a r l y  d e m o n s t r a t e  

t h e  e f f e c t s  o f  t h e  c h a n g e s  in o p t i c a l  p a r a m e t e r s  o f  t h e  

e x p e r i m e n t a l  B C L  u p o n  v i s u a l  p e r f o r m a n c e .

T h e  l i m i t a t i o n s  o f  p r e v i o u s  r e p o r t s  w i t h  r e f r a c t i v e  B C L  

h a v e  b e e n  d e t a i l e d  in s e c t i o n  1 . 2 . 2 .  T h e r e  h a v e  b e e n  n o  

r e p o r t s  in t h e  l i t e r a t u r e  o f  t h e  e f f e c t  o f  c h a n g e s  in 

d e s i g n  o f  d i f f r a c t i v e  B C L  u p o n  v i s u a l  p e r f o r m a n c e .

1.5.5 PREDICTION OP VISUAL PERFORMANCE FROM OPTICAL 

PERFORMANCE MEASURES

T h e  a s s e s s m e n t  o f  v i s u a l  p e r f o r m a n c e  is a l m o s t  i n v a r i a b l y  

t i m e  c o n s u m i n g ,  t y p i c a l l y  i n v o l v i n g  a n u m b e r  o f  b o t h  

s u b j e c t s  a n d  e x a m i n e r s .  D u r i n g  t h e  d e v e l o p m e n t  of 

e x p e r i m e n t a l  B C L  t h e  a s s e s s m e n t  of t h e  e f f e c t  o f  c h a n g e s  

i n  B C L  d e s i g n  u p o n  v i s i o n  is o f  p a r a m o u n t  i m p o r t a n c e .  It 

w o u l d  b e  d e s i r a b l e  t o  b e  a b l e  t o  r e d u c e  o r  e l i m i n a t e  t h e  

r e q u i r e m e n t  f o r  v i s u a l  t e s t i n g  d u r i n g  t h e  d e v e l o p m e n t  

s t a g e  o f  n e w  B C L  d e s i g n s .  It w a s  h o p e d  t h a t  b y  t h e  

e x a m i n a t i o n  o f  b o t h  t h e  v i s u a l  a n d  t h e  o p t i c a l  

p e r f o r m a n c e  o f  t h e  s a m e  B C L  it w o u l d  b e  p o s s i b l e  t o  

p r e d i c t  v i s u a l  r e s u l t s  f r o m  o p t i c a l  p e r f o r m a n c e ,  i n  w h i c h  

c a s e  t h e  l e n g t h y  p r o c e s s  o f  v i s u a l  t e s t i n g  c o u l d  b e  

r e d u c e d .  T h i s  w o u l d ,  o f  c o u r s e ,  n o t  r e m o v e  t h e  n e e d  t o
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f i n a l l y  t e s t  a n e w  B C L  u p o n  e x p e r i m e n t a l  s u b j e c t s ,  b u t  

m a y  r e d u c e  t h e  r e q u i r e m e n t  f o r  t e s t i n g  w i t h  i n t e r m e d i a t e  

o r  d e v e l o p m e n t a l  BCL.

T h e r e  h a v e  b e e n  n o  s i m i l a r  r e p o r t s  in t h e  l i t e r a t u r e .

1.5.6 RATIONALE AND PROCEDURES FOR INVESTIGATION OF 

REFRACTIVE BIFOCAL CONTACT LENSES

P r e v i o u s  s t u d i e s  h a v e  f a i l e d  t o  f u l l y  d e m o n s t r a t e  t h e  

e x p e c t e d  t r e n d s  w i t h  c o n c e n t r i c - d e s i g n  r e f r a c t i v e  B C L  

( s e c t i o n  1 . 2 . 2 ) .  T h i s  m a y  h a v e  b e e n  d u e  t o  p o o r  c o n t r o l  

o f  m e a s u r e m e n t  v a r i a n c e  (i.e. f e w  if a n y  r e p e t i t i o n s )  

a n d  t e s t i n g  l i m i t e d  t o  h i g h  c o n t r a s t  V A  c h a r t s  ( E r i c k s o n  

a n d  R o b b o y ,  198 5 ;  J o n e s  a n d  L o w t h e r ,  1 9 8 9 ) .  T h e  o n l y  

s t u d y  o f  r e f r a c t i v e  B C L  t o  h a v e  u s e d  m o r e  s o p h i s t i c a t e d  

v i s u a l  p e r f o r m a n c e  m e a s u r e s  w a s  w i t h  c y c l o p l e g e d  y o u n g  

s u b j e c t s  (Cox, 1985, 1986).

I t  w a s  t h e  i n t e n t i o n  o f  t h i s  s t u d y  t o  c o m p a r e  t h e  e f f e c t s  

o f  l e n s  d e s i g n  ( c e n t r e - d i s t a n c e  o r  c e n t r e - n e a r )  a n d  C O Z D  

u p o n  v i s u a l  a n d  o p t i c a l  p e r f o r m a n c e .  D e t a i l s  o f  a l l  

c o n c e n t r i c - d e s i g n  B C L  u s e d  in t h i s  s t u d y  a r e  g i v e n  in 

s e c t i o n  3 . 6 . 1 .  It w a s  e x p e c t e d  t h a t  o p t i c a l  a n d  v i s u a l  

p e r f o r m a n c e  w o u l d  b e  d e p e n d e n t  u p o n  t h e s e  B C L  d e s i g n  

p a r a m e t e r s ,  b u t  w o u l d  a l s o  b e  i n f l u e n c e d  b y  p u p i l  

( a p e r t u r e )  s i ze, C L  m o v e m e n t  a n d  t h e  l o c a t i o n  o f  t h e  B C L  

in r e l a t i o n  t o  t h e  p u p i l .
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F o r  a n y  p u p i l  s i z e  a n d  B C L  l o c a t i o n  it w a s  e x p e c t e d  t h a t  

t h e r e  w o u l d  b e  a n  o p t i m a l  C O Z D  f o r  a c o n c e n t r i c - d e s i g n  

B C L  w h i c h  w o u l d  g i v e  e q u a l  o p t i c a l  o r  v i s u a l  p e r f o r m a n c e  

b e t w e e n  d i s t a n c e  a n d  nea r .

T o  a s s e s s  t h e  e f f e c t  o f  B C L  l o c a t i o n  u p o n  o p t i c a l  

p e r f o r m a n c e  m e a s u r e m e n t s  w e r e  m a d e  w i t h  v a r y i n g  d e g r e e s  

o f  d e c e n t r a t i o n  o f  t h e  C O Z  o v e r  t h e  a p e r t u r e .  T h e  a c t u a l  

l o c a t i o n  o f  t h e  B C L  w h e n  w o r n  b y  t h e  s u b j e c t s  w a s  

r e c o r d e d  a n d  t h e  e f f e c t  u p o n  v i s u a l  p e r f o r m a n c e  

i n v e s t i g a t e d .  T h e  e f f e c t  o f  B C L  m o v e m e n t  w a s  n o t  

i n v e s t i g a t e d  in t h i s  st u d y .

A s  n o t e d  in s e c t i o n  1.3.4, o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  

v a r y  d i f f e r e n t l y  w i t h  a p e r t u r e  s i z e ,  a n d  t h u s  t h e  

i n f o r m a t i o n  f r o m  o p t i c a l  m e a s u r e m e n t s  m a y  h a v e  s l i g h t l y  

l i m i t e d  a p p l i c a t i o n  t o  v i s u a l  p e r f o r m a n c e .  D e s p i t e  t h i s  

o b j e c t i o n  t h e  e f f e c t  o f  v a r i a t i o n s  in a p e r t u r e  s i z e  u p o n  

o p t i c a l  p e r f o r m a n c e  w i t h  t h e  r a n g e  o f  C O Z D  w a s  

i n v e s t i g a t e d .

O p t i c a l  p e r f o r m a n c e  ( w i t h  t h e  B C L  c e n t r e d  o v e r  t h e  

a p e r t u r e )  w a s  e x a m i n e d  w i t h  a f u l l y  c r o s s e d  d e s i g n .  T h e  

e f f e c t  o f  l e n s  l o c a t i o n  u p o n  o p t i c a l  p e r f o r m a n c e  w a s  

e x a m i n e d  w i t h  a r e d u c e d  c e l l ,  i n c o m p l e t e l y  c r o s s e d  

d e s i g n .  T h e  v i s u a l  p e r f o r m a n c e  o f  f i v e  s u b j e c t s  w a s  

e x a m i n e d  w i t h  a f u l l y  c r o s s e d  d e s i g n .
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1.5.6 RATIONALE AND PROCEDURES FOR INVESTIGATION OF 

DIFFRACTIVE BIFOCAL CONTACT LENSES

A s  d i s c u s s e d  in s e c t i o n  1. 2 . 3 ,  t h e o r e t i c a l  p r e d i c t i o n s  

s u g g e s t e d  t h a t  t h e  o p t i c a l  p e r f o r m a n c e  o f  d i f f r a c t i v e  B C L  

w o u l d  v a r y  w i t h  c e r t a i n  a s p e c t s  o f  B C L  d e s i g n .  In 

p a r t i c u l a r  t h e  r a t i o  o f  l i g h t  in t h e  t w o  b i f o c a l  f o c i  w a s  

e x p e c t e d  t o  v a r y  w i t h  D Z J  h e i g h t  (Equation 1.2-4) , m a k i n g  a 

d i f f r a c t i v e  B C L  m o r e  o r  l e s s  n e a r - f o c u s  b i a s e d .  T h e  

e f f e c t s  u p o n  b o t h  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  of B C L  

o f  d i f f e r e n t  D Z J  h e i g h t s  w e r e  i n v e s t i g a t e d .

V a r i a t i o n s  i n  t h e  D Z J  s h a p e ,  a c h i e v e d  w i t h  t h e  u s e  of 

d i f f e r e n t  d i a m o n d  l a t h e  t o o l  s h a p e s  a n d  d i a m e t e r s ,  w e r e  

i n v e s t i g a t e d .  T o o l s  w i t h  a f l a t t e d  p o r t i o n  a n d  t o o l s  

w i t h  a s m a l l e r  d i a m e t e r  ( s e c t i o n  3.1) w e r e  e x p e c t e d  t o  

p r o d u c e  d i f f r a c t i v e  s u r f a c e s  w h i c h  m o r e  c l o s e l y  

a p p r o x i m a t e d  t h e  t h e o r e t i c a l l y  c o r r e c t  s h a p e  ( s e c t i o n

1 . 2 . 3 ) .  It w a s  p r e s u m e d  t h a t  t h i s  w o u l d  a l t e r  t h e  r a t i o  

b e t w e e n  d i s t a n c e  a n d  n e a r  a n d  p o s s i b l y  i m p r o v e  o p t i c a l  

p e r f o r m a n c e ,  b y  r e d u c i n g  t h e  a m o u n t  o f  l i g h t  l o s t  f r o m  

t h e  d i f f r a c t i v e  f o c i  d u e  t o  t h e  m a n u f a c t u r i n g  l i m i t a t i o n s  

a t  t h e  DZJ. It w a s  e x p e c t e d  t h a t  t h e  e x p e c t e d

i m p r o v e m e n t  in p e r f o r m a n c e  m a y  h a v e  b e e n  r e d u c e d  b y  t h e  

i n c r e a s e d  w e a r  a n d  t e a r  u p o n  f l a t t e d  d i a m o n d  t o o l s  a n d  

u p o n  t h o s e  w i t h  a s m a l l e r  r a d i u s .  T o  i n v e s t i g a t e  t h e  

e f f e c t  o f  t o o l  q u a l i t y  t h e  s h a p e  o f  t h e  z o n e  j u n c t i o n s  

a n d  s u r f a c e  q u a l i t y  w a s  e x a m i n e d  w i t h  i n t e r f e r e n c e  

m i c r o s c o p y  ( s e c t i o n  3.1).
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D e t a i l s  of a l l  d i f f r a c t i v e  B C L  u s e d  i n  t h i s  s t u d y  a r e  

g i v e n  in s e c t i o n s  3 . 6 . 2  a n d  3.6.3.

T h e  i n f l u e n c e  o f  t h e s e  f a c t o r s  u p o n  b o t h  o p t i c a l  a n d  

v i s u a l  p e r f o r m a n c e  w i t h  r i g i d  d i f f r a c t i v e  BCL, w e r e  

e x a m i n e d .  M u l t i p l e  R e g r e s s i o n  A n a l y s i s  (MRA) w a s  u s e d  t o  

p r e d i c t  t h e  o p t i m a l  D Z J  h e i g h t  ( e q u a l  p e r f o r m a n c e  a t  

d i s t a n c e  a n d  near) w i t h  t h e  d i f f e r e n t  t o o l  s h a p e s .  

M a n u f a c t u r i n g  r e p r o d u c i b i l i t y  w a s  a s s e s s e d  b y  e x a m i n i n g  

r e s u l t s  w i t h  B C L  w i t h  n o m i n a l l y  i d e n t i c a l  p a r a m e t e r s .

T h e  r a n g e  o f  s o f t  d i f f r a c t i v e  B C L  a v a i l a b l e ,  w h i l s t  

n u m b e r i n g  16, w a s  q u i t e  d i v e r s e  a n d  u n f o r t u n a t e l y  d i d  n o t  

l e n d  i t s e l f  t o  a w e l l  c o n t r o l l e d  s t u d y  s u c h  a s  w a s  

p e r f o r m e d  w i t h  t h e  r i g i d  BCL. C o m p a r i s o n s  o f  l i k e  B C L  

w e r e  m a d e  w h e r e  a p p r o p r i a t e .  T h e  i n f l u e n c e  o f  s o f t  

d i f f r a c t i v e  B C L  m a n u f a c t u r i n g  t e c h n i q u e  ( l a t h e  t u r n i n g  

v e r s u s  c a s t  m o u l d i n g )  w a s  e x a m i n e d .  A  " r e v e r s e "  a d d  B C L  

( s e c t i o n  1.2.3) w a s  c o m p a r e d  t o  c o n v e n t i o n a l  BCL. T h e  

s o f t  B C L  w e r e  s u b j e c t  t o  s o m e  m a n u f a c t u r i n g  p r o b l e m s  a n d  

t h e  c o n c l u s i o n s  t h a t  c a n  b e  d r a w n  f r o m  t h i s  s e c t i o n  m a y  

b e  l i m i t e d .
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Chapter 2 PRELIMINARY EXPERIMENTS 

ON VISUAL PERFORMANCE

2.1 Introduction

P r e l i m i n a r y  e x p e r i m e n t s  w e r e  p e r f o r m e d  t o  e v a l u a t e  

m e t h o d s  o f  v i s u a l  p e r f o r m a n c e  a s s e s s m e n t .  I n  s e c t i o n  2.2 

t w o  e x p e r i m e n t s  e x a m i n e d  s i x  m e t h o d s  o f  m o n i t o r - b a s e d  

c o n t r a s t  s e n s i t i v i t y  (CS) m e a s u r e m e n t ,  f r o m  w h i c h  o n e  

m e t h o d  w a s  s e l e c t e d  f o r  u s e  in f u r t h e r  s t u d i e s .  In 

s e c t i o n  2.3 t h e  s e n s i t i v i t y ,  o f  t h e  c h o s e n  CS p r o c e d u r e  

a n d  v a r i o u s  c h a r t - b a s e d  t e s t s  o f  v i s u a l  p e r f o r m a n c e ,  t o  

c e r t a i n  c h a n g e s  in d i f f r a c t i v e  B C L  d e s i g n  w a s  a s s e s s e d .  

F r o m  t h e s e  p r e l i m i n a r y  s t u d i e s  a p r o t o c o l  w a s  d e v i s e d  f o r  

u s e  in t h e  m a i n  s t u d y  ( s e c t i o n  2.4).

2.2 A Preliminary Evaluation of Methods of Monitor- 

based Contrast Sensitivity Presentation

2.2.1 CONTRAST SENSITIVITY METHODS: EXPERIMENT 1

A  b r i e f  s u m m a r y  o f  t h i s  e x p e r i m e n t  is g i v e n  h e r e  a n d  a 

f u l l  r e p o r t ,  w h i c h  h a s  b e e n  s u b m i t t e d  f o r  p u b l i c a t i o n ,  is 

i n c l u d e d  as Appendix 3 .

C o n t r a s t  S e n s i t i v i t y  F u n c t i o n s  (CSF) w e r e  d e t e r m i n e d  f o r  

t e n  (10) t r a i n e d  a n d  e x p e r i e n c e d  o b s e r v e r s  w i t h  f i v e
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p s y c h o m e t r i c  m e t h o d s .  T h e  p s y c h o m e t r i c  m e t h o d s  

i n v e s t i g a t e d  r a n g e d  f r o m  a d e c i s i o n  c r i t e r i a  f r ee, b u t  

l e n g t h y  M e t h o d  o f  C o n s t a n t  S t i m u l i  (MOCS) t w o  a l t e r n a t i v e  

f o r c e d  c h o i c e  p r o c e d u r e  t h r o u g h  t h e  o t h e r  p r o c e d u r e s  

w h i c h  w e r e  q u i c k e r  in a p p l i c a t i o n  b u t  w e r e  s u b j e c t  t o  

i n c r e a s i n g  l e v e l s  o f  o b s e r v e r  b i as.

MOCS APE •••*••• Stair
DAML -o- CAML

Figure 2.2-1 Mean Contrast Sensitivity (CS) with five different methods of 

presentation - the Method of Constant Stimuli (MOCS), Adaptive Probit 

Estimation (APE), single staircase, Discrete Ascending Method of Limits 

(DAML), and Continuous Ascending Method of Limits ( C A M L )  procedures.

D i f f e r e n c e s  b e t w e e n  t h e  f i v e  m e t h o d s  w e r e  s m a l l  b u t  

c h a r a c t e r i s t i c  (Figure 2.2-1) . W h i l s t  a l l  o f  t h e  p r o c e d u r e s  

w e r e  c o n s i d e r e d  t o  h a v e  g o o d  t e s t - r e t e s t  r e p e a t a b i l i t y  

( s m a l l  t e s t - r e t e s t  r e p e a t a b i l i t y  c o e f f i c i e n t :  2 x

s t a n d a r d  d e v i a t i o n )  , t h e r e  w a s  a n  o b v i o u s  t r a d e  o f f  

b e t w e e n  r e p e a t a b i l i t y  a n d  t h e  d u r a t i o n  o f  t h e  p r o c e d u r e  

{Figure 2 .2 -2 ) , a n d  h e n c e  n o n e  o f  t h e  t e c h n i q u e s  w a s  ideal.
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I n  a n  a t t e m p t  t o  i m p r o v e  t h i s  t r a d e  o f f  a f u r t h e r  m e t h o d  

w a s  i n v e s t i g a t e d  as r e p o r t e d  b e l o w .

Figure 2.2-2 The repeatability coefficient ( 1.96 x standard deviation) and 
duration of five different methods of Contrast Sensitivity presentation - the 
Method of Constant Stimuli (MOCS), Adaptive Probit Estimation (APE), 
single staircase, Discrete Ascending Method of Limits (DAML), and 
Continuous Ascending Method of Limits (CAML) procedures.

2 . 2 . 2  C O N T R A S T  S E N S I T I V I T Y  M E T H O D S :  E X P E R I M E N T  2 

Introduction

T o  e v a l u a t e  a t e c h n i q u e  s u i t a b l e  f o r  t h e  m a j o r  s t u d y  

( r e l a t i v e l y  s h o r t  d u r a t i o n ,  w i t h o u t  r e d u c i n g  t e s t - r e t e s t  

r e p e a t a b i l i t y ) , a r e d u c e d  v e r s i o n  o f  t h e  A d a p t i v e  P r o b i t  

E s t i m a t i o n  (APE) m e t h o d  w a s  d e v i s e d  a n d  t e s t e d  o n  t h e  

s a m e  t e n  o b s e r v e r s  u s e d  in e x p e r i m e n t  1 ( s e c t i o n  2 . 2 . 1 ) .
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Methods

S u b i  e c t s

T e n  c o l l e a g u e s ,  a g e d  b e t w e e n  22 a n d  60 y e a r s  ( a v e r a g e  35 

y e a r s ) , a c t e d  a s  s u b j e c t s  f o r  t h e  s t u d y .  T h e  p r o c e d u r e  

c o n t r o l l i n g  p r e s e n t a t i o n  w a s  f u l l y  e x p l a i n e d  t o  e a c h  

s u b j e c t ,  a n d  e a c h  s u b j e c t  a t t e n d e d  a t  l e a s t  o n e  p r a c t i c e  

s e s s i o n  so t h a t  t h e y  w e r e  c o m p l e t e l y  f a m i l i a r  w i t h  t h e  

m e t h o d .  S u b j e c t s  h a d  n o  k n o w n  v i s u a l  d y s f u n c t i o n .

A p p a r a t u s

A  m o n i t o r - b a s e d  a p p a r a t u s  t o  m e a s u r e  c o n t r a s t  s e n s i t i v i t y  

(CS) a s  d e s c r i b e d  in s e c t i o n  3 . 3 . 2  w a s  u s e d .  S u b j e c t s

v i e w e d  b i n o c u l a r l y  w i t h  a n  a p p r o p r i a t e  o p t i c a l  

c o r r e c t i o n .  T h e  t o t a l  d u r a t i o n  o f  e a c h  t r i a l ,  f r o m  t h e  

f i r s t  t o  t h e  l a s t  p r e s e n t a t i o n ,  w a s  r e c o r d e d  b y  t h e  

c o m p u t e r .  S u b j e c t s  w e r e  a l l o w e d  t o  r e s t  a t  a n y  t i m e  

d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t ,  b u t  t h i s  w a s  a d d e d  

t o  t h e  r e c o r d e d  d u r a t i o n  o f  t h e  t r i a l .

A d a p t i v e  P r o b i t  E s t i m a t i o n  (APE)

A P E  is a t e c h n i q u e  d e s i g n e d  t o  e s t i m a t e  t h e  p s y c h o m e t r i c  

f u n c t i o n  w i t h  m a x i m u m  s t a t i s t i c a l  e f f i c i e n c y ,  b a s e d  u p o n  

t h e  m e t h o d  o f  c o n s t a n t  s t i m u l i  (Wa t t  a n d  A n d r e w s ,  198 1 ) .  

A P E  a n a l y s e d  t h e  c u r r e n t  r e s p o n s e  s e t  a n d  a c c o r d i n g l y  

p r e s e n t e d  s t i m u l i  f r o m  a p r e d e t e r m i n e d  s e t  o f  s t i m u l u s  

l e v e l s  f o r  a p r e d e t e r m i n e d  t o t a l  n u m b e r  o f  p r e s e n t a t i o n s .

E a c h  t e s t  g r a t i n g  w a s  p r e s e n t e d  a f t e r  a n  a p p r o p r i a t e  

a u d i b l e  cue, a n d  t h e  s u b j e c t  w a s  r e q u i r e d  t o  i n d i c a t e
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w h e t h e r  t h e  g r a t i n g  w a s  s e e n  o r  n o t  s e e n .  T h e  A P E  

p r o g r a m  t h e n  d e t e r m i n e d  t h e  n e x t  s t i m u l u s  l e v e l  t o  b e  

t e s t e d ,  b y  r a n d o m l y  s e l e c t i n g  f r o m  a s e t  o f  l e v e l s  w h i c h  

b r a c k e t  t h e  c u r r e n t  e s t i m a t e  o f  t h e  t h r e s h o l d ,  w h i c h  w a s  

d e t e r m i n e d  b y  a r e g u l a r ,  r a p i d  a p p r o x i m a t e  p r o b i t  

a n a l y s i s  (Finn e y ,  1952) o f  t h e  d a t a  f o r  t h e  m o s t  r e c e n t  

s e t  o f  r e s p o n s e s .  O n  c o m p l e t i o n  o f  t h e  t r i a l  a f u l l  

p r o b i t  a n a l y s i s  w a s  p e r f o r m e d  t o  p r o v i d e  a n  e s t i m a t e  o f  

t h e  c o n t r a s t  t h r e s h o l d  a n d  s t a n d a r d  d e v i a t i o n .

F i v e  s p a t i a l  f r e q u e n c i e s  o f  0.3, 0.9, 2.7, 8.1, a n d  24.3 

c . p . d .  w e r e  p r e s e n t e d  in e a c h  t r i a l .  A t  t h e  b e g i n n i n g  

o f  t h e  t r i a l  a n  a p p r o p r i a t e  r a n g e  o f  c o n t r a s t s  w a s  c h o s e n  

b y  p r e s e n t i n g  g r a t i n g s  o f  w i d e l y  d i f f e r i n g  c o n t r a s t  u n t i l  

a u s a b l e  r a n g e  f o r  e a c h  s p a t i a l  f r e q u e n c y  w a s  b r a c k e t e d  

w i t h  t e n  a v a i l a b l e  c o n t r a s t  l e v e l s  w i t h i n  t h e  r a n g e .  A t  

e a c h  s p a t i a l  f r e q u e n c y  16 p r e s e n t a t i o n s  w e r e  m a d e  g i v i n g  

a t o t a l  o f  80 p r e s e n t a t i o n s .  S p a t i a l  f r e q u e n c i e s  w e r e  

r a n d o m l y  i n t e r l e a v e d .

U n f o r t u n a t e l y  r a n d o m l y - i n t e r l e a v e d  s p a t i a l  f r e q u e n c y  

p r e s e n t a t i o n  h a s  b e e n  s h o w n  t o  l e a d  t o  s p a t i a l  f r e q u e n c y  

u n c e r t a i n t y  ( C o h n  a n d  L a s l e y ,  1 9 74; D a v i s  a n d  G r a h a m ,  

1981) w h e r e  s e n s i t i v i t y  a n d  r e p e a t a b i l i t y  w e r e  r e d u c e d  

b e c a u s e  t h e  s u b j e c t  w a s  n o t  a w a r e  o f  t h e  s p a t i a l  f o r m  of 

t h e  s t i m u l u s .  T h i s  w a s  p r o b a b l y  d u e  t o  a n  i n c r e a s e d  

c o m p l e x i t y  o f  t h e  t a s k  w h e r e  r e c o g n i t i o n  w a s  r e q u i r e d  in 

a d d i t i o n  t o  t h e  n o r m a l  d e t e c t i o n  t a s k .  T h e  t o n e  w h i c h  

i n d i c a t e d  t h e  c o m m e n c e m e n t  o f  t h e  n e x t  t r i a l  w a s  a l s o
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u s e d  t o  i n d i c a t e  t h e  s p a t i a l  f r e q u e n c y  o f  t h e  n e x t  

p r e s e n t a t i o n .  T h i s  w a s  a c h i e v e d  b y  m a t c h i n g  t h e  p i t c h  of 

t h e  t o n e  t o  s p a t i a l  f r e q u e n c y  (i.e. l o w  p i t c h -  l o w  

s p a t i a l  f r e q u e n c y ,  h i g h  p i t c h  - h i g h  s p a t i a l  f r e q u e n c y ) . 

P i l o t  s t u d i e s  i n d i c a t e d  t h a t  t h i s  s i m p l e  p r o c e d u r e  

e n h a n c e d  b o t h  s e n s i t i v i t y  a n d  r e p e a t a b i l i t y .

Results

M e a n  c o n t r a s t  s e n s i t i v i t y  is s h o w n  in Figure 2.2-3 in 

r e l a t i o n  t o  t h e  e a r l i e r  r e s u l t s  ( s e c t i o n  2 . 2 . 1 ) .  M e a n  

c o n t r a s t  s e n s i t i v i t y  w i t h  t h e  s h o r t e n e d  A P E  w a s  

s i g n i f i c a n t l y  l e s s  (p < 0.05) a t  a l l  s p a t i a l  f r e q u e n c i e s  

t h a n  t h e  M O C S  p r o c e d u r e  p r e v i o u s l y  r e p o r t e d  a n d  d i d  n o t  

v a r y  s i g n i f i c a n t l y  (p < 0.01) f r o m  t h e  r e s u l t s  w i t h  t h e  

l o n g e r  A P E  p r o c e d u r e  u s e d  p r e v i o u s l y .  C o n t r a s t  

s e n s i t i v i t y  w a s  h i g h e r  a t  t h e  h i g h e r  s p a t i a l  f r e q u e n c i e s  

(8.1, 2 4 . 3  c . p . d . )  t h a n  w i t h  t h e  s i n g l e  s t a i r c a s e  

p r o c e d u r e  r e p o r t e d  p r e v i o u s l y  (p < 0 . 0 0 1 ) .  F o r  a l l  

s p a t i a l  f r e q u e n c i e s  c o m b i n e d ,  t e s t - r e t e s t  c o r r e l a t i o n  

( S p e a r m a n  r) w a s  0.97, t h e  r e p e a t a b i l i t y  c o e f f i c i e n t

0 . 1 8 2  l o g  u n i t s  a n d  t h e  d u r a t i o n  o f  t e s t i n g  w a s  6 . 2 6  (± 

0.25) m i n u t e s .  R e p e a t a b i l i t y  c o e f f i c i e n t s  a t  t h e  f i v e  

s p a t i a l  f r e q u e n c i e s  w e r e  0.19, 0.20, 0.23, 0 . 08, 0 . 1 2  l o g  

u n i t s  f o r  0.3, 0.9, 2.7, 8.1, a n d  2 4 . 3  c . p . d .  

r e s p e c t i v e l y .

- page 107 -



PRELIMINARY EXPTS.

Spatial Freq. (cpd)
—-  MOCS -a- APE

Stair Reduced APE

Figure 2.2-3 Mean contrast sensitivity with the reduced APE procedure 
compared to previous results with MOCS, a longer APE procedure and a 
similar single staircase procedure.

Discussion

T e s t - r e t e s t  c o r r e l a t i o n  a n d  r e p e a t a b i l i t y  c o e f f i c i e n t  

w i t h  t h e  s h o r t e n e d  A P E  p r o c e d u r e  w e r e  s i m i l a r  t o  t h e  f u l l  

A P E  p r o c e d u r e  p r e v i o u s l y  e x a m i n e d  ( s e c t i o n  2 . 2 . 1 ) .  T h e  

d u r a t i o n  w a s  s i m i l a r  t o  t h e  s i n g l e  s t a i r c a s e  p r o c e d u r e ,  

a n d  m u c h  s h o r t e r  t h a n  w i t h  M O C S  o r  t h e  f u l l  A P E  

p r o c e d u r e .

T h e  r a n d o m l y  i n t e r l e a v e d  p r e s e n t a t i o n  w a s  s u p e r f i c i a l l y  

t h e  s a m e  as f o r  t h e  s t a i r c a s e  m e t h o d ,  b u t  w i t h  t h e  a c t u a l  

p r e s e n t a t i o n s  a n d  s t i m u l u s  l e v e l s  c o n t r o l l e d  b y  t h e  A P E  

a l g o r i t h m .  R e s u l t s  w i t h  t h e  r e d u c e d  A P E  d i d  n o t  d i s p l a y  

t h e  m a r k e d ,  c o n s i s t e n t  r e d u c t i o n  in s e n s i t i v i t y  a t  t h e  

h i g h  s p a t i a l  f r e q u e n c i e s  c o m p a r e d  t o  M O C S  f o u n d  w i t h  t h e  

s i n g l e  s t a i r c a s e  p r o c e d u r e .  T h i s  m a y  b e  d u e  t o  t h e
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t h e o r e t i c a l  s t r e n g t h s  o f  t h e  A P E  p r o c e d u r e .  I t  is 

p r o p o s e d  t h a t  o b s e r v e r  a w a r e n e s s  o f  t h e  o r d e r e d  n a t u r e  of 

p r e s e n t a t i o n ,  c o m b i n e d  w i t h  a n  a l t e r e d  d e c i s i o n  c r i t e r i a  

f o r  t h e  h i g h e r  s p a t i a l  f r e q u e n c y ,  h a s  g i v e n  t h i s  r e s u l t .  

I t  is u n c l e a r  w h y  t h e  d e c i s i o n  c r i t e r i a  s h o u l d  a l t e r  w i t h  

s p a t i a l  f r e q u e n c y .  P o s s i b l y  g r e a t e r  a m b i g u i t y  w a s  

e x p e r i e n c e d  w i t h  t h e  h i g h e r  s p a t i a l  f r e q u e n c i e s .  

C o r n s w e e t  (1962) d i s c u s s e d  t h e  t h e o r e t i c a l  i n t r o d u c t i o n  

o f  t h i s  t y p e  o f  s u b j e c t  b i a s  w h i c h  c a n  b e  a v o i d e d  w i t h  

m o r e  c o m p l e x  f o r m s  o f  t h e  s t a i r c a s e  m e t h o d .  T h u s  t h e  

r e d u c e d  A P E  m e t h o d  a p p e a r s  t o  a v o i d  t h e  p r o b l e m s  o f  t h e  

s i n g l e  s t a i r c a s e  w h i l s t  r e t a i n i n g  a g o o d  t e s t - r e t e s t  

r e p e a t a b i l i t y  a n d  a s i m i l a r ,  r e l a t i v e l y  s h o r t  d u r a t i o n .

2 . 2 . 3  C O N C L U S I O N S

T e s t - r e t e s t  r e p e a t a b i l i t y  is a m e a s u r e  o f  t h e  s t a b i l i t y  

o f  a p a r t i c u l a r  p r o c e d u r e  o v e r  t i m e .  C a r e  w a s  t a k e n  in 

t h i s  s t u d y  t o  e n h a n c e  t h e  r e p e a t a b i l i t y  o f  t h e  

p s y c h o m e t r i c  p r o c e d u r e ,  a s  d e m o n s t r a t e d  b y  t h e  g o o d  t e s t -  

r e t e s t  r e p e a t a b i l i t y .  T h e  m o d i f i e d  v e r s i o n  o f  t h e  A P E  

p r o c e d u r e  ( E x p e r i m e n t  2) w a s  p r e f e r r e d  o v e r  t h e  o t h e r  

p s y c h o m e t r i c  m e t h o d s  ( E x p e r i m e n t  1) d u e  t o  t h e  

t h e o r e t i c a l  s t r e n g t h s  o f  t h e  u n d e r l y i n g  p r o c e d u r e ,  

c o m p a r a b l e  r e p e a t a b i l i t y  a n d  r e a s o n a b l e  d u r a t i o n .  H e n c e  

t h e  r e d u c e d  A P E  p r o c e d u r e  w a s  a d o p t e d  f o r  t h e  r e m a i n d e r  

o f  t h e  st u d y .
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2.3 Preliminary Evaluation of the Sensitivity of Clinical 

Visual Performance Measures

Introduction

A  p r e l i m i n a r y  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  c h a n g e s  in 

d i f f r a c t i v e  l e n s  d e s i g n  ( d i f f r a c t i v e  z o n e  j u n c t i o n  (DZJ) 

h e i g h t )  u p o n  v i s u a l  p e r f o r m a n c e  w a s  u s e d  t o  a s s e s s  t h e  

s e n s i t i v i t y  o f  c e r t a i n  c l i n i c a l  v i s i o n  t e s t s .  A l s o  t h e  

s u g g e s t e d  a b i l i t y  o f  a r e d u c e d  l u m i n a n c e  c o n d i t i o n  to 

i n c r e a s e  t h e  s e n s i t i v i t y  o f  a n y  o f  t h e  v i s i o n  t e s t s  w a s  

i n v e s t i g a t e d .  T h i s  a l l o w e d  t h e  u s e  o f  a r e d u c e d  p r o t o c o l  

in t h e  m a i n  s t u d y .

V a r i a t i o n  o f  t h e  D Z J  h e i g h t  ( t h e o r e t i c a l l y )  a l t e r s  t h e  

r a t i o  o f  l i g h t  in t h e  z e r o  a n d  f i r s t  o r d e r  f o c i  a n d  h e n c e  

t h e  r a t i o  b e t w e e n  d i s t a n c e  a n d  n e a r  v i s i o n  ( s e c t i o n

1. 2 . 3 )  .

M e t h o d s

V i s u a l  p e r f o r m a n c e  w a s  e v a l u a t e d  w i t h  :

(a) m o n i t o r - b a s e d  m e a s u r e  o f  C S F  ( C R T - C S F ) ;

(b) t h e  V i s t e c h  V C T S  6 5 0 0  t e s t  c h a r t s ;

(c) A u s t r a l i a n  V i s i o n  C h a r t s  ( A V C ) ;

(d) P e l l i - R o b s o n  c o n t r a s t  t h r e s h o l d  c h a r t s  ( P R C ) ; a n d

(e) a n  e d g e  d e t e c t i o n  t a s k ,  t h e  M e l b o u r n e  E d g e  T e s t  

( M E T ) .

V i s u a l  p e r f o r m a n c e  w a s  m e a s u r e d  w i t h  a l l  t e s t s  a t  t w o  

l u m i n a n c e  l e v e l s .  T h e s e  p r o c e d u r e s  a n d  t e s t s  a r e  

d i s c u s s e d  in m o r e  d e t a i l  b e l o w .  A s  d i s c u s s e d  i n  s e c t i o n
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1 . 4 . 3  d i s t a n c e  a n d  n e a r  v i e w i n g  w a s  a c h i e v e d  b y  t h e  u s e  

o f  a s p e c t a c l e  c o r r e c t i o n  f o r  t h e  a p p r o p r i a t e  v i e w i n g  

d i s t a n c e  a n d  v e r g e n c e  r e q u i r e d .  T h e  a c t u a l  v i e w i n g  

d i s t a n c e s  a n d  c h a r t  l u m i n a n c e s  a r e  g i v e n  i n  Table 2 .3-1 .

Test
Luminance

Level
(cd/m2)

Distance
(m)

Spatial
Frequency
(c.p.d.)

Contrast

C R T - C S F  50 1 0.5,1,2,4,8,16 0.25 to 0.001

0.5 1 0.5,1,2,4,8,16 0.25 to 0.001

Vistech 250 4 2,4,8,16,24 0.25 to 0.005

2.5 2 1,2,4,8,12 0.25 to 0.005

approx.

A V C 250 4 7.5 to 120 0.9, 0.1

2.5 2 3.75 to 60 0.9, 0.1

approx.

P R C 250 2, 4 1.8, 3.6 0.9 to 0.008

2.5 2, 4 1.8, 3.6 0.9 to 0.008

M E T 40 0.4 edge 0.1 to 0.004

0.4 0.4 edge 0.1 to 0.004

Table 2.3-1 A summary of the luminance levels, test distances, spatial
frequencies and contrast levels for the various tests used.

M o n i t o r - b a s e d  (CRT1 C o n t r a s t  S e n s i t i v i t y  F u n c t i o n  

T h e  e l e c t r o n i c a l l y  p r e s e n t e d  C R T - C S F  p r o c e d u r e  a n d  

e q u i p m e n t  w a s  a s  d e s c r i b e d  i n  s e c t i o n  3 . 1 . 2 ,  e x c e p t  t h a t  

t h e  r e d u c e d  A d a p t i v e  P r o b i t  E s t i m a t i o n  (APE) p r o c e d u r e
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d i s p l a y e d  6 s p a t i a l  f r e q u e n c i e s  o f  0.5, 1, 2, 4, 8, a n d  

16 c . p . d . .  T o  d e t e r m i n e  t h e  C R T - C S F  a t o t a l  of 

a p p r o x i m a t e l y  1 2 0  p r e s e n t a t i o n s  (6 x  20) w e r e  m a d e .  C R T -  

C S F  a t  16 c . p . d .  w a s  n o t  i n c l u d e d  i n  t h e  f i n a l  a n a l y s i s  

a s  t o o  f e w  r e s u l t s  c o u l d  b e  o b t a i n e d  a t  t h e  l o w  l u m i n a n c e  

l e v e l  (0.5 c d / m 2) .

V i s t e c h  C h a r t s

V i s t e c h  V C T S  6 5 0 0  c h a r t s  ( s e c t i o n  1 . 4 . 3 )  w e r e  u s e d  a t  a 

v i e w i n g  d i s t a n c e  o f  f o u r  m e t r e s  f o r  t h e  h i g h  l u m i n a n c e  

c o n d i t i o n  (250 c d / m 2) g i v i n g  s p a t i a l  f r e q u e n c i e s  o f  2, 4, 

8, 16, a n d  24 c . p . d . .  D u e  t o  t h e  r e d u c e d  v i s u a l  

p e r f o r m a n c e  u n d e r  t h e  l o w  l u m i n a n c e  c o n d i t i o n  (2.5 c d / m 2) 

a v i e w i n g  d i s t a n c e  o f  t w o  m e t r e s  w a s  a d o p t e d  g i v i n g  

s p a t i a l  f r e q u e n c i e s  o f  1, 2, 4, 8, a n d  12 c . p . d . .  T h e  

s i z e  o f  t h e  V i s t e c h  t a r g e t  d i s c s  a l t e r e d  w i t h  v i e w i n g  

d i s t a n c e  w h i c h  m a y  a f f e c t  v i s u a l  p e r f o r m a n c e  ( H o w e l l  a n d  

H e s s ,  1978) . A n y  c o m p a r i s o n  b e t w e e n  t h e  h i g h  a n d  l o w  

l u m i n a n c e  c o n d i t i o n s  w a s  u n f o r t u n a t e l y  c o m p o u n d e d  b y  t h i s  

e f f e c t .  O f t e n  e v e n  t h e  d i s c  w i t h  t h e  h i g h e s t  c o n t r a s t  

c o u l d  n o t  b e  s e e n  a t  t h e  h i g h e r  s p a t i a l  f r e q u e n c y ,  

u n f o r t u n a t e l y  l e a d  t o  a " c e i l i n g  e f f e c t "  a t  e a c h  

l u m i n a n c e  l e v e l .  F o r  t h i s  r e a s o n  o n l y  r e s u l t s  f o r  2, 4

a n d  8 c . p . d .  w e r e  i n c l u d e d  in t h e  a n a l y s i s .

A u s t r a l i a n  V i s i o n  C h a r t s

A V C  ( s e c t i o n  1.4.5) w e r e  u s e d  a t  a v i e w i n g  d i s t a n c e  of 

f o u r  m e t r e s  f o r  t h e  h i g h  l u m i n a n c e  c o n d i t i o n  (250 c d / m 2) 

a n d  a t  t w o  m e t r e s  f o r  t h e  l o w  l u m i n a n c e  c o n d i t i o n  (2.5
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c d / m 2) . T h e  v i e w i n g  d i s t a n c e  o f  t h e  A V C  w a s  r e d u c e d  b y  

h a l f  if t h e  s e c o n d - l a r g e s t  r o w  o f  l e t t e r s  w e r e  n o t  

v i s i b l e .  G i v e n  a p p r o p r i a t e  o p t i c a l  c o r r e c t i o n  t h i s  w i l l  

h a v e  n o  e f f e c t  u p o n  t h e  s c o r e  o f  V A  c h a r t s  o f  t h i s  d e s i g n  

(Westheixner, 1979) .

P e l l i - R o b s o n  C o n t r a s t  T h r e s h o l d  C h a r t s

P R C  ( s e c t i o n  1.4.6) c o n t r a s t  t h r e s h o l d s  w e r e  d e t e r m i n e d  

a t  b o t h  t w o  a n d  f o u r  m e t r e s  f o r  b o t h  l u m i n a n c e  c o n d i t i o n s  

(250 a n d  2. 5  c d / m 2) .

M e l b o u r n e  E d g e  T e s t

M E T  ( s e c t i o n  1.4.7) c o n t r a s t  t h r e s h o l d s  f o r  b o t h  

l u m i n a n c e  c o n d i t i o n s  (40 a n d  0.4 c d / m 2) w e r e  d e t e r m i n e d  at 

a v i e w i n g  d i s t a n c e  o f  a p p r o x i m a t e l y  f o r t y  c e n t i m e t r e s  in 

a c c o r d a n c e  w i t h  t h e  m a n u f a c t u r e r ' s  i n s t r u c t i o n s .

V i e w i n g  D i s t a n c e s

A s  n o t e d  in s e c t i o n  1.4.9, a n  a p p r o p r i a t e  o p t i c a l  

c o r r e c t i o n  t o  p l a c e  t h e  t e s t  a t  o p t i c a l  i n f i n i t y  f o r  t h e  

a s s e s s m e n t  o f  d i s t a n c e  v i s i o n  w a s  w o r n  f o r  e a c h  v i e w i n g  

d i s t a n c e .  A n  a d d i t i o n a l  n e g a t i v e  l e n s  w a s  w o r n  f o r  n e a r  

v i s i o n  a s s e s s m e n t  t o  n e g a t e  t h e  B C L  a d d i t i o n  (i.e. t o  

p l a c e  t h e  t a r g e t  o p t i c a l l y  a t  t h e  n e a r  v i e w i n g  d i s t a n c e ) .

L u m i n a n c e  a n d  I l l u m i n a t i o n  C o n d i t i o n s

T h e  C R T - C S F  h a d  a m e a n  l u m i n a n c e  o f  50 c d / m 2. T h e  

V i s t e c h ,  A V C  a n d  P R C  w e r e  a l l  m o u n t e d  o n  a m a t t  w h i t e  

b o a r d  w i t h  a n  a v e r a g e  l u m i n a n c e  o f  2 5 0  c d / m 2, a n d  w i t h
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l e s s  t h a n  10 %  v a r i a n c e  in i l l u m i n a n c e  a c r o s s  t h e  c h a r t s .  

T h e  M E T  w a s  i l l u m i n a t e d  b y  g e n e r a l  r o o m  l i g h t i n g  

s u p p l e m e n t e d  b y  a n  a n g l e - p o i s e  l a m p  t o  p r o v i d e  a n  a v e r a g e  

i l l u m i n a n c e  o f  2 5 0  l u x  a n d  a b a c k g r o u n d  l u m i n a n c e  o f  40 

c d / m 2.

T h e  r e d u c e d  l u m i n a n c e  c o n d i t i o n  w a s  o b t a i n e d  w i t h  g o g g l e s  

w i t h  t h e  o r i g i n a l  l e n s e s  r e p l a c e d  b y  n e u t r a l  d e n s i t y  

f i l t e r s  o f  2.0. T h i s  e f f e c t i v e l y  r e d u c e d  l u m i n a n c e  b y  a 

f a c t o r  o f  100. T h e  l o w  l u m i n a n c e  c o n d i t i o n  w a s  a l w a y s  

t e s t e d  a f t e r  a s u i t a b l e  p e r i o d  o f  a d a p t a t i o n .  H i g h  a n d  

l o w  l u m i n a n c e  s e s s i o n s  w e r e  r a n d o m l y  i n t e r s p e r s e d .  T h i s  

is s u m m a r i s e d  in Table 2.3-1.

E x p e r i m e n t a l  D e s i g n

T e s t s  w e r e  p r e s e n t e d  in a p s e u d o - r a n d o m  o r d e r .  B C L  w e r e  

u s e d  in a r a n d o m  o r d e r .  A l l  r e s u l t s  w e r e  r e c o r d e d  a n d  

s c o r e d  b y  a c o m p u t e r  p r o g r a m  a c c o r d i n g  t o  t h e  A P E  

p r o c e d u r e  ( C R T - C S F ) , t h e  m a n u f a c t u r e r s '  i n s t r u c t i o n s  

( V i s t e c h ,  PRC, M E T ) ,  o r  B a i l e y  a n d  L o v i e  (1976) f o r  t h e  

A V C .  T o  r e d u c e  m e m o r y  e f f e c t s ,  a l l  c h a r t  t e s t s  w e r e  

a v a i l a b l e  in a t  l e a s t  t w o  v e r s i o n s ,  e a c h  w i t h  a d i f f e r e n t  

s e q u e n c e .  T w o  v e r s i o n s  o f  e a c h  c h a r t  t e s t  w e r e  p r e s e n t e d  

f o r  e a c h  c o n d i t i o n  a n d  t h e  r e s u l t s  a v e r a g e d .

S u b j e c t

A s  t h i s  w a s  e s s e n t i a l l y  a p i l o t  s t u d y  t o  d e t e r m i n e  w h i c h  

v i s u a l  t e s t s  t o  u s e  in t h e  m a i n  s t u d y  t h e  r i g h t  e y e  o f  a 

s i n g l e  y o u n g  s u b j e c t  (the a u t h o r )  w a s  u s e d .  C y c l o p l e g i a
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w a s  i n d u c e d  w i t h  0 . 5 %  c y c l o p e n t o l a t e  t o  s i m u l a t e  t h e  

r e d u c e d  a c c o m m o d a t i v e  r a n g e  o f  p r e s b y o p e s .  T h e

a c c o m m o d a t i v e  r a n g e  w a s  a s s e s s e d  r e g u l a r l y ,  a n d  t e s t i n g  

d i s c o n t i n u e d  if t h e  a c c o m m o d a t i v e  r a n g e  e x c e e d e d  1 

d i o p t r e .  A n  o c u l a r  a n a e s t h e t i c  w a s  a l s o  u s e d  w h e r e  

n e c e s s a r y  t o  r e d u c e  t h e  e f f e c t s  o f  e x c e s s i v e  l a c r i m a t i o n .  

T h e  b e s t  r e f r a c t i v e  c o r r e c t i o n  f o r  t h e  r e l e v a n t  d i s t a n c e  

a n d  B C L  w a s  w o r n  in a t r i a l  f r a m e  w i t h  a n  a r t i f i c i a l  

p u p i l  o f  3.5 m m  f o r  a l l  e x p e r i m e n t s .  T h i s  d i a m e t e r  p u p i l  

w a s  c h o s e n  a s  it r e p r e s e n t s  a n  a v e r a g e  p u p i l  d i a m e t e r  f o r  

p r e s b y o p e s  (Woods, 1 9 9 1 c ) .

E x p e r i m e n t a l  B i f o c a l  C o n t a c t  L e n s e s

P r e f o r m  r i g i d  d i f f r a c t i v e  B C L  w e r e  l a t h e d  in P o l y c o n  II 

m a t e r i a l  w i t h  a 2 5 0  /xm d i a m o n d  t o o l  b y  P i l k i n g t o n  

V i s i o n C a r e .  T r i c u r v e  r i g i d  B C L  w e r e  p r o d u c e d  f r o m  t h e  

p r e f o r m s  a t  t h e  D e p a r t m e n t  o f  O p t o m e t r y  a n d  V i s u a l  

S c i e n c e ,  C i t y  U n i v e r s i t y .  T h e  n o m i n a l  D Z J  h e i g h t s  w e r e  

3.0, 2.6, 2.2, 2.0, 1.8 a n d  1.4 /xm ( d e t a i l s  i n  s e c t i o n

3 . 6 . 2 ) .

Results

CS r e s u l t s  w i t h  b o t h  t h e  C R T - C S F  a n d  t h e  V i s t e c h  c h a r t s  

w e r e  o f  t h e  c o n v e n t i o n a l  form. R e s u l t s  f o r  a l l  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  w i t h  B C L  w e r e  r e d u c e d  c o m p a r e d  w i t h  

s i n g l e  v i s i o n  C L  (Figure 2.3-1) , in l i n e  w i t h  p r e v i o u s  

r e p o r t s  ( P h i l l i p s ,  1 9 88; P a p a s  e t  al, 1988, S a u n d e r s  a n d  

C h a r m a n ,  19 8 9 ) .
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Figure 2.3-1 Mean visual performance with a single vision CL at (a) high and (b) 
low luminance. CRT-CSF (solid curve), Vistech (dotted), AVC (diamonds), PRC 
(squares) and MET (solid horizontal bar) results are shown.
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A s  a n  e x a m p l e ,  t h e  m e a n  r e s u l t s  f o r  a B C L  w i t h  a D Z J  

h e i g h t  o f  2.2 /¿m a r e  s h o w n  in Figures 2.3-2 and 2 .3 -3 . T o  a i d  

i n  t h e  i n t e r p r e t a t i o n  o f  VA, P R C  a n d  M E T  r e s u l t s  in 

r e l a t i o n  t o  t h e  C S F  m e a s u r e s  a p r o c e d u r e  t o  g r a p h i c a l l y  

r e p r e s e n t  t h e  r e s u l t s  w a s  u s e d  f o l l o w i n g  t h e  m e t h o d  o f  

G r e e v e s  e t  al (1988). A V C  l o g M A R  s c o r e s  w e r e  c o m p a r e d  t o  

s p a t i a l  f r e q u e n c y  r e s u l t s  o n  t h e  a s s u m p t i o n  t h a t  l o g M A R  

c a n  b e  r e l a t e d  t o  t h e  l o g  t h r e s h o l d  c o n t r a s t  o f  a g r a t i n g  

o f  e q u a l  a n g u l a r  s u b t e n s e .  P R C  w e r e  p l o t t e d  a c c o r d i n g  t o  

t h e  f u n d a m e n t a l  f r e q u e n c y  o f  t h e  l e t t e r s  ( s e c t i o n  1 . 4 . 6 ) .  

T h e  M E T  w a s  p l o t t e d  as a s h o r t  b a r  a t  a p p r o x i m a t e l y  3 t o  

5 c . p . d .  w h i c h  r e p r e s e n t s  a c o m m o n  v a l u e  f o r  t h e  p e a k  of 

t h e  CSF.

O n  t h e  a s s u m p t i o n  t h a t  l e t t e r s  c o m p r i s e  s q u a r e  w a v e  

g r a t i n g s ,  t h e  e x p e c t e d  CS w o u l d  b e  h i g h e r  t h a n  f o r  t h e  

e q u i v a l e n t  C S F  m e a s u r e  w h i c h  c o m p r i s e s  s i n e  w a v e  g r a t i n g s  

( C a m p b e l l  a n d  R o b s o n ,  1964, 196 8 ) .  G i n s b u r g  (1981), 

r e v i e w i n g  t h e  p r e d i c t i o n  o f  V.A. f r o m  CSF, n o t e d  t h a t  V A  

i n c l u d e s  a n u m b e r  o f  o t h e r  f a c t o r s  a p a r t  f r o m  s i m p l e  

d e t e c t i o n ,  w h i c h  i n c l u d e  r e c o g n i t i o n ,  t h e  v a r y i n g

v i s i b i l i t y  o f  d i f f e r e n t  l e t t e r s  a n d  i n t e r a c t i o n  e f f e c t s  

b e t w e e n  s u c c e s s i v e  li n e s ,  w h i c h  a l l  l e a d  t o  a r e d u c e d  

s e n s i t i v i t y .  E f f e c t i v e l y  t h e  A V C  p r o v i d e  t h e  h i g h  

s p a t i a l  f r e q u e n c y  e n d  o f  t h e  C S F  c u r v e .  T h e  c o n t r a s t

t h r e s h o l d s  i n d i c a t e d  b y  t h e  P R C  c h a r t s  w e r e  g e n e r a l l y  

b e l o w  t h o s e  m e a s u r e d  w i t h  t h e  C R T - C S F  a n d  t h e  V i s t e c h  

c h a r t s ,  d e s p i t e  t h e  c o r r e c t i o n  f o r  c o n t r a s t  f o r m u l a e  

n o t e d  in s e c t i o n  1.4 . 6 .  T h i s  s u g g e s t e d  t h a t  t h e
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Figure 2.3-2 Mean distance visual performance with a diffractive BCL with a DZJ 
height of 2.2 pm at (a) high and (b) low luminance. CRT-CSF (solid curve), 
Vistech (dotted), AVC (diamonds), PRC (squares) and MET (solid horizontal bar) 
results are shown.
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height of 2.2 /xm at (a) high and (b) low luminance. CRT-CSF (solid curve), 
Vistech (dotted), AVC (diamonds), PRC (squares) and MET (solid horizontal bar) 
results are shown.
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a s s u m p t i o n s  a b o u t  t h e  c o n c o r d a n c e  b e t w e e n  t h e  

c o n v e n t i o n a l  CS t a s k  a n d  P R C  m a y  n o t  b e  c o r r e c t .  S i m i l a r  

r e s u l t s  h a v e  b e e n  r e p o r t e d  r e c e n t l y  ( W e i s s g o l d  e t  al,

1 9 9 1 ) .

A n  a n a l y s i s  o f  v a r i a n c e  (ANOVA) w a s  p e r f o r m e d  f o r  e a c h  

v i s u a l  p e r f o r m a n c e  m e a s u r e  w i t h  D Z J  h e i g h t  ( H ) , l u m i n a n c e  

l e v e l  (L) a n d  v e r g e n c e  (V) a s  f a c t o r s .  A N O V A s  f o r  one, 

t w o  a n d  t h r e e  r e p e t i t i o n s  ( a lso f o u r  r e p e t i t i o n s  f o r  C R T -  

CSF) w e r e  e x a m i n e d  t o  i n v e s t i g a t e  t h e  s e n s i t i v i t y  o f  t h e  

d i f f e r e n t  v i s u a l  p e r f o r m a n c e  m e a s u r e s  t o  t h e  e f f e c t s  o f  

i n t e r e s t .  I n  p a r t i c u l a r  a n  i n t e r a c t i o n  b e t w e e n  D Z J  

h e i g h t  a n d  v e r g e n c e  (H x V) w a s  e x p e c t e d  a s  t h i s  w o u l d  

i n d i c a t e  t h a t  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  w h i c h  p r e d i c t  

a v a r i a t i o n  in t h e  r a t i o  o f  l i g h t  in t h e  t w o  b i f o c a l  

i m a g e s  w e r e  c o r r e c t .  I n  a d d i t i o n  it w a s  o f  i n t e r e s t  t o  

s e e  a n y  h i g h e r  o r d e r  i n t e r a c t i o n s  b e t w e e n  l u m i n a n c e  a n d  

t h e  o t h e r  f a c t o r s .  T h e  r e s u l t s  h a v e  b e e n  s u m m a r i s e d  in 

Appendix 4 w h i c h  s h o w s ,  f o r  e a c h  o f  t h e  v i s u a l  p e r f o r m a n c e  

m e a s u r e s ,  t h e  F - r a t i o  a n d  t h e  s i g n i f i c a n c e  l e v e l .  T h e  F- 

r a t i o  m a y  b e  c o n s i d e r e d  as a n  i n d i c a t i o n  o f  t h e  s i z e  o f  

a n  e f f e c t  (i.e. a l a r g e r  F - r a t i o  i n d i c a t e s  a l a r g e r  

e f f e c t ) .

T h e  m a j o r  t r e n d  w a s  t h at, a s  e x p e c t e d ,  t h e r e  w a s  a n  

i n c r e a s e d  s i g n i f i c a n c e  o f  t h e  e f f e c t s  o f  i n t e r e s t  w i t h  

i n c r e a s i n g  n u m b e r s  o f  r e p e t i t i o n s .  W i t h  b o t h  C R T - C S F  a n d  

V i s t e c h  c h a r t s  t h e r e  w a s  a n  i n c r e a s i n g  l e v e l  o f  

s i g n i f i c a n c e  w i t h  i n c r e a s i n g  s p a t i a l  f r e q u e n c y .  A s
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e x p e c t e d  t h e r e  w a s  a l a r g e  e f f e c t  o f  l u m i n a n c e ,  b u t  t h i s  

w a s  n o t  o f  i n t e r e s t .  T h e r e  w e r e  n o  s i g n i f i c a n t

i n t e r a c t i o n s  b e t w e e n  l u m i n a n c e  a n d  t h e  o t h e r  f a c t o r s  

e x c e p t  w i t h  t h e  P R C  c h a r t s .

T h e  m a j o r  e f f e c t  o f  i n t e r e s t  w a s  t h e  i n t e r a c t i o n  b e t w e e n  

D Z J  h e i g h t  a n d  v e r g e n c e  (H x  V ) . C R T - C S F  m e a s u r e s  s h o w e d  

n o  s i g n i f i c a n c e  w i t h  a s i n g l e  r e p e t i t i o n ,  s o m e  

s i g n i f i c a n c e  a t  4 a n d  8 c . p . d .  w a s  n o t e d  w i t h  t w o

r e p e t i t i o n s  (p < 0.0 5 ) ,  s i g n i f i c a n c e  i n c r e a s e d  f o r  1, 2,

4 a n d  8 c . p . d .  w i t h  t h r e e  r e p e t i t i o n s ,  t h o u g h  t h i s  w a s  

o n l y  a t  t h e  0 . 0 5  l e v e l  f o r  t h e  1 a n d  2 c . p . d . .  A l l  

s p a t i a l  f r e q u e n c i e s  r e a c h e d  s i g n i f i c a n c e  a f t e r  f o u r  

r e p e t i t i o n s .  V i s t e c h  c h a r t s  s i m i l a r l y  s h o w e d

s i g n i f i c a n c e  a t  8 c . p . d .  (p < 0.05) a f t e r  a s i n g l e

r e p e t i t i o n ,  a f t e r  t w o  r e p e t i t i o n s  s i g n i f i c a n c e  w a s  n o t e d  

f o r  b o t h  2 a n d  8 c . p . d . ,  b u t  n o t  f o r  4 c . p . d . ,  w h i c h  o n l y  

r e a c h e d  t h e  0 . 0 5  l e v e l  o f  s i g n i f i c a n c e  a f t e r  3

r e p e t i t i o n s .  P R C  c h a r t s  a t  b o t h  v i e w i n g  d i s t a n c e s

( s p a t i a l  f r e q u e n c i e s )  , a f t e r  o n l y  o n e  r e p e t i t i o n ,  s h o w e d  

s i g n i f i c a n c e  w h i c h  i n c r e a s e d  w i t h  t h e  n u m b e r  o f  

r e p e t i t i o n s .  T h e  A V C  c h a r t s  r e q u i r e d  t w o  r e p e t i t i o n s  f o r  

s i g n i f i c a n c e  a n d  t h e r e  w a s  n o  i n c r e a s e  in t h e  l e v e l  o f  

s i g n i f i c a n c e  a f t e r  t h e  t h i r d  r e p e t i t i o n .  N o  s i g n i f i c a n t  

e f f e c t  f o r  t h e  i n t e r a c t i o n  w a s  n o t e d  f o r  t h e  M E T .

D i s c u s s i o n

T h e  a i m  o f  t h i s  s t u d y  w a s  t o  d e t e r m i n e  w h i c h  o f  t h e  r a n g e  

o f  t e s t s  c h o s e n  c o u l d  d e t e c t  d i f f e r e n c e s  in t h e  v i s u a l

- page 118



PRELIMINARY EXPTS.

p e r f o r m a n c e  w i t h  a r a n g e  o f  d i f f r a c t i v e  BCL, b y  

i n v e s t i g a t i n g  t h e  r e l a t i v e  s e n s i t i v i t y  o f  t h e  v a r i o u s  

t e s t s  a n d  t h e  c h a n g e  in l u m i n a n c e  l e v e l .

A s  t h e r e  w e r e  n o  c o n s i s t e n t  i n t e r a c t i o n s  b e t w e e n  

l u m i n a n c e  a n d  t h e  o t h e r  f a c t o r s  it w o u l d  a p p e a r  t h a t  

t h e r e  w a s  n o  i n c r e a s e  i n  i n f o r m a t i o n  o r  s e n s i t i v i t y  

g a i n e d  b y  i n c l u d i n g  t h i s  p r o c e d u r e .  H e n c e  t h i s  p r o c e d u r e  

( l u m i n a n c e  v a r i a t i o n )  w a s  d i s c o n t i n u e d  t h e r e b y  r e d u c i n g  

t e s t  t i m e  b y  h a l f .

T h e  s e n s i t i v i t y  o f  t h e  v a r i o u s  t e s t s  f o r  t h e  p u r p o s e s  o f  

t h i s  p i l o t  s t u d y  m a y  b e  d e f i n e d  a s  t h e  l e v e l  a t  w h i c h  

s i g n i f i c a n c e  w a s  a c h i e v e d  f o r  t h e  i m p o r t a n t  i n t e r a c t i o n  

b e t w e e n  D Z J  h e i g h t  a n d  v e r g e n c e  (H x  V) . O n  t h i s  b a s i s  

C R T - C S F  r e q u i r e d  m o r e  t h a n  f o u r  r e p e t i t i o n s  f o r  a l l  f i v e  

s p a t i a l  f r e q u e n c i e s .  If o n l y  t h e  t h r e e  h i g h e r  s p a t i a l  

f r e q u e n c i e s  w e r e  c o n s i d e r e d ,  t w o  o r  t h r e e  r e p e t i t i o n s  

w e r e  r e q u i r e d  f o r  s i g n i f i c a n c e .  S i m i l a r l y ,  w i t h  t h e  

V i s t e c h  c h a r t s  t w o  o r  t h r e e  r e p e t i t i o n s  w e r e  r e q u i r e d ,  

w h i l e  w i t h  A V C  a n d  P R C  o n l y  t w o  r e p e t i t i o n s  w e r e  

r e q u i r e d .  T h e  i n t e r a c t i o n  w a s  n o t  f o u n d  w i t h  t h e  M E T .

L o w  s p a t i a l  f r e q u e n c i e s  w e r e  g e n e r a l l y  l i t t l e  E f f e c t e d  b y  

d e f o c u s ,  a s  c o n f i r m e d  b y  t h e  d i f f i c u l t y  in a c h i e v i n g  

s i g n i f i c a n c e  w i t h  t h e  l o w e r  s p a t i a l  f r e q u e n c i e s  a n d  t h e  

M E T .  T h i s  w a s  n o t  t h e  c a s e  w i t h  t h e  P R C  a t  2 m e t r e s .  

T h i s  s u g g e s t s  t h a t ,  a t  t h i s  d i s t a n c e ,  s p a t i a l  f r e q u e n c i e s  

o t h e r  t h a n  t h e  f u n d a m e n t a l  f r e q u e n c y  m a y  b e  i n f l u e n c i n g
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t h r e s h o l d  d e t e c t i o n .  T h e r e  s e e m e d  l i t t l e  b e n e f i t  in 

e x a m i n i n g  t h e  e f f e c t s  o f 'i n t e r e s t  w i t h  t h e s e  t e s t s .

2.4 Conclusions

T h e s e  r e s u l t s  i n d i c a t e  t h a t  c h a n g e s  in v i s u a l  p e r f o r m a n c e  

d u e  t o  t h e  B C L  w e r e  l i m i t e d  f o r  s p a t i a l  f r e q u e n c i e s  b e l o w  

2 c . p . d .  a n d  h e n c e  f o r  t h e  r e m a i n d e r  o f  t h i s  s t u d y  it 

w a s  d e c i d e d  t o  c o n c e n t r a t e  o n  t h e  m i d  a n d  h i g h  s p a t i a l  

f r e q u e n c i e s .  T e s t i n g  w i t h  r e d u c e d  l u m i n a n c e  s h o w e d  a 

r e d u c t i o n  in v i s u a l  p e r f o r m a n c e  o n  a l l  t e s t s  a s  e x p e c t e d  

b u t  d i d  n o t  i n c r e a s e  s e n s i t i v i t y  t o  t h e  e f f e c t s  o f  

i n t e r e s t .  H e n c e  t e s t s  a t  r e d u c e d  l u m i n a n c e  w e r e  n o t  

i n c l u d e d  in t h e  m a i n  stu d y .

D u e  t o  t h e  r e s e r v a t i o n s  a b o u t  t h e  V i s t e c h  t e s t  n o t e d  in 

s e c t i o n  1. 4 . 3 ,  a n d  as it a p p e a r e d  t o  o f f e r  n o  s i g n i f i c a n t  

b e n e f i t  o v e r  C R T - C S F  it w a s  d e c i d e d  t o  r e t a i n  t h e  C R T - C S F  

f o r  t h e  m a i n  s t u d y ,  u s i n g  2, 4, 8 a n d  16 c . p . d . .  B o t h  

t h e  A V C  a n d  P R C  w e r e  s e n s i t i v e  t o  t h e  e f f e c t s  o f  

i n t e r e s t .  I t  w a s  d e c i d e d  t h a t  t h e  i n f o r m a t i o n  f r o m  t h e  

P R C  t e s t  a t  2 m e t r e s  m a y  b e  s u s p e c t  a n d  p o s s i b l y  

r e d u n d a n t  a n d  t h u s  w a s  n o t  i n c l u d e d  i n  t h e  m a i n  s t u d y .  

T h e  M E T  w a s  n o t  s e n s i t i v e  t o  t h e  e f f e c t s  o f  i n t e r e s t  a n d  

n o t  i n c l u d e d  in t h e  m a i n  st u d y .
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I n  c o n c l u s i o n ,  t h e  t e s t s  t o  b e  u s e d  in t h e  m a i n  s t u d y  

w e r e  :

(a) C R T - C S F  (2, 4, 8 a n d  16 c . p . d . )  a t  1 m e t r e ;

(b) P R C  a t  4 m e t r e ;  a n d

(c) A V C  ( h igh a n d  l o w  c o n t r a s t )  a t  4 m e t r e .

T h e s e  a r e  d e t a i l e d  in s e c t i o n  3.3.
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Chapter 3 METHODS

3.1 Physical measurement of experimental bifocal 

contact lenses

3.1.1 STANDARD CONTACT LENS PROCEDURES

A l l  e x p e r i m e n t a l  B C L  w e r e  c h e c k e d  f o r  q u a l i t y  a n d  

p h y s i c a l  c h a r a c t e r i s t i c s .  W h e r e  a p p r o p r i a t e  t h e  B r i t i s h  

S t a n d a r d  I n s t i t u t i o n  (BS 5562, 1978) t o l e r a n c e s  w e r e

a d o p t e d .  T h e  f o l l o w i n g  p a r a m e t e r s  o f  t h e  B C L  w e r e  

c h e c k e d  w i t h  t r a d i t i o n a l  r i g i d  C L  v e r i f i c a t i o n  p r o c e d u r e s  

(e.g. S t o n e  a n d  P h i l l i p s ,  1989) : r e f r a c t i v e  p o w e r s  (in

s a l i n e  a n d  in a i r ) , t o t a l  d i a m e t e r  ( T D ) , o p t i c a l  q u a l i t y  

( w i t h  a f o r m  o f  F o u c a u l t ' s  k n i f e  t e s t ) , c e n t r e  t h i c k n e s s  

(tc ) , e d g e  t h i c k n e s s  (t e ) a n d  e d g e  s h a p e .  F o r  t h e  

c o n c e n t r i c - d e s i g n  r e f r a c t i v e  B C L  c e n t r a l  o p t i c  z o n e  

r a d i u s  ( C O Z R ) , c e n t r a l  o p t i c  z o n e  d i a m e t e r  ( C O Z D ) , 

p e r i p h e r a l  o p t i c  z o n e  r a d i u s  (POZR) a n d  p e r i p h e r a l  o p t i c  

z o n e  d i a m e t e r  (POZD) w e r e  m e a s u r e d  w i t h  t r a d i t i o n a l  

t e c h n i q u e s .  F o r  d i f f r a c t i v e  BCL, t h e  d i a m e t e r s  o f  t h e  

d i f f r a c t i v e  r i n g s  ( h ere c a l l e d  d i f f r a c t i v e  z o n e  d i a m e t e r :  

DZD) w e r e  m e a s u r e d  w i t h  a p r o j e c t i o n  m a g n i f i e r ,  a n d  t h e  

a p p a r e n t  r a d i u s  o f  t h e  c e n t r a l  d i f f r a c t i v e  z o n e  (CDZR) 

a n d  t h e  p e r i p h e r a l  r e f r a c t i v e  z o n e  r a d i u s  (PRZR) w a s  

m e a s u r e d  w i t h  a c o n v e n t i o n a l  r a d i u s c o p e .
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3.1.2 INTERFEROMETRIC ASSESSMENT OF SURFACE PROFILE

A  s u r f a c e  r e f l e c t a n c e  m i c r o s c o p i c  p r o c e d u r e  ( R i e c h e r t  Fe2 

U n i v e r s a l  m i c r o s c o p e  w i t h  N o m a r s k i  I n t e r f e r o m e t e r )  w a s  

e m p l o y e d  t o  e x a m i n e  t h e  s u r f a c e  s t r u c t u r e  o f  t h e

e x p e r i m e n t a l  BCL. A  r e v i e w  o f  t h e  o p t i c a l  p r i n c i p l e s  is 

f o l l o w e d  b y  a d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l  a p p a r a t u s  

a n d  m e t h o d o l o g y  a d o p t e d .

Nomarski interferometry

A  W o l l a s t o n  p r i s m  is t y p i c a l l y  c o m p o s e d  o f  t w o  c a l c i t e  

p r i s m s  w i t h  t h e  s a m e  a n g l e  6 c o m b i n e d  t o  f o r m  a p l a n e  

p a r a l l e l  p l a t e ,  w i t h  t h e  o p t i c a l  a x e s  c r o s s e d  a n d

p a r a l l e l  t o  t h e  o u t e r  s u r f a c e s  (Figure 3.1-1) . A t  t h e  

j u n c t i o n  b e t w e e n  t h e  p r i s m s  t h e r e  is s h e a r i n g  ( l a t e r a l  

d i s p l a c e m e n t )  o f  t h e  i n c i d e n t  b e a m  i n t o  o r d i n a r y  a n d  

e x t r a o r d i n a r y  w a v e f r o n t s  (Figure 3.1-1) . T h e  t w o  r e s u l t a n t  

p o l a r i s e d  b e a m s  p r o d u c e  a n  i n c l i n e d  l o c a l i s a t i o n  p l a n e .

Figure 3.1-1 Angular doubling with a Wollaston prism. Where a = 2 ( n0 - 
n~ ) tan 6, and the plane of localisation is inclined to the face of the prism. 
The arrow and arrow head (cross) represent the alignment of the calcite 
prisms.
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N o m a r s k i  p r o p o s e d  t h e  u s e  o f  t w o  W o l l a s t o n  p r i s m s  

s e p a r a t e d  b y  a h a l f - w a v e  p l a t e  (Figure 3.1-2a) t o  p r o d u c e  a 

p l a n e  o f  l o c a l i s a t i o n  p a r a l l e l  t o  t h e  f a c e  o f  t h e  

W o l l a s t o n  p r i s m .  I n  a s e c o n d  p r o p o s a l  N o m a r s k i  s u g g e s t e d  

t h e  u s e  o f  a s p e c i a l l y  m o d i f i e d  W o l l a s t o n  p r i s m  i n  w h i c h  

o n e  o f  t h e  a x e s  o f  t h e  c a l c i t e  is i n c l i n e d  t o  t h e  o u t e r  

f a c e  (Figure 3.1-2b) . T h i s  t e c h n i q u e  h a s  b e e n  e s p e c i a l l y  

u s e f u l  f o r  i n t e r f e r o m e t e r s  in m i c r o s c o p y  ( F r a n c o n ,  1966).

Figure 3.1-2 Modified Wollaston prisms, after Nomarski, which produce a 
plane of localisation parallel to the face of the prism. The arrows and arrow 
heads (crosses) represent the alignment of the calcite prisms.

Image interpretation

T h i s  t y p e  o f  d o u b l e - r e f r a c t i n g  s y s t e m  w i t h  a n g u l a r  s h e a r  

p r o d u c e d  t w o  w a v e f r o n t s  f r o m  t h e  i n c i d e n t  b e a m .  T h e  

s l i g h t  d i s p l a c e m e n t  a n d  t i l t  o f  t h e  t w o  i m a g e s  r e s u l t e d  

in i n t e r f e r e n c e  f r i n g e s  d u e  t o  p a t h  (phase) d i f f e r e n c e s .  

I n  e f f e c t  t h e  w a v e f r o n t  b e c a m e  i t s  o w n  r e f e r e n c e .  T h e  

f r i n g e s  w e r e  l i n e s  o f  c o n s t a n t  p h a s e  a n d  a r e  l i k e  c o n t o u r  

l i n e s  s h o w i n g  c h a n g e s  in r e l a t i v e  p o s i t i o n  o f  t h e  t w o  

i m a g e s .  C o n s i d e r i n g  a s u r f a c e  c o n s i s t i n g  o f  a s i m p l e  

s t ep, in Figure 3.1-3 t h e  t w o  i m a g e s  o f  t h e  s u r f a c e  W S Q a n d
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W S e h a v e  b o t h  a l a t e r a l  d i s p l a c e m e n t  a n d  a p h a s e  s h i f t .  

A  r e s u l t a n t  s i n g l e  i n t e r f e r e n c e  f r i n g e  is s h o w n  

c h a n g i n g  d i r e c t i o n  as t h e  r e l a t i v e  p h a s e  ( s h o w n  a s  t h e  

d i s t a n c e  b e t w e e n  t h e  t w o  s u r f a c e s )  v a r i e s  f r o m  t Q t o  t s . 

T h e  d e p t h  o f  t h e  s t e p  c o u l d  t h e n  b e  m e a s u r e d  a s  t h e  

d i s p l a c e m e n t  o f  t h e  f r i n g e  (d) . W h e n  t h e  s u r f a c e  a b o v e  

a n d  b e l o w  t h e  s t e p  w e r e  p a r a l l e l  t h e n  t h e  i n t e r f e r e n c e  

f r i n g e  w o u l d  b e  c o n t i n u o u s  as s h o w n .  T h o u g h  t h e  s u r f a c e  

o f  t h e  B C L  e x a m i n e d  w a s  c u r v e d  ( r a d i u s  o f  c u r v a t u r e  7 3 0 0  

t o  7 9 0 0  n m) , a c r o s s  t h e  v e r y  s m a l l  f i e l d  o f  v i e w  o f  t h e  

R e i c h e r t  i n t e r f e r e n c e  m i c r o s c o p e  (350 /im) t h e r e  w a s  a s a g  

o f  o n l y  2 /im a n d  t h e  s u r f a c e  w a s  c o n s i d e r e d  t o  b e  f l a t  as 

t h e  f r i n g e s  w e r e  p a r a l l e l .

Figure 3.1-3 A schematic representation of Nomarski interferometry. A 
single interference fringe is shown diagrammatically in angular shear. The 
two wavefronts WS0 and WSe from a surface with a small step are shown 
with a lateral displacement and a phase shift (represented as a vertical 
displacement). The resulting interference fringe (KjK^) is displaced laterally 
according to the relative phase (distance) between the wavefronts (t0 to ts) 
effectively creating a contour line. The displacement, d, of the interference 
fringe by the step is proportional to the height of the step.

D u e  t o  t h e  o p t i c a l  a r r a n g e m e n t  o f  t h e  e q u i p m e n t  u s e d  t h e  

f r i n g e s  w e r e  d i a g o n a l  in t h e  f i e l d  o f  v i e w .  I n  a d d i t i o n  

t h e  d i f f r a c t i v e  z o n e  j u n c t i o n  (DZJ) o f  t h e  a c t u a l  B C L  w a s  

c u r v e d ,  a n d  t h e  D Z J  e x a m i n e d ,  o f t e n  h a d  s m a l l  d i s t o r t i o n s

- page 125 -



( a )

C b )

Figure 3.1-4 A diagrammatic representation of the appearance of an interference 
fringe crossing a DZJ with (a) a ridge at the upper edge of the step; and (b) a groove 
below the step.
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a s  s h o w n  in Figure 3.1-4 w h i c h  a p p e a r  a s  s h o w n  in Figure 3.1-5. 

U n l i k e  t h e  s i n g l e  f r i n g e  s h o w n  in Figure 3.1-5 , t h e  f i e l d  of 

v i e w  w a s  f u l l  o f  f r i n g e s  (Figure 3.1-6) .

Measurement procedure

T o  e n h a n c e  t h e  a c c u r a c y  a n d  e a s e  o f  p e r f o r m a n c e  a t h i n  

r e f l e c t i v e  c o a t i n g  w a s  a p p l i e d  t o  s o m e  o f  t h e  e a r l y  B C L  

e x a m i n e d .  T h e  s u r f a c e s  t o  b e  e x a m i n e d  w e r e  s p u t t e r  

c o a t e d  w i t h  a m i c r o s c o p i c  l a y e r  o f  g o l d .  T h e  t o t a l  

t h i c k n e s s  o f  t h i s  l a y e r  w a s  l e s s  t h a n  60 nm, a n d  as 

s p u t t e r  c o a t i n g  is k n o w n  t o  p r o v i d e  a n  e v e n  l a y e r  o f  

m a t e r i a l  ( h e n c e  it s  u s e  in e l e c t r o n  m i c r o s c o p i c

p r o c e d u r e s )  t h e  l a y e r  s h o u l d  m a k e  n o  d i f f e r e n c e  t o  t h e  

p a r a m e t e r s  o f  i n t e r e s t  (1000 t o  4 0 0 0  n m  d e p t h ) . H o w e v e r ,  

s u f f i c i e n t  r e f l e c t a n c e  c o u l d  b e  o b t a i n e d  f r o m  t h e  

u n t r e a t e d  s u r f a c e ,  a n d  t h o u g h  t h e  i m a g e  w a s  m o r e  

d i f f i c u l t  t o  w o r k  w i t h  t h e  m a j o r i t y  o f  B C L  w e r e  e x a m i n e d  

w i t h o u t  t h e  a i d  o f  g o l d  c o a t i n g .  T h i s  a l s o  a l l o w e d  t h e  

e x a m i n a t i o n  o f  h y d r a t e d  s o f t  d i f f r a c t i v e  B C L  w h i c h  w e r e  

n o t  s u i t a b l e  f o r  g o l d  c o a t i n g .

T h e  B C L  w a s  m o u n t e d  o n  a s p e c i a l l y  c o n s t r u c t e d ,  p i v o t e d  

b r a c k e t  d e s i g n e d  t o  p l a c e  t h e  B C L  s u r f a c e  c e n t r e  of 

c u r v a t u r e  a t  t h e  c e n t r e  o f  r o t a t i o n  o f  t h e  b r a c k e t  a n d  

t h u s  m a i n t a i n  t h e  B C L  s u r f a c e  p e r p e n d i c u l a r  t o  t h e  

i n c i d e n t  i l l u m i n a t i o n  f o r  a l l  o r i e n t a t i o n s  (Figure 3.1-7) . 

T h i s  e n s u r e d  m a x i m a l  l i g h t  i n t e n s i t y  a n d  i m a g e  q u a l i t y  of 

t h e  i n t e r f e r e n c e  f r i n g e s .  T h e  b r a c k e t  w a s  t h e n  m o u n t e d

- page 126 -



I •
I » I

: i s!

Figure 3.1-5 The measurements made on diffractive BCL. A diagrammatic 
representation of (a) a cross-section of a portion of a diffractive BCL, where the 
darker shading represents the failure to produce the "ideal" DZJ shape due to the 
finite size of the tool; and (b) the resultant fringe appearance. The various 
measurements, h the DZJ height, dh the overshoot by the tool, w  the annular zone 
width, dw the width of the DZJ (tool size), and g the width of the tool overshoot are 
shown.
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Figure 3.1-6 An interference micrograph of the surface of a rigid diffractive BCL. 
Everything is doubled by the Wollaston prism, including the dust particles (e.g. the 
two dark oval shaped spots in the bottom left corner). Two complete DZJ (each seen 
as the two curved, vertical lines, labelled Y and Z) are shown. As shown 
diagrammatically in Figure 3.1-5 the interference fringes (diagonal stripes) are 
displaced vertically (up) by the DZJ at e.g. Yi (first wavefront in Figure 3.1-3) and 
then return at e.g. Y2 (down, at the DZJ of the second wavefront) to lie as a 
continuation of the original position of the fringe. The relative displacement of the 
fringe represents the height of the surface feature, in this case the DZJ.
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o n  a R e i c h e r t  F e 2  U n i v e r s a l  M i c r o s c o p e  w i t h  N o m a r s k i  

I n t e r f e r o m e t e r  (Figure 3.1-8) .

A  s e r i e s  o f  p h o t o g r a p h s  w e r e  t a k e n  a c r o s s  t h e  B C L  s u r f a c e  

s u c h  t h a t  e a c h  d i f f r a c t i v e  z o n e  j u n c t i o n  (DZJ) w a s  in a t  

l e a s t  t w o  d i f f e r e n t  p h o t o g r a p h s ,  a n d  a t  t w o  d i f f e r e n t  

l o c a t i o n s  o n  t h e  DZJ. A  s e r i e s  o f  m e a s u r e m e n t s  (at l e a s t  

t h r e e  o f  e a c h  z o n e  in e a c h  p h o t o g r a p h )  w e r e  t h e n  m a d e  

f r o m  t h e  p h o t o g r a p h i c  p l a t e s .  S o m e  e a r l y  p h o t o g r a p h i c  

r e c o r d s  w e r e  t a k e n  w i t h  P o l a r o i d  t y p e  6 1 1  C R T  i m a g e  

r e c o r d i n g  b l a c k  a n d  w h i t e  L a n d  f i lm. T h e  L a n d  c a m e r a  

p r o v e d  s a t i s f a c t o r y  b u t  t h e  f i l m  w a s  e x p e n s i v e .  T h e  

m a j o r i t y  o f  p h o t o g r a p h s  w e r e  t a k e n  w i t h  a s t a n d a r d  35 m m  

f o r m a t  u s i n g  p a n c h r o m a t i c  b l a c k  a n d  w h i t e  P o l a r o i d  T - M a x  

10 0  A S A  o r  K o d a k  T e c h n i c a l  P a n  25 A S A  f i l m  ( w h i c h  p r o v e d  

t o  h a v e  b e t t e r  c o n t r a s t  d e f i n i t i o n ,  c o n s e q u e n t l y  

i m p r o v i n g  r e s o l u t i o n  o f  t h e  i n t e r f e r e n c e  f r i n g e s ) . 

M e a s u r e m e n t s  w e r e  m a d e  o n  h i g h  c o n t r a s t  m o n o c h r o m a t i c  

7 x 5  i n c h  p r i n t s .  A s  e x p e c t e d ,  t h e r e  w a s  n o  s i g n i f i c a n t  

d i f f e r e n c e  in f r i n g e  m e a s u r e m e n t s  f r o m  t h e  t w o  s y s t e m s .

W i t h  m o n o c h r o m a t i c  l i g h t  o f  w a v e l e n g t h  A t h e  h e i g h t  o f  

a n y  s u r f a c e  d i s c o n t i n u i t y  c o u l d  b e  m e a s u r e d  i n  t e r m s  o f  

t h e  d i s p l a c e m e n t  o f  t h e  i n t e r f e r e n c e  f r i n g e s .  A  M e r c u r y  

G r e e n  s o u r c e  w i t h  w a v e l e n g t h  o f  54 6 n m  w a s  u s e d  f o r  a l l  

i n t e r f e r o m e t r i c  m e a s u r e m e n t s .  A s  e a c h  f r i n g e  r e p r e s e n t s  

a h a l f  w a v e l e n g t h  p h a s e  d i f f e r e n c e  (nj t h e  h e i g h t  o f  t h e  

s u r f a c e  d i s c o n t i n u i t y  (d ) c a n  b e  m e a s u r e d  b y  c o u n t i n g  t h e
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Figure 3.1-7 The special attachment devised to hold the contact lens, ensuring that 
the contact lens surface is perpendicular to the incident light.

Figure 3.1-8 The Riechert Fe2 Universal microscope with Nomarski Interferometer.
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n u m b e r s  o f  f r i n g e s  (n) w h i c h  w e r e  d i s p l a c e d  ( D i t c h b u r n ,  

1 9 7 6 ) .  H e n c e  :

d =  h n X Equation 3.1

T h e  m a x i m a l  o r  w o r s t  c a s e  e r r o r  f o r  t h i s  m e a s u r e m e n t  w a s  

c o n s i d e r e d  t o  b e  o n e  e i g h t h  o f  a n  i n t e r f e r e n c e  f r i n g e  

( 0 . 0 7  ¡Jim ). R e p e a t e d  m e a s u r e m e n t  o f  t h e  h e i g h t  o f  a

n u m b e r  o f  D Z J  o n  d i f f e r e n t  o c c a s i o n s  a n d  w i t h  t h e  t w o  

d i f f e r e n t  p h o t o g r a p h i c  s y s t e m s  i n d i c a t e d  a r e p e a t a b i l i t y  

(95% c o n f i d e n c e  limit) o f  b e t t e r  t h a n  ± 0 . 0 4  ¿¿m (i.e. 2%

e r r o r  f o r  a s t e p  h e i g h t  o f  2 /xm) .

P h o t o g r a p h s  o f  a R i e c h e r t  g r a t i c u l e  a l l o w e d  e s t a b l i s h m e n t  

o f  a s c a l e  f o r  h o r i z o n t a l  d i s p l a c e m e n t  o f  o t h e r  e l e m e n t s  

v i e w e d  u n d e r  t h e  s a m e  c o n d i t i o n s .  T h e  m a x i m a l  o r  w o r s t  

c a s e  e r r o r  w a s  c o n s i d e r e d  t o  b e  2 /urn (0.5 m m  o n  t h e  

p h o t o g r a p h i c  p l a t e ) , a n d  b y  r e p e a t e d  m e a s u r e m e n t  o f  t h e  

a n n u l a r  z o n e  w i d t h  t h e  9 5 %  c o n f i d e n c e  l i m i t  w a s  f o u n d  to 

b e  l e s s  t h a n  2 /xm (e.g. 0 . 6 %  e r r o r  f o r  t h e  f i r s t  a n n u l a r

z o n e ) .

A  n u m b e r  o f  m e a s u r e m e n t s  w e r e  m a d e  o n  e a c h  d i f f r a c t i v e  

z o n e  r e p r e s e n t i n g  d i f f e r e n t  a s p e c t s  o f  t h e  s u r f a c e  s h a p e  

(Figure 3.1-5) . T h e  f i r s t  a s p e c t  o f  i n t e r e s t  w a s  t h e  h e i g h t

o f  t h e  D Z J  ( s t e p  h e i g h t  o r  b l a z e  h e i g h t ) . T h e  D Z J  h e i g h t  

(h) d e t e r m i n e d  t h e  p r o p o r t i o n  o f  l i g h t  i n  t h e  v a r i o u s  

f o c i  ( s e c t i o n  1 . 2 . 3 ) .  T h e  a n n u l a r  z o n e  w i d t h  (w) , t h e  

d i s p l a c e m e n t  b e t w e e n  s u c c e s s i v e  DZJ, w a s  m e a s u r e d  a s  t h e
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d i s t a n c e  b e t w e e n  e q u i v a l e n t  p o i n t s  a t  t h e  b e g i n n i n g  of 

s u c c e s s i v e  DZJ. T h i s  is e f f e c t i v e l y  a m e a s u r e  o f  D Z D  

w h i c h  d e t e r m i n e d  t h e  f o c a l  l e n g t h  o f  t h e  d i f f r a c t i v e  

f o c i .

D u r i n g  t h e  c o u r s e  o f  m e a s u r e m e n t  a g r e a t  d e g r e e  of 

v a r i a b i l i t y  w a s  n o t e d  in b o t h  t h e  q u a l i t y  o f  t h e  f r i n g e  

a p p e a r a n c e  a n d  t h e  s h a p e  o f  t h e  DZJ. T h e  f r i n g e  

a p p e a r a n c e  i n d i c a t e d  t h e  q u a l i t y  o f  t h e  m a c h i n e d  B C L  

s u r f a c e .  A  s u b j e c t i v e  r a t i n g  s c a l e ,  g i v e n  i n  T a b l e

3 . 1 - 1 ,  w a s  d e v e l o p e d  t o  a s s e s s  f r i n g e  a p p e a r a n c e .  

R a t i n g s  w e r e  r e l a t e d  t o  t h e  a p p a r e n t  d i s p l a c e m e n t  o f  t h e  

i n t e r f e r e n c e  f r i n g e s  d u e  t o  t h e  q u a l i t y  o f  t h e  l a t h e d  

s u r f a c e  o f  t h e  BCL.

0 . . . .. s m o o t h

1 ... .. j u s t  n o t i c e a b l e  .... < 0 . 2 5 f r i n g e w i d t h

2 . . . .. n o t i c e a b l e  .... 0 . 2 5 t o 0 . 5 f r i n g e w i d t h

3 . . . .. i n t e r f e r i n g  .... 0.5 t o 1. 0 f r i n g e w i d t h

4 . . . .. s e v e r e  .................. > 1. 0 f r i n g e w i d t h

Table 3.1-1 Fringe Appearance Rating Scale based upon visual assessment of 
the interference micrographs.

T h e  R a y l e i g h  c r i t e r i a  s u g g e s t s  t h a t  d e v i a t i o n s  in an 

o p t i c a l  s u r f a c e  (e.g. t e l e s c o p e  l e ns) o f  a q u a r t e r  

w a v e l e n g t h  is a c c e p t a b l e  (i.e. u p  t o  g r a d e  2 i n  t h e  

R a t i n g  s c a l e  u s e d ) . T h e  R a y l e i g h  c r i t e r i a  w a s  d e v i s e d
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w i t h  r e f e r e n c e  t o  d e v i a t i o n s  o v e r  r e l a t i v e l y  l a r g e  a r e a s  

o f  a lens, it w a s  u n c e r t a i n  w h e t h e r  t h i s  c r i t e r i o n  o f  

a c c e p t a b i l i t y  w a s  u s e f u l  f o r  n u m e r o u s  v a r i a t i o n s  o v e r  

r e l a t i v e l y  s m a l l  l e n s  a r e a s  a s  s e e n  o n  t h e  BCL.

T h e  i r r e g u l a r i t y  a t  t h e  D Z J  r e p r e s e n t e d  a f a i l u r e  t o  

p r o d u c e  t h e  r e q u i r e d  s u r f a c e  s h a p e ,  a s  d i s c u s s e d  in 

s e c t i o n  1. 2 . 3 .  D u e  t o  m a n u f a c t u r i n g  l i m i t a t i o n s  t h e  

a c t u a l  s h a p e  o f  t h e  D Z J  w a s  d i s t o r t e d  b y  t h e  f i n i t e  s i z e  

a n d  s h a p e  o f  t h e  l a t h e  t o o l  a n d  a n y  m a n u f a c t u r i n g  e r r o r s .  

T h e  w i d t h  o f  t h e  D Z J  w a s  o f t e n  c o m p o s e d  o f  t w o  p o r t i o n s ,  

f i r s t l y  t h e  f i n i t e  t o o l  e f f e c t  a n d  s e c o n d l y  a p o r t i o n  d u e  

t o  a m a n u f a c t u r i n g  e r r o r ,  w h e r e  t h e  l a t h e  a p p a r e n t l y  

o v e r s h o t  f o r m i n g  a s m a l l  g r o o v e  a t  t h e  DZJ. T h e s e  

a s p e c t s  o f  t h e  D Z J  s h a p e  w e r e  m e a s u r e d  a s  t h e  w i d t h  o f  

t h e  f i n i t e  t o o l  e f f e c t  (dw) , a n d  t h e  h e i g h t  (dh) a n d  t h e  

w i d t h  (g) o f  a n y  m a n u f a c t u r i n g  o v e r s h o o t  (Figure 3.1-5) .

3.2 Optical performance

3 . 2 . 1  I N T R O D U C T I O N

T h e  a i m  w a s  t o  i n v e s t i g a t e  t h e  o p t i c a l  p e r f o r m a n c e  o f  

c o n c e n t r i c - d e s i g n  r e f r a c t i v e  B C L  a n d  d i f f r a c t i v e  B C L  w i t h  

d i f f e r e n t  o p t i c a l  c h a r a c t e r i s t i c s .  I n  p a r t i c u l a r  t o  

i n v e s t i g a t e  t h e  e f f e c t  o f  a p e r t u r e  s i z e  ( p u p i l ) , C O Z D  a n d  

t h e  l o c a t i o n  o v e r  t h e  a p e r t u r e  o f  r e f r a c t i v e  BCL. 

S i m i l a r l y  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  w a v e l e n g t h ,
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a p e r t u r e  size, D Z J  h e i g h t ,  D Z J  s h a p e  a n d  l o c a t i o n  o v e r  

t h e  a p e r t u r e  o f  d i f f r a c t i v e  BCL. T h e  M o d u l a t i o n  T r a n s f e r  

F u n c t i o n  (MTF) a n d  L i n e  S p r e a d  F u n c t i o n  ( L S F ) , as 

d i s c u s s e d  in S e c t i o n  1.3, w e r e  u s e d  t o  e v a l u a t e  o p t i c a l  

p e r f o r m a n c e .

Figure 3.2-1 The Ealing Electro-Optics (Watford, U.K.) solid state E R O S  
200 M T F  apparatus used to measure the MTF.

3.2.2 MODULATION TRANSFER MEASUREMENT

A n  E a l i n g  E l e c t r o - O p t i c s  ( W atford, U . K.) s o l i d  s t a t e  E R O S  

2 00 M T F  a p p a r a t u s  w a s  u s e d  t o  m e a s u r e  t h e  M T F  o f  t h e  

e x p e r i m e n t a l  B C L  (Figure 3.2-1) . T h e  s o l i d  s t a t e  p h o t o d i o d e  

a r r a y  c o m p r i s e d  2 5 6  d i o d e s  a t  a s p a c i n g  o f  25 /¿m w h i c h  

p r o v i d e d  a n  a r r a y  l e n g t h  o f  6.4 mm. T h e  o u t p u t  o f  t h e  

p h o t o d i o d e  a r r a y  w a s  e l e c t r o n i c a l l y  c a p t u r e d ,  s t o r e d ,  a n d  

a n a l y s e d  b y  a n  A m s t r a d  1512 (IBM PC c l o n e )  c o m p u t e r .  T h e
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s p e e d  o f  c a p t u r e  w a s  d e p e n d e n t  u p o n  t h e  i m a g e  i n t e n s i t y ,  

b u t  w a s  a s  s h o r t  a s  20 ms, w h i c h  a l l o w e d  (alm o s t )  r e a l -

t i m e  v i e w i n g  o f  t h e  L S F  o r  M T F  o n  t h e  c o m p u t e r  m o n i t o r .  

T h i s  a l l o w e d  v e r y  a c c u r a t e  a l i g n m e n t  a n d  f o c u s i n g  o f  t h e  

t e s t  s y s t e m .  A n  a c c u r a c y  o f  l e s s  t h a n  5% w a s  c l a i m e d  b y  

t h e  m a n u f a c t u r e r s .  A  f e w  m o d i f i c a t i o n s  w e r e  m a d e  t o  t h e  

c o n v e n t i o n a l  a r r a n g e m e n t  o f  t h e  e q u i p m e n t  t o  a l l o w  

t e s t i n g  o f  B C L  (Figure 3.2-2) .

Figure 3.2-2 The optical arrangement for Modulation Transfer Function 

measurement with a solid state E R O S  200 shown schematically. The lamp is 
used to form a slit object which is imaged through the system onto the 
detector array. The two objective lenses (Li, L 2) were placed at their 

respective focal lengths from the test contact lens in the saline filled wet cell 

to form a Badal optometer with unit magnification. A  variable aperture was 

placed 3 m m  from the BCL. To allow the contact lens to remain horizontal a 

periscope arrangement was constructed with two mirrors (Mi, M 2). (Not to 
scale).

T h e  n e a r  d i f f r a c t i v e  a n d  t h e  r e f r a c t i v e  C O Z  o p t i c a l  p o w e r  

o f  t h e  B C L  w e r e  d e s i g n e d  f o r  u s e  i n  t h e  o c u l a r  t e a r  

l a y e r ,  a n d  h e n c e  t h e  B C L  w e r e  h e l d  i n  a s a l i n e  f i l l e d  w e t  

c e l l .  T o  a l l o w  t h e  B C L  u n d e r  t e s t  t o  l i e  h o r i z o n t a l l y ,  

a n d  h e n c e  u n s t r e s s e d ,  t h e  o p t i c a l  p a t h  w a s  a l t e r e d  w i t h
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m i r r o r s  (Mi, M 2 ) t o  f o r m  a p e r i s c o p e  a r r a n g e m e n t  (Figure

3.2-2) . A  v a r i a b l e  a p e r t u r e  w a s  p l a c e d  3 m m  b e l o w  t h e  t e s t  

BCL. T h e  t w o  o b j e c t i v e  l e n s e s  (Li, L 2 ) w e r e  f i x e d  a t  

t h e i r  r e s p e c t i v e  f o c a l  l e n g t h s  (381 mm) f r o m  t h e  t e s t  B C L  

i n  a B a d a l  o p t o m e t e r  a r r a n g e m e n t  w h i c h  w a s  t h e n  a u n i t  

m a g n i f i c a t i o n  s y s t e m .  T h e  d i s t a n c e  o f  t h e  s l i t  o b j e c t  

w a s  v a r i e d  t o  f o r m  a b e s t  f o c u s  i m a g e  a t  t h e  d e t e c t o r  

a r r a y .  H e n c e  t h e  i m a g e  f o r m e d  b y  t h e  t w o  d i f f e r e n t  f o c a l  

p o w e r s  o f  e a c h  B C L  w e r e  o f  e q u a l  size.

N o r m a l l y  t h e  e x t e n t  o f  t h e  i m a g e  w h i c h  w a s  a n a l y s e d  w a s  

l i m i t e d  b y  t h e  E R O S  p r o g r a m  t o  r e d u c e  t h e  e f f e c t s  of 

s t r a y l i g h t .  T h i s  s o f t w a r e  f e a t u r e  h a d  a t e n d e n c y  to 

o c c a s i o n a l l y  t r e a t  o u t e r  p o r t i o n s  o f  a p o o r  B C L  i m a g e  as 

s t r a y l i g h t .  H e n c e ,  d u e  t o  t h e  w i d t h  o f  t h e  i m a g e  f o r m e d  

b y  a BCL, t h e  c o n v e n t i o n a l  s o f t w a r e  p o t e n t i a l l y  m a y  h a v e  

o v e r e s t i m a t e d  t h e  q u a l i t y  o f  t h e  i m a g e .  E a l i n g  E l e c t r o -  

O p t i c s  p r o v i d e d  a m o d i f i e d  v e r s i o n  o f  t h e  c o n t r o l l i n g  

s o f t w a r e  ( v e r s i o n :  E r o s 4 5 1 p )  w h i c h  d i d  n o t  l i m i t  t h e  

e x t e n t  o f  t h e  ima g e .

A t m o s p h e r i c  a n d  o t h e r  c o n d i t i o n s  in t h e  t e s t  l a b o r a t o r y  

c o n f o r m e d  t o  t h e  U.K. I n s t r u m e n t  I n d u s t r y  S t a n d a r d s  

C o m m i t t e e  (BS 477 9 :  1971).

3.2.3 EXPERIMENTAL DESIGN

B C L  w e r e  s e l e c t e d  in a r a n d o m  o r d e r .  A p e r t u r e  d i a m e t e r s  

w e r e  r a n d o m l y  s e l e c t e d  a n d  t h e  o b j e c t  v e r g e n c e  ( d i s t a n c e
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o r  n e ar) p r e s e n t e d  in a p s e u d o - r a n d o m  o r d e r  f o r  e a c h  BCL. 

W i t h  t h e  B C L  l o c a t e d  c e n t r a l l y  w i t h i n  t h e  s a l i n e  f i l l e d  

w e t  cel l ,  t h e  w e t  c e l l  w a s  p l a c e d  i n  t h e  a p p r o p r i a t e  

p o s i t i o n  a b o v e  t h e  a p e r t u r e .  W h e n  r e q u i r e d ,  t o  t e s t  t h e  

e f f e c t  o f  d é c e n t r a t i o n  o f  t h e  B C L  o v e r  t h e  a p e r t u r e ,  t h e  

B C L  w a s  m o v e d  in r e l a t i o n  t o  t h e  a p e r t u r e ,  w h i c h  r e m a i n e d  

c e n t r e d  o n  t h e  o p t i c a l  b e n c h .  D é c e n t r a t i o n  o f  t h e  B C L  

(and w e t  cell) w a s  i n t r o d u c e d  w i t h  e n g i n e e r i n g  t h i c k n e s s  

g a u g e s  ( M a t r i x  M - 7 9 ,  C o v e n t r y  G a u g e  & T o o l  Co. Ltd., 

U . K . ) .  A l l  r e s u l t s  w e r e  r e c o r d e d  f o r  a r a n g e  f r o m  0 t o  

10 c y c l e s  p e r  m i l l i m e t r e  (0 t o  66.3 c . p . d . ) .

M T F  m e a s u r e m e n t s  w e r e  t a k e n  a t  b o t h  d i s t a n c e  a n d  n e a r  

f o c a l  l e n g t h s  o f  e a c h  BCL. L S F  f o r  v a r i o u s  BCL, 

a p e r t u r e ,  d é c e n t r a t i o n  c o n f i g u r a t i o n s  w e r e  a l s o  r e c o r d e d  

t o  i l l u s t r a t e  t h e  c h a n g e s  in i m a g e  s h a p e .

Refractive bifocal contact lenses

A l l  m e a s u r e m e n t s  w e r e  d o n e  w i t h  t h e  w h i t e  l i g h t  f r o m  a 

d i c h r o i c  h a l o g e n  c a p s u l e  l a m p  a n d  f i l t e r  w i t h  a s p e c t r a l  

o u t p u t  a n d  t r a n s m i s s i o n  c u r v e s  s h o w n  i n  Figure 3 .2-3 . T h e  

r e s u l t a n t  s p e c t r a l  p o w e r  d i s t r i b u t i o n  o f  t h e  i m a g e  (Figure

3.2-4) w a s  s i m i l a r  t o  t h e  h u m a n  p h o t o p i c  s e n s i t i v i t y  (Figure

1.1-5) .

T o  i n v e s t i g a t e  t h e  r e l a t i o n s h i p  b e t w e e n  B C L  d e s i g n ,  C O Z D  

a n d  a p e r t u r e  s i ze, M T F  m e a s u r e m e n t s  w e r e  t a k e n  f o r  a 

v a r i e t y  o f  a p e r t u r e  s i z e s  (6, 5, 4, 3.5, 3, 2 mm) w i t h  a t  

l e a s t  t w o  B C L  o f  e a c h  d e s i g n  (CD o r  CN) a n d  e a c h  C O Z D .
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Figure 3.2-3 Spectral irradiance of the dichroic halogen lamp and spectral 
transmission of the filter to reduce infra-red output used in the optical measurement 
of the refractive bifocal contact lenses.

wavelength (nm)

Figure 3.2-4 The relative spectral power distribution of the image used in the 
optical measurement of the refractive bifocal contact lenses. This was derived from 
the spectral irradiance of the lamp and the spectral transmission of the filter, as 
shown in Figure 3.2-3.
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T o  i n v e s t i g a t e  t h e  e f f e c t  o f  d e c e n t r a t i o n ,  M T F  

m e a s u r e m e n t s  u s i n g  d e c e n t r a t i o n s  o f  t h e  B C L  f r o m  t h e  

o p t i c  a x i s  o f  0.25, 0.5, 0.75, 1.0, 1 . 25, 1 . 5  a n d  2 . 0  m m

w e r e  t a k e n  w i t h  t w o  B C L  o f  e a c h  d e s i g n .

Diffractive bifocal contact lenses

A l l  m e a s u r e m e n t s  w e r e  d o n e  w i t h  n e a r  m o n o c h r o m a t i c  l i g h t  

b y  i n s e r t i n g  i n t e r f e r e n c e  f i l t e r s  w i t h  a h a l f - h e i g h t  

b a n d w i d t h  o f  10 n m  (Balzer) i n t o  t h e  b e a m .  M e a s u r e m e n t  

i n  " w h i t e "  l i g h t  w a s  n o t  p o s s i b l e  d u e  t o  t h e  l a r g e  

l o n g i t u d i n a l  c h r o m a t i c  a b e r r a t i o n  o f  t h e  f i r s t  o r d e r  

d i f f r a c t i v e  focus.

T o  i n v e s t i g a t e  t h e  e f f e c t  o f  v a r i a t i o n  in w a v e l e n g t h  a 

s m a l l  n u m b e r  o f  B C L  w e r e  m e a s u r e d  w i t h  a r a n g e  of 

i n t e r f e r e n c e  f i l t e r s  w i t h  p e a k  w a v e l e n g t h s  o f  450, 499,

548, 573, 599 a n d  667 nm. T h e  e f f e c t  o f  c h a n g e s  in 

a p e r t u r e  w a s  i n v e s t i g a t e d  f o r  a p e r t u r e  s i z e s  o f  6, 5, 4,

3.5, 3, a n d  2 mm. T o  i n v e s t i g a t e  t h e  e f f e c t s  o f  t h e

c h a n g e s  in B C L  d e s i g n  M T F  m e a s u r e m e n t s  w e r e  m a d e  w i t h  

i n t e r f e r e n c e  f i l t e r s  w i t h  p e a k  w a v e l e n g t h s  a t  5 4 8  a n d  

5 7 3  nm. T h e s e  t w o  w a v e l e n g t h s  w e r e  c h o s e n  a s  t h e  f o r m e r  

is c l o s e  t o  t h e  p e a k  o f  t h e  h u m a n  p h o t o p i c  s p e c t r a l  

s e n s i t i v i t y  (Figure 1.1-5) o f  5 5 5  n m  a n d  t h e  l a t t e r ,  it w a s  

t h o u g h t  m a y  h a v e  b e e n  a b e t t e r  p r e d i c t o r  o f  v i s u a l  

p e r f o r m a n c e  f o r  o l d e r  s u b j e c t s  (due t o  a g e - r e l a t e d  

c h a n g e s  in o c u l a r  s p e c t r a l  t r a n s m i s s i o n  a s  d i s c u s s e d  in 

S e c t i o n s  1 . 1 . 3  a n d  1 . 2 . 3 ) .  T o  i n v e s t i g a t e  t h e  e f f e c t  o f  

d e c e n t r a t i o n ,  M T F  m e a s u r e m e n t s  w e r e  t a k e n  w i t h
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d é c e n t r a t i o n s  o f  t h e  B C L  f r o m  t h e  o p t i c  a x i s  o f  0.5, 1.0,

1. 5  a n d  2. 0  m m  o v e r  a 4 m m  a p e r t u r e .

3.2.4 DATA ANALYSIS

F o r  t h e  m a j o r i t y  o f  t h e  d a t a  a n a l y s i s  a l l  s p a t i a l  

f r e q u e n c i e s  w e r e  c o n s i d e r e d .  O c c a s i o n a l l y ,  in a n  a t t e m p t  

t o  s i m p l i f y  t h e  a n a l y s i s  o f  o p t i c a l  p e r f o r m a n c e ,  t h e  M T F  

d a t a  w a s  t r e a t e d  in o n e  o f  t w o  w a y s .  F i r s t l y  t h e  a r e a  

u n d e r  t h e  M T F  c u r v e  (this is e q u i v a l e n t  t o  t h e  a v e r a g e  o f  

t h e  MTF) . T h i s  a r e a  m a y  b e  c o n s i d e r e d  a s  a f i g u r e  of

m e r i t  f o r  t h e  o v e r a l l  o p t i c a l  p e r f o r m a n c e ,  a n d  m i g h t  b e  

e x p e c t e d  t o  r e l a t e  t o  t h e  g e n e r a l  f o r m  o f  t h e  C S F  w i t h  a 

p a r t i c u l a r  BCL. S e c o n d l y  t h e  s p a t i a l  f r e q u e n c y  a t  w h i c h  

t h e  m o d u l a t i o n  f e l l  b e l o w  0. 1  ( r a n g e  1 . 0  t o  0) w a s  

r e c o r d e d .  It w a s  f e l t  t h a t  t h i s  p a r a m e t e r  m a y  e q u a t e  t o  

s u b j e c t i v e  v i s u a l  a c u i t y  (in s u c h  t a s k s  t h e  c o n t r a s t  o f  

t h e  t a r g e t ,  a d a r k  l e t t e r  o n  a l i g h t  b a c k g r o u n d ,  is

m a i n t a i n e d  a n d  t h e  s p a t i a l  f r e q u e n c y  ( l e t t e r  size)

r e d u c e d  u n t i l  t h e  s u b j e c t i v e  v i s u a l  t h r e s h o l d  is

r e a c h e d ) . T h e s e  t w o  i n d i c e s  o f  o p t i c a l  p e r f o r m a n c e  w e r e  

a r b i t r a r i l y  c h o s e n  f r o m  a n y  n u m b e r  o f  o t h e r  p o s s i b i l i t i e s  

b u t  m i g h t  b e  e x p e c t e d  t o  c o r r e l a t e  w i t h  m e a s u r e s  o f  

v i s u a l  p e r f o r m a n c e .
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3.3 Visual Performance

3.3.1 INTRODUCTION

T h e  e f f e c t  o f  a l t e r a t i o n s  in t h e  d e s i g n  o f  B C L  u p o n  

v i s u a l  p e r f o r m a n c e  w a s  e v a l u a t e d  w i t h  :

(a) a t r a d i t i o n a l  m o n i t o r  p r e s e n t e d  m e a s u r e  o f  CS;

(b) A u s t r a l i a n  V i s i o n  C h a r t s  ( A V C ) ; a n d

(c) P e l l i - R o b s o n  c o n t r a s t  t h r e s h o l d  c h a r t s  ( P R C ) .

T h e  v i e w i n g  d i s t a n c e ,  l u m i n a n c e  l e v e l ,  s p a t i a l

f r e q u e n c i e s  a n d  c o n t r a s t  l e v e l s  o f  e a c h  t e s t  a r e  s h o w n  in 

Table 3.3-1 a n d  a r e  d i s c u s s e d  b e l o w .

T e s t  L u m i n a n c e  
L e v e l  
( c d / m 2'

D i s t a n c e
(m)

S p a t i a l  

F r e q u e n c y  
( c . p . d . )

C o n t r a s t

C R T - C S F 50 1 2 , 4 , 8 , 1 6 0 . 2 5  t o  0 . 0 0 1

A V C 25 0 4

a p p r o x .  

7 . 5  t o  12 0 0.9, 0 . 1

P R C 250 4
a p p r o x .  

3.6 0.9 t o  0 . 0 0 8

Table 3.3-1 A  summary of the luminance levels, test distances, spatial 

frequencies and contrast levels for the various tests of visual performance.

A s  d i s c u s s e d  in s e c t i o n  1. 4 . 9 ,  a n  o p t i c a l  c o r r e c t i o n  w a s  

u s e d  t o  p l a c e  e a c h  t e s t  a t  o p t i c a l  i n f i n i t y  f o r  

" d i s t a n c e "  t e s t i n g  a n d  a p p r o p r i a t e  l e n s e s  w e r e  i n t r o d u c e d  

t o  p r o d u c e  a 2 D i o p t r e  v e r g e n c e  f o r  " n e a r "  v i e w i n g  (and 

b e s t  v i s i o n  f o u n d  b y  s u b j e c t i v e  r e f r a c t i o n ) .
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3.3.2 CONTRAST SENSITIVITY

S i n u s o i d a l  g r a t i n g s  w e r e  p r e s e n t e d  o n  a h i g h  r e s o l u t i o n  

m o n o c h r o m e  m o n i t o r  ( M a n i t r o n  m o d e l  V L R  1 5 9 3 / 8 0 )  w i t h  a P4 

(white) p h o s p h o r ,  p r o d u c i n g  8 0 0  n o n - i n t e r l a c e d  v e r t i c a l  

s c a n  l i n e s  a t  a f i e l d  s c a n  f r e q u e n c y  o f  1 0 0  Hz. T h e  

m o n i t o r  w a s  d r i v e n  b y  a p a t t e r n  g e n e r a t o r  ( M i l l i p e d e  

P r i s m a  V R 1 0 0 0 )  i n t e r f a c e d  t o  a n  I B M  A T  p e r s o n a l  c o m p u t e r .  

T h e  p a t t e r n  g e n e r a t o r  p r o v i d e d  10 b i t  c o n t r o l  o f  s c r e e n  

l u m i n a n c e  a n d  a l l o w e d  b e t w e e n - f i e l d  p r e s e n t a t i o n  o f  

g r a t i n g s .  T h e  m o n i t o r  is s h o w n  in Figure 1.4-1

T h e  m o n i t o r  w a s  c a l i b r a t e d  w i t h  a L i c h t m e s s t e c h n i k  (LMT 

L 1 0 0 3 )  l i g h t  m e t e r .  P o t e n t i a l  e r r o r  in c o n t r a s t  p r o d u c e d  

b y  c h a n g e s  in s c r e e n  l u m i n a n c e  o v e r  t i m e ,  w a s  r e d u c e d  t o  

l e s s  t h a n  0 . 0 0 6  l o g  c o n t r a s t  u n i t s .  T h i s  w a s  a c h i e v e d  b y  

d i s p l a y i n g  a b l a n k  s c r e e n  a t  t h e  m e a n  l u m i n a n c e  u s e d  

d u r i n g  t h e  e x p e r i m e n t  (50 c d / m 2) , f o r  t w o  h o u r s  p r i o r  t o  

t h e  c o m m e n c e m e n t  o f  e a c h  s e s s i o n .

T h e  m o n i t o r  s c r e e n  w a s  m a s k e d  t o  g i v e  a c i r c u l a r  f i e l d  

s u b t e n d i n g  a v i s u a l  a n g l e  o f  1 1 . 5  d e g r e e s  f r o m  t h e  

v i e w i n g  d i s t a n c e  o f  1 m e t r e .  T h e  l u m i n a n c e  a n d  c o l o u r  of 

t h e  s u r r o u n d  w e r e  m a t c h e d  a p p r o x i m a t e l y  t o  t h e  s c r e e n .  

H e a d  m o v e m e n t s  w e r e  r e s t r a i n e d  b y  a c h i n  a n d  f o r e h e a d  

r e s t  a n d  s u b j e c t s  w e r e  i n s t r u c t e d  t o  f i x a t e  a s m a l l  

t a r g e t  a t  t h e  c e n t r e  o f  t h e  s c r e e n .
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T h e  p r e s e n t a t i o n  p r o c e d u r e  w a s  a r a n d o m i s e d  A d a p t i v e  

P r o b i t  E s t i m a t i o n  (APE) t e c h n i q u e  ( W a t t  a n d  A n d r e w s ,  

1 9 8 1 ) .  A p p r o x i m a t e l y  20 p r e s e n t a t i o n s  o f  e a c h  o f  f o u r  

s p a t i a l  f r e q u e n c i e s  (2, 4, 8, a n d  16 c . p . d . )  w e r e  

r a n d o m l y  i n t e r l e a v e d ,  w i t h  c o n t r a s t  l e v e l s  d e t e r m i n e d  b y  

t h e  A P E  p r o c e d u r e  ( s e c t i o n  2.2) t o  m a x i m i s e  t h e  

e f f i c i e n c y  o f  t h e  t h r e s h o l d  d e t e r m i n a t i o n .  S p a t i a l  

f r e q u e n c y  w a s  i n d i c a t e d  t o  t h e  s u b j e c t  b y  a " m a t c h e d "  

a u d i t o r y  t o n e  t o  r e d u c e  s p a t i a l  f r e q u e n c y  u n c e r t a i n t y  

( D a v i s  a n d  G r a h a m ,  19 8 1 ) .  T h i s  t e c h n i q u e  w a s  c h o s e n  as 

t h e  b e s t  c o m p r o m i s e  b e t w e e n  a c c u r a c y  a n d  s p e e d  a f t e r  t h e  

p r e l i m i n a r y  s t u d i e s  d e s c r i b e d  in s e c t i o n  2.2.

3.3.3 LETTER CHARTS - VIEWING DISTANCE AND LUMINANCE

T h e  A V C  a n d  P R C  w e r e  m o u n t e d  o n  a l a r g e  m a t t  w h i t e  b o a r d ,  

a n d  v i e w e d  f r o m  4 m e t r e s .  T h e  a v e r a g e  i l l u m i n a n c e  w a s

1 0 5 0  l u x  a n d  t h e  l u m i n a n c e  o f  t h e  w h i t e  s u r r o u n d s  a n d  

l e t t e r  c h a r t s  w a s  25 0  c d / m 2 w i t h  l e s s  t h a n  1 0 %  v a r i a n c e  in 

l u m i n a n c e  a c r o s s  t h e  c h a r t s  (LMT L 1 0 0 3  l i g h t  m e t e r ) . 

F u r t h e r  d e t a i l s  a r e  g i v e n  b e l o w .

3.3.4 AUSTRALIAN VISION CHARTS

A s  d e s c r i b e d  in s e c t i o n  1. 4 . 5 ,  e a c h  A V C  (Figure 1.4-2) 

c o n s i s t e d  o f  t w o  l e t t e r  s e r i e s  o f  d i f f e r e n t  c o n t r a s t  (10% 

a n d  90%) e a c h  w i t h  a d i f f e r e n t  l e t t e r  s e q u e n c e .  F o u r  A V C  

w e r e  a v a i l a b l e ,  a n d  w e r e  i n t e r c h a n g e d  t o  r e d u c e  t h e  

e f f e c t s  o f  m e m o r y .  T w o  c h a r t s  w e r e  p r e s e n t e d  a t  e a c h
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t r i a l  a n d  t h e  r e s u l t s  a v e r a g e d .  A  v i e w i n g  d i s t a n c e  o f  

f o u r  m e t r e s  w a s  u s e d  n o r m a l l y  f o r  t h e  A V C .  I f  t h e

s e c o n d - l a r g e s t  r o w  o f  l e t t e r s  w e r e  n o t  v i s i b l e  t h e  

v i e w i n g  d i s t a n c e  w a s  r e d u c e d  t o  2 m e t r e s .  G i v e n  

a p p r o p r i a t e  o p t i c a l  c o r r e c t i o n  t h i s  h a d  n o  e f f e c t  u p o n  

t h e  A V C  s c o r e  ( W e s t h e i m e r ,  1979).

3.3.5 PELLI-ROBSON CONTRAST THRESHOLD CHARTS

A s  d e s c r i b e d  in s e c t i o n  1.4.6, a t  f o u r  m e t r e s  t h e  

f u n d a m e n t a l  s p a t i a l  f r e q u e n c y  o f  t h e  P R C  l e t t e r s  (Figure 1.4-

3) w a s  3.6 c . p . d .  ( C a m p b e l l  a n d  R o b s o n ,  1 9 6 8 ) .  T h e r e  

w e r e ,  o f  c o u r s e ,  r e s t r i c t i o n s  t o  t h i s  a s s u m p t i o n  (Bouma, 

1 9 7 1 ) .  O n l y  t w o  P R C  l e t t e r  s e q u e n c e s  w e r e  a v a i l a b l e .  T o  

r e d u c e  t h e  e f f e c t s  o f  m e m o r y  a n o t h e r  P R C  c h a r t  w a s  c u t  

i n t o  v e r t i c a l  s t r i p s  w h i c h  c o u l d  t h e n  b e  o v e r l a i d  o n  t h e  

P R C  t h e r e b y  i n c r e a s i n g  t h e  n u m b e r  o f  l e t t e r  s e q u e n c e s .  

T h e  r e s u l t s  f o r  t h e  t w o  P R C  c h a r t s  w e r e  a v e r a g e d  a t  e a c h  

t r i a l .  A s  s u g g e s t e d  b y  E l l i o t t  et al ( 1 9 9 0 b ) ,  t o  i m p r o v e  

r e l i a b i l i t y ,  a c a l l  o f  "C" f o r  "0" o r  "O" f o r  "C" w a s  

s c o r e d  a s  c o r r e c t .

3.3.6 PUPIL SIZE

T o  a l l o w  a n  a c c u r a t e  d e t e r m i n a t i o n  o f  p u p i l  s i z e  u n d e r  

t h e  g i v e n  t e s t  c o n d i t i o n s  p u p i l  s i z e  w a s  m e a s u r e d ,  w h i l s t  

t h e  s u b j e c t  v i e w e d  a b l a n k  w h i t e  f i e l d  a t  a r a n g e  o f  

l u m i n a n c e s  f r o m  0 . 0 0 1  t o  32 0  c d / m 2, w i t h  a n  i n f r a - r e d  

p u p i l l o m e t e r  w h i c h  h a d  a p o t e n t i a l  a c c u r a c y  o f  0 . 0 1  m m
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( B a r b u r  e t  al, 1 9 8 7 ) .  R e p e a t e d  m e a s u r e s  i n d i c a t e d  t h a t  

t h e  a b s o l u t e  p u p i l  s i z e  v a r i e d  o n  r e t e s t  b y  a s  m u c h  as 

0 . 5  mm. E a c h  s u b j e c t  w a s  m e a s u r e d  w i t h  t h e  r a n g e  o f  

s c r e e n  l u m i n a n c e s  a t  l e a s t  t w i c e .  A  q u a d r a t i c  r e g r e s s i o n  

a n a l y s i s  w a s  p e r f o r m e d  t o  d e t e r m i n e  a l i n e  o f  b e s t  f i t  

a n d  t h e  p u p i l  s i z e  a t  t h e  t w o  t e s t  l u m i n a n c e s  (50 a n d  25 0  

c d / m 2) i n t e r p o l a t e d .

3.3.7 CONTACT LENS LOCATION

T h e  f i t  o f  e a c h  r e f r a c t i v e  B C L  a n d  t h e  l o c a t i o n  o f  t h e

C O Z  in r e l a t i o n  t o  t h e  p u p i l  w a s  d e t e r m i n e d  f o r  e a c h

r e f r a c t i v e  B C L  f o r  e a c h  s u b j e c t  w i t h  a s l i t - l a m p

b i o m i c r o s c o p e  f i t t e d  w i t h  a g r a t i c u l e  e y e p i e c e  b y  t h e  

s a m e  i n v e s t i g a t o r .  T h e  d e c e n t r a t i o n  in r e l a t i o n  t o  t h e  

p u p i l  c e n t r e  c o u l d  t h e n  b e  d e t e r m i n e d  ( w o r s t  c a s e  

± 0 . 3 5  m m ) .  T h e  m e a s u r e d  d e c e n t r a t i o n  w a s  a n  e s t i m a t e  b y  

t h e  a u t h o r  o f  t h e  a v e r a g e  p o s i t i o n  o f  t h e  B C L  o n  t h e  eye. 

T h e  r e p e a t a b i l i t y  (95% c o n f i d e n c e  l i m i t )  o f  t h i s  

a s s e s s m e n t  w a s  e s t i m a t e d  b y  r e p e a t e d  m e a s u r e s  as

± 0 . 1 1  mm. P u p i l  c o v e r a g e  b y  t h e  C O Z  c o u l d  t h e n  b e

d e t e r m i n e d  f o r  e a c h  o f  t h e  t w o  t e s t  l u m i n a n c e s  a n d  t h e  

p u p i l  s i z e s  a s  c a l c u l a t e d .

3.4 Longitudinal Chromatic Aberration

T h e  o n - e y e  l o n g i t u d i n a l  c h r o m a t i c  a b e r r a t i o n  (LCA) w a s  

m e a s u r e d  w i t h  B C L  b y  a p s y c h o m e t r i c  m e t h o d  d e s c r i b e d
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b e l o w  t o  c o n f i r m  t h e o r e t i c a l  c a l c u l a t i o n s  w h i c h  s u g g e s t  

t h a t  t h e  f i r s t  o r d e r  (near) f o c u s  o f  a d i f f r a c t i v e  B C L  

h a s  a L C A  o f  a n  o r d e r  r e v e r s e  t o  t h a t  f o u n d  in r e f r a c t i v e  

o p t i c a l  s y s t e m s  a n d  t h e  h u m a n  e y e  ( s e c t i o n  1 . 2 . 3 ) .

Apparatus

A n  i n s t r u m e n t  t o  m e a s u r e  c h r o m a t i c  a b e r r a t i o n  w a s  d e v i s e d  

a n d  b u i l t .  C o n s t r u c t e d  o n  t h e  B a d a l  O p t o m e t e r  p r i n c i p l e  

( B e n n e t t  a n d  R a b b e t t s ,  1984) t h e  o c u l a r  f o c a l  l e n g t h  w a s  

d e t e r m i n e d  f o r  t w o  n a r r o w  b a n d w i d t h  (10 nm) i n t e r f e r e n c e  

f i l t e r s  w i t h  c e n t r a l  w a v e l e n g t h s  o f  4 5 0  a n d  6 5 0  n m  

(Balzer) . A  B a d a l  o p t o m e t e r  (Figure 3.4-1) , i n c o r p o r a t i n g  

N a g e l ' s  p r i n c i p l e  (Emsley, 1944), b y  p l a c i n g  t h e  s e c o n d  

f o c a l  p o i n t  o f  t h e  o p t i c a l  s y s t e m  c o i n c i d e n t  w i t h  t h e  

n o d a l  p o i n t  o f  t h e  o b s e r v e r ' s  eye, a l l o w s  m o v e m e n t  o f  t h e  

t a r g e t  w i t h o u t  s i g n i f i c a n t  r e t i n a l  i m a g e  s i z e  v a r i a t i o n  

( J e n k i n s ,  1 9 6 3 ;  W i t t e n b e r g ,  1988).

Figure 3.4-1 A  diagram of a Badal Optometer incorporating Nagel’s 
principle. As the second focal point of the lens is coincident with the nodal 

point of the observer’s eye, there is no significant variation in image size with 
target movement (Emsley, 1944)

A s  d i o p t r i c  v e r g e n c e  v a r i e d  l i n e a r l y  w i t h  o b j e c t  l o c a t i o n  

a c c o r d i n g  t o  t h e  N e w t o n i a n  r e l a t i o n s h i p ,  L C A  w a s  t h e n  

d e t e r m i n e d  b y  t h e  e q u a t i o n  :
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L C A  — F x  ( d max ~ d min) Equation 3.4-1

w h e r e  F is t h e  p o w e r  o f  t h e  i m a g i n g  l e n s  a n d  dmax a n d  dm \n 

t h e  d i s t a n c e s  f r o m  t h e  l e n s  w i t h  t h e  r e s p e c t i v e  f i l t e r s .

A  d u a l  c h a n n e l  B a d a l  o p t o m e t e r  s y s t e m  w a s  c o n s t r u c t e d  as 

s h o w n  in Figure 3.4.2. E a c h  c h a n n e l  c o n t a i n e d  i d e n t i c a l  b u t  

i n v e r t e d  t a r g e t s  c o n s i s t i n g  o f  a c e n t r a l  s q u a r e  w a v e  

g r a t i n g  o f  a m o d e r a t e l y  h i g h  s p a t i a l  f r e q u e n c y  a n d  

p e r i p h e r a l  e l e m e n t s .  I d e a l l y ,  h i g h  s p a t i a l  f r e q u e n c y  

t a r g e t s  s h o u l d  b e  u s e d  f o r  c r i t i c a l  d e t e r m i n a t i o n s  of 

f o c u s .  T h i s  c o m p r o m i s e  w a s  n e c e s s a r y  d u e  t o  t h e  r e d u c e d  

r e s o l u t i o n  w i t h  B C L  a n d  t h e  l o w  t r a n s m i s s i o n  o f  t h e  

i n t e r f e r e n c e  f i l t e r s .

P r o c e d u r e

T h e  w h i t e ,  l u m i n a n c e  m a t c h e d  t a r g e t  v i e w e d  t h r o u g h  t h e  

l e f t  c h a n n e l  w a s  a d j u s t e d  f o r  z e r o  a c c o m m o d a t i v e  d e m a n d  

a n d  a c t e d  a s  a n  a c c o m m o d a t i v e - l o c k .  T h e  e x p e r i m e n t a l  

t a r g e t  w a s  v i e w e d  t h r o u g h  t h e  r i g h t  c h a n n e l  w h i c h  

c o n t a i n e d  t h e  e x p e r i m e n t a l  i n t e r f e r e n c e  f i l t e r s .  T h e  t w o  

e x p e r i m e n t a l  i n t e r f e r e n c e  f i l t e r s  w e r e  p r e s e n t e d  in a 

p s e u d o - r a n d o m  o r d e r .  B o t h  t a r g e t s  w e r e  v i s i b l e  t o  t h e  

s u b j e c t  a t  a l l  t i m e s .  T h e  s u b j e c t ,  r e s t r a i n e d  w i t h  c h i n  

a n d  f o r e h e a d  r e s t s  a n d  a d e n t a l  b i t e  a n d  a n  a r t i f i c i a l  

p u p i l  i m m e d i a t e l y  in f r o n t  o f  t h e  eye, m a n u a l l y  a d j u s t e d  

t h e  p o s i t i o n  o f  t h e  e x p e r i m e n t a l  t a r g e t  v i a  a r o t a t i n g  

k n u r l e d  k n o b  ( m e t h o d  o f  a d j u s t m e n t )  , w h i l s t  e n s u r i n g  t h a t
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o t h e r  t a r g e t  ( a c c o m m o d a t i v e - l o c k )  r e m a i n e d  c l e a r .  T h e  

s u b j e c t  w a s  a s k e d  t o  a d j u s t  t h e  p o s i t i o n  o f  t h e  

e x p e r i m e n t a l  t a r g e t  f o r  m a x i m u m  c l a r i t y ,  a n d  if a r a n g e  

o f  s e t t i n g s  w e r e  e n c o m p a s s e d  b y  t h i s  c r i t e r i o n ,  t h e n  t h e  

s u b j e c t  w a s  r e q u i r e d  t o  a d j u s t  f o r  t h e  m i d p o i n t  o f  t h e  

r a n g e .  A n  a v e r a g e  o f  t e n  r e s u l t s  w i t h  e a c h  f i l t e r  w e r e  

r e c o r d e d  a n d  a n a l y s e d  w i t h  a n  i n t e r f a c e d  B B C  

m i c r o c o m p u t e r .

Figure 3.4-2 A diagram of the dual channel Badal optometer system which 
was constructed. Identical but inverted targets consisting of a central square 
wave grating and a peripheral elements were viewed with each eye. The left 
eye acted as an accommodative-lock. The experimental target was viewed 
with interference filters by the right eye which wore the experimental BCL. 
The focal length was determined for each filter by altering the distance 
between lens L2 and the right target.

3.5 Subjects

S u b j e c t s  w o r e  a B C L  in o n e  e y e  f o r  v i s u a l  a s s e s s m e n t .  A  

t o p i c a l  o c u l a r  a n a e s t h e t i c  w a s  a l s o  u s e d  w h e n  r e q u e s t e d  

t o  r e d u c e  t h e  e f f e c t s  o f  e x c e s s i v e  l a c r i m a t i o n .  T h e  b e s t
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r e f r a c t i v e  c o r r e c t i o n  ( i n c l u d i n g  a n y  a s t i g m a t i c  

c o r r e c t i o n )  f o r  t h e  r e l e v a n t  v i e w i n g  d i s t a n c e  a n d  B C L  w a s  

w o r n  in a t r i a l  fr a m e .  E a c h  B C L  w a s  w o r n  f o r  n o  l o n g e r  

t h a n  45 m i n u t e s .  A l l  s u b j e c t s  r e c e i v e d  t r a i n i n g  w i t h  t h e  

v a r i o u s  v i s i o n  t e s t s  t o  r e d u c e  l e a r n i n g  e f f e c t s  a n d  t o  

a c q u a i n t  t h e m  w i t h  B C L  v i s i o n .

3.5.1 REFRACTIVE BIFOCAL CONTACT LENSES

F i v e  p r e s b y o p i c  s u b j e c t s ,  r e c r u i t e d  t h r o u g h  a d v e r t i s e m e n t  

in t h e  O p t o m e t r y  C l i n i c ,  w i t h  a g e s  f r o m  57 t o  65 y e a r s ,  

w o r e  t e n  r e f r a c t i v e  B C L  as d e t a i l e d  i n  s e c t i o n  3 . 6 . 1  f o r  

a t  l e a s t  t w o  r e p l i c a t i o n s .  S i n c e  t h e  p u p i l  s i z e  a n d  

l o c a t i o n  o f  t h e  B C L  in r e l a t i o n  t o  t h e  p u p i l  w e r e  

e x p e c t e d  t o  i n f l u e n c e  v i s u a l  p e r f o r m a n c e  t h e s e  a s p e c t s  

w e r e  m e a s u r e d  f o r  a l l  s u b j e c t s  w i t h  e a c h  r e f r a c t i v e  B C L  

( s e c t i o n s  3 . 3 . 4  a n d  3 . 3 . 5 ) .

3.5.2 DIFFRACTIVE BIFOCAL CONTACT LENSES

T w o  p r e s b y o p i c  s u b j e c t s  ( c o l l e a g u e s )  w i t h  a g e s  o f  49 a n d  

61 y e a r s  a n d  o n e  p r e - p r e s b y o p i c  s u b j e c t  (the a u t h o r :  32 

y e a r s )  w o r e  a r a n g e  o f  r i g i d  a n d  s o f t  d i f f r a c t i v e  B C L  as 

d e t a i l e d  in s e c t i o n s  3 . 6 . 2  a n d  3.6.3.

A l l  v i s u a l  a s s e s s m e n t  o f  t h e  p r e - p r e s b y o p i c  s u b j e c t  w a s  

m a d e  u n d e r  c y c l o p l e g i a .  A  r e g u l a r  c h e c k  w a s  m a d e  d u r i n g  

C L  w e a r  t o  e n s u r e  t h a t  t h e r e  w a s  n o  s i g n i f i c a n t  c o r n e a l  

o e d e m a  a n d  t h a t  t h e  s u b j e c t ' s  a c c o m m o d a t i o n  w a s  l e s s  t h a n
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1 d i o p t r e .  A n  a r t i f i c i a l  p u p i l  o f  3 . 5  m m  w a s  w o r n  i n  a 

t r i a l  fra m e .  T h i s  s i z e  p u p i l  w a s  c h o s e n  a s  it

r e p r e s e n t e d  a n  a v e r a g e  p u p i l  d i a m e t e r  f o r  p r e s b y o p e s  

(Woods, 1 9 9 1 c ) . T h e  l i m i t a t i o n s  o f  u s i n g  a n  a r t i f i c i a l  

p u p i l  a r e  c o n s i d e r e d  in s e c t i o n  5.1.

3.5.3 LONGITUDINAL CHROMATIC ABERRATION

A  p r e - p r e s b y o p i c  s u b j e c t  (the a u t h o r :  32 y e a r s )  w o r e  a 

s m a l l  r a n g e  o f  r e f r a c t i v e  a n d  d i f f r a c t i v e  BCL. T h e  B C L  

w a s  w o r n  in t h e  c y c l o p l e g e d  r i g h t  e y e  a n d  a 3 . 5  m m  

a r t i f i c i a l  p u p i l  w a s  u s e d .

3.6 Experimental bifocal contact lenses

E x c e p t  w h e r e  n o t e d  t h e  B C L  d e s c r i b e d  h e r e  w e r e  n o t  

a v a i l a b l e  o n  a c o m m e r c i a l  b a s i s .

3.6.1 RIGID REFRACTIVE BIFOCAL CONTACT LENSES

T h e  r i g i d  r e f r a c t i v e  B C L  u s e d  w e r e  m a d e  b y  P i l k i n g t o n  

V i s i o n C a r e .  S o m e  C L  f i n i s h i n g  w a s  p e r f o r m e d  a t  C i t y  

U n i v e r s i t y .  T h e  B C L  w e r e  a P M M A  b a c k - s u r f a c e  c o n c e n t r i c -  

d e s i g n  w i t h  c e n t r a l  o p t i c  z o n e  d i a m e t e r s  (COZD) o f  3.4, 

3.0, 2.6, 2.2, a n d  1.8 mm. T h e  p e r i p h e r a l  o p t i c  z o n e

d i a m e t e r  (POZD) w a s  f i x e d  a t  7 . 5  mm. B C L  w e r e  a v a i l a b l e  

i n  b o t h  a c e n t r e - d i s t a n c e  (CD) a n d  a c e n t r e - n e a r  (CN) 

f o r m a t  w i t h  a n e a r  a d d i t i o n  o f  2 . 0 0  D i o p t r e s  in v i v o .
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A l l  B C L  w e r e  a c o n v e n t i o n a l  t r i - c u r v e  (C3) d e s i g n  w i t h  a n  

e f f e c t i v e  B O Z D  o f  7 . 5  nun a n d  a c a l c u l a t e d  a x i a l  e d g e  l i f t  

o f  0 . 1 5  nun a t  t h e  o v e r a l l  d i a m e t e r  o f  9 . 5  mm. C a r e  w a s  

t a k e n  t o  e n s u r e  t h a t  t h e r e  w e r e  n o  b u b b l e s  u n d e r  t h e  B C L  

w h e n  w o r n  b y  t h e  s u b j e c t s  (de C a r l e ,  1989) .

3.6.2 RIGID DIFFRACTIVE BIFOCAL CONTACT LENSES

T h e  r i g i d  d i f f r a c t i v e  B C L  u s e d  w e r e  m a d e  b y  P i l k i n g t o n  

V i s i o n C a r e .  S o m e  C L  f i n i s h i n g  w a s  p e r f o r m e d  a t  C i t y  

U n i v e r s i t y .  A l l  B C L  w e r e  l a t h e d  in P o l y c o n  II w i t h  a 

c e n t r a l  d i f f r a c t i v e  z o n e  d i a m e t e r  (CDZD) o f  5 m m  a n d  h a d  

a n e a r  a d d i t i o n  o f  2 . 0 0  D i o p t r e s  in v i v o .  T h e  

p e r i p h e r a l  r e f r a c t i v e  z o n e  d i a m e t e r  (PRZD) w a s  f i x e d  at

7 . 5  mm. A p a r t  f r o m  s o m e  p r o d u c t i o n  P i l k i n g t o n  D i f f r a x  

BCL, a l l  r i g i d  d i f f r a c t i v e  B C L  w e r e  a c o n v e n t i o n a l  t r i -

c u r v e  (C3) d e s i g n  w i t h  a n  e f f e c t i v e  B O Z D  o f  7 . 5  m m  a n d  a 

c a l c u l a t e d  e d g e  l i f t  o f  0 . 1 5  m m  a t  t h e  o v e r a l l  d i a m e t e r  

o f  9 . 5  mm.

Diffractive Zone Junction height

A l t e r a t i o n  o f  t h e  D Z J  h e i g h t ,  as n o t e d  in s e c t i o n  1.2.3, 

s h o u l d  a l t e r  t h e  p r o p o r t i o n  o f  l i g h t  in t h e  v a r i o u s  

d i f f r a c t i v e  f o ci. R i g i d  d i f f r a c t i v e  B C L  w i t h  n o m i n a l  D Z J  

h e i g h t s  o f  1.4 t o  5 . 0  /¿m w e r e  i n v e s t i g a t e d .

Tool shape

A l t e r a t i o n  o f  t h e  d i a m o n d  t o o l  u s e d  t o  m a n u f a c t u r e  t h e  

d i f f r a c t i v e  z o n e  s u r f a c e  s h o u l d  a l t e r  t h e  s h a p e  o f  t h e
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DZJ. A s  n o t e d  in s e c t i o n  1. 2 . 3 ,  t h i s  w a s  e x p e c t e d  t o  

a l t e r  t h e  o p t i c a l  p e r f o r m a n c e  o f  t h e  d i f f r a c t i v e  BCL. 

D i a m o n d  t o o l s  o f  250, 10 0  a n d  50 /¿m d i a m e t e r  a n d  a 2 5 0  /¿m 

d i a m e t e r  t o o l  w i t h  a f l a t t e d  s e c t i o n  a s  s h o w n  in Figure 3.6-1 

w e r e  i n v e s t i g a t e d .  C o m b i n a t i o n s  o f  D Z J  h e i g h t  a n d  

d i a m o n d  t o o l  w h i c h  w e r e  a v a i l a b l e  a r e  i n d i c a t e d  in T a b l e  

3 . 6-1 .

<------ >
1 8 n .m

Figure 3.6-1 Diagram of a cross-section of the flatted diamond tool used in 
manufacture of certain experimental diffractive BCL.

Polish

I n  t h e  p r o c e s s  o f  m a n u f a c t u r i n g  s o m e  d i f f r a c t i v e  B C L  

r e c e i v e d  a n  u n i n t e n t i o n a l  l i g h t  p o l i s h  o f  t h e  d i f f r a c t i v e  

z o n e  s u r f a c e .  A s  a r e s u l t  t h e  D Z J  h e i g h t  a n d  s h a p e  w e r e  

n o t  a s  s p e c i f i e d .  T h e s e  " p o l i s h e d "  B C L  w e r e  m i x e d  w i t h  

t h e  " u n p o l i s h e d "  B C L  a n d  h a d  t o  b e  e x a m i n e d  s e p a r a t e l y .  

T h e  p o l i s h i n g  w a s  u n c o n t r o l l e d  a n d  o f  v a r y i n g  d e g r e e  as 

i n d i c a t e d  b y  i n t e r f e r o m e t r i c  e x a m i n a t i o n .
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N om in al
DZJ

T o o l s h a p e

h e i g h t 250 /xm 100 /xm 50 /xm 250  /xm
(/xm) round round rou n d f l a t t e d

1 .4 1 ,  P

1 . 8 1 ,  P 1 1

2 . 0 1 , D, P 2 1 1

2 . 2 2 ,  P 1 1

2 . 5 1 1 1

2 . 6 2 ,  P 1 1

3 . 0 2 ,  P 1 1 1

4 . 0 1 1 1 1

5 . 0 1

T a b l e  3 . 6 - 1  Available experimental rigid diffractive BCL. The number 
represents the number of repeated production runs. "P" indicates that some 
BCL of these nominal parameters received an unintentional polish of the 
diffractive surface. "D" indicates that Pilkington Diffrax BCL were available.

3.6.3 SOFT DIFFRACTIVE BIFOCAL CONTACT LENSES

The s o f t  d i f f r a c t i v e  BCL u s e d  w e re  made b y  P i l k i n g t o n  

V i s i o n C a r e .  A l l  s o f t  BCL w e re  HEMA w i t h  a CDZD o f  5 mm 

and had a n e a r  a d d i t i o n  o f  e i t h e r  2 . 0 0  o r  2 . 5 0  D i o p t r e  i n  

v i t r o .

Diffractive Zone Junction height

S o f t  d i f f r a c t i v e  BCL w i t h  n o m in a l  "dry" DZJ h e i g h t s  o f

2 . 6  t o  4 . 0  /xm w e re  i n v e s t i g a t e d .
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Tool shape

D i a m o n d  t o o l s  o f  2 5 0  a n d  1 0 0  ¡im d i a m e t e r  a n d  a 2 5 0  ¿xm 

d i a m e t e r  t o o l  w i t h  a f l a t t e d  s e c t i o n  a s  s h o w n  i n  Figure 3.6-1 

w e r e  i n v e s t i g a t e d .

Manufacture technique

S o f t  d i f f r a c t i v e  B C L  w e r e  e i t h e r  m a d e  b y  c o n v e n t i o n a l  

l a t h i n g  o f  a H E M A  b u t t o n  o r  b y  a ( P i l k i n g t o n  V i s i o n c a r e  

p r o p r i e t a r y )  m o u l d i n g  t e c h n i q u e .

A  l i m i t e d  r a n g e  o f  c o m b i n a t i o n s  o f  D Z J  h e i g h t ,  d i a m o n d

t o o l  a n d m a n u f a c t u r e t e c h n i q u e w e r e a v a i l a b l e  as

i n d i c a t e d in Table 3.6-2 .

N o m i n a l
" d r y "

T o o l  s h a p e  a n d  M a n u f a c t u r e T e c h n i q u e

D Z J

h e i g h t

(/¿m)

2 5 0  /xm 

r o u n d  

L a t h e d

2 50 /xm 
F l a t t e d  

L a t h e d

1 0 0  /xm 

r o u n d  

L a t h e d

10 0  /xm 

r o u n d  

M o u l d e d

2 . 5 1

2 . 6 1

2. 7 1

3 . 0 1 1 2 R

3.3 1 1 1

3 . 6 1

4 . 0 1 1

4. 4 1

Table 3.6-2 Available experimental soft diffractive BCL. The number 

represents the number of repeated production runs. "R" indicates available 
with a "reverse" addition
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Reverse addition

T h r e e  s o f t  d i f f r a c t i v e  B C L  w i t h  a " r e v e r s e "  a d d i t i o n  

( u t i l i s e s  t h e  z e r o  o r d e r  (near) a n d  m i n u s  o n e  o r d e r  

( d i s t a n c e )  i m a g e s )  w e r e  e x a m i n e d .

Commercially available bifocal contact lens

I n  a d d i t i o n  A l l e r g a n  E c h e l o n  s o f t  d i f f r a c t i v e  B C L  w e r e  

e x a m i n e d  b y  t h e  s a m e  p r o c e d u r e s .

3.7 Repeatability coefficients

I n  a c c o r d a n c e  w i t h  t h e  s u g g e s t i o n s  o f  B l a n d  a n d  A l t m a n  

(1986) t h e  r e p e a t a b i l i t y  o f  b o t h  t h e  o p t i c a l  p e r f o r m a n c e  

m e a s u r e  (MTF) a n d  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  (CS, 

P R C  a n d  AVC) w a s  a s s e s s e d  in t e r m s  o f  t h e  v a r i a n c e  o f  t h e  

d i s t r i b u t i o n  o f  d i f f e r e n c e s  b e t w e e n  t w o  m e a s u r e s  m a d e  on 

s e p a r a t e  o c c a s i o n s  (i.e. t e s t - r e t e s t ) .  T h e  r e p e a t a b i l i t y  

c o e f f i c i e n t  w a s  d e f i n e d  f o r  t h i s  s t u d y ,  as r e c o m m e n d e d  b y  

t h e  B r i t i s h  S t a n d a r d  I n s t i t u t i o n  (BS 5 4 7 9  : p a r t  1,

1 9 7 9 ) ,  a s  1 . 9 6  t i m e s  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  t e s t -  

r e t e s t  d i f f e r e n c e s  ( B l a n d  a n d  A l t m a n ,  1 9 8 6 ) .  T h i s  is 

e f f e c t i v e l y  a 9 5 %  c o n f i d e n c e  l i m i t  e x p r e s s e d  in t e r m s  of 

t h e  u n i t s  o f  m e a s u r e m e n t .  I n  r e c e n t  y e a r s  t h e

r e p e a t a b i l i t y  c o e f f i c i e n t  h a s  b e c o m e  t h e  p r e f e r r e d  m e t h o d  

o f  a s s e s s i n g  t h e  r e l i a b i l i t y  o f  c l i n i c a l  t e s t s  (e.g. 

E l l i o t t  a n d  S h e r i d a n ,  1 9 88; R e e v e s  e t  al, 1 9 9 1 ;  W o o d  et 

al, 1988)
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3.8 Multiple Regression Analysis procedures

M u l t i p l e  R e g r e s s i o n  A n a l y s i s  (MRA) w a s  u s e d  t o  m o d e l  a 

s i n g l e  d e p e n d e n t  v a r i a b l e  (e.g. M T F  o r  v i s u a l  a c u i t y )  in 

t e r m s  o f  b o t h  ( m a n i p u l a t e d )  i n d e p e n d e n t  v a r i a b l e s  (e.g. 

B C L  d e s i g n  o r  D Z J  h e i g h t )  a n d  c o v a r i a t e s  (e.g. p u p i l  

s i z e ) . T h i s  a l l o w e d  a n  a s s e s s m e n t  o f  t h e  i n f l u e n c e  of 

t h e  v a r i a b l e s  a n d  a n y  i n t e r a c t i o n  t e r m s ,  b u t  m o r e  

i m p o r t a n t l y  t h e  d e v e l o p m e n t  o f  p r e d i c t i v e  m o d e l s .  T o  

f a c i l i t a t e  t h e  s e l e c t i o n  o f  a p p r o p r i a t e  m o d e l s  a t w o  

s t a g e  p r o c e d u r e  w a s  a d o p t e d .  I n i t i a l l y  a l l  t e r m s  w e r e  

f o r c e d  i n t o  t h e  e q u a t i o n  in a s t a n d a r d  M R A  p r o c e d u r e ,  

t h e n  a s t e p w i s e  M R A  p r o c e d u r e  w a s  u s e d  t o  r e m o v e  t h o s e  

t e r m s  w h i c h  w e r e  s t a t i s t i c a l l y  r e d u n d a n t .  M R A  c o u l d  h a v e  

l e a d  t o  o v e r  o p t i m i s t i c  e s t i m a t e s  o f  p r e d i c t i v e  p o w e r  

w h e r e  t h e  i n d e p e n d e n t  v a r i a b l e s  w e r e  h i g h l y  c o r r e l a t e d  

a n d  w h e r e  t h e  n u m b e r  o f  t e r m s  i n c l u d e d  in t h e  f i n a l  

e q u a t i o n  w a s  l a r g e  in r e l a t i o n  t o  t h e  s a m p l e  s i z e  

( T a b a c h n i c k  a n d  F i d e l l ,  1983; W i n e r ,  1 9 7 1 ) .  P r o b l e m s  d u e  

t o  m u l t i c o l l i n e a r i t y  ( e x c e s s i v e  c o r r e l a t i o n  b e t w e e n  t h e  

i n d e p e n d e n t  v a r i a b l e s )  w e r e  r e d u c e d  b y  l i m i t i n g  t h e  

t o l e r a n c e  a n d  t h e  u s e  o f  t h e  s t e p w i s e  p r o c e d u r e  

( T a b a c h n i c k  a n d  F i d e l l ,  1983). A  r a n g e  o f  m o d e l s  w a s  

i n v e s t i g a t e d  f o r  e a c h  a n a l y s i s ,  a n d  e a c h  m o d e l  p r e s e n t e d  

i n  C h a p t e r  4 w a s  c o n s i d e r e d  t o  b e  t h e  m o s t  a p p r o p r i a t e  

a n d  m o s t  u s e f u l .  A l l  m o d e l s  w e r e  e x a m i n e d  f o r  a r a n g e  of 

p o s s i b l e  e r r o r s  w i t h  s t a n d a r d  p r o c e d u r e s ,  a n d  in 

p a r t i c u l a r  t h e  m o d e l  w a s  d e v i s e d  t o  o b t a i n  a n  e v e n  s p r e a d  

o f  r e s i d u a l s .  T h i s  p r o v e d  p a r t i c u l a r l y  i m p o r t a n t  in
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s e c t i o n  4.2. T h e  r e p o r t e d  m u l t i p l e  c o r r e l a t i o n  (R2) w a s  

a d j u s t e d  f o r  t h e  n u m b e r  o f  t e r m s  a n d  s a m p l e  s i z e  (Winer, 

1 9 7 1 ) .
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Chapter 4 RESULTS

I n t r o d u c t i o n

P h y s i c a l  m e a s u r e m e n t s  o f  t h e  b i f o c a l  c o n t a c t  l e n s e s  (BCL) 

a r e  r e p o r t e d  i n  s e c t i o n  4.1. S u b s e q u e n t  s e c t i o n s  e x a m i n e  

t h e  o p t i c a l  p e r f o r m a n c e  ( s e c t i o n  4.2) a n d  v i s u a l  

p e r f o r m a n c e  ( s e c t i o n  4.3) o f  b o t h  f o r m s  o f  BCL; t h e  

m e a s u r e m e n t  o f  t h e  o n - e y e  l o n g i t u d i n a l  c h r o m a t i c  

a b e r r a t i o n  w i t h  d i f f r a c t i v e  B C L  ( s e c t i o n  4 . 4 ) ;  and, 

f i n a l l y ,  t h e  d e v e l o p m e n t  o f  e m p i r i c a l  m o d e l s  t o  d e s c r i b e  

v i s u a l  a n d  o p t i c a l  p e r f o r m a n c e  in t e r m s  o f  t h e  p h y s i c a l  

m e a s u r e s  ( s e c t i o n  4.5) a n d  v i s u a l  p e r f o r m a n c e  i n  t e r m s  of 

t h e  o p t i c a l  p e r f o r m a n c e  m e a s u r e  ( s e c t i o n  4.6 ) .

4.1 Physical Contact Lens Measurements

B C L  q u a l i t y ,  e v a l u a t e d  b y  a r a n g e  o f  s t a n d a r d  p r o c e d u r e s  

is r e p o r t e d  in s e c t i o n  4 . 1 . 1 .  T h e  s u r f a c e  p r o f i l e  o f  t h e  

e x p e r i m e n t a l  d i f f r a c t i v e  B C L  is r e p o r t e d  in s e c t i o n

4 . 1 . 2 ,  a n d  i n c l u d e s  t h e  f i r s t  r e p o r t  o f  m e a s u r e m e n t s  of 

t h e  s u r f a c e  p r o f i l e  o f  s o f t  d i f f r a c t i v e  B C L  k n o w n  t o  t h e  

a u t h o r .

4.1.1 STANDARD CONTACT LENS PROCEDURES

S t a n d a r d  C L  m e a s u r e s ,  as d e s c r i b e d  in s e c t i o n  3 . 1 . 1 ,  w e r e  

u s e d  t o  v e r i f y  t h e  o p t i c a l  a n d  d i m e n s i o n a l  q u a l i t y  o f  t h e
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e x p e r i m e n t a l  BCL. T h e  p a r a m e t e r s  o f  a l l  e x p e r i m e n t a l  B C L  

w e r e  f o u n d  t o  b e  w i t h i n  t h e  B r i t i s h  S t a n d a r d  C L  

t o l e r a n c e s  (BSI 5562: 19 7 8 ) .  T h e r e  w a s  n o  a p p a r e n t  

s y s t e m a t i c  b i a s  in p r o d u c t i o n .  T h e  C e n t r a l  O p t i c  Z o n e  

(COZ) j u n c t i o n  o f  t h e  r e f r a c t i v e  B C L  w a s  d i s t i n c t  

(<5 /¿m) , w i t h  n o  b l e n d i n g  f o r  b o t h  t y p e s  (CD o r  CN) a n d  

C O Z D  d i d  n o t  v a r y  f r o m  t h e  n o m i n a l  d i a m e t e r  b y  m o r e  t h a n  

0 . 0 5  mm. N o m i n a l  r a t h e r  t h a n  t h e  m e a s u r e d  C e n t r a l  O p t i c  

Z o n e  D i a m e t e r  (COZD) w a s  u s e d  f o r  t h e  p u r p o s e s  o f  t h e  

a n a l y s i s  in l a t e r  s e c t i o n s .

E x a m i n a t i o n ,  w i t h  a r a d i u s c o p e ,  o f  t h e  r i g i d  d i f f r a c t i v e  

B C L  s h o w e d  t w o  d i f f e r e n t  m e a s u r e m e n t s  o f  B a c k  O p t i c  Z o n e  

R a d i u s  (BOZR) o v e r  t h e  C e n t r a l  D i f f r a c t i v e  Z o n e  ( C D Z ) . 

T h e  w e a k e r  i m a g e  in t h e  r a d i u s c o p e  r e p r e s e n t e d  t h e  

c o n v e n t i o n a l  B O Z R ,  a n d  t h e  b r i g h t e r  i m a g e  t h e  e f f e c t i v e  

r a d i u s  o f  t h e  C D Z  a n d  w i l l  b e  r e f e r r e d  t o  a s  t h e  C e n t r a l  

D i f f r a c t i v e  Z o n e  R a d i u s  ( C D Z R ) . T h i s  r e p r e s e n t e d  t h e  

" f l a t t e r "  c u r v e  u s e d  t o  c r e a t e  t h e  d i f f r a c t i v e  s u r f a c e .  

A s  n o t e d  in s e c t i o n  1.2.3, t h i s  r e p r e s e n t e d  a c o m p r o m i s e  

r e s u l t i n g  in a s u b s t a n t i a l  d e v i a t i o n  f r o m  t h e  t h e o r e t i c a l  

s u r f a c e  p r o f i l e .  T h i s  a l l o w e d  a m e t h o d  o f  p r e d i c t i n g  t h e  

D i f f r a c t i v e  Z o n e  J u n c t i o n  (DZJ) h e i g h t  a s  D Z J  h e i g h t  is a 

f u n c t i o n  o f  C D Z R ,  B O Z R  a n d  ( f i r s t  o r d e r )  d i f f r a c t i v e  

f o c a l  l e n g t h  ( s e c t i o n  1 . 2 . 3 ) .

M u l t i p l e  r e g r e s s i o n  a n a l y s i s  (MRA) i n d i c a t e d  t h a t  n o m i n a l  

D Z J  h e i g h t  w a s  a f u n c t i o n  o f  C D Z R  a n d  B O Z R  g i v e n  b y  t h e  

f o l l o w i n g  e q u a t i o n :
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DZJ height = 0.629 + 2.552 (CDZR - BOZR) + 0.679 (CDZR - BOZR)2 

(Adjusted R2 = 0.903; p < 0.0001)

T h e  s q u a r e d  t e r m  w a s  i n c l u d e d  f o r  t h e o r e t i c a l  r e a s o n s ,  

b u t  t h e  r e l a t i o n s h i p  w a s  e q u a l l y  w e l l  d e s c r i b e d  by:

DZJ height = 0.304 + 3.534 (CDZR - BOZR)

(Adjusted R2 = 0.901; p < 0.0001)

T h e s e  e q u a t i o n s  a r e  o n l y  a p p l i c a b l e  f o r  B C L  w i t h  a + 2 . 0 0  

D i o p t r e  a d d i t i o n .

4.1.2 DIFFRACTIVE BIFOCAL CONTACT LENS SURFACE 

PROFILE

D u e  t o  t i m e  c o n s t r a i n t s ,  o n l y  38 r i g i d  d i f f r a c t i v e  (27 

n o n - p o l i s h e d  a n d  11 p o l i s h e d )  a n d  4 s o f t  d i f f r a c t i v e  (3 

h y d r a t e d  a n d  1 dry) B C L  w e r e  e x a m i n e d  b y  i n t e r f e r o m e t r y .  

T h e  v a r i o u s  m e a s u r e s  c o m p a r e d  w e l l  w i t h  t h e  c a l c u l a t e d  o r  

e x p e c t e d  v a l u e s  i n d i c a t i n g  n o  s y s t e m a t i c  e r r o r s  i n  t h e  

i n t e r f e r o m e t r i c  t e c h n i q u e .  A s p e c t s  o f  t h e  s u r f a c e  

p r o f i l e  a r e  d e t a i l e d  b e l o w .

Diffractive Zone Shape

R i g i d  D i f f r a c t i v e  B C L

T h e  i n t e r f e r e n c e  m i c r o g r a p h s ,  a n  e x a m p l e  o f  w h i c h  is 

s h o w n  in Figure 4 .1 -la , c o n f i r m e d  t h e  s h a p e  o f  t h e  

d i f f r a c t i v e  z o n e s  ( D Z ) , w h i c h  is s h o w n  d i a g r a m m a t i c a l l y
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Figure 4.1-1 (a) An interference micrograph of a rigid diffractive BCL - 2.2 ¿im 
DZJ height, lathed with a 250 /zm diamond tool. The second, third and fourth DZJ 
are shown. There is a broad (approx. 25 jUm), shallow (approx. 0.1 jum) tool 
overshoot at the third DZJ (represented by the third and fourth curved and 
approximately vertical lines - everything is doubled). There is some variation in the 
BCL surface shown by the "tremor" in the fringe (grade 1). (b) A schematic
representation of a cross-section of a diffractive zone of a rigid diffractive BCL. 
The dotted line represents the ideal shape.
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(b )

Figure 4.1-2 (a) An interference micrograph of a polished rigid diffractive BCL - 
2.6 /mi DZJ height, lathed with a 250 /tm diamond tool. The third, fourth and fifth 
DZJ are shown, (b) A schematic representation of a cross-section of a diffractive 
zone of a polished rigid diffractive BCL. The dotted line represents the ideal shape.
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(b)

Figure 4.1-3 (a) An interference micrograph of an Allergan Echelon soft
diffractive BCL. The third, fourth and fifth DZJ are shown. (b) A schematic 
representation of a cross-section of a diffractive zone of an Allergan Echelon soft 
diffractive BCL. The dotted line represents the ideal shape. The shape was 
determined empirically and may not match the theoretical shape as closely as implied 
in this diagram.
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i n  Figure 4 .1 -lb . T h e  e x p e r i m e n t a l  s o f t  d i f f r a c t i v e  B C L  h a d  

t h e  s a m e  DZ s h a p e .

P o l i s h e d  R i g i d  D i f f r a c t i v e  B C L

A s  s h o w n  in Figure 4.1-2 t h e  s h a p e  o f  t h e  DZ w a s  m o d i f i e d  b y  

t h e  u n i n t e n t i o n a l  p o l i s h i n g  ( s e c t i o n  3. 6 . 2 )  o f  t h e  

d i f f r a c t i v e  s e c t i o n  o f  t h e  B C L  b a c k  s u r f a c e .  T h e  p r o f i l e  

b e c a m e  s l i g h t l y  r o u n d e d  a t  t h e  h i g h e r  s e c t i o n s  o f  t h e  DZ, 

a n d  b e c a m e  e f f e c t i v e l y  m o r e  l i k e  t h e  t h e o r e t i c a l l y  i d e a l  

s h a p e .

T h e  E c h e l o n  S o f t  D i f f r a c t i v e  B C L

T h e  A l l e r g a n  E c h e l o n  s o f t  d i f f r a c t i v e  B C L  h a v e  a DZ w i t h  

a d i f f e r e n t  p r o f i l e  as s h o w n  in Figure 4 .1 -3 . T h i s  w a s  

m a t c h e d  e m p i r i c a l l y ,  a n d  w a s  c l o s e r  t o  t h e  i d e a l  

p a r a b o l i c  f o r m  o f  t h e  DZ ( L e s e m  e t  al, 1969; E m e r t o n  et 

al, 1 9 8 7 ) ,  t h o u g h  t h e  h i g h e s t  p o i n t  o f  t h e  DZ h a s  b e e n  

d i s t i n c t l y  r o u n d e d .

Diffractive Zone Junction Height

R i g i d  D i f f r a c t i v e  B C L

It w a s  p o s s i b l e  t o  d i f f e r e n t i a t e  b e t w e e n  r i g i d  

d i f f r a c t i v e  B C L  o f  d i f f e r e n t  D Z J  h e i g h t s ,  and, a s  s h o w n  

i n  Figure 4 .1-4 , t h e  m e a s u r e d  D Z J  h e i g h t  v a r i e d  w i t h  t h e  

n o m i n a l  D Z J  h e i g h t .  A v e r a g e s  o f  t h e  m e a s u r e d  D Z J  h e i g h t  

f r o m  a l l  B C L  o f  t h e  s a m e  n o m i n a l  v a l u e  B C L  w e r e  f o u n d  t o  

b e  s i g n i f i c a n t l y  d i f f e r e n t  (p < 0 . 0 0 0 1  ) f r o m  e a c h  o t h e r .

T h e  m e a s u r e d  D Z J  h e i g h t  o f  a l l  B C L  w a s  f o u n d  t o  v a r y  

b e t w e e n  D Z J s  (i.e. D Z J  h e i g h t  w a s  n o t  c o n s i s t e n t  a c r o s s  a 

BCL) . A s  s h o w n  in Figure 4 .1 -5, t h e r e  w a s  n o  c o n s i s t e n t

- page 157 -



RESULTS

E
3

O)

'cu
sz
“ 3
N
Q

■aa)
i—
3
w
cd
0)
E

Figure 4.1-4 Measured DZJ height varied with nominal DZJ height of rigid 
diffractive BCL. There was considerable variability on certain BCL, in particular the 
first DZJ, which were almost all well below2 the dotted line which represents the 
expected DZJ height. Regression analysis r = 0.64 and the slope did not vary 
significantly from 1.
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Figure 4.1-5 Examples of the measured DZJ height of six arbitrarily chosen rigid 
diffractive BCL of nominal DZJ heights as shown.
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t r e n d  t o  t h e  v a r i a t i o n  e x c e p t  t h a t  t h e  f i r s t  D Z J  w a s  

s i g n i f i c a n t l y  s m a l l e r  t h a n  t h e  o t h e r  D Z J s .  T h o u g h  t h e r e  

w a s  n o  t r e n d ,  c e r t a i n  B C L  w e r e  f o u n d  t o  b e  v e r y  

c o n s i s t e n t  in t h e  m e a s u r e d  D Z J  h e i g h t ,  w h i l s t  o t h e r  B C L  

h a d  l a r g e  v a r i a t i o n s  b e t w e e n  DZs. T h e r e  w a s  n o  c o m m o n  

p a t t e r n  t o  t h i s  v a r i a t i o n .

A s  t h e  a v e r a g e  m e a s u r e d  D Z J  h e i g h t  w a s  h i g h l y  c o r r e l a t e d  

w i t h  t h e  n o m i n a l  D Z J  h e i g h t  (r2 =  0 . 6 4 ) ,  f o r  t h e  p u r p o s e s  

o f  l a t e r  a n a l y s e s  n o m i n a l  D Z J  h e i g h t  w a s  c o n s i d e r e d .

P o l i s h e d  r i g i d  d i f f r a c t i v e  B C L

T h e  u n i n t e n t i o n a l  p o l i s h i n g  o f  c e r t a i n  r i g i d  d i f f r a c t i v e  

BCL, a s  s h o w n  in Figure 4.1-6 , r e d u c e d  t h e  D Z J  h e i g h t  b y  a n  

a v e r a g e  0 . 4 4  ¿¿m a s  c o m p a r e d  t o  t h e  n o m i n a l  D Z J  h e i g h t .
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Figure 4.1-6 Measured DZJ height varied with nominal DZJ height of 
polished rigid diffractive BCL and was less than expected (dotted line). The 
variability between zones was less than noted with the non-polished BCL, but 
the first 2DZJ remained typically smaller than the other DZJ. Regression 
analysis r = 0.91 and the slope did not vary significantly from 1.
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S o f t  D i f f r a c t i v e  B C L

A s  s h o w n  in Figure 4 .1-7 , a s  e x p e c t e d ,  t h e  m e a s u r e d  D Z J  

h e i g h t  o f  t h e  d r y  ( u n h y d r a t e d )  s o f t  d i f f r a c t i v e  B C L  w a s  

t h e  s a m e  a s  t h e  n o m i n a l  D Z J  h e i g h t ,  a n d  t h e  D Z J  h e i g h t s  

o f  t h e  t w o  m e a s u r e d  h y d r a t e d  s o f t  d i f f r a c t i v e  B C L  w e r e  

l a r g e r  t h a n  t h e  n o m i n a l  D Z J  h e i g h t .

T h e  e f f e c t  o f  v a r i a t i o n s  in D Z J  h e i g h t

T h e  e f f e c t  o f  t h e  i r r e g u l a r i t i e s  i n  D Z J  h e i g h t  is

u n c e r t a i n ,  b u t  i n c o r r e c t  D Z J  h e i g h t s  m a y  c r e a t e  u n w a n t e d  

h a l f  p h a s e  v a r i a t i o n s  p l a c i n g  l i g h t  i n t o  o t h e r  o r d e r s ,  o r  

s p r e a d i n g  l i g h t  b e t w e e n  t h e  t w o  b i f o c a l  foci. E d w a r d s  

a n d  F r e e m a n  (1989) c a l c u l a t e d  t h a t  s i g n i f i c a n t  r e d u c t i o n s  

i n  t h e  h e i g h t  o f  t h e  f i r s t  D Z J  m a r k e d l y  r e d u c e d  o p t i c a l  

p e r f o r m a n c e  ( m o d u l a t i o n  t r a n s f e r  f u n c t i o n )  o f  d i f f r a c t i v e  

BCL.
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Figure 4.1-7 Measured D Z J  height varied with nominal D Z J  height of soft 
diffractive BCL. As expected the DZ J  height of the hydrated soft B C L  were 
greater than the nominal D Z J  height.
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Figure 4.1-8 DZJ width versus DZJ height. The DZJ width is a measure of the 
finite tool effect, which was expected to vary with DZJ height and tool shape (dotted 
line). This is shown for rigid diffractive BCL manufactured with (a) 250 jum; and
(b) 100 iim  round diamond tool. Note the difference in scale.
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Diffractive Zone Junction Width

T h e  w i d t h  o f  t h e  D Z J  r e p r e s e n t s  t h e  " f i n i t e  t o o l  e f f e c t "  

( s e c t i o n  1 . 2 . 3 ) .  A s  s h o w n  i n  Figure 4 .1 -8 , t h i s  v a r i e d  w i t h  

t o o l  s h a p e  a n d  D Z J  h e i g h t  a s  e x p e c t e d  b y  c a l c u l a t i o n .  

T h e r e  w a s  a n  a p p a r e n t  t e n d e n c y  t o  u n d e r e s t i m a t e  t h e  D Z J  

w i d t h  ( c o m p a r e d  t o  t h e  c a l c u l a t e d  v a l u e ) , w h i c h  w a s  m o s t  

p r o b a b l y  d u e  t o  t h e  d i f f i c u l t y  in d e t e r m i n i n g  t h e  p r e c i s e  

l o c a t i o n  o f  t h e  c o m m e n c e m e n t  a n d  c o n c l u s i o n  o f  t h e  DZJ.

Diffractive Zone Annulus Width

R i g i d  D i f f r a c t i v e  B C L

Figure 4.1-9 s h o w s  t h a t  t h e  m e a s u r e d  D Z A  w i d t h  w a s  as 

e x p e c t e d  (Equation 1.2-1) . T h e r e  w a s  n o  c o n s i s t e n t  v a r i a t i o n  

b e t w e e n  BCL. A s  t h e  m a x i m u m  e r r o r  in t h e  o p t i c a l  p o w e r  

o f  t h e  d i f f r a c t i v e  f o c i  (Equation 1.2-1) e x p e c t e d  f r o m  t h e  

m e a s u r e d  D Z A  w i d t h s  w a s  l e s s  t h a n  0 . 1 2  5 D i o p t r e ,  t h e  B C L  

w e r e  c o n s i d e r e d  a c c e p t a b l e .  P o l i s h i n g  h a d  n o  e f f e c t  u p o n  

D Z A  w i d t h .

S o f t  D i f f r a c t i v e  B C L

T h e  t h r e e  m e a s u r e d  s o f t  d i f f r a c t i v e  B C L  h a d  a 2 . 5  D i o p t r e  

A d d  a n d  h e n c e  t h e  D Z A  w i d t h s  w e r e  e x p e c t e d  t o  d i f f e r  f r o m  

t h e  r i g i d  d i f f r a c t i v e  B C L  w h i c h  a l l  h a d  a 2 . 0 0  D i o p t r e  

A d d .  A s  s h o w n  in Figure 4.1-10, a s  e x p e c t e d ,  t h e  D Z A  w i d t h s  

o f  t h e  h y d r a t e d  s o f t  B C L  w e r e  l a r g e r  t h a n  t h e  d r y  s o f t  

BCL.

- page 160 -



350

'g  300

5

5
<
N
Q
■o
©
L_

3v>
®
E

250

200

150

1 0 0 -«----------------------------------- 1---------------------------------------1------------------------------------------- 1------------------------------------1------------------------------------- 1
0 2 4 6 8 10

DZA number

Figure 4.1-9 The measured diffractive zone annulus (DZA) width of rigid 
diffractive BCL was similar to the expected values (dotted line).

O dry ♦  hydrated

Figure 4.1-10 The measured diffractive zone annulus (DZA) width of soft 
diffractive BCL was similar to the expected values (dotted line) for the hydrated 
BCL, but, as expected, the DZA widths of the dry soft BCL were smaller.



RESULTS

S u r f a c e  E f f e c t s

F r i n g e  A p p e a r a n c e  G r a d i n g  S c a l e

T h e  d i s t r i b u t i o n  o f  f r i n g e  a p p e a r a n c e  g r a d e s  ( s e c t i o n

3 . 1 . 2 )  is s h o w n  in Figure 4.1-11 f o r  t h e  d i f f e r e n t  

d i f f r a c t i v e  B C L  t y p e s  a n d  t o o l s .  T h e  m a j o r i t y  o f  B C L  

w e r e  g r a d e  1 o r  2 (<0.07 /xm o r  0 . 0 7  t o  0 . 1 4  /xm) . O n l y

o n e  r i g i d  B C L  w i t h  e a c h  o f  t h e  50 /xm r o u n d  a n d  2 5 0  /xm 

f l a t t e d  t o o l s  w a s  e x a m i n e d ,  b u t  b o t h  o f  t h e s e  w e r e  r a t e d  

a s  g r a d e  3 ( 0 .15 t o  0 . 2 7  /xm) . V i r t u a l l y  a l l  t h e  p o l i s h e d  

r i g i d  B C L  w e r e  r a t e d  a s  g r a d e  0. Figure 4.1-12 s h o w s  a n  

i n t e r f e r e n c e  m i c r o g r a p h  o f  t h e  B C L  r a t e d  g r a d e  4 

( v a r i a t i o n s  > 0 . 2 7  /xm i.e. 1 f r i n g e  w i d t h ) .

T h e  f r i n g e  a p p e a r a n c e  i n d i c a t e d  t h e  g u a l i t y  o f  t h e  

m a c h i n e d  B C L  s u r f a c e  w h i c h  c o u l d  b e  a f f e c t e d  b y  t h e  s h a p e  

o f  t h e  d i a m o n d  t o ol, d a m a g e  o r  w e a r  t o  t h e  t o o l ,  s p e e d  of 

l a t h e  r o t a t i o n ,  m a t e r i a l  q u a l i t i e s  a n d  m o v e m e n t s  (e.g. 

v i b r a t i o n )  in t h e  l a t h e .  A s  t h e  m a t e r i a l  a n d  t h e  l a t h e  

w e r e  t h e  s a m e  f o r  a l l  BCL, t h e  c h a n g e s  in s u r f a c e  q u a l i t y  

n o t e d  p r o b a b l y  r e l a t e  t o  t h e  d i a m o n d  t o o l .

C h a n g e s  in s u r f a c e  q u a l i t y  o f  u p  t o  a q u a r t e r  w a v e l e n g t h  

( g r a d e  2) f a l l  w i t h i n  t h e  R a y l e i g h  c r i t e r i a .  T h i s  

t h e o r e t i c a l  c o n s i d e r a t i o n  o f  a q u a r t e r  w a v e l e n g t h  w a s  

c o n t r i v e d  w i t h  r e g a r d s  l a r g e  s c a l e  b u t  s m a l l  d e v i a t i o n s  

f r o m  t h e  r e q u i r e d  s u r f a c e  in e.g. a t e l e s c o p e  l e n s .  A  

s u r f a c e  w i t h  n u m e r o u s  s m a l l  c h a n g e s  in r e l a t i v e  p o s i t i o n  

m a y  r e s u l t  in i n c r e a s e d  s c a t t e r .  I t  w a s  e x p e c t e d  t h a t  

i n c r e a s e d  s c a t t e r  w o u l d  n o t  b e  d e t e c t e d  b y  M T F
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Figure 4.1-11 The distribution of fringe appearance grade (Table 3.1-1) for the 
different diffractive BCL types and tools.

Figure 4.1-12 An interference micrograph of the BCL rated grade 4 (variations 
>0.27 j L i m  i.e. 1 fringe width).
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m e a s u r e m e n t s  d u e  t o  c e r t a i n  a s s u m p t i o n s  m a d e  i n  t h e  

c a l c u l a t i o n  o f  M T F ,  b u t  m i g h t  r e s u l t  i n  a r e d u c e d  v i s u a l  

p e r f o r m a n c e .

A  s i g n i f i c a n t  (p < 0.001) r e d u c t i o n  i n  t h e  o p t i c a l  

p e r f o r m a n c e  ( a v e r a g e  MTF) w i t h  w o r s e n i n g  f r i n g e  

a p p e a r a n c e ,  a s  s h o w n  in Figure 4.1-13, w a s  f o u n d .  T h i s  w a s  

a p p a r e n t  a t  a l l  s p a t i a l  f r e q u e n c i e s .  V i s u a l  p e r f o r m a n c e  

m e a s u r e s  d i d  n o t  d e m o n s t r a t e  t h i s  t r e n d .  T h e  r e d u c t i o n  

i n  o p t i c a l  p e r f o r m a n c e  m a y  h a v e  b e e n  d u e  t o  o t h e r  

c h a r a c t e r i s t i c s  o f  t h e  B C L  w h i c h  w e r e  u n c o n t r o l l e d  (e.g. 

a v e r a g e  D Z J  h e i g h t  v a r i e d  b e t w e e n  t h e  g r o u p s ) .
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Figure 4.1-13 Optical performance (average M T F )  reduced with increasing 
surface roughness (fringe appearance grade). Other aspects of B C L  design 
were not equal between the groups, and as an example, the average DZJ 
height varied between the groups.

I r r e g u l a r i t i e s  a t  t h e  D i f f r a c t i v e  Z o n e  J u n c t i o n  

T h e  s h a p e  o f  t h e  D Z J  v a r i e d  b e t w e e n  BCL, w i t h  s o m e  B C L  

h a v i n g  a c o n s i s t e n t l y  w e l l  f o r m e d  DZJ, w h i l s t  t h e  D Z J  

s h a p e  o f  o t h e r  B C L  v a r i e d  b e t w e e n  DZJ. I r r e g u l a r  D Z J  

s h a p e  w a s  m o s t  c o m m o n  a n d  l a r g e s t  f o r  t h e  f i r s t  DZJ.
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T y p i c a l l y  t h e  i r r e g u l a r i t y  a t  t h e  D Z J  w o u l d  v a r y  a t  

d i f f e r e n t  p o i n t s  a r o u n d  t h e  c i r c u m f e r e n c e  o f  t h e  DZJ.

T h e  D Z J  i r r e g u l a r i t y  w a s  c r e a t e d  a s  t h e  l a t h e  a l t e r e d  

l o c a t i o n  t o  p r o d u c e  t h e  DZJ. I n a c c u r a t e  r e l o c a t i o n  of 

t h e  B C L  s u r f a c e  l a t e r a l l y  c o u l d  r e s u l t  in a " r i d g e "  if 

t h e  p o s i t i o n  o f  t h e  t o o l  w h e n  it c o m m e n c e d  t h e  n e w  z o n e  

w a s  s l i g h t l y  b e y o n d  t h e  p o i n t  f r o m  w h i c h  it w a s  w i t h d r a w n  

(Figure 3.1-4a) . A  f a i l u r e  t o  a c c u r a t e l y  r e l o c a t e  t h e  B C L

s u r f a c e  v e r t i c a l l y  c o u l d  r e s u l t  in a v a r i a t i o n  in D Z J  

h e i g h t  f r o m  t h a t  r e q u i r e d ,  b u t  if o n l y  m o m e n t a r y  c o u l d  

r e s u l t  in a " g r o o v e "  (Figure 3.1-4b) . T h e  " g r o o v e "  a t  t h e  

l o w e r  e d g e  o f  t h e  D Z J  w a s  m o s t  c o m m o n .

N o  c o n s i s t e n t  e f f e c t  o f  t h e  D Z J  i r r e g u l a r i t y  u p o n  o p t i c a l  

o r  v i s u a l  p e r f o r m a n c e  w a s  n o t e d .  T h i s  m a y  b e  r e l a t e d  t o  

t h e  l i m i t e d  f i e l d  o f  v i e w  o f  t h e  i n t e r f e r o m e t r i c  

t e c h n i q u e ,  s u c h  t h a t  t h e  m e a s u r e m e n t  a t  a s i n g l e  p o i n t  

m a y  n o t  r e p r e s e n t  t h e  o v e r a l l  e f f e c t  a t  a p a r t i c u l a r  DZJ.

4.2 Optical Performance

4 . 2 . 1  I N T R O D U C T I O N

T h i s  s e c t i o n  c o n s i d e r s  t h e  p e r f o r m a n c e  o f  t h e  M o d u l a t i o n  

T r a n s f e r  F u n c t i o n  (MTF) m e a s u r e m e n t  e q u i p m e n t  ( s e c t i o n

4 . 2 . 2 ) ,  t h e  o p t i c a l  p e r f o r m a n c e  ( m e a s u r e d  i n  t e r m s  o f  t h e  

L i n e  S p r e a d  F u n c t i o n  ( L S F ) , M T F  a n d  C r i t i c a l  F r e q u e n c y
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(CF : s e c t i o n  3.2) o f  t h e  e x p e r i m e n t a l  r i g i d  r e f r a c t i v e  

( s e c t i o n  4 . 2 . 3 ) ,  r i g i d  d i f f r a c t i v e  ( s e c t i o n  4 . 2 . 4 )  a n d  

s o f t  d i f f r a c t i v e  ( s e c t i o n  4.2 . 5 )  BCL, a n d  t w o  

c o m m e r c i a l l y  a v a i l a b l e  d i f f r a c t i v e  B C L  ( s e c t i o n s  4 . 2 . 4  

a n d  4 . 2 . 5 ) .  M o r e  t h a n  1 8 0 0  s e p a r a t e  M T F  m e a s u r e m e n t s  

w e r e  m a d e ,  e a c h  a t  16 s p a t i a l  f r e q u e n c i e s .  H e n c e  it w a s  

n o t  p o s s i b l e  t o  p r e s e n t  a l l  t h e  d a t a ,  and, w h e r e  

a p p r o p r i a t e ,  e x a m p l e s ,  t y p i c a l l y  o f  a v e r a g e d  d a t a ,  h a v e  

b e e n  u s e d  t o  i l l u s t r a t e  i m p o r t a n t  a s p e c t s  o f  t h e  d a t a .  

A n a l y s i s  o f  V a r i a n c e  (ANOVA) w a s  u s e d  t o  i n v e s t i g a t e  t h e  

i n f l u e n c e  o f  t h e  m a n i p u l a t e d  v a r i a b l e s .  M u l t i p l e

R e g r e s s i o n  A n a l y s i s  (MRA) w a s  u s e d  t o  f u r t h e r  i n v e s t i g a t e  

t h e  o f t e n  c o m p l e x  r e l a t i o n s h i p s .  E m p i r i c a l  m o d e l s ,  

e x p r e s s e d  as p o l y n o m i a l  e q u a t i o n s  w e r e  d e v e l o p e d  t o  a l l o w  

t h e  p r e d i c t i o n  o f  o p t i m a l  B C L  d e s i g n s .

4 . 2 . 2  S Y S T E M  P E R F O R M A N C E

A p e r t u r e  S i z e  a n d  W a v e l e n g t h

Figure 4.2-1 s h o w s  t h e  M T F  m e a s u r e d  w i t h  n o  e x p e r i m e n t a l  C L  

in s i t u  f o r  a p e r t u r e s  f r o m  2 t o  6 m m  a t  5 4 8  nm. S i m i l a r  

v a r i a t i o n s  w i t h  a p e r t u r e  w e r e  f o u n d  w i t h  t h e  o t h e r  

f i l t e r s .  T h e  i m p r o v e m e n t  in M T F  w i t h  i n c r e a s i n g  a p e r t u r e  

w a s  e x p e c t e d  ( F r e e m a n ,  199 0) . Figure 4.2-2 s h o w s  t h e  s l i g h t  

v a r i a t i o n  in M T F  w i t h  w a v e l e n g t h .  T h e s e  r e s u l t s  s h o w  t h e  

o p t i c a l  l i m i t s  o f  t h e  e x p e r i m e n t a l  a p p a r a t u s  a n d  p r o v e d  

t o  b e  v i r t u a l l y  i n d i s t i n g u i s h a b l e  f r o m  t h e  c a l c u l a t e d  

d i f f r a c t i o n  l i m i t  o f  t h e  s y s t e m .  R e s u l t s  w i t h  s i n g l e
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° 4 mm ■ 5 mm O 6 mm

Figure 4.2-1 The variation in MTF with aperture for the system including the wet 
cell and the 548 nm interference filter but no experimental BCL.

°  573 nm ■ 599 nm O 667 nm

Figure 4.2-2 The variation in MTF with wavelength for the system and the 
experimental interference filters (3.2 mm aperture).
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v i s i o n  C L  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( G r a y  a n d  

S h e r i d a n ,  1988) .

Bifocal Contact Lenses

T h e  M T F  m e a s u r e d  w i t h  c e n t r e  n e a r  (CN) r e f r a c t i v e  B C L  is 

s h o w n  in Figure 4.2-3 a n d  w i t h  d i f f r a c t i v e  B C L  i n  Figure 4 .2-4. 

A s  d e s c r i b e d  p r e v i o u s l y  ( s e c t i o n  1.2) t h e  M T F  w a s  r e d u c e d  

c o m p a r e d  t o  a s i n g l e  v i s i o n  CL.

Repeatability

A  t y p i c a l  e x a m p l e  o f  f i v e  r e p e t i t i o n s  o f  t h e  M T F  

m e a s u r e m e n t  is s h o w n  in Figure 4 .2-5. T o  a s s e s s  t h e  o v e r a l l  

r e p e a t a b i l i t y ,  75 d i f f e r e n t  r i g i d  d i f f r a c t i v e  BCL, w e r e  

m e a s u r e d ,  a t  5 4 8  nm, a t  d i s t a n c e  a n d  n e a r ,  t w i c e  o n  

s e p a r a t e  o c c a s i o n s  (at l e a s t  d a y s  a p a r t )  . Figure 4.2-6 s h o w s  

t h a t  t h e  d i f f e r e n c e  in m o d u l a t i o n  b e t w e e n  t e s t  a n d  r e t e s t  

w a s  g r e a t e r  a t  h i g h e r  a v e r a g e  m o d u l a t i o n  a n d  l o w e r  

s p a t i a l  f r e q u e n c y .  T h e  t e s t - r e t e s t  r e p e a t a b i l i t y  

c o e f f i c i e n t s  ( s e c t i o n  3.7) a r e  s h o w n  i n  Figure 4 .2 -7 . T h e  

m a n u f a c t u r e r  q u o t e d  a n  e r r o r  o f  1% ( e q u i v a l e n t  t o  a 

r e p e a t a b i l i t y  c o e f f i c i e n t  o f  0 . 0 1  m o d u l a t i o n )  f o r  M T F  

m e a s u r e m e n t .  T h u s  w i t h  BCL, a d e g r a d e d  o p t i c a l  image, 

t h e  r e p e a t a b i l i t y  w a s  w o r s e  t h a n  e x p e c t e d  w i t h  al l  

s p a t i a l  f r e q u e n c i e s  e x a m i n e d .

T h e  r e p e a t a b i l i t y  c o e f f i c i e n t  o f  C F  w a s  f o u n d  t o  b e  

± 1 2 . 8  c . p . d .  (n =  150), a n d  t h e r e  w a s  a s l i g h t  t e n d e n c y  

f o r  g r e a t e r  v a r i a n c e  a t  l a r g e r  v a l u e s  o f  CF.
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4.2-3 The mean MTF for centre near refractive BCL (2.6 mm COZD) over a 
aperture (s.d. reduces from 0.041 at 4 c.p.d. to 0.004 at 66 c.p.d.; n = 6).

■ Distance ° Near
Figure 4.2-4 The mean MTF for rigid diffractive BCL (2.0 /xm DZJ height; 250 /zm 
tool) over a 3.5 mm aperture with the 548 nm interference filter (s.d. reduces from 
0.063 at 4 c.p.d. to 0.016 at 66 c.p.d.; n = 18).
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Spatial Freq. (cpd)
•  30.8.90 ■ 31.8.90 ♦  6.9.90
o 7.9.90 a 12.9.90

Figure 4.2-5 Five repetitions, on separate days, of MTF measurement of the 
distance focus of a rigid diffractive BCL (2.6 nm DZJ height, 250 /¿m tool).

Correlation between spatial frequencies

T h e  c o r r e l a t i o n  (R2) , f o r  a l l  M T F  m e a s u r e m e n t s  w i t h  B C L  (n 

=  18 0 2 ) ,  b e t w e e n  e a c h  o f  t h e  16 s p a t i a l  f r e q u e n c i e s  w a s  

v e r y  h i g h  ( r a n g e  : R 2 =  0 . 9 9 6  b e t w e e n  a d j a c e n t  s p a t i a l  

f r e q u e n c i e s ,  t o  R 2 =  0 . 6 8 0  b e t w e e n  t h e  m o s t  d i s t a n t

s p a t i a l  f r e q u e n c i e s ) . P r i n c i p a l  c o m p o n e n t  a n a l y s i s

i n d i c a t e d  t h a t  t h e  m e a s u r e d  m o d u l a t i o n  c o u l d  b e  

r e p r e s e n t e d  b y  a s i n g l e  c o m p o n e n t  (i.e. t h e  m e a s u r e d  M T F  

d i d  n o t  c o n t a i n  s e p a r a t e  s p a t i a l  f r e q u e n c y  c o m p o n e n t s ) .

4.2.3 REFRACTIVE BIFOCAL CONTACT LENSES

T h e  o p t i c a l  p e r f o r m a n c e  w i t h  r e f r a c t i v e  B C L  w a s  f i r s t l y  

e x a m i n e d  w i t h  t h e  B C L  c e n t r e d  o v e r  t h e  a p e r t u r e  ( p u p i l ) ; 

a n d  s e c o n d l y  w i t h  t h e  B C L  d e c e n t r e d  o v e r  t h e  a p e r t u r e .  

D a t a  w i t h  c e n t r e d  r e f r a c t i v e  B C L  were, a n a l y s e d  w i t h  A N O V A .  

S i n c e  n o t  a l l  c o m b i n a t i o n s  o f  C O Z D ,  a p e r t u r e  a n d
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Figure 4.2-6 Test-retest versus average modulation. The spread of the test-retest 
difference increased with average modulation (distance and near at 16 spatial 
frequencies) for 75 different rigid diffractive BCL (n = 75 x 2 x 16).
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Figure 4.2-7 The variation in the repeatability coefficient (2 x standard deviation) 
with spatial frequency.



RESULTS

d e c e n t r a t i o n  w e r e  s t u d i e d ,  A N O V A  o f  r e s t r i c t e d  d a t a  w a s  

u s e d  as a p r e l i m i n a r y  s t e p  p r i o r  t o  M R A .  T h e  M R A  

e q u a t i o n s  a l l o w e d  t h e  p r e d i c t i o n  o f  t h e  o p t i m a l  C O Z D  f o r  

a g i v e n  a p e r t u r e ,  d e c e n t r a t i o n  a n d  s p a t i a l  f r e q u e n c y .  

T h e  e q u a t i o n s  w e r e  a l s o  u s e d  t o  p r e d i c t  v i s u a l  

p e r f o r m a n c e  b y  i n c o r p o r a t i n g  t h e  m e a s u r e d  p u p i l  s i z e  a n d  

o n - e y e  B C L  d e c e n t r a t i o n  in s e c t i o n  4 . 6 . 1 .

Centred Refractive Bifocal Contact Lenses : Aperture 

Size and Central Optic Zone Diameter

T h e  M T F  a n d  C F  v a r i e d  w i t h  a p e r t u r e  s i z e  a n d  w i t h  C O Z D  at 

b o t h  d i s t a n c e  a n d  n e ar. A s  e x a m p l e s ,  t h i s  is s h o w n  in 

Figure 4.2-8 f o r  t h e  2. 6  m m  C O ZD, a n d  in Figure 4.2-9 f o r  t h e  

4 m m  a p e r t u r e .

T h e  r e l a t i o n s h i p  b e t w e e n  l e n s  d e s i g n  (CD o r  C N ) , v e r g e n c e  

( d i s t a n c e  o r  n e a r ) , C O Z D  (D) , a p e r t u r e  (P) a n d  s p a t i a l  

f r e q u e n c y  (F) w a s  i n i t i a l l y  e x a m i n e d  w i t h  A N O V A .  T h i s  

i n d i c a t e d  t h a t  t h e r e  w a s  a s i g n i f i c a n t  d i f f e r e n c e  (p < 

0 . 0 0 1 )  b e t w e e n  C D  a n d  C N  l e n s  o p t i c a l  p e r f o r m a n c e  if t h e  

C O Z  a n d  P O Z  w e r e  c o n s i d e r e d  (i.e. t h e  d i s t a n c e  f o c a l

p e r f o r m a n c e  w i t h  a C D  l e n s  w a s  t h e  s a m e  a s  t h e  n e a r  f o c a l  

p e r f o r m a n c e  w i t h  a C N  lens) . T h e  C D  B C L  w e r e

s i g n i f i c a n t l y  b e t t e r  w i t h  b o t h  C O Z  a n d  P O Z  f o r m i n g  t h e  

f o c u s  a s  s h o w n  in Figure 4.2-10 (p < 0 . 0 0 1 ) .  W h i l s t  t h e

s t a n d a r d  e r r o r s  w e r e  v e r y  sma l l ,  a l l o w i n g  s i g n i f i c a n t  

d i f f e r e n c e s  t o  b e  d e m o n s t r a t e d  b e t w e e n  t h e  B C L  t y p e s ,  t h e  

s t a n d a r d  d e v i a t i o n s  w e r e  l a r g e r  t h a n  t h e  a c t u a l  v a l u e s  of 

t h e  a v e r a g e  m o d u l a t i o n .  I n  a d d i t i o n ,  t h e r e  w e r e  n o
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(a ) COZ

° 5 mm ■ 6 mm

(b) POZ

° 5  mm ■ 6 mm

Figure 4.2-8 The variation in MTF with changes in aperture for refractive BCL 
with a 2.6 COZD and (a) the COZ forming the focus or (b) the POZ forming the 
focus.



(a ) COZ

° 3 .0  mm ■ 3 .4  mm

(b) POZ

° 3 .0  mm ■ 3 .4  mm

Figure 4.2-9 The variation in MTF with changes in the COZD of refractive BCL 
over a 4 mm aperture and (a) the COZ forming the focus or (b) the POZ forming 
the focus.



RESULTS

s i g n i f i c a n t  h i g h e r  o r d e r  i n t e r a c t i o n s  w h i c h  i n c l u d e d  

t h e s e  t w o  f a c t o r s  (lens d e s i g n  a n d  v e r g e n c e ) . H e n c e ,  f o r  

t h e  p u r p o s e s  o f  t h i s  a n a l y s i s  t h e  e f f e c t  w a s  n o t  

c o n s i d e r e d  i m p o r t a n t .  R e m o v a l  o f  t h e s e  i n t e r a c t i o n s  f r o m  

t h e  A N O V A  s i g n i f i c a n t l y  r e d u c e d  t h e  c o m p l e x i t y  o f  t h e  

a n a l y s i s .  T h u s  it w a s  s a t i s f a c t o r y  t o  o n l y  c o n s i d e r  t h e  

o p t i c  o f  t h e  l e n s  w h i c h  is i n - f o c u s  b y  c o m b i n i n g  t h e  

f a c t o r s  l e n s  d e s i g n  a n d  v e r g e n c e  t o  f o r m  t h e  f a c t o r  O p t i c  

(0) , w h i c h  w a s  c r o s s e d  w i t h  t h e  o t h e r  f a c t o r s .  R e s u l t s  

o f  t h e  A N O V A  a r e  g i v e n  in Appendix 5 (A 5-1) .
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Figure 4.2-10 The average modulation of all centre near (CN) and all centre 

distance (CD) refractive B C L  with the peripheral optic zone (POZ) and the 
central optic zone (COZ) forming the focus. The differences shown were 

significant (p < 0.001; standard error varied from 0.007 to 0.008 as n = 1148 

to 1561). Error bars represent standard deviation.

A l l  f a c t o r s  a n d  i n t e r a c t i o n s  w e r e  h i g h l y  s i g n i f i c a n t  (p < 

0 . 0 0 1 ) .  A s  e x p e c t e d ,  t h e  i n t e r a c t i o n  O  x  D  c o n f i r m e d  

t h a t  a s  C O Z D  i n c r e a s e d  t h e  M T F  o f  t h e  i m a g e  f o r m e d  w i t h  

t h e  C O Z  i n - f o c u s  i m p r o v e d  w h i l e  t h e  M T F  f o r m e d  w i t h  t h e  

P O Z  i n - f o c u s  r e d u c e d  a n d  v i c e - v e r s a  (Figure 4.2-9) .
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S i m i l a r l y  t h e  i n t e r a c t i o n  0  x  P c o n f i r m e d  t h e  e f f e c t  of 

t h e  c h a n g e s  in a p e r t u r e  s h o w n  in Figure 4 .2 -8 . T h e  

i n t e r a c t i o n  0  x  D  x  P  i n d i c a t e d  t h a t  t h e  c h a n g e s  i n  C O Z D  

v a r i e d  w i t h  a p e r t u r e .  C h a n g e s  in M T F  w i t h  s p a t i a l  

f r e q u e n c y  ( i n t e r a c t i o n s  O x F ;  O x D x F ;  O x P x F )  a r e  

a l s o  i l l u s t r a t e d  in Figures 4.2-3, 4.2-8 and 4 .2 -9 , w h e r e  a t  l o w e r  

s p a t i a l  f r e q u e n c i e s  t h e  M T F  w i t h  P O Z  f o r m i n g  t h e  f o c u s  

w e r e  b e t t e r ,  w h i l s t  t h i s  w a s  r e v e r s e d  a t  h i g h e r  s p a t i a l  

f r e q u e n c i e s .

Centred Refractive Bifocal Contact Lenses : A  model 

for changes in MTF

A n  e m p i r i c a l  m o d e l  f o r  c h a n g e s  in M T F  w a s  d e v e l o p e d ,  

u s i n g  MRA, t o  a l l o w  t h e  p r e d i c t i o n  o f  t h e  M T F  w i t h  a 

g i v e n  COZD, a p e r t u r e  a n d  s p a t i a l  f r e q u e n c y .  T h i s  w o u l d  

t h e n  a l l o w  p r e d i c t i o n  o f  a n  o p t i m a l  C O Z D  ( e q u a l  d i s t a n c e  

a n d  n e a r  o p t i c a l  p e r f o r m a n c e )  w h i c h  c a n  b e  c o m p a r e d  to 

t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s .  T h e  d e v e l o p m e n t  o f  t h e  

m o d e l  is g i v e n  in Appendix 6 .

T h e  f i n a l  M R A  m o d e l  o f  o p t i c a l  p e r f o r m a n c e  i n c l u d e d  

v a r i a t i o n s  in t h e  M T F  w i t h  a l l  f i v e  a v a i l a b l e  C O Z D  o v e r  

a p e r t u r e s  f r o m  2 m m  t o  6 mm. T h e  e q u a t i o n s  w e r e  :

for central optic zone :
mod = 1 - 0.2 sf + 0.01 sf - 0.7 s f '1 ,+ 0.1 sf- ,

+ aperture x ( 0.06 sf + 0.002 sf - 0.3 sf- - 0.3 sf - 0.006 sf” )
+ COZD x ( 0.03 sf - 0.003 sf + 0.2 s f  + 0.4 sf" - 0.2 sf- )
+ COZD x aperture x ( 0.005 sf - 0.0005 sf2 )

for peripheral optic zone :
mod = 1 - 0.3 sf + 0.03 sf2 - 0.9 s f ,  + 0.3 sf-3,

+ aperture x (0.05 sf - 0.004 sf + 0.2 sf - 0.06 sf” )
+ COZD x (0.05 sf - 0.004 sf2 - 0.6 s f '1 + 0.7 sf"2 - 0.2 sf"3)
+ COZD x aperture x (- 0.01 sf + 0.001 sf )
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(adjusted R 2 = 0.949; s.e. = 0.062; n = 5449; p < 0.0001).

W h e r e  t h e  m o d u l a t i o n (mod) is g i v e n in t e r m s  o f t h e

s p a t i a l  f r e q u e n c y  (sf) F u l l d e t a i l s o f t h e  M R A h a v e

b e e n  i n c l u d e d  i n  Appendix 5 (A 5 -2 ). S u c h  c o m p l e x  e q u a t i o n s  

w e r e  r e q u i r e d  d u e  t o  t h e  s h a p e  o f  t h e  M T F  (the s f  t e r m s  

g i v e  a n  e v e n  s p r e a d  o f  r e s i d u a l s )  a n d  t h e  i n t e r a c t i o n s  

b e t w e e n  C O ZD, a p e r t u r e  a n d  s p a t i a l  f r e q u e n c y  ( A N O V A ) . 

T h o u g h  s i m p l e r  M R A  e q u a t i o n s  w e r e  p o s s i b l e ,  a s  t h e  

e q u a t i o n s  w e r e  t o  b e  u s e d  f o r  p r e d i c t i o n  o f  o p t i c a l  

p e r f o r m a n c e ,  t h e  l a r g e  n u m b e r  o f  t e r m s  w a s  r e t a i n e d .

T h e  M R A  e q u a t i o n s  w e r e  t e s t e d  b y  c o m p a r i n g  t h e  a c t u a l  

d a t a  a n d  p r e d i c t e d  M T F  f o r  a r b i t r a r i l y  c h o s e n  

c o m b i n a t i o n s  o f  C O Z D  a n d  a p e r t u r e .  E x a m p l e s  a r e  g i v e n  in 

Figure 4 .2-11. T h e  M R A  p r e d i c t i o n  o f  t h e  M T F  f o r  t h e  1.8 m m  

C O Z D  o v e r  a 2 m m  a p e r t u r e  w a s  l e s s  c o n v i n c i n g  t h a n  t h e  

o t h e r  t w o  e x a m p l e s .  T h i s  e x a m p l e  w a s  a t  t h e  v e r y  l i m i t s  

o f  t h e  r a n g e  o f  C O Z D  a n d  a p e r t u r e  c o m b i n a t i o n s ,  a n d  

f u r t h e r  e x a m i n a t i o n  i n d i c a t e d  t h a t  o t h e r  c o m b i n a t i o n s  

w e r e  g e n e r a l l y  b e t t e r .

T h e  s o l u t i o n  o f  t h e s e  e q u a t i o n s  f o r  e q u a l  m o d u l a t i o n  w i t h  

f o c u s  b y  t h e  C O Z  a n d  b y  t h e  P O Z  (eq u a l  d i s t a n c e  a n d  near) 

s h o w e d  a v a r i a t i o n  in t h e  o p t i m a l  C O Z D  w i t h  a p e r t u r e  a n d  

s p a t i a l  f r e q u e n c y  w h i c h  is d e m o n s t r a t e d  in Figure 4.2-12. A s  

s u g g e s t e d  b y  e x a m i n a t i o n  o f  Figure 4.2-3 a n d  e a r l i e r  r e p o r t s  

( O ' N e i l l ,  1956) t h e  p r e d i c t e d  o p t i m a l  C O Z D  w a s  s m a l l e r  

f o r  m e d i a n  t h a n  l o w  o r  h i g h  s p a t i a l  f r e q u e n c i e s .
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(a ) COZD = 1 .8  mm; aperture = 2 mm

•  POZ meas ♦  COZ meas

(b) COZD = 2.6 mm; aperture = 6 mm

•  POZ meas ♦  COZ meas

(c ) COZD = 3.4 mm; aperture = 5 mm

— - POZ pred —  COZ pred
•  POZ meas ♦  COZ meas

Figure 4.2-11 Evaluation of the MRA equations for centred refractive BCL. 
Predicted MTF (open) versus measured MTF (filled) with the COZ (diamond) or the 
POZ (circle) forming the focus for arbitrarily chosen combinations of COZD and 
aperture (a) COZD = 1.8 mm, aperture = 2 mm; (b) COZD = 2.6 mm, aperture = 6 
mm; and (c) COZD = 3.4 mm, aperture = 5 mm.



RESULTS

Figure 4.2-12 The optimal C O Z D  (equal distance and near) of refractive 

B C L  over different apertures which is predicted by the M R A  equations varies 
slightly with spatial frequency, (s.e. = 0.087)

Decentred Refractive Bifocal Contact Lenses: 

Aperture size, COZD and décentration

E a c h  o f  f o u r  2 . 6  m m  C O Z D  B C L  w e r e  p r o g r e s s i v e l y  d e c e n t r e d  

a c r o s s  3, 4 a n d  5 m m  a p e r t u r e s ,  a n d  f o u r  1.8 m m  C O Z D  a n d  

f o u r  3.4 m m  C O Z D  B C L  w e r e  d e c e n t r e d  o v e r  a 4 m m  a p e r t u r e .  

A n  e x a m p l e  o f  t h e  e f f e c t  o f  d é c e n t r a t i o n  u p o n  t h e  

m e a s u r e d  L S F  is s h o w n  in Figures 4.2-13 a n d  4.2-14. W i t h  

i n c r e a s i n g  d é c e n t r a t i o n ,  as s h o w n  in Figure 4 .2-15, t h e r e  w a s  

l i t t l e  c h a n g e  i n  C F  f o r  t h e  POZ, a n d  a r e d u c t i o n  f o r  t h e  

COZ. A s  s h o w n  in Figure 4.2-16, t h e  M T F  a l s o  v a r i e d  w i t h  

d é c e n t r a t i o n ,  a n d  s i m i l a r l y  t h e  r e d u c t i o n  w a s  g r e a t e r  f o r  

t h e  C O Z  t h a n  f o r  t h e  POZ. T h e  e f f e c t  o f  d é c e n t r a t i o n  

v a r i e d  w i t h  C O Z D  a n d  w i t h  a p e r t u r e  s i z e  a n d  w a s  g r e a t e s t  

w i t h  s m a l l e r  a p e r t u r e s .  T h e  e f f e c t  b e c a m e  m o r e  m a r k e d  

o n c e  t h e  C O Z  w a s  n o  l o n g e r  f u l l y  w i t h i n  t h e  a p e r t u r e ,  a n d
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(a ) COZ (b ) POZ
décentration = 0 décentration = 0

Figure 4.2-13 The measured LSF of a refractive BCL with a 2.6 mm COZD centred 
over a 4 mm aperture with (a) the COZ forming the focus or (b) the POZ forming 
the focus.

(a ) COZ (b ) POZ
décentration =  1.5 mm décentration = 1.5 mm

Figure 4.2-14 The measured LSF of a refractive BCL with a 2.6 mm COZD 
decentred 1.5 mm over a 4 mm aperture with (a) the COZ forming the focus or 
(b) the POZ forming the focus.



RESULTS

h e n c e  t h e  p r o p o r t i o n  o f  t h e  a p e r t u r e  c o v e r e d  b y  t h e  C O Z  

d e c r e a s e d  (Figure 4.2-15) .

60

60
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40

coverage
30

( % )
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Figure 4.2-15 The effect of décentration of refractive BCL. Critical 

frequency (CF) and coverage of the aperture by the C O Z  varied with 

décentration of a 2.6 m m  C O Z D  refractive B C L  over a 4 m m  aperture.

Decentred Refractive Bifocal Contact Lenses : A

model for changes in MTF

A s  a p r e l i m i n a r y  a n a l y s i s  t w o  s e p a r a t e  A N O V A  w e r e  

p e r f o r m e d  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  d é c e n t r a t i o n  u p o n

M T F  (Appendix 5 (A 5-3 )) . O n  t h e  b a s i s  o f  t h e  A N O V A ,  an 

e m p i r i c a l  m o d e l  f o r  M T F  v a r i a t i o n  w i t h  d e c e n t r a t i o n  w a s  

d e v e l o p e d  u s i n g  M R A .  T h e  e q u a t i o n s  w e r e  :

for central optic zone :
m o d  = 0.9 - 0.2 sf + 0.007 sf2 - 1.1 sf"1 +1.8 sf“2 -0.8sf-3

+ aperture x (- 0.02 - 0.02 sf + 0.002 sf 0.2 sf" 0.3 s f ,  + 0.2 sf- J 
+ decentration (- 0.06 - 0.06 sf + 0.008 sf2 - 1.1 sf"1 + 0.3 sf” + 0.1 sf" ) 
+ C O Z D  x ( 0.09 + 0.03 sf - 0.003 sf2 + 0.2 sf'1 + 0.08 sf"2 - 0.09 sf’ )
+ aperture x decentration x ( 0.07 - 0.02 C O Z D  + 0.01 sf - 0.002 sf2 

+ 0.1 sf“1 + 0.09 sf"2 - 0.1 sf"3 )
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Figure 4.2-16 The variation in MTF with décentration of a refractive BCL with a
2.6 mm COZD over a 4 mm aperture and (a )  the COZ forming the focus; or (b )
the POZ forming the focus.



(a ) COZD = 1.8 mm; aperture = 4 mm 
decentratlon = 1 .5  mm

•  POZ meas ♦  COZ meas

(b) COZD = 2.6 mm; aperture = 5 mm 
decentratlon = 1 .0  mm

•••• POZ pred —  COZ pred
•  POZ meas ♦  COZ meas

(c ) COZD = 3.4 mm; aperture = 4 mm 
decentratlon = 0.5 mm

•  POZ meas ♦  COZ meas

Figure 4.2-17 Evaluation of the MRA equations for decentred refractive BCL. 
Predicted MTF versus measured MTF with the COZ (diamond) or the POZ (circle) 
forming the focus for arbitrarily chosen combinations of COZD, aperture and 
décentration and aperture (a) COZD = 1.8 mm, aperture = 4 mm, décentration = 
1.5; (b) COZD = 2.6 mm, aperture = 5 mm, décentration = 1.0 mm; and (c) COZD = 
3.4 mm, aperture = 4 mm, décentration = 0.5 mm.



RESULTS

(a) 3 mm Aperture

*••• 0 mm —  0.5 mm 
....  1.0 mm •— 1.5 mm

(b) 4 mm Aperture

1.0 mm •— 1.5 mm

(c ) 5 mm Aperture

•••• 0 mm —  0.5 mm
....... i  o  fyyn .—  1 5  m m

Figure 4.2-18 The predicted optimal COZD of decentred refractive BCL. The 
optimal COZD (equal distance and near), was predicted by MR A equations, for (a) 
3 mm; (b) 4 mm; and (c) 5 mm apertures with the COZ decentred 0 mm, 0.5 mm, 
1.0 mm or 1.5 mm over the aperture, (s.e. = 0.052)
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for peripheral optic zone :
m o d  = 1.1 - 0.2 sf + 0.01 sf2 - 2.7 sf, + 1.8 s f ,  - 0.3 sf ,

+ aperture x ( 0.02 sf - 0.002 sf2 ,+ 0.6 sf'1 - 0.3 sf' 1 
+ décentration ( 0.07 sf - 0.009 sf2 + 1.2 sf"1 + 0.3 sf' - 0.5 sf' )
+ C O Z D  x (- 0.05 - 0.03 sf + 0.003 sf2 - 0.3 sf'r + 0.04 sf'3 )
+ aperture x décentration x (- 0.03 + 0.01 C O Z D  - 0.01 sf + 0.002 sf2

- 0.3 sf'1 + 0.08 sf' )

(adjusted multiple R 2 = 0.955; s.e. = 0.056; n = 8441, p < 0.0001)

T h e  f u l l  d e t a i l s  o f  t h e  M R A  h a v e  b e e n  i n c l u d e d  in Appendix 5 

(A 5 -4 ). T h e  M R A  e q u a t i o n s  w e r e  t e s t e d  b y  c o m p a r i n g  t h e  

a c t u a l  d a t a  a n d  p r e d i c t e d  M T F  f o r  a r b i t r a r i l y  c h o s e n  

c o m b i n a t i o n s  o f  COZD, a p e r t u r e  a n d  d é c e n t r a t i o n .  

E x a m p l e s  a r e  g i v e n  in Figure 4.2-17.

T h e  s o l u t i o n  o f  t h e s e  e q u a t i o n s  f o r  e q u a l  m o d u l a t i o n  w i t h  

f o c u s  b y  t h e  C O Z  a n d  w i t h  t h e  PO Z  is s h o w n  in Figure 4.2-18. 

T h e  v a r i a t i o n  in t h e  p r e d i c t e d  o p t i m a l  C O Z D  w i t h  s p a t i a l  

f r e q u e n c y  a l t e r e d  w i t h  d é c e n t r a t i o n ,  d u e  t o  c h a n g e s  in 

t h e  r e l a t i v e  s h a p e  o f  t h e  M T F  (COZ v  POZ) w i t h  

d é c e n t r a t i o n  w h i c h  c a n  b e  s e e n  in Figure 4.2-16, a n d  w h i c h  

w e r e  a r e s u l t  o f  c h a n g e s  in t h e  i m a g e  s h a p e  d e m o n s t r a t e d  

i n  Figures 4.2-13 and 4.2-14. H e n c e  t h e  c h o i c e  o f  a n  o p t i m a l

C O Z D  w a s  d e p e n d e n t  u p o n  t h e  a p e r t u r e  siz e ,  a n y  

d é c e n t r a t i o n  a n d  t h e  s p a t i a l  f r e q u e n c y  o f  i n t e r e s t .

4.2.4 RIGID DIFFRACTIVE BIFOCAL CONTACT LENSES

T h e  e f f e c t s  o f  a p e r t u r e  siz e ,  w a v e l e n g t h  a n d  d é c e n t r a t i o n  

u p o n  o p t i c a l  p e r f o r m a n c e  w i t h  r i g i d  d i f f r a c t i v e  B C L  w e r e  

d e m o n s t r a t e d ,  a n d  c h a n g e s  in o p t i c a l  p e r f o r m a n c e  w e r e  

u s e d  t o  d e m o n s t r a t e  t h e  v a r i a b i l i t y  o f  m a n u f a c t u r e .  T h e  

m a j o r  i n v e s t i g a t i o n  e x a m i n e d  t h e  e f f e c t  o f  v a r i a t i o n s  in
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D i f f r a c t i v e  Z o n e  J u n c t i o n  (DZJ) h e i g h t  a n d  t o o l  s h a p e  

u p o n  o p t i c a l  p e r f o r m a n c e  w i t h  A N O V A  a n d  M R A .  T h e  M R A  

e q u a t i o n s  w e r e  u s e d  t o  d e v e l o p  a n  e m p i r i c a l  m o d e l  w h i c h  

a l l o w e d  a p r e d i c t i o n  o f  t h e  o p t i m a l  D Z J  h e i g h t  (equal 

d i s t a n c e  a n d  n e a r  p e r f o r m a n c e ) .

Aperture size

A s  s h o w n  in Figure 4.2-19, t h e  M T F  o f  r i g i d  d i f f r a c t i v e  B C L  

v a r i e d  s l i g h t l y  w i t h  a p e r t u r e  s i z e  a t  b o t h  d i s t a n c e  a n d  

n e a r ,  b u t  o n l y  t h e  n e a r  M T F  w i t h  a 6 m m  a p e r t u r e  w a s  

s i g n i f i c a n t l y  d i f f e r e n t  (p < 0 . 0 0 1 ) .  T h e  o p t i c a l

p e r f o r m a n c e  o f  t h e  d i f f r a c t i v e  B C L  w o u l d  a p p e a r  t o  b e  

r e s i s t a n t  t o  c h a n g e s  in a p e r t u r e  u p  t o  t h e  5 m m  s i z e  of 

t h e  c e n t r a l  d i f f r a c t i v e  zone. C o n v e r s e l y ,  t h e  s y s t e m ,  as 

s h o w n  in Figure 4 .2 -1 , w a s  a p e r t u r e  d e p e n d e n t ,  a s  w e r e  t h e  

r e f r a c t i v e  B C L  (Figure 4.2-8) .

Wavelength

A s  s h o w n  in Figure 4.2-20, a n d  as t h e o r e t i c a l l y  p r e d i c t e d  

(Equation 1.2-3) , w i t h  i n c r e a s i n g  w a v e l e n g t h ,  t h e  M T F  o f  t h e  

d i s t a n c e  f o c u s  i n c r e a s e d  a n d  t h e  M T F  o f  t h e  n e a r  f o c u s  

d e c r e a s e d .

Decentration

A n  e x a m p l e  o f  t h e  e f f e c t  o f  d e c e n t r a t i o n  u p o n  t h e  

m e a s u r e d  L S F  is s h o w n  in Figures 4.2-21 a n d  4.2-22. T h e  M T F  

v a r i e d  w i t h  d e c e n t r a t i o n  a t  b o t h  d i s t a n c e  a n d  n e a r  as 

s h o w n  in Figure 4.2-23. T h e  r e d u c t i o n  i n  o p t i c a l  p e r f o r m a n c e  

w a s  g r e a t e r  a t  n e a r  t h a n  a t  d i s t a n c e ,  a n d  w a s  g r e a t e r
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(a ) Distance

° 4 mm ■ 5 mm o 6 mm

(b) Near

° 4 mm ■ 5  mm o 6 mm

Figure 4.2-19 The effect of changes in aperture upon the MTF with a rigid 
diffractive BCL - 2.0 /zm DZJ height, 250 /mi tool - at (a) distance; and (b) near.
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(a ) Distance

° 5 7 3  nm ■ 5 9 9  nm o 6 6 7  nm

(b) Near

° 5 7 3  nm ■ 5 9 9  nm o 6 6 7  nm

Figure 4.2-20 The variation in MTF with changes in wavelength for a rigid 
diffractive BCL - 2.6 /im DZJ height, 250 /tm tool - at (a) distance; and (b) near.
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w i t h  l a r g e r  a p e r t u r e s .  It is i n t e r e s t i n g  t o  n o t e  t h e  

c h a n g e  in t h e  s h a p e  o f  t h e  d i s t a n c e  M T F  w i t h

d e c e n t r a t i o n ,  a s  t h e r e  w a s  a m o r e  p r o n o u n c e d  r e d u c t i o n  

b e t w e e n  a b o u t  20 a n d  30 c . p . d .  w h i c h  is a p p r o x i m a t e d  t o  

6 / 6  VA. T h i s  w a s  r e l a t e d  t o  t h e  s h a p e  o f  t h e  i m a g e  (Figure

4.2-22a) .

Variability of manufacture

A s  t h e  s i g n i f i c a n c e  o f  t h e  c h a n g e s  i n  o p t i c a l  d e s i g n  

u n d e r  i n v e s t i g a t i o n  in t h i s  s t u d y  w e r e  l i m i t e d  b y  t h e  

v a r i a b i l i t y  o f  t h e  m a n u f a c t u r e  p r o c e s s ,  t h i s  w a s  e x a m i n e d  

f i r s t l y  b y  c o m p a r i n g  t w o  b a t c h e s  ( p r o d u c t i o n  r u n s

s e p a r a t e d  b y  a b o u t  s i x  m o n t h s )  o f  n o m i n a l l y  i d e n t i c a l  B C L  

(DZJ h e i g h t  2. 2  a n d  2 . 6  /urn; 25 0  /¿m r o u n d  d i a m o n d  t o o l ) .  

A N O V A  (Appendix 5 (A 5-5)) i n d i c a t e d  a s i g n i f i c a n t  d i f f e r e n c e  

b e t w e e n  t h e  t w o  b a t c h e s  (p < 0. 0 0 1 )  a n d  a s i g n i f i c a n t  

i n t e r a c t i o n  b e t w e e n  t h e  b a t c h ,  D Z J  h e i g h t  a n d  v e r g e n c e  

(p =  0.008) i n d i c a t i n g  a v a r i a t i o n  i n  t h e  r a t i o  b e t w e e n  

d i s t a n c e  a n d  n e a r  b e t w e e n  b a t c h e s .

I n  a d d i t i o n  t h e  e x p e r i m e n t a l  B C L  w i t h  a 2 . 0  ¿¿m D Z J  h e i g h t  

m a n u f a c t u r e d  w i t h  t h e  2 5 0  / m  r o u n d  d i a m o n d  t o o l  w e r e  

c o m p a r e d  t o  P i l k i n g t o n  D i f f r a x  B C L  ( w h i c h  w e r e  n o m i n a l l y  

i d e n t i c a l )  . A N O V A  (Appendix 5 (A 5 -6 )) i n d i c a t e d  a

s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  t w o  B C L  t y p e s  (p < 

0 . 0 0 1 ) ,  a n d  a s i g n i f i c a n t  i n t e r a c t i o n  b e t w e e n  t h e  B C L  

t y p e  a n d  v e r g e n c e  (p < 0 . 0 0 1 ) .  Table 4.2-1 s h o w s  t h e

v a r i a b i l i t y  in t h e  v e r g e n c e  r a t i o  ( d e f i n e d  a s  =  d i s t a n c e  

/  d i s t a n c e  + n e a r ;  w i t h  M T F  a v e r a g e d  f o r  a l l  s p a t i a l
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(a ) Distance
décentration =  0

(b ) Near
décentration = 0

Figure 4.2-21 The measured LSF of a rigid diffractive BCL - 2.0 /mi DZJ height, 
250 /mi tool - centred over a 4 mm aperture at (a) distance and (b) near.

(a ) Distance (b ) Near
décentration = 1 . 5  mm décentration = 1 . 5  mm

Figure 4.2-22 The measured LSF of a rigid diffractive BCL - 2.0 /tm DZJ height , 
250 /tm tool - decentred 1.5 mm over a 4 mm aperture at (a) distance and (b) near.
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(a ) Distance

♦ 1 mm ° 1 .5  mm

(b) Near

♦ 1 mm ° 1 .5  mm

Figure 4.2-23 The variation in MTF with décentration of a rigid diffractive BCL
2.0 n m  DZJ height, 250 fim tool, over a 4 mm aperture at (a) distance; and (b) near.
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f r e q u e n c i e s )  b e tw e e n  i n d i v i d u a l  BCL. The v e r g e n c e  r a t i o  

v a r i e s  from  0 t o  1 , and i f  g r e a t e r  th a n  0 .5  i n d i c a t e s  a 

b i a s  t o  d i s t a n c e .

Experimental BCL Pilkineton Diffrax

Vergence Ratio Vergence Ratio
code (D/D+N) s.e. code (D/D+N) s.e.

B1 0.49 0.06 DX1 0.54 0.08
B2 0.59 0.09 DX2 0.48 0.06
B3 0.44 0.05 DX3 0.53 0.08
B4 0.45 0.05 DX4 0.55 0.08
B5 0.51 0.07 DX5 0.55 0.08
B6 0.52 0.07 DX6 0.59 0.10

T a b l e  4 . 2 - 1  Vergence ratio of nominally identical rigid diffractive BCL. 
Ratio between the average MTF (n = 2 x 16) at distance and near for rigid 
diffractive BCL with nominally identical diffractive zones indicates the 
distance or near biased of each BCL. A vergence ratio greater than 0.5 
indicates a bias to distance. The vergence ratio of the experimental BCL was 
slightly different to the Pilkington Diffrax (p = 0.02).

D i f f r a c t i v e  Z o n e  J u n c t i o n  H e i g h t  a n d  D i a m o n d  T o o l  

S h a p e

The MTF v a r ie d  w ith  DZJ h e i g h t  a t  b o th  d i s t a n c e  and n e a r  

a s  sh ow n , f o r  e x a m p le , in  F i g u r e  4 . 2 - 2 4  f o r  BCL made w it h  t h e  

f l a t t e d  t o o l .  As shown in  F i g u r e  4 . 2 - 2 5  d i f f e r e n c e s  i n  t h e  

MTF d u e t o  t o o l  sh a p e  w ere  s m a l l .

The r e l a t i o n s h i p  b e tw e e n  DZJ h e i g h t  (H) , t o o l  sh a p e  (T) , 

v e r g e n c e  (V) and s p a t i a l  fr e q u e n c y  (F) w as e x a m in ed  w ith  

ANOVA. MTF r e s u l t s  a t  tw o  w a v e le n g t h s  (5 4 8  nm and  

573 nm) w ere  c o n s id e r e d .  ANOVA r e s u l t s  a r e  in c lu d e d  in

A p p e n d i x  5 ( A 5 - 7 ) .
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(b) Near

1.0

0.8

0.6

0 .4

0.2

0.0.----------

• 1.8 urn
° 2 .5  urn

10
Spatial Freq (cpd)

° 2 .0  urn ♦ 2 .2  urn
■ 2 .6  urn o 3 .0  urn

1 0 0

1 0 0

Figure 4.2-24 The variation in MTF with DZJ height of rigid diffractive BCL
manufactured with the flatted tool at (a) distance; and (b) near.
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(b) Near
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Figure 4.2-25 The variation in MTF with tool shape of rigid diffractive BCL of
2.0 fim DZJ height at (a) distance; and (b) near.
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A s  e x p e c t e d ,  t h e  s t r o n g  i n t e r a c t i o n  b e t w e e n  D Z J  h e i g h t  

a n d  v e r g e n c e  (H x  V; p  < 0.001) c o n f i r m e d  t h a t ,  w i t h

i n c r e a s i n g  D Z J  h e i g h t ,  a v e r a g e  m o d u l a t i o n  i n c r e a s e d  f o r  

t h e  n e a r  f o c u s  a n d  r e d u c e d  f o r  t h e  d i s t a n c e  f o c u s .  T h i s  

e f f e c t  v a r i e d  w i t h  s p a t i a l  f r e q u e n c y  (H x  V  x  F; p  < 

0 . 0 0 1 ) ,  as i l l u s t r a t e d  in Figure 4.2-24. T h e  i n t e r a c t i o n  

b e t w e e n  t o o l  s h a p e  a n d  v e r g e n c e  (T x  V; p  < 0.001)

c o n f i r m e d  t h a t ,  as s h o w n  in Figure 4 .2-26, t h e  B C L  m a d e  w i t h  

t h e  2 5 0  ¿¿m f l a t t e d  t o o l  w e r e  m o r e  n e a r  b i a s e d  o v e r  t h e  

r a n g e  o f  D Z J  h e i g h t s  c h o s e n  c o m p a r e d  t o  t h e  o t h e r  t w o  

t o o l  s h a p e s .  Figure 4.2-27 s h o w s  t h e  i n c r e a s e  in t h e  a v e r a g e  

m o d u l a t i o n  f o r  t h e  n e a r  f o c u s  a n d  r e d u c t i o n  f o r  t h e  

d i s t a n c e  f o c u s  w i t h  i n c r e a s i n g  D Z J  h e i g h t  w h i c h  v a r i e d  

b e t w e e n  t h e  t h r e e  d i f f e r e n t  t o o l  s h a p e s  a s  d e m o n s t r a t e d  

b y  t h e  i n t e r a c t i o n  H  x  T  x  V  (p < 0 . 0 0 1 ) .  T h e  s h a p e  o f  

t h e  M T F  d i d  n o t  v a r y  b e t w e e n  t h e  d i f f e r e n t  t o o l  s h a p e s  

a c r o s s  t h e  r a n g e  o f  D Z J  h e i g h t s  (H x  T  x  F; p  =  1) at 

d i s t a n c e  o r  n e a r  (H x T  x V  x F; p  =  1).

A  f u r t h e r  A N O V A  {Appendix 5 (A5-8)) , f o r  r i g i d  d i f f r a c t i v e  

B C L  w i t h  a D Z J  h e i g h t  o f  2 . 0  /¿m, i n d i c a t e d  t h a t  t h e r e  w a s  

a s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  f o u r  t o o l s  (p < 

0 . 0 0 1 )  a n d  a d i f f e r e n c e  in t h e  b a l a n c e  b e t w e e n  d i s t a n c e  

a n d  n e a r  (T x  V: p  < 0 . 0 0 1 ) .  Figure 4.2-28 s h o w s  t h a t  t h e  

v e r g e n c e  r a t i o  a l t e r e d  o n l y  s l i g h t l y  w i t h  t h e  d i f f e r e n t  

t o o l s  as s u g g e s t e d  b y  Figure 4.2-25.
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(a) 548 nm

100 um D 250 um D -0" Flatted D

(b) 573 nm

-®- 100 um D 250 um D -0~ Flatted D

Figure 4.2-27 The effect of DZJ height upon optical performance. The average 
modulation of rigid diffractive BCL manufactured with the three tool shapes (100 /im 
- round; 250 /xm - square; flatted - diamond) varied with DZJ height at near (filled) 
and distance (open) at (a) 548 nm; and (b) 573 nm.
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1.0r

0.8  -

Figure 4.2-28 Vergence ratio varied with tool. The vergence ratio between 

the average M T F  at distance and near for rigid diffractive B C L  with 2.0 pm  
D Z J  height indicated the distance or near bias of different tools. A  vergence 

ratio greater than 0.5 indicated a bias to distance.

R i g i d  D i f f r a c t i v e  BCL: A  m o d e l  o f  c h a n g e s  i n  M T F

U s i n g  MRA, a n  e m p i r i c a l  m o d e l  f o r  c h a n g e s  in M T F  w a s  

d e v e l o p e d  t o  a l l o w  t h e  p r e d i c t i o n  o f  t h e  M T F  w i t h  a g i v e n  

D Z J  h e i g h t ,  t o o l  s h a p e  a n d  s p a t i a l  f r e q u e n c y .  T h i s  

a l l o w e d  p r e d i c t i o n  o f  a n  o p t i m a l  D Z J  h e i g h t  (equal 

d i s t a n c e  a n d  n e a r  o p t i c a l  p e r f o r m a n c e )  f o r  e a c h  t o o l  

s h a p e  a n d  t h e  t w o  w a v e l e n g t h s  (548 n m  a n d  57 3  nm) , a n d  

c o m p a r i s o n  t o  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  ( s e c t i o n

4 . 3 . 4 )  .

D e t a i l s  o f  t h e  d e v e l o p m e n t  o f  t h e  m o d e l  a r e  g i v e n  in 

Appendix 6 . A s  a n  e x a m p l e ,  t h e  e q u a t i o n  f o r  t h e  2 5 0  ;xm t o o l  

m e a s u r e d  a t  54 8  n m  w a s  :

for distance :
m o d  = 1.0 - 0.1 sf + 0.006 sf2 - 0.8 sf-1 + 2.4 sf, - 1.2 sf- ,

+ DZ J  height x (- 0.005 sf - 0.5 sf" - 0.08 sf‘ + 0.2 sf“
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(a )  2 5 0  um tool; DZJ height 1 .8  um

Near pred —  Dlst pred
•  Near meas ♦  Dlst meas

(b) 100 um too l; DZJ height 2.2 um

•  Near meas ♦  Dlst meas

(c ) fla tted  too l; DZJ height 3.0 um

•— Near pred —  Dlst pred
•  Near meas ♦  Dist meas

Figure 4.2-29 Evaluation of the MRA equations for rigid diffractive BCL. 
Predicted MTF at near (dashed line) and distance (solid line) versus measured MTF 
at near (circle) and distance (diamond) for arbitrarily chosen combinations of DZJ 
height and tool shape at 548 nm (a) 250 /tm tool, 1.8 /tm DZJ height; (b) 100 /un 
tool, 2.2 /im DZJ height; and (c) flatted tool, 3.0 /un DZJ height.
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Figure 4.2-30 Predicted optimal DZJ height (equal distance and near) of rigid 
diffractive BCL with the three different tool shapes predicted by the MRA equations 
with the (a) 548 nm; and (b) 573 nm interference filters, was shown to vary 
between the tools and with spatial frequency.



RESULTS

■ V ‘ , » V ° ‘ t 7 1 * 3
mod = 1.0 - 0.1 sf + 0.006 sf2 - 3.6 s f-1 + 3.6 s f '2 - 1.2 s f '

+ DZJ height x ( sf-1 - 0.9 s f '2 + 0.3 s f '3

(R2 = 0.915; s.e. = 0.068; n = 3969; p < 0.0001)

D e t a i l s  o f  t h e  M R A  e q u a t i o n s  f o r  e a c h  t o o l  s h a p e  w i t h  t h e  

t w o  w a v e l e n g t h s  a r e  g i v e n  in Appendix 5 (A 5 -9 ) . T h e

e q u a t i o n s  w e r e  t e s t e d  b y  c o m p a r i n g  t h e  a c t u a l  d a t a  a n d  

p r e d i c t e d  M T F  f o r  a r b i t r a r i l y  c h o s e n  c o m b i n a t i o n s  o f  D Z J  

h e i g h t ,  t o o l  s h a p e  a n d  w a v e l e n g t h .  E x a m p l e s  a r e  s h o w n  in 

Figure 4 .2-29.

T h e  M R A  e q u a t i o n s  w e r e  t h e n  u s e d  t o  d e t e r m i n e  t h e  o p t i m a l  

D Z J  h e i g h t  ( e q u a l  d i s t a n c e  a n d  n e a r  o p t i c a l  p e r f o r m a n c e )  

f o r  e a c h  t o o l  s h a p e .  T h e  o p t i m a l  D Z J  h e i g h t  v a r i e d  w i t h  

w a v e l e n g t h ,  t o o l  s h a p e  a n d  w i t h  s p a t i a l  f r e q u e n c y  (Figure

4.2- 30) .

The effect of back surface polishing of rigid 

diffractive bifocal contact lenses

A s  e x p e c t e d ,  t h e  p o l i s h e d  B C L  w e r e  m o r e  d i s t a n c e  b i a s e d  

t h a n  t h e  n o n - p o l i s h e d  B C L  o f  t h e  s a m e  n o m i n a l  D Z J  h e i g h t  

a n d  t o o l  s h a p e  (Figure 4.2-31) . W h e n  t h e  m e a s u r e d  D Z J  h e i g h t  

( s e c t i o n  4.1) o f  t h e  p o l i s h e d  B C L  w a s  c o n s i d e r e d ,  o p t i c a l  

p e r f o r m a n c e  w a s  s i m i l a r  t o  t h e  n o n - p o l i s h e d  B C L  (Figure

4.2- 3 2 ) . A p a r t  f r o m  t h e  1.4 /xm D Z J  h e i g h t  BCL, p o l i s h i n g  

d i d  n o t  r e d u c e  o p t i c a l  p e r f o r m a n c e ,  m e r e l y  a l t e r i n g  t h e  

b i a s  b e t w e e n  d i s t a n c e  a n d  nea r .
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Figure 4.2-31 The effect of polishing rigid diffractive BCL upon optical 
performance. The average MTF versus the nominal DZJ height of polished (open) 
compared to nominally identical non-polished (filled) rigid diffractive BCL lathed 
with 250 /¡m round tool at distance (circle) and near (diamond).

(b) measured DZJ height
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Figure 4.2-32 Measured DZJ height as a predictor of optical performance. The 
average MTF versus the measured DZJ height of polished (open) and nominally 
identical non-polished (filled) rigid diffractive BCL at distance (circle) and near 
(diamond).



RESULTS

4.2.5 SOFT DIFFRACTIVE BIFOCAL CONTACT LENSES

T h e  a v a i l a b l e  s o f t  d i f f r a c t i v e  B C L  w e r e  a h e t e r o g e n e o u s  

g r o u p ,  and, w h e r e  p o s s i b l e ,  c o m p a r i s o n s  b e t w e e n  d i f f e r e n t  

d e s i g n  c h a r a c t e r i s t i c s  h a v e  b e e n  m a d e .  A l l  d a t a  r e p o r t e d  

in t h i s  s e c t i o n  w a s  r e c o r d e d  a t  548 nm.

Average optical performance

T h e  a v e r a g e  M T F  ( d i s t a n c e  a n d  near) a v e r a g e d  f o r  a l l  s o f t  

d i f f r a c t i v e  B C L  w a s  s i g n i f i c a n t l y  l e s s  t h a n  f o r  a l l  t h e  

r i g i d  d i f f r a c t i v e  B C L  (p < 0 . 0 0 1 ) ,  i n d i c a t i n g  a

r e l a t i v e l y  r e d u c e d  o p t i c a l  p e r f o r m a n c e .  T h e  r e d u c e d  

o p t i c a l  q u a l i t y  l i m i t e d  t h e  a b i l i t y  t o  d e m o n s t r a t e  s o m e  

o f  t h e  e f f e c t s  o f  i n t e r e s t .

Variability of manufacture

T h e  v a r i a b i l i t y  o f  t h e  m a n u f a c t u r e  p r o c e s s  w a s  

i n v e s t i g a t e d  b y  c o m p a r i n g  t h r e e  b a t c h e s  o f  n o m i n a l l y  

i d e n t i c a l  B C L  (DZJ h e i g h t  3 . 0  /im; 1 0 0  /im t o o l ;  m o u l d e d ) .  

T w o  o f  t h e  b a t c h e s  w e r e  f r o m  t h e  s a m e  p r o d u c t i o n  run. A s  

s h o w n  in Figure 4.2-33, A N O V A  (Appendix 5 (A 5-10)) i n d i c a t e d  a 

s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  b a t c h e s  (p < 0.001)

a n d  a s i g n i f i c a n t  i n t e r a c t i o n  b e t w e e n  t h e  b a t c h  a n d  

v e r g e n c e  (p < 0.001) i n d i c a t i n g  a v a r i a t i o n  in t h e  r a t i o  

b e t w e e n  d i s t a n c e  a n d  n e a r  b e t w e e n  b a t c h e s .  V a r i a t i o n s  

f r o m  t h e  n o m i n a l  p a r a m e t e r s  r e d u c e d  t h e  a b i l i t y  t o  

d e m o n s t r a t e  s o m e  o f  t h e  e f f e c t s  o f  i n t e r e s t .
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Figure 4.2-33 Variability of manufacture of soft diffractive BCL. The MTF at 
distance (filled) and near (open) of three nominally identical soft diffractive BCL 
(3.0 /xm DZJ height; 100 /xm tool; moulded)

°  2 .7  um N D 3.0 um N O 4.0 urn N

Figure 4.2-34 The variation in MTF with DZJ height at distance (filled) and near 
(open) of soft diffractive BCL lathed with 250 /xm tool.
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Figure 4.2-35 The variation in MTF with DZJ height at (a) distance and (b) near of 
soft diffractive BCL lathed with 100 /xm tool.
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Figure 4.2-36 The variation in MTF with DZJ height at (a) distance and (b) near 
moulded soft diffractive BCL, the brass mould lathed with a 100 /mi round tool.



RESULTS

Diffractive Zone Junction Height

A s  e x p e c t e d ,  a n d  c o n f i r m e d  b y  t h e  A N O V A  (Appendix 5 (A5-11)) 

i n t e r a c t i o n  b e t w e e n  D Z J  h e i g h t  a n d  v e r g e n c e  (p < 0 . 0 0 1 ) ,  

t h e  n e a r  M T F  i m p r o v e d  a n d  t h e  d i s t a n c e  M T F  r e d u c e d  w i t h  

i n c r e a s i n g  D Z J  h e i g h t  f o r  t h e  2 5 0  ¿im t o o l ,  l a t h e d  B C L  

{Figure 4.2-34) ; t h e  100 ¿¿m t o o l ,  l a t h e d  B C L  {Figure 4.2-35) ; a n d  

t h e  1 0 0  /Ltm t o o l ,  m o u l d e d  B C L  {Figure 4.2-36) . T h e r e  w a s  a 

s i g n i f i c a n t  v a r i a t i o n  in t h e  s h a p e  o f  t h e  M T F  a t  d i s t a n c e  

a n d  n e a r  w i t h  b o t h  10 0  /¿m a n d  2 5 0  ¿im t o o l ,  l a t h e d  s o f t  

d i f f r a c t i v e  B C L  (p < 0.001) b u t  n o t  w i t h  t h e  m o u l d e d  B C L  

(p =  0.5 5 ) .

A s  a s u m m a r y ,  Figure 4.2-37 s h o w s  t h e  e x p e c t e d  i n c r e a s e  in 

a v e r a g e  m o d u l a t i o n  w i t h  i n c r e a s i n g  D Z J  h e i g h t  f o r  t h e  

n e a r  f o c u s  ( o p e n  s y m b o l s )  a n d  r e d u c t i o n  f o r  t h e  d i s t a n c e  

f o c u s  ( f i l l e d  s y m b o l s ) .

•  250 L D ■ 100 L D ♦  100 M D
o 250 L N n 100 L N O 100 M N

Figure 4.2-37 Average modulation versus DZ J  height of soft diffractive 
BCL. Average modulation increased for the near focus (open) and decreased 

for the distance focus (filled) with increasing D Z J  height for the lathed (L) 
250 /¿m tool (circle), 100 /rm tool (square) and moulded (M) 100 nm  
(diamond) soft diffractive BCL. There was no apparent difference between 

tool shapes or methods of manufacture.
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Diamond Tool Shape

A s  s h o w n  i n  Figure 4.2-38, t o o l  s h a p e  d i d  n o t  h a v e  a 

c o n s i s t e n t  e f f e c t  u p o n  t h e  o p t i c a l  p e r f o r m a n c e  o f  l a t h e d  

B C L  w i t h  D Z J  h e i g h t s  o f  3. 0  /xm, 3.3 /xm a n d  4 . 0  /xm. T h e  

m o s t  p r o n o u n c e d  d i f f e r e n c e  w a s  t h e  M T F  o f  t h e  3.3 /xm, 

f l a t t e d  t o o l  BCL, w h i c h  w a s  f a r  m o r e  n e a r  b i a s e d  t h a n  t h e  

o t h e r  t w o  3.3 D Z J  h e i g h t  B C L  (Figure 4.2-38b) .

Figure 4.2-37 s u m m a r i s e s  t h e  v a r i a t i o n  in a v e r a g e  M T F  w i t h  

D Z J  h e i g h t  f o r  t h e  d i f f e r e n t  t o o l  s h a p e s ,  a n d  i n d i c a t e s  

t h a t  t h e r e  w a s  n o  c l e a r  d i f f e r e n c e  b e t w e e n  t h e  t o o l s .

Manufacture technique

T h e  m e t h o d  o f  m a n u f a c t u r e  ( l a t h e  c u t t i n g  o r  m o u l d i n g )  w a s  

c o m p a r e d  f o r  s o f t  d i f f r a c t i v e  B C L  w i t h  n o m i n a l  D Z J  

h e i g h t s  o f  3 . 0  a n d  3.3 /xm u s i n g  a n  A N O V A  (Appendix 5 (A 5-12)) . 

T h e r e  w a s  n o  o v e r a l l  d i f f e r e n c e  b e t w e e n  t h e  t w o  

m a n u f a c t u r e  t e c h n i q u e s  (p =  0 . 1 5 ) .  T h e  i n t e r a c t i o n

b e t w e e n  m a n u f a c t u r e  a n d  D Z J  h e i g h t  (p < 0.001) a n d  t h e  

w e a k  i n t e r a c t i o n  b e t w e e n  m a n u f a c t u r e ,  D Z J  h e i g h t  a n d  

v e r g e n c e  (p =  0.09) s h o w n  in Figures 4.2-38 and 4 .2-37, i n d i c a t e s  

t h a t  t h e  3 . 0  /xm B C L  w e r e  b e t t e r ,  a t  b o t h  d i s t a n c e  a n d  

n e a r  w i t h  b o t h  m a n u f a c t u r e  t e c h n i q u e s ,  t h a n  t h e  3.3 /xm 

BCL. T h i s  i m p l i e s  m a n u f a c t u r i n g  p r o b l e m s  a s  t h e  3.3 /xm 

B C L  w e r e  e x p e c t e d  t o  b e  b e t t e r  a t  n e a r  t h a n  t h e  3 . 0  /xm 

BCL.
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RESULTS

(a )  DZJ height 3 .0  um

1.0

0.8

0.6

Spatial Freq (cpd)
•  2 5 0 /L  D ■ 1 00 /L  D ♦  100/M  D
°  2 5 0 /L  N □ 1 00 /L  N O 100/M  N

(b) DZJ height 3.3 um
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0.8 -
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0.4
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0.0; -----------------------

•  Flat/L D 
o Flat/L N

Spatial Freq (cpd)
■ 1 00 /L  D ♦  100/M  D
□ 1 00 /L  N O 100/M  N

(c ) DZJ height 4.0 um

•  2 5 0 /L  D ♦  1 00 /L  D
°  2 5 0 /L  N O 100 /L  N

Figure 4.2-38 The variation in MTF with tool shape for (a) 3.0 /xm; (b) 3.3 jum; and 
(c) 4.0 /xm DZJ height, lathed (L) and moulded (M) soft diffractive BCL at distance 
(filled) and near (open).
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Figure 4.2-39 The MTF of a "reverse" add soft diffractive BCL 3.0 /im DZJ height, 
100 /im tool, moulded (diamond) was found to differ from conventional soft 
diffractive BCL of the same nominal parameters (circle). The "reverse" add BCL was 
distance (filled) biased, whilst the conventional BCL were near (open) biased.

Figure 4.2-40 The average MTF of three Allergan Echelon soft diffractive BCL was 
found to be better than any of the soft diffractive BCL available for this study.
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"Reverse" add soft diffractive bifocal contact lens

A  " r e v e r s e "  a d d  B C L  u t i l i s e s  t h e  n e g a t i v e  f i r s t  o r d e r  

d i f f r a c t i v e  f o c u s  t o  f o r m  t h e  d i s t a n c e  i m a g e  a n d  t h e  z e r o  

o r d e r  f o c u s  t o  f o r m  t h e  n e a r  i m a g e  ( s e c t i o n  1 . 2 . 3 ) .  

H e n c e  t h e  i m a g e  f o r m a t i o n  v a r i e d  f r o m  t h e  o t h e r

d i f f r a c t i v e  B C L  u s e d  in t h i s  s t u d y .  A s  s h o w n  i n  Figure

4.2-39 t h e  M T F  o f  a " r e v e r s e "  a d d  B C L  w a s  d i f f e r e n t  f r o m  a 

" c o n v e n t i o n a l "  B C L  ( z ero o r d e r  f o c u s  f o r m s  d i s t a n c e  

i m a g e ,  p o s i t i v e  f i r s t  o r d e r  f o c u s  f o r m s  n e a r  image) of 

t h e  s a m e  n o m i n a l  D Z J  h e i g h t .  T h i s  w a s  c o n s i s t e n t  w i t h  

t h e  A N O V A  (Appendix 5 (A5-13)) i n t e r a c t i o n s  b e t w e e n  a d d i t i o n  

t y p e  a n d  v e r g e n c e  (p < 0.001) a n d  b e t w e e n  a d d i t i o n  type, 

v e r g e n c e  a n d  s p a t i a l  f r e q u e n c y  (p < 0. 0 0 1 )

A commercially available soft diffractive bifocal 

contact lens

T h e  M T F  o f  t h e  A l l e r g a n  E c h e l o n  s o f t  d i f f r a c t i v e  B C L  is 

s h o w n  in Figure 4.2-40. T h e  o v e r a l l  o p t i c a l  p e r f o r m a n c e  w a s  

b e t t e r  t h a n  a n y  o f  t h e  s o f t  d i f f r a c t i v e  B C L  a v a i l a b l e  f o r  

t h i s  s t u d y .

4.3 Visual Performance

4.3.1 INTRODUCTION

T h e  r e p e a t a b i l i t y  o f  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  a n d  

t h e  c o r r e l a t i o n  b e t w e e n  t h e  m e a s u r e s  is d e s c r i b e d  in 

s e c t i o n  4 . 3 . 2 .  S u b s e q u e n t  s e c t i o n s  e x a m i n e  v i s u a l
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p e r f o r m a n c e  w i t h  t h e  r e f r a c t i v e  ( s e c t i o n  4 . 3 . 3 ) ,  r i g i d  

d i f f r a c t i v e  ( s e c t i o n  4. 3 . 4 )  a n d  s o f t  d i f f r a c t i v e  ( s e c t i o n

4 . 3 . 5 )  BCL. R e s u l t s  h a v e  b e e n  c o m p a r e d  t o  t h e  t w o  

c o m m e r c i a l l y  a v a i l a b l e  d i f f r a c t i v e  B C L  ( s e c t i o n s  4 . 3 . 4  

a n d  4 . 3 . 5 ) .  A l m o s t  1 4 0 0  s e p a r a t e  m e a s u r e m e n t s  w i t h  B C L  

w e r e  m a d e ,  e a c h  w i t h  t h e  7 v i s u a l  p e r f o r m a n c e  m e a s u r e s  

( s e c t i o n  3.3). H e n c e  it w a s  n o t  p o s s i b l e  t o  p r e s e n t  a l l  

t h e  d a t a ,  and, w h e r e  a p p r o p r i a t e ,  e x a m p l e s ,  t y p i c a l l y  of 

a v e r a g e d  d a t a ,  h a v e  b e e n  u s e d  t o  i l l u s t r a t e  i m p o r t a n t  

a s p e c t s  o f  t h e  dat a .  A n a l y s i s  o f  V a r i a n c e  (ANOVA) w a s  

u s e d  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  m a n i p u l a t e d  v a r i a b l e s ,  

a n d  M u l t i p l e  R e g r e s s i o n  A n a l y s i s  (MRA) w a s  u s e d  t o  

i n c l u d e  u n c o n t r o l l e d  v a r i a b l e s  in t h e  a n a l y s i s ,  to 

i n v e s t i g a t e  t r e n d s  w i t h i n  t h e  d a t a  a n d  t o  d e v e l o p  

e m p i r i c a l  m o d e l s  t o  a l l o w  t h e  p r e d i c t i o n  o f  o p t i m a l  B C L  

d e s i g n .

4 . 3 . 2  G E N E R A L  C O N S I D E R A T I O N S

R e l a t i v e  v i s u a l  p e r f o r m a n c e

A l l  v i s u a l  p e r f o r m a n c e  m e a s u r e s  h a v e  b e e n  c o n v e r t e d  t o  a 

r e l a t i v e  m e a s u r e  t o  r e m o v e  t h e  e f f e c t s  o f  d i f f e r e n t  

a b s o l u t e  v i s u a l  p e r f o r m a n c e  l e v e l s  b y  i n d i v i d u a l

s u b j e c t s .  D a t a  is p r e s e n t e d  in t h e  f o r m  o f  t h e  r e l a t i v e

v i s u a l  p e r f o r m a n c e  w h e r e  :

rei. visual performance = log
Visual performance with BCL 

—
Visual performance without BCL)
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M  COZ EH POZ

Figure 4.3-1 An example of the visual performance with refractive BCL. The 
average relative visual performance (reduction due to BCL) with refractive BCL with 
a 2.6 mm COZD (n = 26). Contrast Sensitivity at 2, 4, 8 and 16 c.p.d. (CS 2, CS 4, 
CS 8, CS 16), Pelli-Robson contrast threshold (PRC), and Visual Acuity at low and 
high contrast (VA L, VA H). Note that the greatest difference in CS between focus 
with the COZ and the POZ is at the low spatial frequencies (2 and 4 c.p.d.) See also 
Figure 4.3-8.

E l Distance EH Near

Figure 4.3-2 An example of the visual performance with rigid diffractive BCL. The 
average relative visual performance (reduction due to BCL) with rigid diffractive 
BCL (2.0 /xm DZJ height; 250 /im tool) (n = 34). Contrast Sensitivity at 2, 4, 8 and 
16 c.p.d. (CS 2, CS 4, CS 8, CS 16), Pelli-Robson contrast threshold (PRC), and 
Visual Acuity at low and high contrast (VA L, VA H). Note that the greatest 
difference in CS between distance and near is at higher spatial frequencies (8 and 16 
c.p.d.).



RESULTS

H e n c e  d a t a  w a s  n o t  p r e s e n t e d  in t h i s  s e c t i o n  i n  t h e  f o r m  

o f  t h e  c o n v e n t i o n a l  C S F  p l o t .

Bifocal Contact Lenses

I t  w a s  n o t  p o s s i b l e  t o  p r e s e n t  d a t a  f o r  a l l  1 3 9 1  m e a s u r e s  

o f  v i s u a l  p e r f o r m a n c e  w i t h  BCL. R e d u c t i o n s  in v i s u a l  

p e r f o r m a n c e  w e r e  s i m i l a r  t o  t h o s e  p r e v i o u s l y  r e p o r t e d  

(for d i s c u s s i o n  s e e  s e c t i o n  1 . 2 . 3 ) .  A s  a n  e x a m p l e ,  

v i s u a l  p e r f o r m a n c e ,  p r e s e n t e d  in t h e  f o r m  o f  c o n v e n t i o n a l  

C S F  p l o t s ,  a r e  s h o w n  in Figures 1.1-10, 2.3-2 and 2.3-3 . A s  

f u r t h e r  e x a m p l e s ,  r e l a t i v e  v i s u a l  p e r f o r m a n c e  a v e r a g e d  

f o r  a l l  s u b j e c t s ,  w i t h  a c e n t r e  n e a r  (CN) r e f r a c t i v e  B C L  

is s h o w n  in Figure 4.3-1 a n d  w i t h  a d i f f r a c t i v e  B C L  i n  Figure

4 .3 -2 .

Repeatability

R e p e a t a b i l i t y  C o e f f i c i e n t s  o f  t h e  v i s u a l  p e r f o r m a n c e  

m e a s u r e s  ( Table 4.3-1) w e r e  a s s e s s e d  b y  e x a m i n i n g  t h e  t e s t -  

r e t e s t  r e p e a t a b i l i t y  o f  t h e  f i v e  s u b j e c t s  w e a r i n g  

r e f r a c t i v e  B C L  (n =  94) a n d  t h e  t h r e e  s u b j e c t s  w e a r i n g  

r i g i d  d i f f r a c t i v e  B C L  (n =  213) a n d  s o f t  d i f f r a c t i v e  B C L  

(n =  120). T h e  v a r i a b i l i t y  o f  t e s t - r e t e s t  d i d  n o t  a l t e r  

w i t h  a v e r a g e  v i s u a l  p e r f o r m a n c e ,  as s h o w n  in Figure 4 .3 -3, as 

a n  e x a m p l e ,  f o r  CS a t  4 c . p . d .  a n d  l o w  c o n t r a s t  V A  w i t h  

r i g i d  d i f f r a c t i v e  BCL.

R e p e a t a b i l i t y  c o e f f i c i e n t s  i n c r e a s e d  w i t h  i n c r e a s i n g  

s p a t i a l  f r e q u e n c y  a n d  w i t h  d e c r e a s i n g  A V C  c o n t r a s t .  T h e
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1 ■ ■.. .

(a ) CS a t 4  c.p.d.
repeatability coeff. = 0.32 log units

(b) low contrast VA
repeatability coeff. = 0.19 logMAR

Figure 4.3-3 An example of the variability of test-retest with visual performance. 
Test-retest versus average visual performance shown for (a) contrast sensitivity at 4 
c.p.d.; and (b) low contrast visual acuity with rigid diffractive BCL (n = 213). 
There was no trend for increased variability with reduced relative visual 
performance.



RESULTS

r e p e a t a b i l i t y  c o e f f i c i e n t s  w e r e  l a r g e r  f o r  t h e  s o f t  

d i f f r a c t i v e  B C L  t h a n  t h e  r i g i d  d i f f r a c t i v e  BCL.

A s  s h o w n  in Figure 4.3-4 t h e  r e p e a t a b i l i t y  c o e f f i c i e n t s  

i n c r e a s e d  s i g n i f i c a n t l y  w i t h  d e c r e a s e d  r e l a t i v e  v i s u a l  

p e r f o r m a n c e  (R2 =  0 . 8 5 ;  p  < 0 . 0 0 0 1 ) .  T h e  r e p e a t a b i l i t y  

c o e f f i c i e n t s  r e p r e s e n t e d  68 %  t o  9 6 %  o f  t h e  a v e r a g e  

r e l a t i v e  v i s u a l  p e r f o r m a n c e ,  e x c e p t  f o r  h i g h  c o n t r a s t  VA, 

w h i c h  h a d  r e p e a t a b i l i t y  c o e f f i c i e n t s  l a r g e r  t h a n  t h e  

a v e r a g e  r e l a t i v e  v i s u a l  p e r f o r m a n c e .

Rigid
Diffractive 
n = 213

Soft
Diffractive 
n = 120

Refractive 
n = 94

CS at 2 c.p.d. 0.266
(log contrast units) 

0.279 0.272
CS at 4 c.p.d. 0.317 0.411 0.332
CS at 8 c.p.d. 0.366 0.461 0.422
CS at 16 c.p.d. 0.436 0.499 0.452

P R C  at 4 m 0.243 0.362 0.222

A V C  L o w  contrast 0.193
(logMAR units) 

0.344 0.183
A V C  High contrast 0.182 0.266 0.172

Table 4.3-1 Repeatability coefficients (section 3.7) determined for the visual 

performance measures. This was a measure of the reliability (i.e. 95% 

confidence limit) of an individual result.

Correlation between visual performance measures

A s  s h o w n  f o r  a l l  B C L  w o r n  b y  a l l  s u b j e c t s  (n =  1391) in 

Table 4 .3-2 , a l l  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  w e r e  

s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  e a c h  o t h e r .  C o r r e l a t i o n  

w a s  h i g h e r  b e t w e e n  v i s u a l  p e r f o r m a n c e  m e a s u r e s  w i t h  

s i m i l a r  s p a t i a l  f r e q u e n c y  c o n t e n t .  P r i n c i p a l  c o m p o n e n t
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Repeatability coefficient
•  Refractive CS ■ Rigid Diffr CS ♦  Soft Difff CS
° Refractive VA n Rigid Diffr VA O Soft Diffr VA

Figure 4.3-4 Repeatability versus relative visual performance. The repeatability 
coefficient was highly correlated (r2 = 0.85; p < 0.001) with the average reduction in 
CS (filled) and VA (open) with the refractive (circle), rigid (square) and soft 
(diamond) diffractive BCL.

CS 2 CS 4 CS 8 CS 16 PRC VA L

CS 4 0 .5 9

CS 8 0 .5 5 0 .7 4

CS 16 0 .5 4 0 .6 8 0 .7 9

PRC 0 .5 3 0 .6 1 0 .5 5 0 .5 1

VA L 0 . 4 4 0 . 6 6 0 . 6 2 0 . 6 5 0 . 7 5

VA H 0 . 2 7 0 . 5 2 0 . 5 1 0 . 5 5 0 . 6 0 0 . 8 4

Table 4.3-2 Correlation (Pearson r) between the visual performance measures (n = 
1391) with all BCL worn by all subjects. All correlations were highly significant (p 
<= 0.001). The low correlations suggest the importance of measurement of visual 
performance at a range of spatial frequencies.



RESULTS

a n a l y s i s  i n d i c a t e d  t h a t  t h e  m e a s u r e d  v i s u a l  p e r f o r m a n c e  

c o u l d  b e  r e p r e s e n t e d  b y  a s i n g l e  c o m p o n e n t  (i.e. t h e  

m e a s u r e d  v i s u a l  p e r f o r m a n c e  d i d  n o t  c o n t a i n  s e p a r a t e  

s p a t i a l  f r e q u e n c y  c o m p o n e n t s ) .

4 . 3 . 3  R E F R A C T I V E  B I F O C A L  C O N T A C T  L E N S E S

V i s u a l  p e r f o r m a n c e  w i t h  r e f r a c t i v e  B C L  w a s  f i r s t l y  

a n a l y s e d  w i t h  a n  A N O V A .  M R A  w a s  t h e n  e m p l o y e d  t o  f u r t h e r  

i n v e s t i g a t e  t h e  e f f e c t s  o f  p u p i l  s i z e  a n d  B C L  

d e c e n t r a t i o n .  T h e  M R A  e q u a t i o n s  a l l o w e d  t h e  p r e d i c t i o n  

o f  t h e  o p t i m a l  C O Z D  f o r  a g i v e n  p u p i l  s i ze, d e c e n t r a t i o n  

a n d  v i s u a l  p e r f o r m a n c e  m e a s u r e .

Puoil size BCL Decentration
Subject

Monitor Charts CD CN
(mm) (mm) (mm) (mm)

1 3.6 3.0 1.11 0.98 
(0.4 to 1.3)

2 3.5 2.8 0.87 0.75 
(0.3 to 1.6)

3 2.7 2.4 0.80 1.32 
(0.2 to 1.7)

4 2.6 2.1 1.90 1.59 
(0.4 to 2.4)

5 2.9 2.6 1.44 0.81 
(0.4 to 1.9)

Table 4.3-3 Pupil size and refractive BCL decentration. Calculated pupil size 
at the two experimental luminance levels (max s.e. = 0.3 mm) and mean 
measured BCL decentration of centre distance (CD) and centre near (CN) 
refractive BCL for each of the five subjects (the range of the measured 
decentration is shown in brackets).
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Measured pupil size and decentration

Table 4.3-3 s h o w s ,  f o r  a l l  s u b j e c t s ,  t h e  c a l c u l a t e d  p u p i l

s i z e s  f o r  t h e  t e s t  l u m i n a n c e s  a n d  t h e  B C L  d e c e n t r a t i o n  

w i t h  b o t h  c e n t r e  d i s t a n c e  (CD) a n d  c e n t r e  n e a r  (CN) BCL. 

C D  l e n s e s  t e n d e d  t o  d e c e n t r e  s l i g h t l y  m o r e  (1.18 mm) t h a n  

C N  l e n s e s  (1.07 mm) (p =  0. 1 2 ) ,  b u t  t h e r e  w a s  a g r e a t

d e g r e e  o f  v a r i a b i l i t y .  T h e  p r o p o r t i o n  o f  t h e  p u p i l

c o v e r e d  b y  t h e  C O Z D  v a r i e d  b e t w e e n  t h e  B C L  t y p e s  a t  b o t h  

l u m i n a n c e  l e v e l s  ( m o n i t o r  (50 c d / m 2) : 4 2 %  v  50%, p  =

0 . 0 1 7 ;  c h a r t s  (250 c d / m 2): 4 1 %  v  49%, p  =  0 . 0 0 7 ) .

Aperture Size and Central Optic Zone Diameter

B C L  d e s i g n  (L) , C O Z D  (D) a n d  v e r g e n c e  (V) w e r e  i n c l u d e d  

a s  A N O V A  f a c t o r s  a n d  t h e  d e c e n t r a t i o n  o f  t h e  C O Z  o v e r  t h e  

p u p i l  a n d  t h e  s i z e  o f  t h e  p u p i l  w e r e  i n c l u d e d  a s  a

c o v a r i a t e s  in a n  A N O V A  o f  v i s u a l  p e r f o r m a n c e  r e s u l t s .  CS 

r e s u l t s  w e r e  a n a l y s e d  w i t h  s p a t i a l  f r e q u e n c y  c o n s i d e r e d  

a s  a f a c t o r  (F) . S i m i l a r l y  V A  c h a r t  c o n t r a s t  l e v e l  w a s  

c o n s i d e r e d  a s  a f a c t o r  (C) . T h e  A N O V A  t a b l e s  a r e  g i v e n  

in Appendix 7 (A7-1) a n d  t h e  m o r e  i m p o r t a n t  a s p e c t s  

s u m m a r i s e d  in Table 4 .3-4 .

A s  s h o w n  in Figure 4 .3 -5 , a n d  c o n f i r m e d  b y  t h e  c o v a r i a t e

p u p i l  s i ze, r e l a t i v e  v i s u a l  p e r f o r m a n c e  r e d u c e d  w i t h  

i n c r e a s i n g  p u p i l  s i ze. D e c e n t r a t i o n  h a d  a s i g n i f i c a n t

e f f e c t  u p o n  C S  a n d  a w e a k  e f f e c t  u p o n  VA.

A s  e x p e c t e d ,  a n d  c o n f i r m e d  b y  t h e  i n t e r a c t i o n  L  x  D  x  V, 

Figures 4.3-6 and 4.3-7 s h o w  t h a t  v i s i o n  w i t h  a l l  v i s u a l

- page 188 -



cs PRC AVC

d é c e n t r a t i o n < 0 . 0 0 1 0.8 0 . 0 1 6

p u p i l  s i z e < 0 . 0 0 1 < 0 . 0 0 1 < 0 . 0 0 1

C O Z D  (D) 0 . 0 4 0 . 1 1 0.3

L e n s  D e s i g n  (L) 0 . 0 0 3 0. 6 0 . 0 0 2

D x  L  x  V < 0 . 0 0 1 < 0 . 0 0 1 < 0 . 0 0 1

L  x  V  x  F < 0 . 0 0 1

L  x  V  x  C < 0 . 0 0 1

D x  L  x  V  x  F 0 . 1 2

D  x  L  x  V  x  C 0 . 0 0 3

—

Table 4.3-4 Summary of the ANOVA of visual performance with refractive BCL. 
The levels of significance of selected covariates (décentration, pupil size), factors 
(COZD (D), Lens design (L)) and interactions (including factors vergence (V), spatial 
frequency (F) and contrast (C), as detailed in text) for the ANOVAs of visual 
performance with refractive BCL. Full details of the ANOVAs are given in 
Appendix 6 (A6-1).

PRC VA L “O-- VA H

Figure 4.3-5 Visual performance versus pupil size. The relative visual performance 
(reduction with refractive BCL) reduced with increasing measured pupil size of the 
five subjects.



RESULTS

p e r f o r m a n c e  m e a s u r e s  i m p r o v e d  a s  t h e  C O Z D  i n c r e a s e d  w h e n

t h e  C O Z f o r m e d  t h e  f o c u s (CD d i s t a n c e , C N n e ar) a n d

r e d u c e d  w h e n  t h e PO Z  f o r m e d t h e  f o c u s (CD n e a r , C N

d i s t a n c e ) . T h e C O Z D  at w h i c h  t h e  C O Z a n d t h e P O Z

p e r f o r m e d e q u a l l y a p p e a r s t o v a r y  s l i g h t l y w i t h t h e

s p a t i a l  f r e q u e n c y  c o n t e n t  o f  t h e  v i s u a l  p e r f o r m a n c e  

m e a s u r e .  T h e  i n t e r a c t i o n  L  x  D x  V  x  F s u g g e s t s  t h a t

t h i s  w a s  n o t  s i g n i f i c a n t  w i t h  CS, t h o u g h  t h e r e  w a s  a 

s i g n i f i c a n t  i n t e r a c t i o n  (L x  D x V  x  C) b e t w e e n  t h e  t w o  

c o n t r a s t  l e v e l s  o f  t h e  A V C .  A s  s h o w n  in Figures 4.3-6 and

4.3-7 , a n d  c o n f i r m e d  b y  t h e  i n t e r a c t i o n s  L  x  V  x  F a n d  L  x 

V  x  C, t h e  r e l a t i v e  v i s u a l  p e r f o r m a n c e  v a r i e s  b e t w e e n  C O Z  

a n d  P O Z  a t  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s  a n d  A V C  

c o n t r a s t s .  Figures 4.3-1 and 4.3-8 s h o w  t h a t  w h e n  t h e  PO Z  

f o r m e d  t h e  f o c u s  t h e  r e d u c t i o n  in CS w a s  s m a l l e r  a t  l o w  

(2 a n d  4 c . p . d . )  t h a n  a t  h i g h e r  (8 a n d  16 c . p . d . )  s p a t i a l  

f r e q u e n c i e s  a c r o s s  t h e  r a n g e  o f  C O Z D .  T h e  v a r i a t i o n  o f  

o p t i c a l  p e r f o r m a n c e  w i t h  s p a t i a l  f r e q u e n c y  s h o w n  i n  Figure

4.2-3 i n d i c a t e d  t h e  o p t i c a l  b a s i s  f o r  t h i s  d i f f e r e n c e  in 

v i s u a l  p e r f o r m a n c e .

A  m o d e l  f o r  c h a n g e s  i n  v i s u a l  p e r f o r m a n c e

M R A  w a s  u s e d  t o  d e v e l o p  e m p i r i c a l  m o d e l s  o f  v i s u a l  

p e r f o r m a n c e  in t e r m s  o f  COZD, p u p i l  s i z e  a n d  B C L  

l o c a t i o n .  T h e  m o d e l s  w e r e  u s e d  t o  p r e d i c t  a n  o p t i m a l  C O Z D  

( e q u a l  d i s t a n c e  a n d  n e a r ) . T o  s i m p l i f y  t h e  a n a l y s i s ,  as 

n o t e d  in t h e  o p t i c a l  e v a l u a t i o n  o f  t h e  s a m e  B C L  ( s e c t i o n

4 . 2 . 3 ) ,  t h e  i n t e r a c t i o n  b e t w e e n  l e n s  d e s i g n  a n d  v e r g e n c e  

(L x  V) c o u l d  b e  r e d u c e d  t o  a s i n g l e  f a c t o r  - t h e  o p t i c
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(a ) CS © 2 c.p.d. (b) CS © 4  c.p.d.

-®- CD near CD dist CD near CD dist

(c ) CS © 8 c.p.d. (d) CS © 16 c.p.d.

-e- CD near CD dist -®-- CD near -»* CD dist

Figure 4.3-6 Contrast Sensitivity (CS) with refractive BCL. As COZD increases 
visual performance improves with the COZ forming the focus (asterisk) and reduces 
with the POZ forming the focus (circle) with both centre near (CN: solid line) and 
centre distance (CD: dotted line) refractive BCL for CS at (a) 2 c.p.d.; (b ) 4 c.p.d.;
(c) 8 c.p.d.; and (d) 16 c.p.d.



(a ) PRC @ 4  m

-®- CD near CD dlst

(b ) low contrast AVC (c ) high contrast AVC

-e- CD near -«• CD dlst CD near '** CD d*st

Figure 4.3-7 Vision (chart based tests) with refractive BCL. As COZD increases 
visual performance improves with the COZ forming the focus (asterisk) and reduces 
with the POZ forming the focus (circle) with both centre near (CN: solid line) and 
centre distance (CD: dotted line) refractive BCL for (a) PRC at 4 m ; (b) low 
contrast AVC; and (c) high contrast AVC.
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Figure 4.3-8 The average relative visual performance (difference from without BCL) 
with refractive BCL (a) 1.8 mm COZD (n = 28); and (b) 3.4 mm COZD (n = 25). 
Contrast Sensitivity at 2, 4, 8 and 16 c.p.d. (CS 2, CS 4, CS 8, CS 16), Belli- Robson 
contrast threshold (PRC), and Visual Acuity at low and high contrast (VA L, VA H). 
When the POZ forms the focus the loss in CS is least at the low spatial frequencies (2 
and 4 c.p.d.) whilst the loss is almost equal at all spatial frequencies when the COZ 
forms the focus. Also Figure 4.3-1 with 2.6 mm COZD.



RESULTS

z o n e  o f  t h e  B C L  w h i c h  w a s  in f o c u s  (i.e. t h e  C O Z  o r  t h e

POZ) . A s  s h o w n  in Figures 4.3-6 and 4 .3 -7 , t h i s  w a s  c o n f i r m e d

b y  t h e  A N O V A  i n t e r a c t i o n  b e t w e e n  l e n s  d e s i g n  a n d  o p t i c

z o n e  f o r  t h e  A V C  (p =  0.97) a n d  P R C  (p =  0.18) b u t  n o t

f o r  C S  (p =  0 . 0 0 2 ) .  A  r a n g e  o f  p o t e n t i a l  M R A  e q u a t i o n s

w a s -  i n v e s t i g a t e d .  A l l  M R A  e q u a t i o n s  o b t a i n e d  w e r e

s i g n i f i c a n t  (p < 0 . 0 0 0 1 )  w i t h  a d j u s t e d  R 2 v a l u e s  w h i c h

v a r i e d  b e t w e e n  0 . 3 0  a n d  0.55. A s  a n  e x a m p l e ,  t h e

e q u a t i o n s  d e r i v e d  f o r  P R C  a r e  s h o w n  b e l o w .  O n e  e q u a t i o n

d e s c r i b e s  t h e  v i s u a l  p e r f o r m a n c e  w h e n  v i e w i n g  w i t h  t h e

C O Z  f o r m i n g  t h e  f o c u s  a n d  t h e  o t h e r  w h e n  v i e w i n g  w i t h  t h e

P O Z  f o r m i n g  t h e  focus.

with COZ forming the focus
relative PRC = - 0.35 - 0.063 pupil + 0.10 COZD

+ decentration x (- 0.13 pupil + 0.10 COZD)

with POZ forming the focus
relative PRC = 0.39 - 0.26 COZD + decentration x (- 0.076 pupil + 0.10 COZD) 

(adjusted R2 = 0.551, s.e. = 0.134, n = 256)

D e t a i l s  o f  M R A  o f  a l l  v i s u a l  p e r f o r m a n c e  m e a s u r e s  a r e  

g i v e n  in Appendix 7 (A 7 -2 ). T h e  s t e p w i s e  M R A  p r o c e d u r e  

r e m o v e d  t e r m s  w h i c h  h a d  l o w  s i g n i f i c a n c e  a n d  h e n c e  n o t  

a l l  t e r m s  w e r e  i n c l u d e d  in a l l  (7 x  2) e q u a t i o n s .  T h e r e  

w e r e  n o  c o n s i s t e n t  t r e n d s  f o r  t h e  t e r m s  w h i c h  w e r e  

r e t a i n e d ,  a n d  t h e  o n l y  t e r m s  i n c l u d e d  i n  a l l  e q u a t i o n s  

d e s c r i b i n g  v i s u a l  p e r f o r m a n c e  w e r e  t h e  t w o  t e r m s  f o r  C O Z D  

( w i t h  C O Z  a n d  w i t h  P O Z ) .

T o  e v a l u a t e  t h e  M R A  e q u a t i o n s  t h e  p r e d i c t i o n s  w e r e  

c o m p a r e d  t o  r a w  d a t a .  F o r  e x a m p l e ,  a s  s h o w n  i n  Figures 4.3-9 

and 4.3-10 f o r  CS a t  16 c . p . d .  a n d  l o w  c o n t r a s t  VA, t h e

- page 190 -



RESULTS

(a) grouped data (b) predicted

Figure 4.3-9 Evaluation of the MR A equations describing visual performance with 
refractive BCL - example for CS at 16 c.p.d.. The MRA prediction was compared to 
grouped data using the COZ (asterisk) and the POZ (circle), (a) Actual data for 
BCL with décentrations of less than 0.75 mm (solid lines) and greater than 1.25 mm 
(dotted lines) were compared to (b) the predicted values for décentrations of 0.5 mm
(solid lines) and 1.5 mm (dotted lines) (the 
an average pupil size (3.0 mm).

(a) grouped data

-e- POZ <  0.75 COZ <  0.75
-o  POZ >  1.25 COZ >  1.25

approximate means of the raw data), with

(b) predicted

Figure 4.3-10 Evaluation of the MRA equations describing visual performance with 
refractive BCL - example for low contrast VA . The MRA prediction was compared 
to grouped data with COZ (asterisk) and POZ (circle), (a) Actual data for BCL with 
décentrations of less than 0.75 mm (solid lines) and greater than 1.25 mm (dotted 
lines) were compared to (b) the predicted values for décentrations of 0.5 mm (solid 
lines) and 1.5 mm (dotted lines) (the approximate means of the raw data), with an 
average pupil size (3.0 mm).



RESULTS

a c t u a l  d a t a  f o r  d e c e n t r a t i o n s  o f  l e s s  t h a n  0 . 7 5  m m  a n d  

g r e a t e r  t h a n  1 . 2 5  m m  w e r e  c o m p a r e d  t o  t h e  p r e d i c t e d  

v a l u e s  f o r  d e c e n t r a t i o n s  o f  0 . 5  m m  a n d  1 . 5  m m  (the 

a p p r o x i m a t e  m e a n s  o f  t h e  r a w  d a t a ) , w i t h  a n  a v e r a g e  p u p i l  

s i z e  (3.0 m m ) .  A s  t h e  r a w  d a t a  w a s  g r o u p e d ,  a n d  o n l y  30 

t o  5 5 %  o f  t h e  v a r i a t i o n  w a s  e x p l a i n e d  b y  t h e  M R A  

e q u a t i o n s ,  t h e  c o n f o r m i t y  o f  t h e  p r e d i c t e d  d a t a  t o  t h e  

a c t u a l  d a t a  w a s  n o t  as c o n v i n c i n g  a s  w i t h  o p t i c a l  

p e r f o r m a n c e  ( s e c t i o n  4 . 2 . 3 ) .

T h e  M R A  e q u a t i o n s  w e r e  s o l v e d  f o r  e q u a l  v i s u a l  

p e r f o r m a n c e  b e t w e e n  C O Z  a n d  P O Z . A s  s h o w n  i n  Figures 4.3-11 

and 4.3-12, t h e  o p t i m a l  C O Z D  v a r i e d  w i t h  p u p i l  size, 

d e c e n t r a t i o n ,  a n d  t h e  d i f f e r e n t  v i s u a l  p e r f o r m a n c e  

m e a s u r e .  T h i s  w a s  c o n s i s t e n t  w i t h  t h e  o p t i c a l

p e r f o r m a n c e  p r e d i c t i o n s  g i v e n  in s e c t i o n  4 . 2 . 3 .

4 . 3 . 4  R I G I D  D I F F R A C T I V E  B I F O C A L  C O N T A C T  L E N S E S

C h a n g e s  in v i s u a l  p e r f o r m a n c e  w e r e  u s e d  t o  i n v e s t i g a t e  

t h e  v a r i a b i l i t y  o f  m a n u f a c t u r e .  T h e  m a j o r  i n v e s t i g a t i o n  

e x a m i n e d  t h e  e f f e c t  o f  v a r i a t i o n s  i n  D i f f r a c t i v e  Z o n e  

J u n c t i o n  (DZJ) h e i g h t  a n d  t o o l  s h a p e  u p o n  v i s u a l  

p e r f o r m a n c e  w i t h  A N O V A  a n d  MRA. F o r  t h e  p u r p o s e s  o f  t h e  

A N O V A ,  CS r e s u l t s  w e r e  a n a l y s e d  w i t h  s p a t i a l  f r e q u e n c y  

c o n s i d e r e d  a s  a f a c t o r  (F) , a n d  s i m i l a r l y  A V C  c o n t r a s t  

l e v e l  w a s  c o n s i d e r e d  as a f a c t o r  (C) . T h e  M R A  e q u a t i o n s  

w e r e  u s e d  t o  d e v e l o p  a n  e m p i r i c a l  m o d e l  w h i c h  a l l o w e d  a
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Figure 4.3-11 The optimal COZD predicted with MRA. The optimal COZD for 
refractive BCL with the COZ decentred 0 to 2 mm over pupils of 2 to 4 mm for CS 
at (a) 2 c.p.d.; (b) 4 c.p.d.; (c) 8 c.p.d.; and (d) 16 c.p.d. predicted by the MRA 
equations.



(a) PRC 0 4 m

•— 0 —  0.5 ..... 1
—  1.5 —  2

(b) low  contrast VA (c ) high contrast VA

Figure 4.3-12 The optimal COZD predicted with MR A. The optimal COZD for 
refractive BCL with the COZ decentred 0 to 2 mm over pupils of 2 to 4 mm for (a) 
PRC at 4 m ; (b) low contrast AVC; and (c) high contrast AVC predicted by the 
MRA equations.



RESULTS

p r e d i c t i o n  o f  t h e  o p t i m a l  D Z J  h e i g h t  ( e q u a l  d i s t a n c e  a n d  

nea r )  f o r  e a c h  o f  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s .

A  p r e l i m i n a r y  i n v e s t i g a t i o n  o f  t h e  d a t a  i n d i c a t e d  t h at, 

w h e n  t h e  r e l a t i v e  v i s u a l  p e r f o r m a n c e  w i t h  B C L  w a s  

c o n s i d e r e d ,  t h e r e  w e r e  n o  c o n s i s t e n t  d i f f e r e n c e s  b e t w e e n  

t h e  r e s u l t s  f o r  t h e  t w o  p r e s b y o p i c  s u b j e c t s  a n d  t h e  y o u n g  

c y c l o p l e g e d  s u b j e c t ,  a n d  h e n c e  d a t a  w e r e  c o m b i n e d .

V a r i a b i l i t y  o f  m a n u f a c t u r e

T h e  v a r i a b i l i t y  o f  t h e  m a n u f a c t u r e  p r o c e s s  w a s  

i n v e s t i g a t e d  b y  c o m p a r i n g  t w o  b a t c h e s  ( p r o d u c t i o n  r u n s  

s e p a r a t e d  b y  a b o u t  s i x  m o n t h s )  o f  n o m i n a l l y  i d e n t i c a l  B C L  

(DZJ h e i g h t  2.2 a n d  2. 6  /xm; 25 0  /xm r o u n d  d i a m o n d  t o o l ) .  

A N O V A  (Appendix 7 (A 7-3)) i n d i c a t e d  a s i g n i f i c a n t  d i f f e r e n c e  

b e t w e e n  t h e  t w o  b a t c h e s  w i t h  P R C  (p =  0.01) b u t  n o t  w i t h  

C S  a n d  A V C  ( (p =  0.65; p =  0.84 r e s p e c t i v e l y ) ;  a n d  n o  

s i g n i f i c a n t  i n t e r a c t i o n  b e t w e e n  t h e  b a t c h ,  D Z J  h e i g h t  

a n d  v e r g e n c e  (p =  0.09; p  =  0.69; p  =  0.49) w i t h  CS, P R C  

a n d  A V C  ( r e s p e c t i v e l y ) . C o n v e r s e l y ,  as n o t e d  i n  s e c t i o n  

4 . 2 . 4 ,  t h e r e  w a s  a s i g n i f i c a n t  d i f f e r e n c e  i n  o p t i c a l  

p e r f o r m a n c e .

I n  a d d i t i o n ,  e x p e r i m e n t a l  B C L  w i t h  a 2 . 0  /xm D Z J  h e i g h t  

m a n u f a c t u r e d  w i t h  t h e  2 5 0  jum r o u n d  d i a m o n d  t o o l  w e r e  

c o m p a r e d  t o  P i l k i n g t o n  D i f f r a x  B C L  ( w h i c h  w e r e  n o m i n a l l y  

i d e n t i c a l )  . A N O V A  (Appendix 7 (A 7-4 )) i n d i c a t e d  n o

s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  t w o  B C L  t y p e s  w i t h  CS, 

P R C  o r  A V C  (p =  0 . 37; p  =  0 . 61; p  =  0.45) a n d  a
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E x p e r i m e n t a l  

V e r g e n c e  
c o d e  R a t i o

B C L

s.e.

Pilkincrton D i f f r a x  
V e r g e n c e

c o d e  R a t i o  s.e.

CS a t 8 c . o . d .

B1 0.42 0 . 1 6 D X 1 0 . 7 1 0 . 2 6

B2 0 . 5 9 0 . 2 0 DX2 0 . 7 2 0 . 3 8

B3 0 . 3 6 0 . 4 4 DX3 0 . 6 3 0 . 5 7
B4 0 . 4 6 0 . 5 0 DX4 0 . 5 9 0 . 3 1

B5 0 . 4 9 0.44 DX 5 0 . 5 8 0 . 2 9

B6 0 . 4 9 0 . 5 0 DX 6 0 . 6 3 0 . 4 5

H i a h  C o n t r a s t  V A

B1 0 . 6 6 0 . 0 6 D X 1 0 . 6 3 0 . 1 1

B2 0 . 7 6 1.17 DX2 0 . 7 9 0 . 5 8

B3 0 . 6 0 0 . 2 8 DX3 0 . 8 6 0 . 8 1

B4 0 . 3 8 0 . 3 4 DX4 0 . 9 9 1 . 5 2
B5 0 . 9 2 0 . 1 1 D X 5 0 . 8 7 0 . 6 0

B6 0.62 0.92 D X 6 0 . 8 1 0 . 6 0

Table 4.3-5 Variability of manufacture of rigid diffractive BCL. The vergence ratio 
(distance/distance+near) of the average CS at 8 c.p.d. and high contrast VA with 
rigid diffractive BCL of nominally identical DZJ height indicates the distance or 
near bias of each BCL. A ratio greater than 0.5 indicates a bias to distance. The 
large standard errors (s.e.), due to the small number of repetitions with each BCL (n 
= 2 to 4) make the interpretation of differences between individual BCL difficult. 
The vergence ratio of the experimental BCL was significantly different from 
Pilkington Diffrax with CS at 8 c.p.d. (p = 0.001) but not with high contrast VA (p = 
0.09).

CS PRC AVC

T o o l  (T) 0 . 0 0 1 0 . 0 0 1 0 . 3 2

H  x  V < 0 . 0 0 1 < 0 . 0 0 1 < 0 . 0 0 1

H  x  T  x  V < 0 . 0 0 1 0 . 0 2 8 < 0 . 0 0 1

H  x  V  x  F < 0 . 0 0 1

H  x  V  x  C < 0 . 0 0 1

Table 4.3-6 Summary of the ANOVA of visual performance with rigid diffractive 
BCL. The levels of significance of selected factors (Tool (T)) and interactions 
(including factors DZJ Height (H) Vergence (V) Spatial Frequency (F) and contrast 
(C), as detailed in text) for the ANOVAs of visual performance with rigid diffractive 
BCL. Full details of the ANOVAs are given in Appendix 6 (A6-5).



RESULTS

s i g n i f i c a n t  i n t e r a c t i o n  b e t w e e n  t h e  B C L  t y p e  a n d  v e r g e n c e  

w i t h  CS (p < 0. 0 0 1 )  b u t  n o t  w i t h  P R C  a n d  A V C  (p =  0 . 2 2 ;  p 

=  0 . 1 6 ) .  C o n v e r s e l y ,  a s  n o t e d  in s e c t i o n  4 . 2 . 4 ,  t h e r e

w a s  a s i g n i f i c a n t  d i f f e r e n c e  in o p t i c a l  p e r f o r m a n c e .

T h e  r e l a t i v e  v i s u a l  p e r f o r m a n c e  b e t w e e n  d i s t a n c e  a n d  n e a r  

w a s  e x p r e s s e d  a s  t h e  v e r g e n c e  r a t i o  ( d i s t a n c e  /  d i s t a n c e  

+ n e ar) w h i c h  v a r i e d  b e t w e e n  0 a n d  1, a n d  if g r e a t e r  t h a n  

0 . 5  t h e n  t h e  B C L  w a s  d i s t a n c e  v i s i o n  b i a s e d .  Table 4.3-5 

s h o w s  t h e  v a r i a b i l i t y  in t h e  v e r g e n c e  r a t i o  o f  n o m i n a l l y  

i d e n t i c a l  B C L  w i t h ,  f o r  e x a m p l e ,  t w o  o f  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s ,  w h i c h  c a n  b e  c o m p a r e d  t o  t h e  

v a r i a t i o n  in o p t i c a l  p e r f o r m a n c e  s h o w n  i n  Table 4.2-1.

D i f f r a c t i v e  Z o n e  J u n c t i o n  H e i g h t  a n d  T o o l  S h a p e

D Z J  h e i g h t s  (H) o f  1.8 t o  3 . 0  ¿xm, T o o l  s h a p e s  (T) 2 5 0  /xm, 

1 0 0  ¿xm a n d  f l a t t e d ,  a n d  V e r g e n c e s  (V) o f  d i s t a n c e  a n d  

n e a r ,  w e r e  i n v e s t i g a t e d  w i t h  A N O V A  a n d  t h e  r e s u l t s  g i v e n  

in Appendix 7 ( A7-5) a r e  s u m m a r i s e d  in Table 4 .3 -6 .

A s  e x p e c t e d ,  w i t h  a l l  t o o l  s h a p e s  a s  s h o w n  i n  Figures 4.3-13 

and 4 .3-14, a n d  c o n f i r m e d  b y  t h e  i n t e r a c t i o n  H  x  V, a s  t h e  

D Z J  h e i g h t  i n c r e a s e d  n e a r  v i s u a l  p e r f o r m a n c e  i m p r o v e d  a n d  

d i s t a n c e  v i s u a l  p e r f o r m a n c e  r e d u c e d .  T h e  v a r i a t i o n  in 

d i s t a n c e  a n d  n e a r  v i s u a l  p e r f o r m a n c e  w i t h  D Z J  h e i g h t  

v a r i e d  w i t h  t h e  t o o l  s h a p e ,  a s  c o n f i r m e d  b y  t h e  

i n t e r a c t i o n  H  x  T  x  V. T h e  r a t i o  b e t w e e n  d i s t a n c e  a n d  

n e a r  CS a t  d i f f e r e n t  D Z J  h e i g h t s  v a r i e d  w i t h  s p a t i a l  

f r e q u e n c y ,  c o n f i r m e d  b y  t h e  i n t e r a c t i o n  H  x  V  x  F a n d
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(a) CS 0 2 c.p.d. (a )  PRC O  +  m

-e- 250 -a- 100 F la t 250 100 O F la t

(c ) CS O 8 c.p.d. (d) CS © 16 c.p.d.

250 -0  100 O  F lat -®- 250 100 O '  F la t

Figure 4.3-13 Visual performance variation with the DZJ height of rigid diffractive 
BCL. As DZJ height increases visual performance at near (open) improves and 
reduces at distance (filled) for rigid diffractive BCL manufactured with the 250 ¡1 m 
(circle, solid line), 100 ¿im (square, dashed line) and the flatted (diamond, dotted 
line) tool for CS at (a) 2 c.p.d.; (b) 4 c.p.d.; (c) 8 c.p.d.; and (d) 16 c.p.d.



(a) PRC O 4 m

-e- 250 -a- 100 "<►• Flat

(b) low contrast AVC (c) High contrast AVC

250 -B- 100 O  Flat 250 -b - 100 O  Flat

Figure 4.3-14 Visual performance variation with the DZJ height of rigid diffractive 
BCL. As DZJ height increases visual performance at near (open) improves and 
reduces at distance (filled) for rigid diffractive BCL manufactured with the 250 /im 
(circle, solid line), 100 /im (square, dashed line) and the flatted (diamond, dotted 
line) tool for (a) PRC at 4 m ; (b) low contrast AVC; and (c) high contrast AVC.



RESULTS

s i m i l a r l y  V A  v a r i e d  w i t h  c o n t r a s t  a s  c o n f i r m e d  b y  t h e  

i n t e r a c t i o n  H  x  V  x  C.

A  f u r t h e r  A N O V A  (Appendix 7 (A 7-6)) , s u m m a r i s e d  i n  Table 4 .3 -7, 

e x a m i n e d  t h e  t o o l  s h a p e s  2 5 0  /xm, 1 0 0  /xm, 50 /xm a n d  

f l a t t e d ,  a l l  w i t h  a 2. 0  /xm D Z J  h e i g h t .  T h e  a v e r a g e

r e l a t i v e  CS w i t h  t h e  50 /xm a n d  1 0 0  /xm t o o l s  w a s  b e t t e r  

t h a n  w i t h  t h e  o t h e r  t o o l s .  D i f f e r e n c e s  b e t w e e n  t h e  t o o l s  

w e r e  l e s s  e v i d e n t  w i t h  t h e  AVC. A s  s h o w n  in Figure 4.3-15, 

t h e r e  w a s  a d i f f e r e n c e  in t h e  r a t i o  b e t w e e n  d i s t a n c e  a n d  

n e a r  f o r  t h e  d i f f e r e n t  t o o l s  c o n f i r m e d  b y  t h e  i n t e r a c t i o n  

T  x  V.

C S P R C A V C

T o o l  (T) 0 . 0 0 1 0 . 0 0 1 0 . 0 2 5

T  x V < 0 . 0 0 1 < 0 . 0 0 1 0 . 0 0 5

Table 4.3-7 Summary of the A N O V A  of visual performance with rigid 
diffractive BCL. The levels of significance of the factor, Tool, and the 

interaction between Tool and Vergence (T x V), as detailed in text, for the 
A N O V A s  of visual performance with rigid diffractive B C L  with a 2.0 /xm 

D Z J  height. Full details of the A N O V A s  are given in Appendix 7 (A7-6).

T h e  e f f e c t  o f  D Z J  h e i g h t  a n d  t o o l  s h a p e  u p o n  v i s u a l  

p e r f o r m a n c e  w a s  f u r t h e r  i n v e s t i g a t e d  w i t h  M R A .

A model of changes in visual performance

U s i n g  M R A ,  a n  e m p i r i c a l  m o d e l  f o r  c h a n g e s  i n  v i s u a l  

p e r f o r m a n c e  w a s  d e v e l o p e d  t o  a l l o w  t h e  p r e d i c t i o n  o f  t h e  

v i s u a l  p e r f o r m a n c e  w i t h  a g i v e n  D Z J  h e i g h t  a n d  t o o l
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Figure 4.3-15 The effect of tool shape on the vergence ratio. The vergence ratio 
(distance /  distance + near), with all visual performance measures, varied 
significantly between BCL with a DZJ height of 2.0 /um made with different tools. 
This vergence ratio is shown for (a) CS ; and (b) the chart-based tests. A vergence 
ratio greater than 0.5 indicates a bias to distance vision. Differences between tools 
was most obvious with CS and PRC.



RESULTS

s h a p e .  T h i s  t h e n  a l l o w e d  p r e d i c t i o n  o f  a n  o p t i m a l  D Z J  

h e i g h t  ( e q u a l  d i s t a n c e  a n d  n e a r  v i s u a l  p e r f o r m a n c e )  f o r  

e a c h  t o o l  s h a p e .  T h e  p r e d i c t i o n  w a s  c o m p a r e d  t o  t h e  

o p t i c a l  p e r f o r m a n c e  m e a s u r e s  in s e c t i o n  4 . 2 . 4 .

A l l  M R A  e q u a t i o n s  o b t a i n e d ,  g i v e n  i n  Appendix 7 (A 7 -7 ) , w e r e  

s i g n i f i c a n t  (p < 0 . 0 0 0 1 )  t h o u g h  t h e  a d j u s t e d  R 2 v a r i e d  

f r o m  o n l y  0 . 0 4  t o  0.46. A s  a n  e x a m p l e ,  t h e  e q u a t i o n s

d e r i v e d  f o r  P R C  w i t h  t h e  100 jum t o o l  a r e  s h o w n  b e l o w .

at distance
relative PRC = 0.16 - 0.20 DZJ height 

at near
relative PRC = - 0.62 + 0.11 DZJ height 

(adjusted R2 = 0.380, s.e. = 0.102, n = 148)

T h e  o p t i m a l  D Z J  h e i g h t  f o r  e q u a l  v i s u a l  p e r f o r m a n c e ,  as 

d e r i v e d  f r o m  t h e  M R A  e q u a t i o n s  (Figure 4.3-16 a n d  Table 4.3-8) , 

v a r i e d  w i t h  t o o l  s h a p e  (p < 0.001) a n d  b e t w e e n  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  ( p  < 0 . 0 0 1 ) .  A s  n o t e d  p r e v i o u s l y ,  

t h e  r e l a t i v e l y  l a r g e  s t a n d a r d  e r r o r s  a s s o c i a t e d  w i t h  t h i s  

a s s e s s m e n t  w e r e  a r e s u l t  o f  t h e  v a r i a b i l i t y  o f  t h e  v i s u a l  

d a t a  (Tay l o r ,  19 8 2 ) .

The effect of back surface polishing of rigid 

diffractive bifocal contact lenses

A s  e x p e c t e d  b a c k  s u r f a c e  p o l i s h i n g  a l t e r e d  t h e  r a t i o  

b e t w e e n  d i s t a n c e  a n d  n e a r  a s  c o m p a r e d  t o  t h e  n o m i n a l l y  

e q u i v a l e n t  ( n o n - p o l i s h e d )  B C L  f o r  a l l  v i s u a l  p e r f o r m a n c e  

m e a s u r e s .  T h i s  is d e m o n s t r a t e d ,  f o r  e x a m p l e ,  w i t h  CS at 

16 c . p . d .  in Figure 4.3-17a a n d  l o w  c o n t r a s t  V A  in Figure 4.3-18a.

- page 195 -



CS 2 CS 4 CS 8 CS 16 PRC 4 VA L VA H 
EU 250 um ■  100 um S  Flatted

Figure 4.3-16 The variation in predicted optimal DZJ height with tool shape. The 
optimal DZJ height (equal distance and near) predicted by MRA equations for each 
of the three tools and each of the visual performance measures. Values and standard 
errors are given in Table 4.3-8.

o p t i m a l  D Z J  
h e i g h t  (/im)

s.e. n

2 5 0  um T o o l

C S  2 2 . 1 7 0.29 278

C S  4 2 . 3 3 0.14 27 8

CS 8 2 . 3 9 0 . 1 5 27 8

CS 16 2 . 4 5 0 . 1 5 27 8
P R C 2 . 4 7 0.12 2 7 0

V A  L 2 . 4 9 0 . 1 0 27 0

V A  H 2 . 5 4 0 . 1 1 27 0

1 0 0  um T o o l
C S  2 2 . 2 3 0.48 149

C S  4 2 . 3 5 0.18 149

CS 8 2 . 5 6 0.22 149

C S  16 2 . 4 3 0 . 2 5 149

P R C 2 . 4 8 0.14 147

V A  L 2 . 5 1 0 . 1 6 147

V A  H 2 . 5 5 0 . 1 7 147

F l a t t e d T o o l

C S  2 1 . 8 8 0 . 6 0 1 3 1
C S  4 2 . 1 0 0 . 1 7 1 3 1
CS 8 2 . 1 4 0 . 2 5 1 3 1

C S  16 2 . 1 0 0 . 2 4 1 3 1

P R C 2 . 2 3 0 . 1 8 1 3 1

V A  L 2 . 1 2 0 . 1 7 1 3 1

V A  H 2 . 1 5 0 . 1 9 1 3 1

Table 4.3-8 The predicted optimal DZJ height for rigid diffractive BCL. The 
optimal DZJ height (equal distance and near) was predicted by MRA equations for 
each of the three tools and each of the visual performance measures. The ratios and 
standard errors (s.e.) relate to Figure 4.3-16.



RESULTS

W h e n  t h e  m e a s u r e d  D Z J  h e i g h t  ( s e c t i o n  4.1) o f  t h e  

p o l i s h e d  B C L  w a s  c o n s i d e r e d ,  o p t i c a l  p e r f o r m a n c e  w a s  

s i m i l a r  t o  t h e  n o n - p o l i s h e d  B C L  (Figures 4 .3-17b and 4 .3-18b) . 

A p a r t  f r o m  t h e  1.4 /¿m n o m i n a l  D Z J  h e i g h t  BCL, p o l i s h i n g  

d i d  n o t  r e d u c e  v i s u a l  p e r f o r m a n c e ,  m e r e l y  a l t e r i n g  t h e  

b i a s  b e t w e e n  d i s t a n c e  a n d  n e ar.

4.3.5 SOFT DIFFRACTIVE BIFOCAL CONTACT LENSES

T h e  a v a i l a b l e  s o f t  d i f f r a c t i v e  B C L  w e r e  a h e t e r o g e n e o u s  

g r o u p ,  and, w h e r e  p o s s i b l e ,  c o m p a r i s o n s  b e t w e e n  d i f f e r e n t  

d e s i g n  c h a r a c t e r i s t i c s  h a v e  b e e n  m a d e .

T h e  p o o r  o p t i c a l  q u a l i t y  c o m p a r e d  t o  t h e  r i g i d

d i f f r a c t i v e  B C L  r e p o r t e d  in s e c t i o n  4 . 2 . 5  w a s  r e f l e c t e d  

i n  g r e a t e r  r e d u c t i o n s  in v i s u a l  p e r f o r m a n c e  a n d  l a r g e r  

r e p e a t a b i l i t y  c o e f f i c i e n t s  ( s e c t i o n  4 . 3 . 2 ) .

Variability of manufacture

T h e  v a r i a b i l i t y  o f  t h e  m a n u f a c t u r e  p r o c e s s  w a s

i n v e s t i g a t e d  b y  c o m p a r i n g  t h r e e  b a t c h e s  o f  n o m i n a l l y  

i d e n t i c a l  B C L  (DZJ h e i g h t  3 . 0  /xm; 1 0 0  ¡im t o o l ;  m o u l d e d ) .  

T w o  o f  t h e  b a t c h e s  w e r e  f r o m  t h e  s a m e  p r o d u c t i o n  run. A s  

s h o w n  in Figure 4.3-19 a n d  s u m m a r i s e d  in Table 4 .3-9 , A N O V A  

i n d i c a t e d  a s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  b a t c h e s  

w i t h  CS a n d  A V C  b u t  n o t  w i t h  PRC. A  s i g n i f i c a n t  

i n t e r a c t i o n  b e t w e e n  t h e  b a t c h  a n d  v e r g e n c e  n o t e d  w i t h  CS 

i n d i c a t e s  a v a r i a t i o n  in t h e  r a t i o  b e t w e e n  d i s t a n c e  a n d  

n e a r  b e t w e e n  b a t c h e s  w i t h  CS.
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Figure 4.3-17 The effect of polishing the diffractive surface. The variation in CS at 
16 c.p.d. with (a) nominal DZJ height; and (b) measured DZJ height is shown for 
polished (open) and non-polished (filled) rigid diffractive BCL at distance (circles) 
and near (diamonds). The visual performance of the polished BCL was similar to the 
non-polished BCL when the measured DZJ height was considered.
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Figure 4.3-18 The effect of polishing the diffractive surface. The variation in low 
contrast VA with (a) nominal DZJ height; and (b) measured DZJ height is shown for 
polished (open) and non-polished (filled) rigid diffractive BCL at distance (circles) 
and near (diamonds). The visual performance of the polished BCL was similar to the 
non-polished BCL when the measured DZJ height was considered.
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Figure 4.3-19 Variability of manufacture of soft diffractive BCL. The vergence 
ratio with (a) contrast sensitivity; and (b) the chart-based test of three nominally 
identical soft diffractive BCL (3.0 /um DZJ height; 100 /¿m tool; moulded). A ratio 
of greater than 0.5 indicates a distance bias. The vergence ratio varied significantly 
between the BCL with CS but not the chart based tests. A significant difference was 
found in the average CS and average VA between the BCL.



RESULTS

E f f e c t CS PRC AVC

B a tc h  (B) < 0 .0 0 1 0 .1 4 < 0 .0 0 1

B x  V 0 .0 0 1 0 .7 0 0 .3 6

Table 4.3-9 Variability of manufacture of soft diffractive BCL. Summary of 
ANOVA of visual performance measures investigating differences between 
three nominally identical batches of moulded 3.0 /xm DZJ height 100 /xm tool 
soft diffractive BCL. The significance of the Batch and the interaction 
between Batch and Vergence (B x V) is given.

T o o l M a n u f a c tu r e CS PRC AVC

250  /xm L a th e d  < 0 .0 0 1 0 .0 8 5 0 .0 0 5

100 /xitt L a th e d  < 0 .0 0 1 0 .0 2 6 0 .0 0 1

100 /xm M o u ld ed 1 .0 0 .4 2 0 .4 0

Table 4.3-10 DZJ height versus vergence with soft diffractive BCL. 
Summary of ANOVA of visual performance measures investigating 
differences between DZJ height with 250 /xm and 100 /xm tool lathed BCL 
and 100 /xm moulded soft diffractive BCL. The significance of the 
interaction between DZJ height and Vergence is given.

DZJ h e i g h t E f f e c t CS PRC AVC

3 .0 /x m T o o l (T) 0 .8 9 0 .0 9 0 .9 5

T x  V 0 .8 4 0 .0 1 < 0 .0 0 1

3 .3 /xm T o o l  (T) 0 .5 0 0 .8 5 0 .2 7

T x  V 0 .8 6 0 .4 2 0 .8 7

4 .0 /xm T o o l  (T) < 0 .0 0 1 0 .0 0 2 < 0 .0 0 1

T x  V < 0 .0 0 1 0 .0 2 6 < 0 .0 0 1

Table 4.3-11 Tool shape versus vergence with soft diffractive BCL.
Summary of ANOVA of visual performance measures investigating 
differences between tools with lathed soft diffractive BCL of three different 
DZJ heights (3.0, 3.3, 4.0 /xm). The significance of the factor Tool and the 
interaction between Tool and Vergence (T x V) is given.



RESULTS

Diffractive Zone Junction Height

T h e  v a r i a t i o n  w i t h  D Z J  h e i g h t  w a s  l e s s  t h a n  e x p e c t e d ,  a n d  

l e s s  t h a n  t h e  v a r i a t i o n  i n  o p t i c a l  p e r f o r m a n c e  ( s e c t i o n

4 . 2 . 5 ) .  In g e n e r a l ,  t h e  n e a r  v i s u a l  p e r f o r m a n c e  i m p r o v e d  

a n d  t h e  d i s t a n c e  v i s u a l  p e r f o r m a n c e  r e d u c e d  w i t h  

i n c r e a s i n g  D Z J  h e i g h t  a s  s h o w n  in Figures 4.3-20 a n d  4.3-21. 

Table 4.3-10 s h o w s  t h e  s i g n i f i c a n c e  o f  t h i s  i n t e r a c t i o n  f o r  

CS a n d  A V C  b u t  n o t  f o r  P R C  w i t h  t h e  2 5 0  /xm t o o l ,  a n d  

1 0 0  ¿urn too l ,  l a t h e d  BCL. C o n v e r s e l y ,  n o  s i g n i f i c a n t  

i n t e r a c t i o n  b e t w e e n  D Z J  h e i g h t  a n d  v e r g e n c e  w a s  n o t e d  

w i t h  t h e  100 /xm tool, m o u l d e d  BCL. O p t i c a l  p e r f o r m a n c e  

i n d i c a t e d  a s i g n i f i c a n t  i n t e r a c t i o n  w i t h  a l l  t h r e e  g r o u p s  

o f  B C L  d e s c r i b e d  a b o v e  as s h o w n  in Figure 4 .2-37.

Diamond Tool Shape

A s  s h o w n  in Figures 4.3-20 a n d  4.3-21, t o o l  s h a p e  d i d  n o t  h a v e  

a c o n s i s t e n t  e f f e c t  u p o n  v i s u a l  p e r f o r m a n c e .  Table 4.3-11 

s u m m a r i s e s  t h e  r e s u l t s  o f  A N O V A s  w h i c h  i n v e s t i g a t e d  t h e  

e f f e c t  o f  t o o l  w i t h  l a t h e d  B C L  w i t h  t h r e e  d i f f e r e n t  D Z J  

h e i g h t s .  A  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  4 . 0  /xm D Z J  

h e i g h t  l a t h e d  B C L  m a d e  w i t h  t h e  2 5 0  /xm a n d  1 0 0  /xm t o o l s  

a n d  a n  i n t e r a c t i o n  b e t w e e n  t o o l  a n d  v e r g e n c e  w a s  n o t e d .  

A  w e a k  i n t e r a c t i o n  b e t w e e n  t o o l  a n d  v e r g e n c e  w a s  n o t e d  

w i t h  3 . 0  /xm D Z J  h e i g h t  l a t h e d  B C L  m a d e  w i t h  t h e  2 5 0  ¿urn 

a n d  10 0  /xm t o o l s .  N o  s i g n i f i c a n t  d i f f e r e n c e  w a s  n o t e d  

b e t w e e n  t h e  3.3 /xm D Z J  h e i g h t  l a t h e d  B C L  m a d e  w i t h  t h e  

1 0 0  /xm a n d  f l a t t e d  t o o l s .  T h e  m o s t  p r o n o u n c e d  d i f f e r e n c e  

i n  o p t i c a l  p e r f o r m a n c e  d u e  t o  t o o l  w a s  t h e  M T F  o f  t h e
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(a) C S 0  2 c.p.d. (b) CS O 4 c.p.d.

■*- 2 5 0 L 100L 100M
■<»■ 2 5 0 L -a- 100L O - 100M

250 L 100 L +  100M 
«• 250L -a- 100 L O - 100M

(c) CS © 8 c.p.d. (d) CS O 16 c.p.d.
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25 0 L -B- 100L O- 100M 2 5 0 L -a- 100L -O- 100M

Figure 4.3-20 Visual performance variation with the DZJ height of soft diffractive 
BCL. As DZJ height increases visual performance at near (open symbols, dashed 
lines) was expected to improve and to reduce at distance (filled symbols, solid lines) 
for CS at (a) 2 c.p.d.; (b) 4 c.p.d.; (c) 8 c.p.d.; and (d) 16 c.p.d.. This was apparent 
for lathed (L) soft diffractive BCL manufactured with the 250 [im tool (circles) and 
100 ¡Jim tool (square) but not for the moulded (M) 100 ¡Jim tool BCL (diamond).



(a )  PRC O  4- m

(b) low contrast AVC (c) High contrast AVC

25 0 L -a- 100L O- 100 M
2 5 0 L 100L 100
250 L -B- 100 L -O- 100

Figure 4.3-21 Visual performance variation with the DZJ height of soft diffractive 
BCL. As DZJ height increases visual performance at near (open symbols, dashed 
lines) was expected to improve and to reduce at distance (filled symbols, solid lines) 
for CS at (a) PRC at 4 m ; (b) low contrast AVC; and (c) high contrast AVC.. This 
was apparent for lathed (L) soft diffractive BCL manufactured with the 250 jum tool 
(circles) and 100 /im tool (square) but not for the moulded (M) 100 jum tool BCL 
(diamond).



RESULTS

3.3 /m, f l a t t e d  t o o l  BCL, w h i c h  w a s  f a r  m o r e  n e a r  b i a s e d  

t h a n  t h e  o t h e r  3.3 D Z J  h e i g h t  B C L  (Figure 4.2-37b) .

Manufacture technique

T h e  m e t h o d  o f  m a n u f a c t u r e  ( l a t h e  c u t t i n g  o r  m o u l d i n g )  w a s  

c o m p a r e d  f o r  s o f t  d i f f r a c t i v e  B C L  w i t h  n o m i n a l  D Z J  

h e i g h t s  o f  3 . 0  a n d  3.3 /im u s i n g  a n  A N O V A  a n d  t h e  

s i g n i f i c a n c e  o f  t h e  e f f e c t s  o f  i n t e r e s t  a r e  g i v e n  in Table

4 .3-12. T h e r e  w a s  n o  o v e r a l l  d i f f e r e n c e  b e t w e e n  t h e  t w o  

m a n u f a c t u r e  t e c h n i q u e s  a n d  a n  i n t e r a c t i o n  b e t w e e n

m a n u f a c t u r e  a n d  D Z J  h e i g h t  n o t e d  w i t h  CS. T h e  a v e r a g e  

v i s u a l  p e r f o r m a n c e s  w i t h  t h e  3.0 /zm B C L  w e r e  b e t t e r ,  w i t h  

b o t h  m a n u f a c t u r e  t e c h n i q u e s  t h a n  t h e  3.3 /xm BCL, a n d  t h e

3.3 /xm B C L  w a s  m o r e  h i g h l y  b i a s e d  t o  d i s t a n c e  t h a n  t h e

3 . 0  /xm BCL, w h i c h  i m p l i e d  m a n u f a c t u r i n g  p r o b l e m s .

E f f e c t CS P R C A V C

M a n u f a c t u r e  (M) 0 . 7 0 0 . 4 7 0 . 7 4

D Z J  h e i g h t  (H) 0 . 0 0 5 0 . 2 8 0 . 0 0 3

M  x H 0 . 0 0 7 0 . 2 1 0 . 0 6

M  x  H  x  V 0 . 0 7 1 0 . 9 1 0 . 7 0

Table 4.3-12 Manufacture method and DZJ height versus vergence with soft 
diffractive BCL. Summary of A N O V A  of visual performance measures 
investigating differences between lathed and moulded soft diffractive B C L  of two 

D Z J  heights (3.0, 3.3 Atm). The significance of the factors Manufacture and DZJ 

height and the interactions between Manufacture and D Z J  height (M x H) and 
between Manufacture, DZJ height and Vergence ( M  x H  x V) is given.
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"Reverse" add soft diffractive bifocal contact lens

A  " r e v e r s e "  a d d  B C L  u t i l i s e s  t h e  n e g a t i v e  f i r s t  o r d e r  

d i f f r a c t i v e  f o c u s  t o  f o r m  t h e  d i s t a n c e  i m a g e  a n d  t h e  z e r o  

o r d e r  f o c u s  t o  f o r m  t h e  n e a r  i m a g e  ( s e c t i o n  1 . 2 . 3 ) .  

H e n c e  t h e  i m a g e  f o r m a t i o n  v a r i e s  f r o m  t h e  o t h e r  

d i f f r a c t i v e  B C L  u s e d  in t h i s  s t u d y .  A s  s h o w n  in Figure

4.3-22 t h e  v e r g e n c e  r a t i o  o f  a " r e v e r s e "  a d d  B C L  w a s  

d i f f e r e n t  f r o m  " c o n v e n t i o n a l "  B C L  ( z e r o  o r d e r  f o c u s  f o r m s  

d i s t a n c e  image, p o s i t i v e  f i r s t  o r d e r  f o c u s  f o r m s  n e a r  

i m a g e )  o f  t h e  s a m e  n o m i n a l  D Z J  h e i g h t .  T h i s  w a s  

C o n s i s t e n t  w i t h  t h e  A N O V A  (Appendix 7 (A 7 -8 )) i n t e r a c t i o n s  

b e t w e e n  a d d i t i o n  t y p e  a n d  v e r g e n c e  w i t h  CS, P R C  a n d  A V C  

(p < 0 . 0 0 1 ;  p  < 0 . 0 0 1 ;  p  = 0.02). T h e  b i a s  in v i s u a l  

p e r f o r m a n c e  w a s  t h e  r e v e r s e  of t h a t  f o u n d  f o r  o p t i c a l  

p e r f o r m a n c e  a t  548 n m  a n d  573 n m  (Figure 4.2-38) .

A commercially available soft diffractive bifocal 

contact lens

T h e  r e l a t i v e  v i s u a l  p e r f o r m a n c e  o f  t h e  A l l e r g a n  E c h e l o n  

s o f t  d i f f r a c t i v e  B C L  is s h o w n  in Figure 4 .3-23. T h e  o v e r a l l  

o p t i c a l  p e r f o r m a n c e  w a s  b e t t e r  t h a n  a n y  o f  t h e  s o f t  

d i f f r a c t i v e  B C L  a v a i l a b l e  f o r  t h i s  s t u d y .
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Figure 4.3-22 "Reverse" add compared to conventional add soft diffractive BCL. 
The vergence ratio of a "reverse" add 3.0 jum DZJ height, 100 nm  tool, moulded soft 
diffractive BCL was found to differ from conventional soft diffractive BCL of the 
same nominal parameters. The "reverse" add BCL was near biased, whilst the 
conventional BCL were distance biased.
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Figure 4.3-23 Allergan Echelon compared to an experimental soft diffractive BCL. 
(a) The average relative visual performance of Allergan Echelon soft diffractive 
BCL was found to be better than any of the soft diffractive BCL available for this 
study, (b) An example of the average relative visual performance with the best soft 
diffractive BCL used in this study.



RESULTS

4.4 Longitudinal Chromatic Aberration of diffractive 

bifocal contact lenses

T h e  L o n g i t u d i n a l  C h r o m a t i c  A b e r r a t i o n  (LCA) o f  f o u r  r i g i d  

d i f f r a c t i v e  B C L  (2.0 /xm D Z J  h e i g h t ;  2 5 0  /xm r o u n d e d  tool) 

w a s  m e a s u r e d  a s  d e s c r i b e d  in s e c t i o n  3.4. T h i s  w a s  t h e n  

c o m p a r e d  t o  t h e  L C A  o f  t w o  r e f r a c t i v e  B C L  (2.6 m m  C O Z D ) .

Repeatability

T e s t - r e t e s t  r e p e a t a b i l i t y  ( s e c t i o n  3.7) f o r  r e p e a t e d  

(n =  12) m e a s u r e s  w i t h  b o t h  B C L  t y p e s  w a s  f o u n d  t o  b e  

± 0 . 4 2  D i o p t r e s  (D) . T h u s  t h i s  t e c h n i q u e  d e m o n s t r a t e d  

p o o r  r e p e a t a b i l i t y  c o m p a r e d  t o  t h e  s i z e  o f  t h e  e f f e c t s  o f  

i n t e r e s t .

Bifocal contact lenses

F o r  d i f f r a c t i v e  BCL, t h e  a v e r a g e  L C A  o f  t h e  d i s t a n c e  

i m a g e  (1.43 ± 0 . 2 3  D) w a s  g r e a t e r  t h a n  t h e  a v e r a g e  L C A  of 

t h e  n e a r  i m a g e  (0.76 ± 0 . 3 4  D) ( s t u d e n t  T  =  2 . 8 3 ;  n  =  4; 

p  < 0 . 0 5 ) .  F o r  r e f r a c t i v e  BCL, t h e  a v e r a g e  L C A  o f  t h e  

d i s t a n c e  i m a g e  (1.38 ± 0 . 3 3  D) w a s  n o t  d i f f e r e n t  f r o m  t h e  

a v e r a g e  L C A  o f  t h e  n e a r  i m a g e  (1.26 ± 0 . 3 5  D) ( s t u d e n t  

T  =  0 . 2 5 ;  n =  2; p  > 0.1).

Summary

A s  s u g g e s t e d  b y  Equation 1.2-1 t h e  L C A  o f  t h e  d i f f r a c t i v e  n e a r  

f o c u s  w a s  s m a l l e r  t h a n  t h e  L C A  o f  t h e  d i s t a n c e  f o c u s .  A s  

e x p e c t e d  t h e r e  w a s  n o  d i f f e r e n c e  w i t h  r e f r a c t i v e  BCL.
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4.5 Prediction of the Optical and Visual Performance 

of Rigid Diffractive Bifocal Contact Lenses from 

surface profile measurements

A  s t e p w i s e  M u l t i p l e  R e g r e s s i o n  A n a l y s i s  (MRA) p r o c e d u r e  

( s e c t i o n  3.8) w a s  u s e d  t o  i n v e s t i g a t e  t h e  r e l a t i o n s h i p  

b e t w e e n  m e a s u r e d  d i f f r a c t i v e  z o n e  j u n c t i o n  (DZJ) h e i g h t  

o f  r i g i d  d i f f r a c t i v e  B C L  m a d e  w i t h  t h e  2 5 0  nm d i a m o n d  

t o o l  ( s e c t i o n  4.1) a n d

(a) t h e  o p t i c a l  p e r f o r m a n c e  ( s e c t i o n  4 . 2 ) ;  a n d

(b) t h e  v i s u a l  p e r f o r m a n c e  ( s e c t i o n  4 . 3 ) ;

m e a s u r e d  a t  d i s t a n c e  a n d  n e ar. E m p i r i c a l  m o d e l s

d e s c r i b i n g  o p t i c a l  p e r f o r m a n c e  a r e  g i v e n  in s e c t i o n  4 . 5 . 1  

a n d  d e s c r i b i n g  v i s u a l  p e r f o r m a n c e  in s e c t i o n  4 . 5 . 2 .  

T h e s e  m o d e l s  a l l o w e d  t h e  p r e d i c t i o n  o f  o p t i m a l  D Z J  

h e i g h t s  (eq u a l  p e r f o r m a n c e  a t  d i s t a n c e  a n d  n e a r ) , w h i c h  

w e r e  c o m p a r e d  t o  t h e  m o d e l s  d e v e l o p e d  u s i n g  n o m i n a l  D Z J  

h e i g h t  in s e c t i o n s  4 . 2 . 4  a n d  4.3.4.

4 . 5 . 1  O P T I C A L  P E R F O R M A N C E

T h e  m e a s u r e d  D Z J  h e i g h t  a t  e a c h  D Z J  w a s  h i g h l y  c o r r e l a t e d  

w i t h  t h e  m e a s u r e d  D Z J  h e i g h t  a t  o t h e r  D Z J s  ( s e c t i o n  

4 . 1 . 2 ) .  T h e  t h i r d  a n d  e i g h t h  D Z J s  w e r e  t h e  m o s t  h i g h l y  

c o r r e l a t e d  w i t h  t h e  a v e r a g e  MTF.

T h e  v a r i a t i o n  in a v e r a g e d  M T F  c o u l d  b e  d e s c r i b e d  b y  

e q u a t i o n s  u s i n g  t h e  m e a s u r e d  h e i g h t  o f  t h e  t h i r d  D Z J
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( w i t h  a d j u s t e d  R 2 =  0 . 7 8 4  a t  548 nm, a n d  R 2 = 0 . 7 5 1  a t  

5 7 3  nm) . D e t a i l s  o f  t h e  M R A  a r e  g i v e n  i n  Appendix 8 (A 8 -la ).

A v e r a g e  M T F  w a s  s l i g h t l y  b e t t e r  d e s c r i b e d  b y  M R A  

e q u a t i o n s  in t e r m s  o f  t h e  a v e r a g e  D Z J  h e i g h t  ( a d j u s t e d  R 2 

=  0 . 8 0 7  a t  5 4 8  nm, a n d  R 2 =  0 . 7 8 2  a t  57 3  nm) . D e t a i l s  of 

t h e  M R A  a r e  g i v e n  in Appendix 8 (A 8 - lb ) . Figure 4.5-1 s h o w s  t h a t  

m e a s u r e d  a v e r a g e  m o d u l a t i o n  w a s  w e l l  p r e d i c t e d  b y  t h e s e  

M R A  e q u a t i o n s .

O p t i m a l  D Z J  h e i g h t

B y  s o l v i n g  t h e  e q u a t i o n s  w h i c h  u s e d  t h e  a v e r a g e  D Z J  

h e i g h t  f o r  e q u a l  p e r f o r m a n c e  a t  d i s t a n c e  a n d  n e a r ,  t h e  

p r e d i c t e d  o p t i m a l  D Z J  h e i g h t  f o r  t h e  r i g i d  d i f f r a c t i v e  

B C L  m a d e  w i t h  t h e  25 0  jLxm t o o l  w a s  f o u n d  t o  b e  1 . 9 9  /urn a t  

5 4 8  n m  a n d  2 . 0 7  /xm a t  573 nm. T h i s  c o m p a r e s  w e l l  w i t h ,  

b u t  w a s  s y s t e m a t i c a l l y  s m a l l e r  t h a n  t h e  p r e d i c t e d  o p t i m a l  

D Z J  h e i g h t  f o u n d  in s e c t i o n  4 . 2 . 4  u s i n g  n o m i n a l  D Z J  

h e i g h t s  ( a v e r a g e d  f o r  a l l  s p a t i a l  f r e q u e n c i e s  - 2 . 0 3

( r a n g e  1.6 t o  2.1) /xm a t  548 n m  a n d  2 . 2 0  ( r a n g e  1. 6  t o

2.3) ¿urn a t  573 nm) {Figure 4.2-30) .

4 . 5 . 2  V I S U A L  P E R F O R M A N C E

T h e  m e a s u r e d  h e i g h t  o f  t h e  i n n e r  D Z J s  (i.e. 2, 3, 4, 5)

w e r e  t h e  m o s t  h i g h l y  c o r r e l a t e d  w i t h  t h e  v i s u a l

p e r f o r m a n c e  m e a s u r e s .
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DZJ height (um)
♦  Measured D O Measured N 

—  Predicted D —  Predicted N

Figure 4.5-1 Comparison of measured and predicted optical performance. 
Average modulation measured at 548 nm at distance (filled) and near (open) 
compared to the average predicted modulation at distance (solid line) and near 
(dotted line) derived from MRA of the measured DZJ height, (adjusted R = 
0.807; p < 0.0001)

DZJ height (um)
♦  Measured D O Measured N

—  Predicted D *** Predicted N

Figure 4.5-2 Comparison of measured and predicted visual performance. As 
an example the average measured CS at 8 c.p.d. at distance (filled) and near 
(open) compared to that predicted, at distance (solid line) and near (dotted 
line), from MRA of the measured DZJ height (adjusted R2 = 0.414; p < 
0.0001). Similar results were found with the other visual performance 
measures (Table 4.5-1).



RESULTS

T h e  a v e r a g e d  v i s u a l  p e r f o r m a n c e  w a s  d e s c r i b e d  i n  t e r m s  o f  

t h e  a v e r a g e d  D Z J  h e i g h t .  T h e  M R A  e q u a t i o n s  a r e  g i v e n  in 

Appendix 8 (A 8 -2 ), a n d  t h e  a d j u s t e d  R 2 v a l u e s  a r e  s h o w n  in

Table 4 .5 -1 . I n t e r e s t i n g l y ,  t h e  s t e p w i s e  M R A  p r o c e d u r e  

r e m o v e d  t h e  t e r m  f o r  D Z J  h e i g h t  f r o m  t h e  e q u a t i o n

d e s c r i b i n g  n e a r  v i s u a l  p e r f o r m a n c e  f o r  CS a t  2 a n d  4

c . p . d . .

v i s u a l
p e r f o r m a n c e

D Z J
m e a s u r e d

h e i g h t
n o m i n a l

CS 2 c p d 0 . 4 0 6 0 . 1 0 8

CS 4 c p d 0 . 4 2 5 0 . 2 7 2

CS 8 c p d 0 . 4 1 4 0 . 2 5 0

CS 16 c p d 0 . 4 3 8 0 . 2 6 4

P R C  4 m 0 . 5 1 7 0 . 3 8 3

V A  l o w 0 . 6 3 5 0 . 4 6 4

V A  h i g h 0 . 5 5 9 0 . 4 1 0

Table 4.5-1 Visual performance prediction from D Z J  height. The 
adjusted R 2 of M R A  which describe the average visual performance 
with rigid diffractive B C L  (250 pm tool) in terms of the average 
measured DZ J  height and the nominal DZJ height (from section 4.3.4).
All M R A  were highly significant (measured: n = 48, p < 0.0001; 
nominal: n = 271, p < 0.0001).

M e a s u r e d  D Z J  h e i g h t  w a s  a b e t t e r  p r e d i c t o r  o f  v i s u a l  

p e r f o r m a n c e  t h a n  t h e  n o m i n a l  D Z J  h e i g h t  ( s e c t i o n  4.3.4) 

a s  s h o w n  in Table 4 .5 -1 . A s  a n  e x a m p l e  o f  t h e  M R A  e q u a t i o n s ,  

Figure 4.5-2 s h o w s  t h e  m e a s u r e d  r e d u c t i o n  i n  v i s u a l  

p e r f o r m a n c e  w i t h  CS a t  8 c . p . d .  c o m p a r e d  t o  t h a t
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o p t i m a l  D Z J  
h e i g h t  (/xm)

s.e. n

C S  2 2 . 0 1 0 . 2 5 48

C S  4 2 . 0 8 0.24 48

C S  8 2 . 1 7 0 . 2 5 48

CS 16 2 . 2 7 0 . 2 5 48

P R C 2 . 2 2 0 . 2 1 48

V A  L 2 . 2 3 0 . 1 6 48

V A  H 2 . 3 5 0 . 2 1 48

Table 4.5-2 The predicted optimal DZJ height with the different visual 
performance measures. The optimal DZJ height (equal distance and near) 
predicted by MRA equations derived using the measured DZJ height of rigid 
diffractive BCL made with the 250 ^m tool for each of the visual 
performance measures. The optimal DZJ height was smaller than predicted 
by the MRA in section 4.3.4 which used the nominal DZJ height.

Figure 4.5-3 The predicted optimal DZJ height with the different visual 
performance measures. Optimal DZJ height (equal distance and near) was 
predicted by MRA equations derived using the measured DZJ height of rigid 
diffractive BCL made with the 250 gim tool for each of the visual 
performance measures and were smaller than the optimal DZJ height 
predicted by the MRA in section 4.3.4 which used the nominal DZJ height. 
There was a consistent trend for a larger optimal DZJ height with increasing 
spatial frequency content of the visual performance measure.
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p r e d i c t e d  b y  t h e  M R A  e q u a t i o n .  S i m i l a r  r e s u l t s  w e r e

f o u n d  w i t h  t h e  o t h e r  v i s u a l  p e r f o r m a n c e  m e a s u r e s .

Optimal DZJ height

T h e  p r e d i c t e d  o p t i m a l  D Z J  h e i g h t s  f o r  e a c h  o f  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  w i t h  r i g i d  d i f f r a c t i v e  B C L  m a d e  w i t h  

t h e  2 5 0  /¿m t o o l ,  f o u n d  b y  s o l v i n g  t h e  a b o v e  M R A  e q u a t i o n s  

f o r  e q u a l  p e r f o r m a n c e  a t  d i s t a n c e  a n d  n e a r ,  a r e  g i v e n  in 

Table 4 .5 -2 . Figure 4.5-3 s h o w s  t h at, as n o t e d  in s e c t i o n  4 . 5 . 1  

f o r  o p t i c a l  p e r f o r m a n c e ,  t h e  o p t i m a l  D Z J  h e i g h t s

p r e d i c t e d  u s i n g  m e a s u r e d  D Z J  h e i g h t  w e r e  c o m p a r a b l e  to, 

b u t  s l i g h t l y  s m a l l e r  t h a n  t h o s e  f o u n d  in s e c t i o n  4 . 3 . 4  

u s i n g  n o m i n a l  D Z J  h e i g h t  (Table 4.3-8 a n d  Figure 4.3-16) .

4.6 Prediction of Visual Performance from Optical 

Performance measures

E m p i r i c a l  m o d e l s  o f  v i s u a l  p e r f o r m a n c e  in t e r m s  o f  t h e  

m e a s u r e d  o p t i c a l  p e r f o r m a n c e  w e r e  d e r i v e d  u s i n g  m u l t i p l e  

r e g r e s s i o n  a n a l y s i s  ( M R A ) . T h e  m o d e l s  o f  v i s u a l

p e r f o r m a n c e  w i t h  r e f r a c t i v e  B C L  a r e  d e s c r i b e d  in s e c t i o n  

4 . 6 . 1 ,  a n d  w i t h  r i g i d  a n d  s o f t  d i f f r a c t i v e  B C L  in 

s e c t i o n s  4 . 6 . 2  a n d  4 . 6 . 3  r e s p e c t i v e l y .

Preliminary investigation

A s  n o t e d  i n  s e c t i o n  4 . 2 . 2 ,  p r i n c i p a l  c o m p o n e n t  a n a l y s i s  

i n d i c a t e d  o n l y  a s i n g l e  f a c t o r  d e s c r i b i n g  t h e  m e a s u r e d  

m o d u l a t i o n  a t  e a c h  o f  t h e  16 s p a t i a l  f r e q u e n c i e s  (i.e. n o
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s p a t i a l  f r e q u e n c y  r e l a t e d  c o m p o n e n t s  w e r e  p r e s e n t ) . 

F u r t h e r  a n a l y s i s  i n d i c a t e d  t h a t  t h e r e  w e r e  w e a k  a n d  

i n c o n s i s t e n t  r e l a t i o n s h i p s  b e t w e e n  t h e  s p a t i a l  f r e q u e n c y  

c o n t e n t  o f  t h e  o p t i c a l  p e r f o r m a n c e  m e a s u r e s  (i.e. t h e  

m o d u l a t i o n  a t  t h e  16 s p a t i a l  f r e q u e n c i e s )  a n d  t h a t  o f  t h e  

v i s u a l  p e r f o r m a n c e  m e a s u r e s  a s  i n d i c a t e d  b y  t h e  

c o r r e l a t i o n s  b e t w e e n  t h e  m e a s u r e d  m o d u l a t i o n  a n d  t h e

v i s u a l  p e r f o r m a n c e  m e a s u r e s .  T h e  h i g h  c o r r e l a t i o n s
/

b e t w e e n  t h e  m e a s u r e d  m o d u l a t i o n  a t  t h e  d i f f e r e n t  s p a t i a l  

f r e q u e n c i e s  i n c r e a s e d  t h e  r i s k  o f  o v e r - o p t i m i s t i c  

e s t i m a t i o n  o f  t h e  p r e d i c t i v e  p o w e r  o f  a n y  d e r i v e d  m o d e l s .

N u m e r o u s  d a t a  r e d u c t i o n s  w e r e  i n v e s t i g a t e d  a n d  t h e  m o d e l s  

p r e s e n t e d  h e r e  w e r e  d e r i v e d  w i t h  t h e  n u m b e r  o f  t e r m s  in 

t h e  s u b s e q u e n t  M R A  r e s t r i c t e d  t o  t h e  m e a s u r e d  m o d u l a t i o n  

a t  f o u r  s p a t i a l  f r e q u e n c i e s  (4, 12, 25, a n d  66 c . p . d . ) .

A  s t e p w i s e  M R A  p r o c e d u r e  ( s e c t i o n  3.8) w a s  t h e n  u s e d  t o  

d e v e l o p  e q u a t i o n s ,  in t e r m s  o f  t h e  m o d u l a t i o n  a t  t h e  f o u r  

s p a t i a l  f r e q u e n c i e s ,  t o  d e s c r i b e  e a c h  v i s u a l  p e r f o r m a n c e  

m e a s u r e .  N o  a priori a s s u m p t i o n s  w e r e  m a d e  a b o u t  t h e  

s p a t i a l  f r e q u e n c y  c o n t e n t  o f  t h e  o p t i c a l  o r  v i s u a l  

p e r f o r m a n c e  m e a s u r e s .  A s  n o t e d  in s e c t i o n  3.8, t e r m s  

w h i c h  w e r e  j u d g e d  t o  b e  s t a t i s t i c a l l y  r e d u n d a n t  w e r e  

r e m o v e d  f r o m  t h e  M R A  e q u a t i o n s  b y  t h e  s t e p w i s e  p r o c e d u r e .

R e l a t i v e  o p t i c a l  p e r f o r m a n c e

A s  w i t h  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  ( s e c t i o n  4 . 3 . 2 ) ,  

t h e  M T F  c o u l d  b e  d e s c r i b e d  in t e r m s  o f  t h e  r e l a t i v e
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RESULTS

o p t i c a l  p e r f o r m a n c e .  D a t a  w a s  c o n v e r t e d  t o  t h e  f o r m  o f  

t h e  r e l a t i v e  o p t i c a l  p e r f o r m a n c e  w h e r e  :

{
modulation with BCL 
—

modulation without BCL

E q u a t i o n s  w e r e  d e r i v e d  u s i n g  b o t h  t h e  m e a s u r e d  m o d u l a t i o n  

a n d  t h e  r e l a t i v e  o p t i c a l  p e r f o r m a n c e .

4.6.1 REFRACTIVE BIFOCAL CONTACT LENSES

I n i t i a l l y ,  a s e r i e s  o f  e m p i r i c a l  M R A  m o d e l s  wa.s: d e r i v e d  

u s i n g  t h e  m e a s u r e d  M T F  o f  c e n t r e d  r e f r a c t i v e  B C L  to 

p r e d i c t  t h e  d i f f e r e n t  v i s u a l  p e r f o r m a n c e  m e a s u r e s .  I n  a 

s e c o n d  a n a l y s i s  t h e  M T F  p r e d i c t e d  b y  t h e  e q u a t i o n  

e m p i r i c a l l y  d e r i v e d  in s e c t i o n  4 . 2 . 3  t o  d e s c r i b e  t h e  M T F  

o f  d e c e n t r e d  r e f r a c t i v e  B C L  w a s  u s e d  t o  p r e d i c t  v i s u a l  

p e r f o r m a n c e .

Models using measured MTF of refractive Bifocal 

Contact Lenses with different apertures

M T F  m e a s u r e m e n t s  m a d e  w i t h  e a c h  r e f r a c t i v e  B C L  c e n t r e d  

o v e r  a p e r t u r e s  o f  3 t o  5 m m  w e r e  a v e r a g e d  s e p a r a t e l y  f o r  

e a c h  a p e r t u r e  s t o p  a n d  e a c h  s p a t i a l  f r e q u e n c y .  T h e  

a v e r a g e d ,  m e a s u r e d  m o d u l a t i o n s  w e r e  t h e n  u s e d  i n  a 

s t e p w i s e  M R A  ( s e c t i o n  3.8) t o  p r e d i c t  v i s u a l  p e r f o r m a n c e  

m e a s u r e s  w h i c h  h a d  b e e n  a v e r a g e d  f o r  a l l  s u b j e c t s .

T h e  a v e r a g e  m e a s u r e d  p u p i l  s i z e  o f  t h e  f i v e  s u b j e c t s  w a s

3 . 1  m m  w h e n  v i e w i n g  t h e  CS t e s t  a n d  2 . 6  m m  w h e n  v i e w i n g
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RESULTS

t h e  c h a r t - b a s e d  t e s t s  (Table 4.3-2) . A  p r e l i m i n a r y  v i s u a l  

e x a m i n a t i o n  o f  t h e  d a t a  i n d i c a t e d  t h a t  t h e  o p t i c a l  

p e r f o r m a n c e  w i t h  B C L  c e n t r e d  o v e r  t h e  4 m m  a p e r t u r e  s t o p  

m o s t  c l o s e l y  m a t c h e d  t h e  c h a n g e s  i n  v i s u a l  p e r f o r m a n c e  

n o t e d .  A s  s h o w n  in Table 4 .6 -1, as h a d  b e e n  e x p e c t e d ,  m o s t  

v i s u a l  p e r f o r m a n c e  m e a s u r e s  w e r e  s l i g h t l y  b e t t e r  

p r e d i c t e d  u s i n g  t h e  M T F  m e a s u r e d  w i t h  t h e  4 m m  a p e r t u r e .

I n  s e c t i o n  4 . 3 . 3 ,  v i s u a l  p e r f o r m a n c e  w a s  d e s c r i b e d ,  in 

t e r m s  o f  t h e  COZ D ,  p u p i l  s i z e  a n d  t h e  d e c e n t r a t i o n  o f  t h e  

BCL, b y  a s e t  o f  e q u a t i o n s  d e r i v e d  w i t h  M R A .  A s  s h o w n  in 

Table 4 .6-2 , o p t i c a l  p e r f o r m a n c e  w a s  g e n e r a l l y  a b e t t e r  

p r e d i c t o r  o f  v i s u a l  p e r f o r m a n c e .

A s  s h o w n  i n  Table 4.6-3 f o r  t h e  4 m m  a p e r t u r e ,  t h e  M R A  

e q u a t i o n s ,  g i v e n  in Appendix 9 (A 9 -1 ), p r o v i d e d  l i m i t e d  

s u p p o r t  f o r  t h e  h y p o t h e s i s  t h a t  t h e  l o w e r  s p a t i a l  

f r e q u e n c y  v i s u a l  p e r f o r m a n c e  m e a s u r e s  (CS a t  2 a n d  4 

c . p . d . )  w o u l d  h a v e  b e e n  b e s t  p r e d i c t e d  b y  t h e  m o d u l a t i o n  

m e a s u r e d  a t  l o w e r  s p a t i a l  f r e q u e n c i e s ,  w h i l e  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  w i t h  a h i g h e r  s p a t i a l  f r e q u e n c y  

c o n t e n t  (VA) w o u l d  h a v e  b e e n  b e s t  p r e d i c t e d  b y  t h e  

m o d u l a t i o n  m e a s u r e d  a t  h i g h e r  s p a t i a l  f r e q u e n c i e s .

Models using predicted MTF of decentred refractive 

Bifocal Contact Lenses

I n  t h e  s e c o n d  a n a l y s i s ,  t h e  m o d e l  d e v e l o p e d  i n  s e c t i o n

4 . 2 . 3  t o  d e s c r i b e  t h e  M T F  w i t h  d e c e n t r e d  r e f r a c t i v e  B C L  

w a s  u s e d  t o  p r e d i c t  t h e  m o d u l a t i o n  a t  e a c h  o f  t h e  s a m e  4
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Visual
Performance

adjusted R- 
with aperture stop 

3 mm 3.5 mm 4 mm 5 mm

CS at 2 c.p.d. 0.394 0.371* 0.469 0.365

CS at 4 c.p.d. 0.737 0.569 0.778 0.751

CS at 8 c.p.d. 0.518 0.366 0.554 0.505

CS at 16 c.p.d. 0.446 0.329* 0.461 0.415

PRC at 4 m 0.610 0.540 0.802 0.792

low contrast VA 0.643 0.721 0.755 0.797

high contrast VA 0.511 0.543 0.469 0.501
*

P < 0.0005 (all others p 0.0001)

Table 4.6-1 Prediction of visual performance with refractive BCL. The adjusted R2 
for the MRA which used the MTF measured with refractive BCL (n = 36) over 
different apertures to predict the average visual performance with the same BCL. 
All MRA p < 0.0001 except as shown.

V i s u a l

P e r f o r m a n c e

A d j u s t e d

R 2

CS a t  2 c . p . d . 0 . 4 9 0

CS a t  4 c . p . d . 0 . 4 3 6

CS a t  8 c . p . d . 0 . 4 4 3

CS a t  16 c . p . d . 0 . 4 4 1

P R C  a t  4 m 0 . 5 5 1

l o w  c o n t r a s t  V A 0 . 5 2 1

h i g h  c o n t r a s t  V A 0 . 3 0 0

Table 4.6-2 Prediction of visual performance with refractive BCL. The 
adjusted R2 for MRA equations derived in section 4.3.3 to describe visual 
performance with refractive BCL in terms of COZD, pupil size and 
décentration. All equations p < 0.0001; n = 255.



RESULTS

Spatial
Freq.
(c.p.d)

CS 2 
c.p.d.

Standardised Regression Coefficients (£eta)
Visual Performance Measure 

CS 4 CS 8 CS 16 PRC VA Low 
c.p.d. c.p.d. c.p.d. contrast

VA High 
contrast

4 1.86 2.18

12 5.57 7.54 3.32 3.12 10.5 6.75 1.84

25 5.10 5.38 2.33 2.14 8.85 4.71

66 2.02

Table 4.6-3 Terms retained in MRA illustrated the weak relationship between the 
spatial frequency of MTF and visual performance measures in MRA equations for 
refractive BCL. The standardised regression coefficients (/Seta) of the modulation 
measured at the spatial frequencies shown for the MRA which attempted to describe 
visual performance (CS at 2, 4, 8, and 16 c.p.d., PRC at 4 m and low and high 
contrast VA). There was a weak trend, as might have been expected, for the higher 
spatial frequency modulation terms to be retained by the stepwise MRA procedure in 
the equations which described visual performance measures with a higher spatial 
frequency content (and vice versa). In this example, MTF was measured with the 
BCL over a 4 mm aperture, and similar results were found with the other apertures. 
Details of all MRA equations are included in Appendix 9.

V i s u a l

P e r f o r m a n c e
A d j u s t e d

R 2

CS a t  2 c. p . d . 0 . 3 6 4

CS a t  4 c. p . d . 0 . 3 5 5

CS a t  8 c. p . d . 0 . 2 7 2

CS a t  16 c. p . d . 0 . 2 4 7

P R C  a t  4 m 0 . 5 8 7

l o w  c o n t r a s t  V A 0 . 5 6 4

h i g h  c o n t r a s t  V A 0 . 3 1 7

Table 4.6-4 Calculated MTF used to predict visual performance of refractive BCL. 
The adjusted Rz for MRA equations which described visual performance in terms of 
the modulation calculated with the MRA equation for decentred refractive BCL 
derived in section 4.2.3 which incorporated the measured COZD, pupil size and 
décentration, (all equations p < 0.0001; n = 129)



RESULTS

s p a t i a l  f r e q u e n c i e s  f o r  t h e  g i v e n  c o n f i g u r a t i o n  of 

m e a s u r e d  p u p i l  size, m e a s u r e d  B C L  d é c e n t r a t i o n  a n d  C O Z D  

f o r  e a c h  s u b j e c t  w i t h  e a c h  BCL. T h e  c a l c u l a t e d

m o d u l a t i o n  w a s  t h e n  s u b j e c t  t o  a s t e p w i s e  M R A  a n d  m o d e l s  

d e v e l o p e d  t o  p r e d i c t  v i s u a l  p e r f o r m a n c e .

A s  i n d i c a t e d  b y  t h e  a d j u s t e d  R 2 v a l u e s  g i v e n  in Table 4.6-4, 

t h e  p r e d i c t e d  M T F  w a s  l e s s  s u c c e s s f u l  a t  p r e d i c t i n g  

v i s u a l  p e r f o r m a n c e  t h a n  t h e  m e a s u r e d  M T F  o f  c e n t r e d  

r e f r a c t i v e  B C L  {Table 4.6-1) , a n d  n o  b e t t e r  t h a n  k n o w l e d g e  of 

t h e  C O Z D ,  p u p i l  s i z e  a n d  d é c e n t r a t i o n ,  a s  s h o w n  i n  Table 

4 .6 -2 .

4 . 6 . 2  R I G I D  D I F F R A C T I V E  B I F O C A L  C O N T A C T  L E N S E S

A l l  n o m i n a l l y  i d e n t i c a l  (i.e. t h e  s a m e  t o o l  s h a p e  a n d  D Z J  

h e i g h t )  r i g i d  d i f f r a c t i v e  B C L  w e r e  g r o u p e d  a n d  t h e  

a v e r a g e  M T F  u s e d  in a s t e p w i s e  M R A  t o  p r e d i c t  a v e r a g e  

v i s u a l  p e r f o r m a n c e .  A s  s h o w n  in Table 4 .6 -5 , t h e  M T F  

m e a s u r e d  a t  573 n m  w a s  a b e t t e r  p r e d i c t o r  t h a n  d a t a  

m e a s u r e d  a t  54 8  nm.

A s  a c o m p a r i s o n ,  v i s u a l  p e r f o r m a n c e  w a s  p r e d i c t e d  in 

s e c t i o n  4 . 3 . 4  b y  e m p i r i c a l l y  d e r i v e d  M R A  e q u a t i o n s ,  g i v e n  

i n  Appendix 7 (A 7 -7 ), in t e r m s  o f  t h e  n o m i n a l  D Z J  h e i g h t ,  

w i t h  a n  a d j u s t e d  R 2 w h i c h  v a r i e d  f r o m  o n l y  0 . 0 4  t o  0 . 4 6  (p 

< 0 . 0 0 0 1 ) .  I n  s e c t i o n  4 . 5 . 2  v i s u a l  p e r f o r m a n c e  w a s

p r e d i c t e d  b y  e m p i r i c a l l y  d e r i v e d  M R A  e q u a t i o n s ,  g i v e n  in 

Appendix 8 (A 8 -2 ), in t e r m s  o f  t h e  m e a s u r e d  D Z J  h e i g h t ,  w i t h
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a d j u s t e d  R 2
V i s u a l  I n t e r f e r e n c e  F i l t e r

P e r f o r m a n c e  548 n m  57 3  n m

C S  a t  2 c . p . d . 0 . 4 7 8 0 . 4 0 2

C S  a t  4 c . p . d . 0 . 7 8 5 0 . 8 1 9

CS a t  8 c . p . d . 0 . 6 9 5 0 . 7 3 1

CS a t  16 c . p . d . 0 . 5 9 8 0 . 6 8 4

P R C  a t  4 m 0 . 6 9 1 0 . 8 0 1

l o w  c o n t r a s t  V A 0 . 7 7 3 0 . 8 8 0

h i g h  c o n t r a s t  V A 0 . 6 9 5 0 . 7 6 5

Table 4.6-5 Prediction of visual performance with rigid diffractive BCL. The 
adjusted R2 for MRA equations which describe the visual performance averaged for 
groups of nominally identical rigid diffractive BCL in terms of the measured 
modulation at 4 spatial frequencies. All equations p < 0.0001; n = 46.

Spatial
Freq.
(c.p.d)

CS 2 
c.p.d.

Standardised Regression Coefficients (/3eta)
Visual Performance Measure 

CS 4 CS 8 CS 16 PRC VA Low 
c.p.d. c.p.d. c.p.d. contrast

VA High 
contrast

4

12 0.65 0.91 0.86 0.75 0.44

25 0.83 0.88

66 1.01 0.51 0.88

Table 4.6-6 The relationship between the spatial frequency of MTF and visual 
performance measures in MRA equations for rigid diffractive BCL. The 
standardised regression coefficients (/Seta) of the modulation measured at the spatial 
frequencies shown for the MRA which attempted to describe visual performance (CS 
at 2, 4, 8, and 16 c.p.d., PRC at 4 m and with low and high contrast VA). There 
was a weak trend, as might have been expected, for the higher spatial frequency 
modulation terms to be retained by the stepwise MRA procedure in the equations 
which described visual performance measures with a higher spatial frequency content 
(and vice versa). In this example, MTF was measured at 573 nm, and similar results 
were found at 548 nm. Details of all MRA equations are included in Appendix 9.



RESULTS

a n  a d j u s t e d  R 2 w h i c h  v a r i e d  f r o m  0 . 4 1  t o  0 . 6 4  (p < 

0 .0 0 0 1).

T h e  M R A  e q u a t i o n s  (Appendix 9 (A 9-2)) , a s  s h o w n  f o r  e x a m p l e  

i n  Table 4.6-6 f o r  t h e  e q u a t i o n s  d e r i v e d  f r o m  t h e  M T F  

m e a s u r e d  a t  573 n m  a g a i n  p r o v i d e d  l i m i t e d  s u p p o r t  f o r  t h e

h y p o t h e s i s  t h a t  t h e  s p a t i a l f r e q u e n c y c o n t e n t o f  t h e

v i s u a l p e r f o r m a n c e  m e a s u r e w o u l d  b e r e l a t e d t o  t h e

s p a t i a l f r e q u e n c y  o f  t h e m e a s u r e d m o d u l a t i o n t e r m s

r e t a i n e d  b y  t h e  s t e p w i s e  M R A  p r o c e d u r e .

4.6.3 SOFT DIFFRACTIVE BIFOCAL CONTACT LENSES

A  s e r i e s  o f  e m p i r i c a l  M R A  m o d e l s  w e r e  d e r i v e d  u s i n g  t h e  

M T F  m e a s u r e d  a t  4 s p a t i a l  f r e q u e n c i e s  f o r  e a c h  s o f t  

d i f f r a c t i v e  B C L  t o  p r e d i c t  t h e  d i f f e r e n t  v i s u a l

p e r f o r m a n c e  m e a s u r e s .

T h e  M R A  e q u a t i o n s  d e r i v e d  b y  t h i s  t e c h n i q u e  w e r e  a l l  

s i g n i f i c a n t  (p < 0 . 0 2 5 ) ,  t h o u g h  t h e  a d j u s t e d  R 2 v a l u e s ,  as 

s h o w n  in Table 4.6-7 v a r i e d  f r o m  o n l y  0 . 0 7  t o  0.2 3 .  A s  w i t h  

t h e  r e f r a c t i v e  a n d  r i g i d  d i f f r a c t i v e  BCL, t h e r e  w a s  a 

w e a k  r e l a t i o n s h i p  b e t w e e n  t h e  s p a t i a l  f r e q u e n c y  o f  t h e  

t e r m s  u s e d  i n  t h e  f i n a l  M R A  e q u a t i o n s  ( m e a s u r e d

m o d u l a t i o n )  a n d  t h e  s p a t i a l  f r e q u e n c y  o f  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e .
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V i s u a l
P e r f o r m a n c e

A d j u s t e d
R2

CS a t  2 c . p . d . 0 .0 7 1 *

CS a t  4 c . p . d . 0 .1 0 2 *

CS a t  8 c . p . d . 0 .1 1 3 *

CS a t  16 c . p . d . * *0 .1 3 1

PRC a t  4 in _ , _  _ ** 0 .1 7 2

lo w  c o n t r a s t  VA - _ _ - * * *  0 . 2 3 1

h i g h  c o n t r a s t  VA 0 . 1 9 7

* p < 0.025; ** p < 0.01; *** p < 0.001

Table 4.6-7 Prediction of visual performance with soft diffractive BCL. The 
adjusted R2 for MRA equations which describe visual performance with soft 
diffractive BCL in terms of the measured MTF (modulation) at 16 spatial 
frequencies at 548 nm. (n = 61).



Chapter 5 DISCUSSION

I n t r o d u c t i o n

T h e  g e n e r a l  c o n c o r d a n c e  b e t w e e n  o p t i c a l  a n d  v i s u a l  

p e r f o r m a n c e  r e s u l t s  w a s  h i g h ,  i n d i c a t i n g  t h a t  t h e

M o d u l a t i o n  T r a n s f e r  F u n c t i o n  (MTF) w a s  a u s e f u l  i n d e x  f o r  

i n v e s t i g a t i n g  t h e  e f f e c t s  o f  c h a n g e s  i n  B C L  d e s i g n  u p o n  

v i s u a l  p e r f o r m a n c e .  T h i s  c h a p t e r  d i s c u s s e s  s i m i l a r i t i e s  

a n d  c o n s i d e r s  d i f f e r e n c e s  b e t w e e n  r e s u l t s  w i t h  t h e  

o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  m e a s u r e s  o f  r i g i d

r e f r a c t i v e  ( s e c t i o n  5.2), r i g i d  d i f f r a c t i v e  ( s e c t i o n  5.3) 

a n d  s o f t  d i f f r a c t i v e  ( s e c t i o n  5.4) b i f o c a l  c o n t a c t  l e n s e s  

(BCL). In s e c t i o n  5 . 1  s o m e  g e n e r a l  a s p e c t s  o f  t h e  

r e s u l t s  a r e  c o n s i d e r e d ,  a n d  in s e c t i o n  5. 5  t h e  u s e  of 

o p t i c a l  p e r f o r m a n c e  m e a s u r e s  t o  p r e d i c t  v i s u a l

p e r f o r m a n c e  is d i s c u s s e d .

5.1 General considerations

T h e  f o l l o w i n g  g e n e r a l  c o n c l u s i o n s ,  w h i c h  r e l a t e  t o  t h e

g e n e r a l  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s ,  a r e  d i s c u s s e d  :

a) R e p e a t a b i l i t y  o f  b o t h  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  

m e a s u r e s  w a s  w o r s e  t h a n  p r e v i o u s l y  r e p o r t e d ,  a n d  w a s  

r e l a t e d  t o  i m a g e  q u a l i t y  ( s e c t i o n  5 . 1 . 1 ) ;

b) L u m i n a n c e  c h a n g e s  w e r e  f o u n d  n o t  t o  i m p r o v e  t h e  

s e n s i t i v i t y  o f  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  t o  

c h a n g e s  in B C L  d e s i g n  ( s e c t i o n  5 . 1 . 2 ) ;
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c) T h e  m e a s u r e d  m o d u l a t i o n  a t  t h e  d i f f e r e n t  s p a t i a l  

f r e q u e n c i e s  w e r e  h i g h l y  c o r r e l a t e d  ( s e c t i o n  5 . 1 . 3 ) ;

d) T h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  w e r e  a l l  

s i g n i f i c a n t l y  c o r r e l a t e d  ( s e c t i o n  5 . 1 . 4 ) ;

e) T h e r e  w a s  n o  d i f f e r e n c e  in t h e  v i s u a l  p e r f o r m a n c e  

( w i t h  d i f f r a c t i v e  BCL) b e t w e e n  t h e  c y c l o p e g e d  p r e -  

p r e s b y o p i c  s u b j e c t  a n d  t h e  p r e s b y o p i c  s u b j e c t s  

( s e c t i o n  5.1.5)

5.1.1 REPEATABILITY

T h e  r e p e a t a b i l i t y  c o e f f i c i e n t s ,  t h e  9 5 %  c o n f i d e n c e  l i m i t  

o f  t h e  t e s t - r e t e s t  d i s t r i b u t i o n  ( s e c t i o n  3 . 7), w e r e  

l a r g e r  t h a n  p r e v i o u s l y  r e p o r t e d .  T h e  r e p e a t a b i l i t y  

c o e f f i c i e n t s  f o r  t h e  M T F  m e a s u r e m e n t  o f  t h e  p r e s e n t  s t u d y  

{Figure 4.2-7) , r e p r e s e n t e d  a p p r o x i m a t e l y  2 5 %  o f  t h e  

p o t e n t i a l  m e a s u r e m e n t  r a n g e ,  as c o m p a r e d  t o  t h e  1% 

c l a i m e d  b y  t h e  m a n u f a c t u r e r ,  a n d  m a y  r e f l e c t  t h e  i m a g e  

q u a l i t y  o f  BCL. T h o u g h  n o t  e x a m i n e d  e x p e r i m e n t a l l y ,  it 

w a s  t h e  a u t h o r ' s  i m p r e s s i o n  t h a t  t h e  i n h e r e n t  v a r i a b i l i t y  

o f  t h e  s y s t e m  ( b e t w e e n  m e a s u r e m e n t  v a r i a t i o n s )  w a s  at 

l e a s t  5%, m a k i n g  t h e  1% s t a n d a r d  d e v i a t i o n  r e p o r t e d  b y  

G r a y  a n d  S h e r i d a n  (1988) f o r  s i n g l e  v i s i o n  C L  r a t h e r  

s u r p r i s i n g .  I t  is w o r t h  n o t i n g  tha t ,  i n  t h a t  s t u d y ,  o n l y  

t h r e e  m e a s u r e m e n t s  w e r e  a v e r a g e d  i n  e a c h  " e x p e r i m e n t " .  

T h e  p o o r  r e p e a t a b i l i t y  w i t h  B C L  s u g g e s t s  t h a t ,  if t h e  M T F  

is t o  b e  u s e d  f o r  t e s t i n g  o r  d e v e l o p m e n t  o f  BCL, a n u m b e r  

o f  r e p e t i t i o n s  w o u l d  b e  r e q u i r e d  t o  i m p r o v e  r e l i a b i l i t y .
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T h e  r e p e a t a b i l i t y  c o e f f i c i e n t s  f o r  t h e  v i s u a l  p e r f o r m a n c e  

m e a s u r e s  o f  t h e  p r e s e n t  s t u d y  (Table 4.3-1) , v a r i e d  f r o m  

a p p r o x i m a t e l y  2 0 %  t o  63 %  o f  t h e  p o t e n t i a l  m e a s u r e m e n t  

r a n g e ,  v a r i e d  w i t h  t h e  s p a t i a l  f r e q u e n c y  o f  c o n t r a s t  

s e n s i t i v i t y  (CS) a n d  t h e  c o n t r a s t  o f  v i s u a l  a c u i t y  (VA) 

c h a r t ,  a n d  w e r e  l a r g e r  (by 1.5 t o  4 t i m e s )  t h a n  r e p o r t e d  

p r e v i o u s l y  w i t h  o p t i m a l l y  c o r r e c t e d  n o r m a l  s u b j e c t s  (e.g. 

s e c t i o n  2.2; E l l i o t t  e t  al, 1 9 9 0 a ;  G r e e v e s  e t  al, 1988; 

L o v i e - K i t c h i n ,  1 9 88; R e e v e s  e t  al, 1 9 9 1 ) .  A s  s h o w n  in 

Figure 4 .3-4 , t h e  r e p e a t a b i l i t y  c o e f f i c i e n t s  w e r e  

s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  t h e  a v e r a g e  r e d u c t i o n  in 

v i s u a l  p e r f o r m a n c e  w h i c h  i n d i c a t e d  t h a t  t h e  r e d u c t i o n  in 

r e p e a t a b i l i t y  w a s  d u e  t o  t h e  p o o r  q u a l i t y  o f  v i s i o n  w i t h  

B C L  m a k i n g  a c c u r a t e  r e p e a t e d  m e a s u r e  m o r e  d i f f i c u l t .  

T h o u g h  t h i s  m i g h t  h a v e  b e e n  e x p e c t e d ,  t h e  v a r i a t i o n  w i t h  

s p a t i a l  f r e q u e n c y  a n d  w i t h  o p t i c a l  q u a l i t y  h a s  n o t  b e e n  

r e p o r t e d  p r e v i o u s l y .  I n c r e a s e d  v a r i a b i l i t y  h a s  b e e n  

r e p o r t e d  f o r  s u b j e c t s  s u f f e r i n g  f r o m  o p h t h a l m i c  d i s e a s e s  

a n d  m a y  i n c r e a s e  w i t h  d e t e r i o r a t i n g  v i s u a l  p e r f o r m a n c e  

( E l l i o t t  a n d  S h e r i d a n ,  1 9 88; R o s s  e t  al, 1 9 8 4  ; W o o d  et 

al, 1 9 8 8 ) .  T h e  v a r i a t i o n  w i t h  s p a t i a l  f r e q u e n c y  m a y  b e  

p a r t l y  e x p l a i n e d  b y  t h e  r e l a t i v e  r e s i s t a n c e  o f  l o w e r  

s p a t i a l  f r e q u e n c i e s  t o  o p t i c a l  d e g r a d a t i o n  ( C a m p b e l l  a n d  

G r e e n ,  1 9 6 5 a ;  G r e e n  a n d  C a m p b e l l ,  1 9 6 5 ;  K a y  a n d  M o r r i s o n ,

1987) . T h e  p o o r  r e p e a t a b i l i t y  o f  v i s u a l  p e r f o r m a n c e  

m e a s u r e s  w i t h  B C L  r e d u c e s  t h e  a b i l i t y  t o  d e t e c t  

d i f f e r e n c e s  a n d  c h a n g e s ,  b o t h  i n  e x p e r i m e n t a l  a n d  

c l i n i c a l  w o r k .  T h e  c l i n i c i a n  f i t t i n g  B C L  m u s t  t h e r e f o r e
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b e  a w a r e  t h a t  c o m p a r a t i v e l y  l a r g e  a p p a r e n t  f l u c t u a t i o n s  

i n  v i s i o n  w i t h  B C L  a r e  " n o r m a l " .

5.1.2 LUMINANCE

T h e  f a i l u r e  t o  f i n d  a n  i n c r e a s e d  s e n s i t i v i t y  t o  t h e  

e f f e c t s  o f  v a r i a t i o n s  in d i f f r a c t i v e  B C L  d e s i g n  w i t h  

r e d u c e d  l u m i n a n c e  r e p o r t e d  in s e c t i o n  2 . 3  w a s  in 

c o n t r a d i c t i o n  t o  t h e  r e s u l t s  o f  G u i l l o n  e t  al (1988, 

1991) a n d  G u i l l o n  a n d  S a y e r  (1988). T h e  c o n t r o l  o f  p u p i l  

s i z e  ( f i x e d  f o r  b o t h  l u m i n a n c e  l e v e l s )  in t h e  p r e s e n t  

s t u d y  m a y  e x p l a i n  t h i s  d i s c r e p a n c y .  A s  G u i l l o n  a n d  c o -

w o r k e r s  a l l o w e d  n a t u r a l  v a r i a t i o n s  in p u p i l  s i z e  t o  o c c u r  

w i t h  v a r i a t i o n s  in l u m i n a n c e ,  t h e  e f f e c t  o f  l u m i n a n c e  w a s  

c o n f o u n d e d  w i t h  t h e  e f f e c t  o f  p u p i l  s i z e .  H e n c e  w h a t  h a s  

b e e n  r e p o r t e d  a s  a n  i n c r e a s e d  s e n s i t i v i t y  u n d e r  r e d u c e d  

l u m i n a n c e  c o n d i t i o n s  w a s  p r o b a b l y  d u e  t o  t h e  i n c r e a s e d  

p u p i l  s i z e  a n d  t h e  i n h e r e n t  c h a n g e s  in o p t i c a l

p e r f o r m a n c e  o f  t h e  h u m a n  e y e  (e.g. s p h e r i c a l  a b e r r a t i o n )  

a s  s h o w n  in Figure 1 3 -1 . T h e  v a r i a t i o n s  b e t w e e n  C L  r e p o r t e d  

b y  G u i l l o n  a n d  c o - w o r k e r s  t h u s  m a y  h a v e  b e e n  r e l a t e d  t o  

t h e  a b i l i t y  o f  d i f f e r e n t  C L  t o  c o r r e c t  t h e  a b e r r a t i o n s  of 

a m o r e  d i l a t e d  p u p i l  r a t h e r  t h a n  a n  i n c r e a s e d  s e n s i t i v i t y  

o f  V A  m e a s u r e m e n t  w i t h  r e d u c e d  l u m i n a n c e .  T h i s  d o e s  n o t  

r e d u c e  t h e  s i g n i f i c a n c e  o f  t h e i r  r e s u l t s ,  a n d  it is 

p o s s i b l e  t h a t  t e s t i n g  u n d e r  r e d u c e d  l u m i n a n c e  c o n d i t i o n s ,  

w i t h  n a t u r a l  p u p i l s ,  m a y  e l i c i t  d i f f e r e n c e s  b e t w e e n  B C L  

w h i c h  a f f e c t  t h e  a b i l i t y  o f  a p a t i e n t  t o  w e a r  a

p a r t i c u l a r  BCL.
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5.1.3 CORRELATION BETWEEN MTF MEASURES

T h e  v e r y  h i g h  c o r r e l a t i o n s  b e t w e e n  t h e  m o d u l a t i o n  o f  t h e  

M T F  a t  t h e  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s  a n d  t h e  f a i l u r e  

t o  find, w i t h  p r i n c i p a l  c o m p o n e n t  a n a l y s i s ,  f a c t o r s  

l o a d e d  f o r  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s  ( s e c t i o n  4.2.2) 

w e r e  n o t  s u r p r i s i n g  as t h e  M T F  is a m a t h e m a t i c a l  f u n c t i o n  

w h i c h  w a s  c a l c u l a t e d  f r o m  t h e  m e a s u r e d  L i n e  S p r e a d  

F u n c t i o n  (L S F ) . A s  a r e s u l t ,  m e a s u r e m e n t  a t  a l i m i t e d  

n u m b e r  o f  s p a t i a l  f r e q u e n c i e s  c o u l d  b e  e x p e c t e d  t o  

a d e q u a t e l y  d e s c r i b e  v a r i a t i o n s  in t h e  M T F ,  a n d  t h i s  w a s  

d e m o n s t r a t e d  in s e c t i o n  4.6.

5.1.4 CORRELATION BETWEEN VISUAL PERFORMANCE 

MEASURES

T h e  s i g n i f i c a n t  c o r r e l a t i o n s  b e t w e e n  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  ( Table 4.3-2) a n d  f a i l u r e  t o  f i n d  m o r e  

t h a n  a s i n g l e  f a c t o r  w i t h  p r i n c i p a l  c o m p o n e n t  a n a l y s i s  

i n d i c a t e d  t h a t  a l l  o f  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  

u s e d  in t h e  p r e s e n t  s t u d y  w e r e  a f f e c t e d  s i m i l a r l y  b y  B C L  

w e a r .  T h e  d i f f e r e n c e  f r o m  t h e  r e p o r t  o f  S e k u l e r  e t  al 

(1984) w h o  d e s c r i b e d  3 f a c t o r s  in t h e  C S  m e a s u r e d  o v e r  a 

s i m i l a r  r a n g e  o f  s p a t i a l  f r e q u e n c i e s  m a y  h a v e  b e e n  d u e  t o  

t h e  d i f f e r e n t  e x p e r i m e n t a l  c o n d i t i o n s .  I n  t h e  p r e s e n t  

s t u d y  t h e  CS d u r i n g  o p t i c a l  d e g r a d a t i o n  (due t o  B C L  w e ar) 

o f  a s m a l l  g r o u p  o f  s u b j e c t s  (n =  8) w a s  m e a s u r e d  as 

c o m p a r e d  t o  t h e  b e s t  c o r r e c t e d  CS o f  9 1  s u b j e c t s  w i t h  a 

w i d e  a g e  r a n g e  m e a s u r e d  b y  S e k u l e r  e t  al (1984) . T h e
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c o n t e n t i o n  t h a t  C S  a t  s p a t i a l  f r e q u e n c i e s ,  s e p a r a t e d  b y  a 

f a c t o r  o f  4, a r e  i n d e p e n d e n t  ( S e k u l e r  a n d  M u l v a n n e y ,  

1983) a l s o  w a s  n o t  c o n f i r m e d  b y  t h e  p r e s e n t  s t u d y .  T h e  

p r e s e n t  s t u d y  w a s  in a g r e e m e n t  w i t h  o t h e r  s t u d i e s  ( B r o w n  

a n d  L o v i e - K i t c h i n ,  1989; O w s l e y  e t  al, 1983) o v e r  a 

s i m i l a r  s p a t i a l  f r e q u e n c y  r a n g e .  D e s p i t e  t h i s ,  a s  n o t e d  

in s e c t i o n s  5.2 a n d  5.3, s o m e  a s p e c t s  o f  v i s u a l  

p e r f o r m a n c e  w i t h  t h e  B C L  w e r e  s p a t i a l  f r e q u e n c y  

d e p e n d e n t .  C o n s e q u e n t l y ,  t h e  l o w e r  c o r r e l a t i o n s  b e t w e e n  

v i s u a l  p e r f o r m a n c e  m e a s u r e s  w i t h  a l o w  s p a t i a l  f r e q u e n c y  

c o n t e n t  (e.g. CS a t  2 c . p . d . )  a n d  t h o s e  w i t h  a h i g h

s p a t i a l  f r e q u e n c y  c o n t e n t  (e.g. VA) w o u l d  s u g g e s t  t h a t  

t e s t s  o f  v i s u a l  p e r f o r m a n c e  s h o u l d  i n c l u d e  a l o w  to 

m e d i a n  s p a t i a l  f r e q u e n c y  tes t ,  s i n c e  s o m e  a s p e c t  of 

v i s i o n  w a s  n o t  a s s e s s e d  w i t h  t h e  o t h e r  t e s t s  o f  v i s u a l  

p e r f o r m a n c e  u t i l i s e d  h e r e .  T h e  r e l e v a n c e  o f  c h a n g e s  in 

v i s u a l  p e r f o r m a n c e  a t  l o w  s p a t i a l  f r e q u e n c i e s  t o  t h e  

a b i l i t y  t o  s u c c e s s f u l l y  w e a r  B C L  h a s  n o t  b e e n  

d e m o n s t r a t e d .

A  r e l a t i o n s h i p  b e t w e e n  t h e  f u n d a m e n t a l  f r e q u e n c y  o f  t h e  

P e l l i - R o b s o n  c o n t r a s t  t h r e s h o l d s  (PRC) a n d  C S  m e a s u r e s  

h a s  n o t  b e e n  p r e v i o u s l y  r e p o r t e d .  P R C  ( c a l c u l a t e d  

f u n d a m e n t a l  f r e q u e n c y  3. 6  c . p . d .  a t  4 m) w a s  c o r r e l a t e d  

w i t h  CS a t  4 c . p . d .  (r =  0.61) b e t t e r  t h a n  a n y  o f  t h e  

o t h e r  CS m e a s u r e s  (2, 8, 16 c . p . d . ) .  I n  a d d i t i o n ,  

c o r r e l a t i o n  w a s  h i g h  w i t h  l o w  c o n t r a s t  (r =  0.75) a n d

h i g h  c o n t r a s t  (r =  0.60) VA. A l s o ,  a s  n o t e d  i n  s e c t i o n  

2.3, t h e r e  w e r e  s y s t e m a t i c  d i f f e r e n c e s  in t h e  a b s o l u t e
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v a l u e s ,  a n d  d i f f e r e n c e s  in t h e  e f f e c t  o f  r e d u c e d  

l u m i n a n c e  b e t w e e n  t h e  P R C  a n d  CS r e s u l t s ,  c o n f i r m i n g  t h e  

r e p o r t  o f  W a i s s  a n d  C o h e n  (1991). T h i s  s u g g e s t s  t h a t  t h e  

a n a l y s i s  o f  t h e  P R C  in t e r m s  o f  i t s  f u n d a m e n t a l  

f r e q u e n c y ,  a s  d i s c u s s e d  in s e c t i o n  1.4, w a s  a d e q u a t e ,  b u t  

t h a t  a t  4 m e t r e s  t h e r e  w a s  s i g n i f i c a n t  h i g h e r  s p a t i a l  

f r e q u e n c y  i n f o r m a t i o n  (Bouma, 1 9 7 1 ) .  It w o u l d  b e  

i n t e r e s t i n g  t o  e x t e n d  t h i s  a n a l y s i s  t o  a w i d e r  r a n g e  o f  

a p p l i c a t i o n s  a n d  o t h e r  m e a s u r e m e n t  d i s t a n c e s .

5 . 1 . 5  T H E  USE- O F  P R E - P R E S B Y O P I C  S U B J E C T S  A N D  

A R T I F I C I A L  P U P I L S

T h e  u s e  o f  a n  a r t i f i c i a l  p u p i l ,  w h i l s t  h a v i n g  a l o n g  

h i s t o r y  in v i s u a l  s c i e n c e ,  d o e s  n o t  r e p r e s e n t  t h e  r e a l  

s i t u a t i o n  a s  t h e  a r t i f i c i a l  p u p i l  ( w o r n  d u r i n g  t h e  

i n v e s t i g a t i o n  o f  d i f f r a c t i v e  B C L  b y  o n e  s u b j e c t )  l i m i t e d  

t h e  i n c o m i n g  b e a m  a n d  h e n c e  t h e  a r e a  o f  t h e  d i f f r a c t i v e  

e l e m e n t  o f  t h e  B C L  w h i c h  w a s  a c t i v e ,  w h e r e a s  t h e  n a t u r a l  

p u p i l  l i m i t e d  t h e  b e a m  a f t e r  t h e  l i g h t  h a d  p a s s e d  t h r o u g h  

t h e  d i f f r a c t i v e  e l e m e n t .

T h e r e  w a s  n o  c o n s i s t e n t  n o r  s i g n i f i c a n t  d i f f e r e n c e  in t h e  

r e s u l t s  o b t a i n e d  w i t h  r i g i d  a n d  s o f t  d i f f r a c t i v e  B C L  w o r n  

b y  (a) a p r e - p r e s b y o p i c  s u b j e c t  ( c y c l o p l e g e d  a n d  u s i n g  a n  

a r t i f i c i a l  p u p i l ) ; a n d  (b) t h e  t w o  p r e s b y o p i c  s u b j e c t s  

( n a t u r a l  p u p i l s ) . H e n c e ,  t h e  d a t a  c o u l d  b e  c o m b i n e d  f o r  

t h e  a n a l y s i s .  T h e  u s e  o f  c y c l o p l e g e d  p r e - p r e s b y o p e s  t o  

i n v e s t i g a t e  t h e  e f f e c t s  o f  c h a n g e s  i n  d i f f r a c t i v e  B C L
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d e s i g n  u p o n  v i s u a l  p e r f o r m a n c e  w o u l d  a p p e a r  t o  b e  a 

v i a b l e  a l t e r n a t i v e  f o r  t h e  a s s e s s m e n t  o f  v i s u a l  

p e r f o r m a n c e  w i t h  d i f f r a c t i v e  BCL, b u t  w a s  u n s u c c e s s f u l  

w h e n  a t t e m p t e d  b y  t h e  a u t h o r  w i t h  r i g i d  r e f r a c t i v e  B C L  

d u e  t o  t h e  s i g n i f i c a n t  e f f e c t s  o f  d e c e n t r a t i o n  a n d  

m o v e m e n t  d i s c u s s e d  in s e c t i o n  5.2. C o x  (1985, 1986) 

r e p o r t e d  r e s u l t s  w i t h  c y c l o p l e g e d  p r e - p r e s b y o p e s  w e a r i n g  

s o f t  c o n c e n t r i c - d e s i g n  BCL, u s i n g  a r t i f i c i a l  p u p i l s  a n d  

t a k i n g  c a r e  t o  e n s u r e  c e n t r a t i o n ,  w h i c h  w e r e  g e n e r a l l y  

c o n f i r m e d  b y  t h e  p r e s e n t  s t u d y ,  e x c e p t  f o r  t h e  e s t i m a t e s  

f o r  p u p i l  c o v e r a g e  b y  t h e  c e n t r a l  o p t i c a l  z o n e  (COZ) 

( b a s e d  u p o n  t h e  a r t i f i c i a l  p u p i l  d i a m e t e r  r a t h e r  t h a n  t h e  

e f f e c t i v e  d i a m e t e r  a t  t h e  B C L ) .

5.2 Refractive concentric-design bifocal contact lenses

T h e  c o m p l e x i t y  o f  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  v a r i o u s  

f a c t o r s  i n v e s t i g a t e d  h a s  b e e n  d e m o n s t r a t e d  b y  t h e  p r e s e n t  

s t u d y .  T h e  f o l l o w i n g  m a j o r  f i n d i n g s  a r e  d i s c u s s e d  in 

t h i s  s e c t i o n  :

a) A  s i g n i f i c a n t  b u t  t r i v i a l  d i f f e r e n c e  b e t w e e n  t h e  

C e n t r e - D i s t a n c e  (CD) a n d  C e n t r e - N e a r  (CN) c o n c e n t r i c -  

d e s i g n s  ( s e c t i o n  5 . 2 . 1 ) ;

b) O p t i c a l  p e r f o r m a n c e  i m p r o v e d  w i t h  i n c r e a s i n g  a p e r t u r e  

s i ze, w h i l e  r e l a t i v e  v i s u a l  p e r f o r m a n c e  r e d u c e d  w i t h  

i n c r e a s i n g  p u p i l  s i z e  ( s e c t i o n  5 . 2 . 2 ) ;

c) T h e  r a t i o  b e t w e e n  d i s t a n c e  a n d  n e a r  p e r f o r m a n c e  

v a r i e d  w i t h  p u p i l  s i z e  ( s e c t i o n  5 . 2 . 2 ) ;
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d) T h e  r a t i o  b e t w e e n  d i s t a n c e  a n d  n e a r  v a r i e d  w i t h  

c e n t r a l  o p t i c  z o n e  d i a m e t e r  (COZD) ( s e c t i o n  5 . 2 . 3 ) ;

e) B o t h  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  v a r i e d  w i t h  

s p a t i a l  f r e q u e n c y  w i t h  c h a n g e s  in C O Z D  ( s e c t i o n

5.2.3)

f) O p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  w e r e  s h o w n  t o  a l t e r  

w i t h  d e c e n t r a t i o n  o f  t h e  B C L  ( s e c t i o n  5 . 2 . 4 ) ;

g) B o t h  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  v a r i e d  w i t h  

s p a t i a l  f r e q u e n c y  w i t h  c h a n g e s  in d e c e n t r a t i o n  

( s e c t i o n  5.2.4)

h) A  m o d e l  d e v e l o p e d  u s i n g  M u l t i p l e  R e g r e s s i o n  A n a l y s i s  

(MRA) o f  t h e  o p t i c a l  a n d  t h e  v i s u a l  p e r f o r m a n c e  

m e a s u r e s  h a s  b e e n  u s e d  t o  s h o w  h o w  t h e  o p t i m a l  C O Z D  

v a r i e d  w i t h  p u p i l  siz e ,  d e c e n t r a t i o n  a n d  s p a t i a l  

f r e q u e n c y  ( s e c t i o n  5 . 2 . 5 ) .

i) O p t i m a l  c o v e r  o f  t h e  p u p i l  b y  t h e  C O Z  w a s  s h o w n  t o  

v a r y  w i t h  p u p i l  s i z e  a n d  s p a t i a l  f r e q u e n c y .

I n  g e n e r a l  t h e r e  w a s  g o o d  a g r e e m e n t  b e t w e e n  t h e  o p t i c a l  

a n d  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  a n d  t h e  M T F  w a s  s h o w n  

t o  b e  a u s e f u l  i n d i c a t o r  o f  v i s u a l  p e r f o r m a n c e .  T h e  

i m p o r t a n c e  o f  t h e  f i n d i n g s  a n d  in p a r t i c u l a r  d i f f e r e n c e s  

b e t w e e n  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  a r e  d i s c u s s e d .

5 . 2 . 1  B I F O C A L  D E S I G N

T h e  r e s u l t s  o f  s e c t i o n  4 . 3 . 3  s h o w e d  t h a t  CS a t  8 a n d  16 

c . p . d .  a n d  V A  w e r e  b e t t e r  w i t h  t h e  C D  BCL, b u t  c o n v e r s e l y  

C S  a t  2 a n d  4 c . p . d .  a n d  P R C  w e r e  b e t t e r  w i t h  t h e  C N  BCL. 

A  v a r i a t i o n  w i t h  s p a t i a l  f r e q u e n c y  w a s  n o t  n o t e d  w i t h
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o p t i c a l  p e r f o r m a n c e ,  a s  C D  B C L  w e r e  f o u n d  t o  p r o v i d e  

b e t t e r  o p t i c a l  p e r f o r m a n c e  a t  b o t h  d i s t a n c e  a n d  n e a r  t h a n  

C N  B C L  a t  a l l  s p a t i a l  f r e q u e n c i e s  ( s e c t i o n  4 . 2 . 3 ) .

A p a r t  f r o m  t h e  COZ, t h e  l e n s  d e s i g n  w a s  t h e  s a m e  f o r  C D  

a n d  C N  l e n s e s .  T h e  C D  B C L  h a d  a s t e e p e r  C O Z R  ( b a c k  

s u r f a c e )  a n d  m a y  h a v e  b e e n  m o r e  s t a b l e ,  t h o u g h  t h e y  

t e n d e d  t o  d e c e n t r e  m o r e  o n - e y e .  T h e  s t e e p e r  C O Z R  m a y  b e  

e x p e c t e d  t o  t r a p  b u b b l e s ,  b u t  c a r e  w a s  t a k e n  t o  e n s u r e  

t h a t  t h i s  d i d  n o t  h a p p e n .  It w a s  m o s t  l i k e l y  t h a t  t h e  

d i f f e r e n c e s  in t h e  c u r v a t u r e  o f  t h e  o p t i c a l  s u r f a c e s  

r e q u i r e d  t o  p r o d u c e  b a c k - s u r f a c e  r e f r a c t i v e  B C L  r e s u l t e d  

in d i f f e r e n c e s  i n  t h e  o p t i c a l  a b e r r a t i o n s  w h i c h  a f f e c t e d  

o p t i c a l  a n d  h e n c e  v i s u a l  p e r f o r m a n c e .  S p h e r i c a l  

a b e r r a t i o n  w o u l d  h a v e  r e d u c e d  t h e  e f f e c t i v e  s e p a r a t i o n  of 

t h e  t w o  f o c i  o f  t h e  C N  d e s i g n  c o m p a r e d  t o  t h e  C D  d e s i g n ,  

t h e r e b y  c o m p a r a t i v e l y  r e s t r i c t i n g  t h e  s p r e a d  o f  t h e  o u t -  

o f - f o c u s  i m a g e ,  w h i c h  w o u l d  h a v e  h a d  a m o r e  d e t r i m e n t a l  

e f f e c t  u p o n  h i g h e r  s p a t i a l  f r e q u e n c i e s .  T h e  a d d i t i o n a l  

e f f e c t  o f  o c u l a r  s p h e r i c a l  a b e r r a t i o n  m a y  e x p l a i n  t h e  

d i f f e r e n c e  b e t w e e n  t h e  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  

m e a s u r e s .

T h e  d i f f e r e n c e s  b e t w e e n  t h e  t w o  B C L  d e s i g n s  w e r e  

c o n s i d e r e d  t o  b e  t r i v i a l  as t h e  d i f f e r e n c e s  w e r e  v e r y  

s m a l l .  I n  t h e  p r e s e n t  s t u d y ,  d u r i n g  v i s u a l  p e r f o r m a n c e  

m e a s u r e m e n t ,  t h e  p u p i l  s i z e  w a s  e f f e c t i v e l y  f i x e d .  T h e  

c o n s e q u e n c e s  o f  n a t u r a l  v a r i a t i o n s  i n  p u p i l  s i z e  a r e  

d i s c u s s e d  in s e c t i o n  5 . 2 . 6 .
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5.2.2 PUPIL SIZE

T h e  M T F  o f  t h e  o p t i c a l  p e r f o r m a n c e  m e a s u r e m e n t  a p p a r a t u s  

(Figure 4.2-1) i n c r e a s e d  w i t h  i n c r e a s i n g  a p e r t u r e  a s  e x p e c t e d  

(Figure 1.2-4; H o p k i n s ,  1956) . C o n v e r s e l y ,  as s h o w n  in Figure

1.3-1, t h e  m e a s u r e d  M T F  o f  t h e  h u m a n  e y e  h a s  p r e v i o u s l y  

b e e n  s h o w n  t o  r e d u c e  w i t h  i n c r e a s i n g  p u p i l  s i z e  ( C a m p b e l l  

a n d  G u b i s c h ,  1966) . H e n c e  it w a s  e x p e c t e d  t h a t  t h e r e  

w o u l d  b e  s o m e  d i f f e r e n c e s  b e t w e e n  r e s u l t s  w i t h  o p t i c a l  

a n d  v i s u a l  p e r f o r m a n c e .
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Figure 5.2-1 Optical performance versus aperture size. The variation in the 

average modulation for 2.6 m m  C O Z D  refractive B C L  over apertures from 3 

to 6 mm .

A s  a s u m m a r y  o f  t h e  e f f e c t  o f  c h a n g e s  in o p t i c a l  

p e r f o r m a n c e  w i t h  a p e r t u r e ,  Figure 5.2-1 s h o w s  t h e  v a r i a t i o n  

i n  t h e  a v e r a g e  m o d u l a t i o n  f o r  2. 6  m m  C O Z D  r e f r a c t i v e  B C L  

( t a k e n  f r o m  t h e  c o m p l e t e  M T F s  o f  Figure 4.2-8) . A s  e x p e c t e d  

f r o m  a c o n s i d e r a t i o n  o f  t h e  g e o m e t r i c  a r e a  o f  t h e  CO Z  

o v e r  t h e  p u p i l ,  w i t h  i n c r e a s i n g  p u p i l  s i ze, b o t h  o p t i c a l
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p e r f o r m a n c e  a n d  v i s u a l  p e r f o r m a n c e  r e d u c e d  w i t h  t h e  C O Z  

(CD d i s t a n c e ,  C N  n e ar) f o r m i n g  t h e  f o c u s ,  a n d  i m p r o v e d  

w i t h  t h e  p e r i p h e r a l  o p t i c  z o n e  (POZ) (CD n e a r ,  C N  

d i s t a n c e ) . W h i l s t  t h e  a v e r a g e  m o d u l a t i o n  w i t h  t h e  C O Z  

a n d  t h e  PO Z  w a s  d i f f e r e n t ,  t h e  i n c r e a s e  in t h e  o v e r a l l  

o p t i c a l  p e r f o r m a n c e  ( a v e r a g e d  f o r  C O Z  a n d  POZ) w i t h  

a p e r t u r e  w a s  s i g n i f i c a n t > b u t  c o n s i d e r e d  t r i v i a l .

C o n v e r s e l y ,  it w a s  i n t e r e s t i n g  t h a t  t h e  r e l a t i v e  v i s u a l  

p e r f o r m a n c e  r e d u c e d  w i t h  i n c r e a s i n g  p u p i l  s i z e  (Figure

4.3-5) , a n  e f f e c t  n o t  p r e v i o u s l y  d e m o n s t r a t e d ,  a n d  w h i c h  

s u g g e s t s  t h a t  a l a r g e  p u p i l  s i z e  m a y  b e  a d i s a d v a n t a g e  

w h e n  f i t t i n g  c o n c e n t r i c - d e s i g n  BCL.

5 . 2 . 3  C E N T R A L  O P T I C  Z O N E  D I A M E T E R

T h e  p r e s e n t  s t u d y  w a s  a b l e  t o  c l e a r l y  d e m o n s t r a t e  t h e  

e x p e c t e d  e f f e c t s  o f  c h a n g e s  in C O ZD. Figure 5.2-2 s h o w s  a 

s u m m a r y  o f  t h e  e f f e c t  o f  c h a n g e s  in o p t i c a l  p e r f o r m a n c e  

w i t h  C O Z D  ( t a k e n  f r o m  t h e  M T F s  o f  Figure 4.2-9) . V e r y  

s i m i l a r  c h a n g e s  in v i s u a l  p e r f o r m a n c e  w e r e  n o t e d  f o r  t h e  

s a m e  B C L  (Figures 4.3-6 and 4.3-7) .

M o s t  p r e v i o u s  s t u d i e s  o f  v i s u a l  p e r f o r m a n c e  h a v e  f a i l e d  

t o  c o n c l u s i v e l y  show, f o r  s o f t  r e f r a c t i v e  B C L  w o r n  b y  

p r e s b y o p i c  s u b j e c t s  ( E r i c k s o n  a n d  R o b b o y ,  1 9 8 5 ;  J o n e s  a n d  

L o w t h e r ,  19 8 9 ) ,  t h e  e x p e c t e d  c h a n g e s  w i t h  v e r g e n c e  

( d i s t a n c e  o r  nea r )  a n d  C O Z D .  T h e  p r e s e n t  s t u d y ,  w i t h  

p r e s b y o p i c  s u b j e c t s  a n d  n a t u r a l  p u p i l s ,  m a y  h a v e  b e e n  

m o r e  s u c c e s s f u l ,  d e s p i t e  t h e  l a r g e  a m o u n t s  o f  o n - e y e  B C L
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d e c e n t r a t i o n  ( a v e r a g e  1 . 1  m m  in t h e  p r e s e n t  s t u d y )  a n d  

t h e  g r e a t e r  m o v e m e n t  o f  r i g i d  CL, d u e  t o  t h e  n u m b e r  o f  

r e p e t i t i o n s  a n d  r a n g e  o f  v i s u a l  p e r f o r m a n c e  m e a s u r e s .  

T h e s e  r e s u l t s  w e r e  i n  a g r e e m e n t  w i t h  C o x  (1986) w h o  

c a r e f u l l y  c o n t r o l l e d  e x t r a n e o u s  f a c t o r s ,  i n c l u d i n g  

d e c e n t r a t i o n ,  i n  a s t u d y  u s i n g  p r e - p r e s b y o p i c  s u b j e c t s ,  

c y c l o p l e g i a  a n d  a r t i f i c i a l  p u p i l s .
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Figure 5.2-2 Optical performance versus COZD. As a summary, the variation 
in the average modulation with C O Z D  of refractive B C L  over a 4 m m  

aperture with either the C O Z  or the P O Z  forming the focus.

B o t h  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  v a r i e d  w i t h  s p a t i a l  

f r e q u e n c y .  T h e  s h a p e  o f  t h e  M T F  f o r  t h e  i m a g e  f o r m e d

w i t h  t h e  C O Z  in f o c u s  w a s  d i f f e r e n t  t o  t h a t  w i t h  t h e  POZ 

i n  f o c u s  (Figure 4.2-3) c o n f i r m i n g  t h e  t h e o r e t i c a l

c a l c u l a t i o n s  o f  O ' N e i l l  (1956) a n d  in a g r e e m e n t  w i t h  t h e  

M T F  m e a s u r e m e n t s  o f  Y o u n g  e t  al (1990). T h i s  v a r i a t i o n  

w a s  c o m p l i c a t e d  b y  v a r i a t i o n s  w i t h  a p e r t u r e  s i z e  (Figure

4.2-8) a n d  w i t h  C O Z D  (Figure 4.2-9) . T h u s  t h e  b a l a n c e  b e t w e e n  

C O Z  a n d  PO Z  (or d i s t a n c e  a n d  near) w a s  d e p e n d e n t  u p o n
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C O Z D ,  a p e r t u r e  a n d  t h e  s p a t i a l  f r e q u e n c y  o f  i n t e r e s t .  A  

s i m i l a r  v a r i a t i o n  w i t h  s p a t i a l  f r e q u e n c y  w a s  n o t e d  w i t h  

t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  as s h o w n  in Figures 4.3-1 a n d

4 .3-8 . T h e  r e d u c t i o n  in CS w a s  a l m o s t  e q u a l  w i t h  a l l  

s p a t i a l  f r e q u e n c i e s  w i t h  t h e  C O Z  f o r m i n g  t h e  f o c u s ,  b u t  

i n c r e a s e d  w i t h  i n c r e a s i n g  s p a t i a l  f r e q u e n c y  w i t h  t h e  POZ 

f o r m i n g  t h e  f o c u s .  T h i s  is s h o w n  d i a g r a m m a t i c a l l y  in 

Figure 5 .2-3 . S i m i l a r  v a r i a t i o n s  i n  CS w i t h  s p a t i a l  

f r e q u e n c y  w e r e  a p p a r e n t  in t h e  o n l y  o t h e r  r e p o r t  o f  CS 

m e a s u r e s  w i t h  c o n c e n t r i c - d e s i g n  B C L  (Cox, 1985, 1986).

T h e  e f f e c t  o f  t h e  d i f f e r e n c e s  w i t h  s p a t i a l  f r e q u e n c y  u p o n  

t h e  o p t i m a l  C O Z D  p r e d i c t e d  b y  M R A  is d i s c u s s e d  in s e c t i o n  

5 . 2 . 5 .

Figure 5.2-3 Visual performance versus spatial frequency. A  schematic 
representation of the best-corrected CSF (solid line) and the CSF with the 

C O Z  (dashed) and P O Z  (dotted) of a refractive B C L  forming the focus. The 

greater reduction in CS with increasing spatial frequency with the POZ, but 

not with the C O Z  reflects the optical performance measurements.

T h e  l a r g e s t  C O Z D  g a v e  b e s t  o v e r a l l  ( d i s t a n c e  +  near) 

o p t i c a l  p e r f o r m a n c e  w i t h  a l l  a p e r t u r e s  (2 t o  6 mm) ,
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w h i l e ,  c o n v e r s e l y ,  n o  s i g n i f i c a n t  v a r i a t i o n  i n  t h e  

o v e r a l l  v i s u a l  p e r f o r m a n c e  w i t h  C O Z D  w a s  n o t e d .  T h i s  w a s  

n o t  i n  a g r e e m e n t  w i t h  p r e v i o u s  s t u d i e s  w h i c h  a p p e a r  t o  

h a v e  s h o w n  t h a t  t h e  o v e r a l l  v i s u a l  p e r f o r m a n c e  (hi g h  

c o n t r a s t  VA) v a r i e d  w i t h  C O Z D  (Figure 1 .2-7; E r i c k s o n  a n d  

R o b b o y ,  1 9 8 5  a n d  Figure 1.2-8; J o n e s  a n d  L o w t h e r ,  1989) . A s  

t h e r e  w a s  n o  r e a s o n  t o  e x p e c t  a c h a n g e  in t h e  o v e r a l l  

v i s u a l  p e r f o r m a n c e ,  n e i t h e r  s t u d y  p r e s e n t e d  a s t a t i s t i c a l  

a n a l y s i s  o f  t h e  d i f f e r e n c e ,  a n d  s i n c e  t h e  p r e s e n t  s t u d y  

u s e d  a r a n g e  o f  v i s u a l  p e r f o r m a n c e  m e a s u r e s  a n d  w a s  m o r e  

c a r e f u l l y  c o n t r o l l e d ,  t h e  d i f f e r e n c e  i n  v i s u a l

p e r f o r m a n c e  w i t h  C O Z D  n o t e d  in t h e  t w o  s t u d i e s  m e n t i o n e d  

w a s  p r o b a b l y  a n  a r t i f a c t .

5.2.4 DECENTRATION

T h e  a v e r a g e  m e a s u r e d  o n - e y e  d e c e n t r a t i o n  o f  t h e

r e f r a c t i v e  B C L  w a s  1 . 1  m m  (r a n g e  0.2 t o  2 . 1  mm) o v e r  

p u p i l s  w h i c h  a v e r a g e d  2. 8  m m  ( r a n g e  2 . 1  t o  3 . 6  m m ) .  T h e  

s i g n i f i c a n c e  o f  d e c e n t r a t i o n  u p o n  o p t i c a l  p e r f o r m a n c e  a n d  

v i s u a l  p e r f o r m a n c e  a n d  t h e  i n t e r a c t i o n s  b e t w e e n

d e c e n t r a t i o n ,  C O Z D  a n d  p u p i l  s i z e  w e r e  d e m o n s t r a t e d  w i t h  

M R A  (s e c t i o n  4 . 2 . 3  a n d  4 . 3 . 3  r e s p e c t i v e l y ) .

W h e n  a r e f r a c t i v e  B C L  w a s  d e c e n t r e d  a c r o s s  t h e  a p e r t u r e  

(pupil) t h e  i m a g e  (LSF) b e c a m e  m a r k e d l y  a s y m m e t r i c ,  

a l t e r i n g  t h e  b a l a n c e  o f  t h e  i m a g e  (Figure 4.2-14) . W i t h

i n c r e a s e d  d e c e n t r a t i o n  t h e  o p t i c a l  p e r f o r m a n c e  w a s

s l i g h t l y  i m p r o v e d  w i t h  t h e  P O Z  f o r m i n g  t h e  f o c u s  a n d
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d r a m a t i c a l l y  r e d u c e d  w i t h  t h e  C O Z  f o r m i n g  t h e  f o c u s  as 

s h o w n  i n  Figures 4.2-15 and 4.2-16. A s  s h o w n  i n  Figures 4.3-9 and

4.3-10, s i m i l a r  c h a n g e s  i n  v i s u a l  p e r f o r m a n c e  w i t h  

d e c e n t r a t i o n  w e r e  n o t e d .  P r e v i o u s l y ,  t h e  e f f e c t s  o f  

d e c e n t r a t i o n  h a v e  o n l y  b e e n  d i s c u s s e d  ( E r i c k s o n  e t  al,

1988) o r  d i a g r a m s  b a s e d  u p o n  t h e o r e t i c a l  c a l c u l a t i o n s  

p r e s e n t e d  (Hodd, 196 9 ;  C h a r m a n  a n d  W a l s h ,  1 9 8 6 b ) ,  o r  

m e n t i o n e d ,  b u t  t h e  r e l a t i o n s h i p  t o  t h e  m e a s u r e d  V A  

a p p a r e n t l y  n o t  i n v e s t i g a t e d  ( E r i c k s o n  a n d  R o b b o y ,  19 8 5 ) .

T h e  m e a s u r e  o f  o n - e y e  d e c e n t r a t i o n  u s e d  in t h e  p r e s e n t  

s t u d y  w a s  b a s e d  u p o n  m e a s u r e m e n t  w i t h  a s l i t - l a m p

b i o m i c r o s c o p e  o f  t h e  p u p i l  s i z e  a n d  t h e  a v e r a g e  l o c a t i o n  

o f  t h e  B C L  d u r i n g  p r i m a r y  g a z e .  T h i s  m e a s u r e  w a s  c h o s e n  

f o r  u s e  a s  it r e p r e s e n t e d  a t e c h n i q u e  a v a i l a b l e  t o  t h e  

c l i n i c i a n .  T h e  t e c h n i q u e  w a s  l i m i t e d  b y  t h e  p r e s u m p t i o n  

t h a t  t h e  p u p i l  w o u l d  a l t e r  s i z e  w i t h  c h a n g e s  in 

i l l u m i n a n c e  a b o u t  a c o m m o n  c e n t r e ,  w h i c h  h a s  b e e n  s h o w n  

t o  b e  i n c o r r e c t  ( W i l s o n  e t  al, 199 1 ,  1992) a n d  in

a d d i t i o n  it f a i l e d  t o  t a k e  i n t o  a c c o u n t  d i f f e r e n c e s

b e t w e e n  t h e  o p t i c  a x is, v i s u a l  a x i s  a n d  p u p i l  c e n t r e .

C o n v e r s e l y ,  f o r  t h e  m e a s u r e m e n t  o f  t h e  M T F  u p o n  an

o p t i c a l  b e n c h ,  t h e  a p e r t u r e  (pupil) a n d  d e t e c t o r  

( e q u i v a l e n t  t o  t h e  v i s u a l  axis) w e r e  c e n t r e d  o n  t h e  o p t i c  

a x i s .  I n  a d d i t i o n  o n - e y e  m o v e m e n t  o f  t h e  BCL, w h i c h  w a s  

n o t  m e a s u r e d ,  w o u l d  a f f e c t  d e c e n t r a t i o n  a n d  h a s  b e e n

d e m o n s t r a t e d  t o h a v e  a t r a n s i t o r y e f f e c t u p o n v i s i o n

( T o m l i n s o n  a n d R i d d e r , 19 9 2 ) . F u r t h e r w o r k c o u l d

i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  m o v e m e n t  a n d  l o c a t i o n  of
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t h e  B C L  a n d  t h e  e f f e c t  o f  p u p i l  d é c e n t r a t i o n  f r o m  t h e  

v i s u a l  a n d  o p t i c a l  a x e s  o f  t h e  e y e  u p o n  v i s u a l  

p e r f o r m a n c e  w i t h ,  f o r  e x a m p l e ,  " r e a l  t i m e "  v i d e o

m o n i t o r i n g  o f  B C L  l o c a t i o n .  D e s p i t e  t h e s e  l i m i t a t i o n s  

t h e  m e a s u r e m e n t  o f  d é c e n t r a t i o n  w a s  f o u n d  t o  b e  u s e f u l  in 

t h e  p r e d i c t i o n  o f  v i s u a l  p e r f o r m a n c e  (MRA) a n d  c o u l d  b e  

u s e f u l l y  e m p l o y e d  b y  t h e  c l i n i c i a n .

5.2.5 OPTIMAL CENTRAL OPTIC ZONE DIAMETER AND 

PUPIL SIZE

T h e  e m p i r i c a l l y  b a s e d  M R A  e q u a t i o n s  in s e c t i o n s  4 . 2 . 3  a n d

4 . 3 . 3  w h i c h  d e s c r i b e  t h e  o p t i c a l  a n d  t h e  v i s u a l  

p e r f o r m a n c e  w i t h  r e f r a c t i v e  B C L  w e r e  s o l v e d  f o r  e q u a l  

m o d u l a t i o n  o r  e q u a l  v i s u a l  p e r f o r m a n c e  w i t h  f o c u s  b y  t h e  

C O Z  a n d  t h e  P O Z . T h i s  w a s  c o n s i d e r e d  t o  b e  a n  o p t i m a l  

C O Z D  (i.e. e q u a l  d i s t a n c e  a n d  n e a r  p e r f o r m a n c e ) .

Centred Refractive Bifocal Contact Lenses

T h e  o p t i m a l  C O Z D  p r e d i c t e d  f r o m  M T F  m e a s u r e m e n t  s h o w e d  a 

v a r i a t i o n  w i t h  a p e r t u r e  s i z e  a n d  w i t h  s p a t i a l  f r e q u e n c y  

w h i c h  is d e m o n s t r a t e d  in Figure 4.2-12. A s  s u g g e s t e d  b y  t h e  

t h e o r e t i c a l  c a l c u l a t i o n s  o f  O ' N e i l l  (1956) , t h e  p r e d i c t e d  

o p t i m a l  C O Z D  w a s  s m a l l e r  f o r  m e d i a n  s p a t i a l  f r e q u e n c i e s  

t h a n  a t  l o w  a n d  h i g h  s p a t i a l  f r e q u e n c i e s .  T h e  o p t i m a l  

C O Z D  s u g g e s t e d  b y  t h i s  a n a l y s i s ,  a v e r a g e d  f o r  al l  

m e a s u r e d  s p a t i a l  f r e q u e n c i e s ,  r e d u c e d  f r o m  4 2 %  o f  a 3 m m  

a p e r t u r e  t o  3 2 %  o f  a 5 m m  a p e r t u r e .  T h i s  w a s  v e r y  

s i m i l a r  t o  t h e  p r e d i c t i o n  f r o m  t h e  c a l c u l a t i o n s  m a d e  in
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s e c t i o n  1 . 2 . 2  (Figure 1.2-7) , b a s e d  u p o n  t h e  S t i l e s - C r a w f o r d  

e f f e c t  ( r e l a t i v e  d i r e c t i o n a l  s e n s i t i v i t y  o f  t h e  h u m a n  

e y e ) , w h i c h  s u g g e s t e d  t h a t  t h e  o p t i m a l  C O Z D  s h o u l d  r e d u c e

f r o m  43 % o f  a 2 m m t o 35 % o f  ;a 6 m m p u p i l . T h i s

c o n f i r m e d t h e  m e a s u r e m e n t o f t h e i m a g e  c o n t r a s t o f  a n

e n l a r g e d m o d e l  e y e  b y A t e b a r a a n d M i l l e r (1990), w h i c h

s u g g e s t e d  t h a t  t h e  C O Z  o f  a n  o p t i m a l  c o n c e n t r i c - d e s i g n  

b i f o c a l  i n t r a o c u l a r  l e n s  s h o u l d  c o v e r  a p p r o x i m a t e l y  40% 

o f  a 3 m m  p u p i l .  O t h e r  a u t h o r s  h a v e  s u g g e s t e d  t h a t  t h e  

C O Z  o f  a c o n c e n t r i c - d e s i g n  B C L  s h o u l d  c o v e r  a s  m u c h  as 

9 0 %  (3.8 m m  o n  4 m m  p u p i l )  ( R o birds, 1987) a n d  a s  l i t t l e

a s  2 0 %  (Breger, 1983) .

V i s u a l  p e r f o r m a n c e  w a s  m o r e  d i f f i c u l t  t o  a s s e s s  a s  n o n e  

o f  t h e  e x p e r i m e n t a l  r e f r a c t i v e  B C L  c e n t r e d  p e r f e c t l y  o n -  

eye, a n d  t h u s  t h e  u s e  o f  t h e  M R A  e q u a t i o n s  d e r i v e d  f r o m  

m e a s u r e d  v i s u a l  p e r f o r m a n c e  t o  p r e d i c t  t h e  o p t i m a l  C O Z D  

o f  c e n t r e d  r e f r a c t i v e  B C L  i n v o l v e d  a n  e x t r a p o l a t i o n .  

W i t h  t h i s  r e s e r v a t i o n ,  t h e  p r e d i c t e d  o p t i m a l  p e r  c e n t  

c o v e r  b y  t h e  C O Z  is s h o w n  in Figure 5.2-4 t o  r e d u c e  w i t h  

p u p i l  s i z e  a n d  t o  v a r y  b e t w e e n  t h e  v i s u a l  p e r f o r m a n c e  

m e a s u r e s .  F o r  e x a m p l e ,  t h e  p r e d i c t e d  o p t i m a l  p e r  c e n t  

c o v e r  w a s  b e t w e e n  50 a n d  8 0% o f  a 3 m m  p u p i l .  T h i s  

v a r i a t i o n  in t h e  p e r  c e n t  p u p i l  c o v e r  w a s  m u c h  g r e a t e r  

t h a n  p r e d i c t e d  f r o m  t h e  M T F  m e a s u r e s .
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Figure 5.2-4 C O Z  pupil coverage variation with pupil size. Optimal 

percentage pupil cover by the C O Z  of refractive B C L  with no decentration 
predicted by M R A  of measured visual performance.

O p t i m a l  p u p i l  c o v e r a g e  w a s  d i f f i c u l t  t o  d e t e r m i n e  f r o m  

p r e v i o u s  s t u d i e s ,  but, g i v e n  s o m e  a s s u m p t i o n s ,  t h e  

E r i c k s o n  a n d  R o b b o y  (1985) s t u d y  o f  C D  s o f t  B C L  (Figure

1.2-7) u s i n g  h i g h  c o n t r a s t  VA, s u g g e s t e d  t h a t  t h e  m e d i a n  

p r e f e r r e d  C O Z  (2.5 mm) c o v e r e d  4 6 %  o f  t h e  r e p o r t e d  

a v e r a g e  3.7 m m  p u p i l .  C o n v e r s e l y  o p t i m a l  p u p i l  c o v e r a g e  

f o r  t h e  J o n e s  a n d  L o w t h e r  (1989) s t u d y  w i t h  C N  s o f t  B C L  

(Figure 1.2-8) m e a s u r e d  u s i n g  h i g h  c o n t r a s t  V A  w a s  a b o u t  8 7 %  

w i t h  t h e  r e p o r t e d  a v e r a g e  3 m m  p u p i l .  N e i t h e r  o f  t h e s e  

s t u d i e s  e n s u r e d  c e n t r a t i o n .  A  r e - e x a m i n a t i o n  o f  t h e  

s t u d y  b y  C o x  (1986), w h i c h  i n v e s t i g a t e d  t h e  e f f e c t s  of 

s p h e r i c a l  a b e r r a t i o n  u s i n g  C D  a n d  C N  B C L  a s  a m o d e l ,  

i n d i c a t e d  a t r e n d  t o  s m a l l e r  o p t i m a l  p u p i l  c o v e r a g e  w i t h  

h i g h e r  s p a t i a l  f r e q u e n c y  t e s t s  f o r  p r e - p r e s b y o p i c  

s u b j e c t s  w e a r i n g  w e l l  c e n t r e d  s o f t  c o n c e n t r i c - d e s i g n  B C L  

w i t h  a r t i f i c i a l  p u p i l s  o f  4 t o  6 mm. T h e  o p t i m a l  p u p i l
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c o v e r a g e  v a r i e d  w i t h  t h e  s p a t i a l  f r e q u e n c y  o f  t h e  CS 

m e a s u r e  f r o m  4 7 %  a t  0.7 c . p . d .  t o  2 2 %  a t  30 c . p . d .  a n d  

r e d u c e d  f r o m  4 0% w i t h  l o w  (10%) c o n t r a s t  V A  t o  1 5 %  w i t h  

h i g h  (85%) c o n t r a s t  VA. T h e  a r t i f i c i a l  p u p i l  s i z e s  w e r e  

u s e d  t o  d e t e r m i n e  t h e  o p t i m a l  p u p i l  c o v e r a g e  a n d  m a y  n o t  

r e p r e s e n t  t h e  a c t u a l  e n t r a n c e  p u p i l  s i z e .

D i f f e r e n c e s  b e t w e e n  p r e d i c t i o n s  f r o m  t h e  o p t i c a l  a n d  t h e  

v i s u a l  m e a s u r e s  m a y  r e s u l t  f r o m  t h e  s p h e r i c a l  a n d  o t h e r  

a b e r r a t i o n s  o f  t h e  h u m a n  eye, w h i c h  i n c r e a s e  w i t h  

i n c r e a s i n g  p u p i l  s i z e  ( C a m p b e l l  a n d  G u b i s c h ,  1 9 6 6 ) ,  w h i l e  

t h e  M T F  i m p r o v e d  w i t h  i n c r e a s i n g  a p e r t u r e .  T h e  P O Z  w o u l d  

b e  e x p e c t e d  t o  p r o d u c e  a c o m p a r a t i v e l y  w o r s e  r e t i n a l  

i m a g e  w i t h  i n c r e a s i n g  p u p i l  size, a n d  w o u l d  n e e d  t o  c o v e r  

m o r e  o f  t h e  p u p i l  t o  p r o v i d e  v i s u a l  p e r f o r m a n c e  e q u a l  t o  

t h e  COZ. T h e  c l i n i c i a n  f i t t i n g  c o n c e n t r i c - d e s i g n  B C L  

s h o u l d  b e  a w a r e  o f  t h e  r e d u c t i o n  i n  t h e  o p t i m a l  p u p i l  

c o v e r  b y  t h e  C O Z  w i t h  i n c r e a s i n g  p u p i l  s i z e  a n d  t h e  

d i f f e r e n c e s  b e t w e e n  t e s t s  w h i c h  m e a s u r e  v i s u a l  

p e r f o r m a n c e  a t  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s .

Decentred Refractive Bifocal Contact Lenses

S u g g e s t i o n s  t h a t  t h e  C O Z  o f  a c o n c e n t r i c - d e s i g n  

r e f r a c t i v e  B C L  s h o u l d  c o v e r  5 0 %  o f  t h e  p u p i l  (e.g. Bier, 

1967) h a v e  p r e s u m e d  c e n t r a t i o n .  B C L  d e c e n t r a t i o n ,  w h i c h  

c h a n g e d  t h e  s h a p e  o f  t h e  M T F  (Figure 4.2-16) , a l t e r e d  t h e  

o p t i m a l  C O Z D  p r e d i c t e d  f r o m  o p t i c a l  p e r f o r m a n c e  (Figure

4.2-18) . W i t h  l a r g e r  d e c e n t r a t i o n  t h e  p r e d i c t e d  o p t i m a l  

C O Z D  w a s  l a r g e r  f o r  m e d i a n  s p a t i a l  f r e q u e n c i e s  t h a n  f o r
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l o w  a n d  h i g h  s p a t i a l  f r e q u e n c i e s ,  t h e  r e v e r s e  o f  t h e  

p r e d i c t i o n  w i t h  c e n t r e d  BCL. T h e  o p t i m a l  C O Z D  p r e d i c t e d  

b y  t h e  M R A  a t  4 a n d  3 0 c . p . d .  w i t h  v a r y i n g  d e c e n t r a t i o n  

is s h o w n  in Figure 5.2-5 n o t  t o  v a r y  d r a m a t i c a l l y  w i t h  

s p a t i a l  f r e q u e n c y .

A s  n o t e d  in s e c t i o n  5. 2 . 3 ,  t h e  o p t i m a l  C O Z D  p r e d i c t e d  

f r o m  M R A  o f  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  (Figures 4.3-11 and

4.3-12) w a s  e x p e c t e d  t o  v a r y  w i t h  t h e  s p a t i a l  f r e q u e n c y  of 

t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e ,  a n d  w i t h  d e c e n t r a t i o n .  

T h e r e  w a s  a s l i g h t  t r e n d  f o r  a s m a l l e r  p r e d i c t e d  o p t i m a l  

C O Z D  w i t h  v i s u a l  p e r f o r m a n c e  m e a s u r e s  w i t h  a h i g h e r  

s p a t i a l  f r e q u e n c y  c o n t e n t .  A s  e x p e c t e d ,  i n  g e n e r a l ,  t h e  

p r e d i c t e d  o p t i m a l  C O Z D  i n c r e a s e d  w i t h  i n c r e a s i n g  p u p i l  

s i z e  a n d  i n c r e a s i n g  d e c e n t r a t i o n .  T h e  o p t i m a l  C O Z D  

p r e d i c t e d  f r o m  o p t i c a l  p e r f o r m a n c e  s h o w n  in Figure 5.2-5 w a s  

v e r y  s i m i l a r .

O n l y  30 t o  5 5 %  o f  t h e  v a r i a b i l i t y  o f  t h e  v i s u a l  

p e r f o r m a n c e  d a t a  w a s  e x p l a i n e d  b y  t h e  M R A .  T h i s  m a y  b e  

p a r t l y  d u e  t o  t h e  p o o r  r e p e a t a b i l i t y  o f  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  ( s e c t i o n  4 . 3 . 2 ) ,  b u t  s u g g e s t s  t h a t  

s o m e  o t h e r  f a c t o r s ,  s u c h  a s  t h e  m o v e m e n t  o f  t h e  B C L  

( T o m l i n s o n  a n d  R i d d e r ,  19 9 2 ) ,  m a y  h a v e  b e e n  i m p o r t a n t .  

A s  n o t e d  in s e c t i o n  5 . 2 . 4 ,  u n d e r s t a n d i n g  o f  t h e  c o m p l e x  

r e l a t i o n s h i p  m a y  b e  i m p r o v e d  b y  a s t u d y  w h i c h  c o m p a r e s  

t h e  v i s u a l  p e r f o r m a n c e  t o  t h e  l o c a t i o n  o f  t h e  C O Z  in 

r e l a t i o n  t o  b o t h  t h e  p u p i l  a n d  t h e  v i s u a l  a x i s .
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(a) 4 c.p.d.

-  1.0 mm —  1.5 mm

(b) 30 c.p.d.

—  1.0 mm —  1.5 mm

Figure 5.2-5 Optical performance based prediction of optimal COZD. The optimal 
COZD (equal distance and near) was predicted by MRA (section 4.2.3) of the optical 
performance (MTF) at (a ) 4 c.p.d.; and (b) 30 c.p.d. with décentration of 0 to 
1.5 mm.
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T h e  p r e s e n t  s t u d y  h a s  c o n f i r m e d  t h e  i m p o r t a n c e  o f  f i t  a n d  

c e n t r a t i o n .  W h e r e  d é c e n t r a t i o n  c a n n o t  b e  a v o i d e d  d e s p i t e  

f i t  m o d i f i c a t i o n s  (e.g. i n c r e a s e d  t o t a l  d i a m e t e r  o r  

m o d i f i c a t i o n  o f  b a s e  c u r v e s )  , t h e  C O Z D  a n d  p o s s i b l y  t h e  

d e s i g n  (CD o r  CN) s h o u l d  b e  m o d i f i e d  a f t e r  c o n s i d e r a t i o n  

o f  t h e  e f f e c t s  o f  v a r i a t i o n s  in p u p i l  s i z e .

5 . 2 . 6  S U M M A R Y

T h e  c o m p l i c a t e d  r e l a t i o n s h i p  b e t w e e n  C O Z D ,  p u p i l  size, 

B C L  d e c e n t r a t i o n  a n d  s p a t i a l  f r e q u e n c y  h a s  b e e n  

d e m o n s t r a t e d .  A s  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  a l t e r s  

w i t h  d e c e n t r a t i o n  a n d  p u p i l  size, a c o n c e n t r i c - d e s i g n  

r e f r a c t i v e  B C L  w h i c h ,  f o r  e x a m p l e ,  m a y  h a v e  b e e n  C O Z  

b i a s e d  w h e n  c e n t r e d  o v e r  t h e  p u p i l ,  w i t h  d e c e n t r a t i o n  o r  

r e d u c e d  l u m i n a n c e  m a y  b e c o m e  PO Z  b i a s e d .

T h e  h u m a n  p u p i l  is n o t  f i x e d  in s i z e  a n d  f o r  a n  a v e r a g e  

55 y e a r  o l d  v a r i e s  f r o m  a b o u t  5 . 5  m m  i n  t h e  d a r k  t o  a b o u t  

3 . 2 5  m m  u n d e r  n o r m a l  " r o o m "  i l l u m i n a t i o n  (Woods, 1 9 9 1 c ) .  

H e n c e ,  o n - e y e ,  a C O Z D  w h i c h  w a s  o p t i m a l  f o r  o n e  l u m i n a n c e  

c o n d i t i o n  m a y  n o t  b e  o p t i m a l  f o r  a n o t h e r  l u m i n a n c e  l e v e l .  

T h e  c o n v e r g e d  p u p i l  s i z e  o f  p r e s b y o p e s  h a s  b e e n  r e p o r t e d  

b y  S c h a f e r  a n d  W e a l e  (1970) t o  b e  a b o u t  8 5 %  o f  t h e  

u n c o n v e r g e d  p u p i l  s i z e  w i t h  a 50 c m  (2 D i o p t r e )  s t i m u l u s  

a n d  t o  b e  r e l a t i v e l y  i n d e p e n d e n t  o f  d a r k  a d a p t e d  p u p i l  

s i z e  a n d  l e v e l  o f  a d a p t a t i o n .  T h i s  o b v i o u s l y  w i l l  a l t e r  

t h e  p u p i l  c o v e r a g e  b y  t h e  COZ. F o r  e x a m p l e ,  t h e  C O Z  o f  a 

c e n t r e d  B C L  w h i c h  c o v e r s  4 0 %  o f  t h e  p u p i l  a t  d i s t a n c e ,
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(a ) Centre-D istance

—  1.5 —• 2

C entre-N ear

Figure 5.2-6 Predictions for the optimal COZD with (a) centre-distance; and (b) 
centre-near refractive BCL. As an example, the different predictions for the optimal 
COZD for CD and CN BCL based upon the measured low contrast VA and a 
convergence stimulus of 2 Dioptres resulting in near vision pupillary constriction to 
0.85 the size of the pupil at distance viewing (Schafer and Weale, 1970). This may 
be compared to Figure 4.3-12 which shows the prediction without the correction for 
convergence related pupillary constriction.
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w i t h  2 D i o p t r e s  c o n v e r g e n c e ,  w i l l  c o v e r  5 5 %  o f  t h e  p u p i l .  

I f  c e n t r e d ,  a C N  B C L  w o u l d  b e n e f i t  f r o m  c o n v e r g e n c e  

r e l a t e d  p u p i l l a r y  c o n s t r i c t i o n ,  t h o u g h  t h i s  m a y  b e  m o r e  

c o m p l i c a t e d  w i t h  d e c e n t r a t i o n  (Figure 1.2-5) . Figure 5.2-6 

s h o w s ,  t h a t  w h e n  c o n v e r g e n c e  r e l a t e d  p u p i l l a r y  

c o n s t r i c t i o n  w a s  c o n s i d e r e d  t h e  o p t i m a l  C O Z D  p r e d i c t e d  

f o r  C D  B C L  w a s  l a r g e r  t h a n  f o r  C N  B C L  . A s  n o t e d  b y  

B a u d e  a n d  M i e g e  (1992), m o s t  c r i t i c a l  n e a r  v i s i o n  t a s k s  

a r e  p e r f o r m e d  w i t h  r e a s o n a b l y  h i g h  l e v e l s  o f  i l l u m i n a n c e ,  

w h i c h  w o u l d  f u r t h e r  i n c r e a s e  p u p i l l a r y  c o n s t r i c t i o n ,  a n d  

i n c r e a s e  t h e  d i f f e r e n c e  d e m o n s t r a t e d  in Figure 5 .2 -6 .

H e n c e  t h e  c l i n i c i a n  f i t t i n g  c o n c e n t r i c - d e s i g n  B C L  m u s t  

c o n s i d e r  p o t e n t i a l  c h a n g e s  in p u p i l  s i z e  a n d  t h e  

d e c e n t r a t i o n  o f  t h e  BCL. T h e  e x a m i n a t i o n  o f  v i s u a l  

p e r f o r m a n c e  u n d e r  d i f f e r e n t  i l l u m i n a t i o n  l e v e l s  (to 

n a t u r a l l y  v a r y  p u p i l  size) w i t h  B C L  o f  d i f f e r e n t  C O Z D  m a y  

b e  n e c e s s a r y  f o r  a f u l l  a s s e s s m e n t  o f  v i s u a l  p e r f o r m a n c e .  

L o w  c o n t r a s t  V A  a n d  t h e  h i g h e r  s p a t i a l  f r e q u e n c y  CS, w e r e  

t h e  m o s t  s e n s i t i v e  o f  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  

u s e d  t o  t h e  e f f e c t s  o f  B C L  w e a r ,  t h o u g h  t h i s  w a s  o f f s e t  

b y  a l o w e r  r e p e a t a b i l i t y .

5.3 Rigid diffractive bifocal contact lenses

M o s t  f i n d i n g s  s u p p o r t e d  t h e o r e t i c a l  c o n s i d e r a t i o n s  a n d  

a r e  c o n s i d e r e d  w i t h  r e g a r d s  t o  c u r r e n t  p r o d u c t i o n
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t e c h n i q u e s .  T h e  f o l l o w i n g  m a j o r  f i n d i n g s  a r e  d i s c u s s e d

i n  t h i s  s e c t i o n  :

a) T h e  r e l a t i v e  r e d u c t i o n  in o p t i c a l  p e r f o r m a n c e  w a s  

s i m i l a r  t o  t h e  r e l a t i v e  r e d u c t i o n  i n  v i s u a l  

p e r f o r m a n c e  ( s e c t i o n  5 . 3 . 1 ) ;

b) L o n g i t u d i n a l  C h r o m a t i c  A b e r r a t i o n  (LCA) w a s  r e d u c e d  

f o r  t h e  n e a r  ( d i f f r a c t i v e )  f o c u s  ( s e c t i o n  5 . 3 . 2 ) ;

c) O p t i c a l  p e r f o r m a n c e  w a s  r e s i s t a n t  t o  v a r i a t i o n s  in 

a p e r t u r e  s i z e s  b e t w e e n  2 . 5  a n d  5 m m  ( s e c t i o n  5 . 3 . 3 ) ;

d) T h e  e x p e c t e d  c h a n g e s  in o p t i c a l  p e r f o r m a n c e  w i t h  

w a v e l e n g t h  w e r e  d e m o n s t r a t e d  ( s e c t i o n  5 . 3 . 3 ) ;

e) T h e  e f f e c t  o f  d é c e n t r a t i o n  u p o n  o p t i c a l  p e r f o r m a n c e  

w a s  d e m o n s t r a t e d ,  a n d  s h o w n  t o  v a r y  w i t h  s p a t i a l  

f r e q u e n c y  ( s e c t i o n  5 . 3 . 3 ) ;

f) O p t i c a l  p e r f o r m a n c e  w a s  s h o w n  t o  b e  m o r e  s e n s i t i v e  to 

t h e  v a r i a b i l i t y  o f  m a n u f a c t u r e  t h a n  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  ( s e c t i o n  5 . 3 . 4 ) ;

g) D i f f r a c t i v e  Z o n e  J u n c t i o n  (DZJ) h e i g h t  w a s  s h o w n  t o  

a l t e r  t h e  r a t i o  b e t w e e n  d i s t a n c e  a n d  n e a r  o f  b o t h  

o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  m e a s u r e s  ( s e c t i o n

5 . 3 . 5 ) ;

g) D Z J  s h a p e ,  a s  d e f i n e d  b y  t h e  s h a p e  o f  t h e  d i a m o n d  

t o o l ,  w a s  s h o w n  t o  i n f l u e n c e  b o t h  o p t i c a l  a n d  v i s u a l  

p e r f o r m a n c e  ( s e c t i o n  5 . 3 . 6 ) ;

h) L i g h t  p o l i s h i n g  o f  t h e  d i f f r a c t i v e  w a s  s h o w n  t o  a l t e r  

t h e  D Z J  h e i g h t ,  t h e  s h a p e  o f  t h e  DZ a n d  t h e  r a t i o  

b e t w e e n  d i s t a n c e  a n d  n e a r  p e r f o r m a n c e ,  t h o u g h  o v e r a l l  

p e r f o r m a n c e  w a s  n o t  a f f e c t e d  ( s e c t i o n  5 . 3 . 7 ) ;
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i) M R A  p r e d i c t i o n s  o f  t h e  o p t i m a l  D Z J  h e i g h t  (e q u a l  

d i s t a n c e  a n d  near) b a s e d  u p o n  t h e  o p t i c a l  a n d  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  w e r e  s i m i l a r ,  b u t  s y s t e m a t i c a l l y  

d i f f e r e n t  ( s e c t i o n  5 . 3 . 8 ) .

I n  g e n e r a l  t h e r e  w a s  g o o d  c o n c o r d a n c e  b e t w e e n  o p t i c a l  

p e r f o r m a n c e  a n d  v i s u a l  p e r f o r m a n c e  m e a s u r e s  a n d  t h e  M T F  

w a s  s h o w n  t o  b e  a u s e f u l  i n d i c a t o r  o f  v i s u a l  p e r f o r m a n c e .  

T h e  i m p o r t a n c e  o f  t h e  f i n d i n g s  a n d  in p a r t i c u l a r  

d i f f e r e n c e s  b e t w e e n  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  a r e  

d i s c u s s e d .

5 . 3 . 1  O V E R A L L  P E R F O R M A N C E

T h e  o v e r a l l  ( d i s t a n c e  + near) r e d u c t i o n  in v i s u a l  

p e r f o r m a n c e  (CS) w a s  s i m i l a r  o r  s l i g h t l y  l a r g e r  t h a n  t h e  

o v e r a l l  r e d u c t i o n  in o p t i c a l  p e r f o r m a n c e  ( Table 5.3-1) . 

C o n v e r s e l y ,  F r e e m a n  a n d  M u l e n  ( r e p o r t e d  b y  P h i l l i p s ,  

1988) s u g g e s t e d  t h a t  t h e  r e d u c t i o n  in v i s u a l  p e r f o r m a n c e  

(CS) w a s  l e s s  t h a n  t h a t  p r e d i c t e d  b y  o p t i c a l  p e r f o r m a n c e  

(MTF) a n d  s u g g e s t e d  a n  " a d a p t a t i o n "  e f f e c t  (n =  4) . T h e  

p r e s e n t  s t u d y  u s e d  s i m i l a r  t e c h n i q u e s ,  w a s  m o r e  e x t e n s i v e  

(n =  129) a n d  i n c l u d e d  n u m e r o u s  r e p e t i t i o n s .

T h o u g h ,  as d i s c u s s e d  in s e c t i o n  1.4, v i s u a l  p e r f o r m a n c e  

is b a s e d  u p o n  a c o m b i n a t i o n  o f  t h e  O T F  o f  t h e  BCL, t h e  

O T F  o f  t h e  eye, i n t r a o c u l a r  s c a t t e r  a n d  n e u r a l  p r o c e s s e s ,  

i t  w a s  i n t e r e s t i n g  t h a t  t h e  r e d u c t i o n  i n  v i s u a l  

p e r f o r m a n c e  w a s  c l o s e l y  m a t c h e d  b y  t h e  r e d u c t i o n  i n  t h e
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M T F  o f  t h e  BCL. T h e  p r e d i c t i o n  o f  v i s u a l  p e r f o r m a n c e  

f r o m  t h e  M T F  m e a s u r e m e n t s  is d i s c u s s e d  i n  s e c t i o n  5.5.

s.f.
(c.p.d.)

Optical 
log relative 
modulation 

548 nm 573 nm

Visual
s.f. log relative 

(c.p.d.) C.S.

8 -0.35 -0.33 2 -0.34

17 -0.39 -0.37 4 -0.40

25 -0.41 -0.40 8 -0.42

33 -0.41 -0.38 16 -0.48

41 -0.41 -0.38

Table 5.3-1 Relative optical and visual performance averaged for all rigid 
diffractive BCL and all subjects. The relative reduction in the MTF 
(compared to the system MTF Figure 4.2-1) was similar to the average 
relative visual performance (CS).

5 . 3 . 2  L O N G I T U D I N A L  C H R O M A T I C  A B E R R A T I O N

T h e  f o c a l  l e n g t h  o f  t h e  n e a r  ( f i r s t  o r d e r )  f o c u s  o f

d i f f r a c t i v e  B C L  is i n v e r s e l y  p r o p o r t i o n a l  t o  w a v e l e n g t h  

(Equation 1.2-1) a n d  t h e  r e v e r s e  o f  r e f r a c t i v e  L C A  s u c h  as 

w i t h  s p e c t a c l e  l e n s e s  a n d  in t h e  h u m a n  e y e  ( C h a r m a n ,  

1 9 8 6 ;  F r e e m a n ,  1 9 8 4 ) .  A s  d i s c u s s e d  in s e c t i o n  1 . 2 . 3 ,  t h e  

L C A  o f  t h e  f i r s t  o r d e r  f o c u s  (near) o f  t h e  d i f f r a c t i v e  

B C L  w a s  p r e d i c t e d  t o  r e d u c e  t h e  i n h e r e n t  L C A  o f  t h e  h u m a n

e y e  f r o m  a p p r o x i m a t e l y  1.5 D t o  0 . 7 5  D  ( b e t w e e n  4 5 0  a n d

6 5 0  n m ) , w h i l s t  t h e r e  s h o u l d  b e  n o  d i f f e r e n c e  w i t h

r e f r a c t i v e  BCL. T h i s  w a s  c o n f i r m e d  b y  m e a s u r e m e n t  o n  a n
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o p t i c a l  b e n c h  b y  t h e  a u t h o r  ( u n f o r t u n a t e l y  n o  d a t a  w a s  

c o l l e c t e d )  a n d  o n - e y e  in a l i m i t e d  s t u d y  ( s e c t i o n  4 . 4 ) .

A s  e x p e c t e d ,  t h e  a v e r a g e  o n - e y e  L C A  w i t h  t h e  r i g i d  

d i f f r a c t i v e  B C L  w a s  s h o r t e r  w i t h  t h e  n e a r  t h a n  t h e  

d i s t a n c e  i m a g e ,  w h i l s t  t h e r e  w a s  n o  d i f f e r e n c e  i n  L C A  

w i t h  t h e  r e f r a c t i v e  BCL. T h e r e  h a v e  b e e n  n o  p r e v i o u s l y  

p u b l i s h e d  r e p o r t s  o f  t h e  L C A  m e a s u r e d  o n - e y e  w i t h  BCL.

T h e  p r o c e d u r e  p r o v e d  d i f f i c u l t  f o r  t h e  s u b j e c t  d u e  

p r i n c i p a l l y  t o  t h e  p o o r  i m a g e  q u a l i t y  w i t h  t h e  B C L  a n d  

t h e  l o w  l u m i n a n c e  o f  t h e  t a r g e t s  w i t h  t h e  n a r r o w  b a n d  

i n t e r f e r e n c e  f i l t e r s .  A l t h o u g h  a t t e m p t s  w e r e  m a d e  t o  

i m p r o v e  c l a r i t y  t h r o u g h  v a r i o u s  c h a n g e s  in t h e  t a r g e t ,  

i n c r e a s e d  l u m i n a n c e  o f  t h e  t a r g e t s  a n d  t h e  i n t r o d u c t i o n  

o f  a b i t e  bar. I n e v i t a b l y ,  r e p e a t a b i l i t y  w a s  low.

C l i n i c a l  e x p e r i e n c e  s u g g e s t s  t h a t  t h e  r e d u c e d  L C A  w i t h  

d i f f r a c t i v e  B C L  p r e s e n t s  n o  m a j o r  c l i n i c a l  a d v a n t a g e s  n o r  

d i s a d v a n t a g e s .

5 . 3 . 3  P U P I L  S I Z E ,  W A V E L E N G T H  A N D  D E C E N T R A T I O N

A s  s h o w n  i n  Figure 4.2-19, t h e  o p t i c a l  p e r f o r m a n c e  o f  t h e  

d i f f r a c t i v e  B C L  w a s  v i r t u a l l y  i n d e p e n d e n t  o f  t h e  a p e r t u r e  

s i z e ,  f o r  a p e r t u r e s  o f  2 . 5  t o  5 mm, t h e  s i z e  o f  t h e  

c e n t r a l  d i f f r a c t i v e  z o n e  (CDZ) f o r  t h e  e x p e r i m e n t a l  BCL. 

T h i s  w a s  in a g r e e m e n t  w i t h  t h e o r e t i c a l  c a l c u l a t i o n s  

( F r e e m a n ,  1 9 8 4 ;  K l e i n  a n d  Ho, 1986) a n d  w i t h  a p r e v i o u s
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m e a s u r e  o f  d i f f r a c t i v e  B C L  ( Y o u n g  e t  al, 1 9 9 0 ) .  I n  a 

c l i n i c a l  s t u d y ,  C o u r t n e y  e t  al (1991b) r e p o r t e d  r e d u c e d  

s u c c e s s  w i t h  A l l e r g a n  E c h e l o n  s o f t  d i f f r a c t i v e  B C L  f o r  

s u b j e c t s  w i t h  l a r g e  (>6 mm) p u p i l s .

A s  e x p e c t e d  f r o m  c o n s i d e r a t i o n  o f  Equation 1 .2 -ia , w i t h  l o n g e r  

w a v e l e n g t h s ,  t h e  M T F  o f  t h e  d i s t a n c e  ( z e r o  o r d e r )  i m a g e  

i m p r o v e d ,  w h i l s t  t h e  M T F  w i t h  t h e  n e a r  ( f i r s t  o r d e r )  

i m a g e  r e d u c e d  (Figure 4.2-20) . T h i s  c o n f i r m e d  p r e v i o u s  

r e p o r t s  ( Y o u n g  e t  al, 1990).

T h e r e  h a v e  b e e n  n o  p u b l i s h e d  r e p o r t s  o f  t h e  e f f e c t  of 

d e c e n t r a t i o n  u p o n  o p t i c a l  p e r f o r m a n c e .  T h e  r e d u c t i o n  in 

n e a r  M T F  w i t h  i n c r e a s e d  d e c e n t r a t i o n  w a s  e x p e c t e d ,  a s  t h e  

d i f f r a c t i v e  z o n e  c o v e r e d  l e s s  o f  t h e  p u p i l .  S l i g h t l y  

s u r p r i s i n g  w a s  t h e  w a v e l e n g t h  s e l e c t i v e  c h a n g e  in 

d i s t a n c e  o p t i c a l  p e r f o r m a n c e  w i t h  i n c r e a s e d  d e c e n t r a t i o n  

(Figure 4.2-23) . E f f e c t i v e l y  t h e  M T F  a t  m e d i a n  t o  h i g h  

s p a t i a l  f r e q u e n c i e s  (10 t o  30 c . p . d . )  r e d u c e d  w h i l e  t h e  

M T F  a t  l o w e r  s p a t i a l  f r e q u e n c i e s  i m p r o v e d .  A n  

e x p l a n a t i o n  l i e s  in Figure 4.2-22 w h i c h  s h o w s  t h e  

c o m p a r a t i v e l y  s t r o n g  a n d  d i s c r e t e  o u t - o f - f o c u s  (near) 

i m a g e  in t h e  L S F  o f  t h e  d i s t a n c e  i m a g e  o f  t h e  d e c e n t r e d  

d i f f r a c t i v e  BCL. T h i s  o u t - o f - f o c u s  i m a g e  w o u l d  b e  

e x p e c t e d  t o  d i s r u p t  t h e  i m a g e  c o n t r a s t  o f  r e l a t i v e l y  h i g h  

s p a t i a l  f r e q u e n c i e s  as s e e n  in t h e  M T F .  T h i s  s u g g e s t e d  

t h a t  c e n t r a t i o n  is i m p o r t a n t  w h e n  f i t t i n g  d i f f r a c t i v e  

BCL, a n d  t h a t  t e s t s  s u c h  a s  V A  (at l o w  a n d  h i g h  c o n t r a s t )  

w o u l d  b e  m o s t  a f f e c t e d  b y  d e c e n t r a t i o n .
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T h e  e f f e c t  o f  d e c e n t r a t i o n  u p o n  v i s u a l  p e r f o r m a n c e  w i t h  

d i f f r a c t i v e  B C L  w a s  n o t  i n v e s t i g a t e d  in t h e  p r e s e n t  

s t u d y .  C o u r t n e y  e t  al (1991b) n o t e d ,  b u t  d i d  n o t  

q u a n t i f y ,  c l i n i c a l  e f f e c t s  o f  p o o r  s o f t  d i f f r a c t i v e  B C L  

c e n t r a t i o n .  I t  is u n c e r t a i n  h o w  t h e  d i f f e r e n c e s  b e t w e e n  

t h e  p u p i l  c e n t r e ,  o p t i c  a x i s  a n d  v i s u a l  a x i s  w o u l d  

i n f l u e n c e  t h i s  r e s u l t .  B r a d l e y  e t  al (1991a) r e c e n t l y  

d e s c r i b e d  a n  e n t o p t i c  p h e n o m e n o n  w h i c h  a l l o w e d  t h e  

s u b j e c t i v e  a l i g n m e n t  o f  t h e  d i f f r a c t i v e  e l e m e n t  o v e r  t h e  

v i s u a l  a x i s  w h i c h  w o u l d  a l l o w  f u r t h e r  i n v e s t i g a t i o n  of 

t h e  e f f e c t  o f  d e c e n t r a t i o n .  T h e  p r e s e n t  s t u d y  c o n f i r m e d  

t h e  i m p o r t a n c e  o f  f i t  a n d  c e n t r a t i o n  w h e n  f i t t i n g  

d i f f r a c t i v e  BCL.

5 . 3 . 4  A S S E S S M E N T  O F  T H E  V A R I A B I L I T Y  O F  M A N U F A C T U R E

T h e  i n v e s t i g a t i o n  o f  t h e  v a r i a b i l i t y  o f  m a n u f a c t u r e  in 

s e c t i o n s  4 . 2 . 4  a n d  4 . 3 . 4 ,  s h o w e d  t h a t  o p t i c a l  p e r f o r m a n c e  

w a s  m o r e  s e n s i t i v e  t h a n  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  

t o  d i f f e r e n c e s  b e t w e e n  d i f f r a c t i v e  BCL.

L i n d s a y  (1990) r e p o r t e d  a v a r i a t i o n  in t h e  r a t i o  b e t w e e n  

d i s t a n c e  a n d  n e a r  i m a g e  i n t e n s i t y  w h i c h  it w a s  s u g g e s t e d  

i n d i c a t e d  m a n u f a c t u r i n g  v a r i a b i l i t y .  S i m i l a r  v a r i a t i o n  

i n  t h e  v e r g e n c e  r a t i o  ( d e f i n e d  as =  d i s t a n c e  /  ( d i s t a n c e  

+ n e a r ) ) w a s  f o u n d  in t h e  p r e s e n t  s t u d y  w i t h  b o t h  o p t i c a l  

a n d  v i s u a l  p e r f o r m a n c e  m e a s u r e s .  T h e  v e r g e n c e  r a t i o  

g i v e n  in Table 4.2-1 f o r  o p t i c a l  p e r f o r m a n c e  w a s  o n l y  w e a k l y  

c o r r e l a t e d  w i t h  t h e  v e r g e n c e  r a t i o  f o u n d  f o r  t h e  v i s u a l
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p e r f o r m a n c e  m e a s u r e s  g i v e n  in Table 4.3-5 (R2 =  0 . 3 2  t o  0.3 8 ;  

p  =  0 . 0 5 ) .  T h i s  w e a k  c o r r e l a t i o n  m a y  h a v e  b e e n  d u e  t o  

(a) t h e  l o w  n u m b e r  o f  r e p e t i t i o n s  w i t h  e a c h  o f  t h e  BCL, 

l e a v i n g  e a c h  a p o o r  e s t i m a t e  o f  t h e  t r u e  r a t i o ;  a n d  (b) 

t h e  a v e r a g i n g  o f  a l l  s p a t i a l  f r e q u e n c i e s  t o  o b t a i n  t h e  

e s t i m a t e  f o r  o p t i c a l  p e r f o r m a n c e ,  w h i c h  m a y  h a v e  b e e n  

b e t t e r  w i t h  a l i m i t e d  r a n g e  o f  s p a t i a l  f r e q u e n c i e s .

M e a s u r e d  D Z J  h e i g h t  w a s  m o r e  h i g h l y  c o r r e l a t e d  w i t h  

o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  m e a s u r e s ,  t h a n  w a s  t h e  

n o m i n a l  D Z J  h e i g h t  ( s e c t i o n  4.5), s u g g e s t i n g  t h a t  t h e  D Z J  

h e i g h t  o f  m a n y  o f  t h e  B C L  w e r e  n o t  a s  s p e c i f i e d ,  a n d  t h a t  

r e l a t i v e l y  m i n o r  v a r i a t i o n s  in D Z J  h e i g h t  i n f l u e n c e d  

o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e .

T h e  p r e s e n t  s t u d y  d i d  n o t  i n v e s t i g a t e  t h e  e f f e c t s  o f  t h e  

v a r i o u s  i r r e g u l a r i t i e s  a t  t h e  D Z J  w h i c h  w e r e  i d e n t i f i e d  

a n d  t h e  e f f e c t s  o f  t h e  r e l a t i v e l y  c o n s i s t e n t l y  s m a l l  D Z J  

h e i g h t  o f  t h e  f i r s t  D Z J  ( s e c t i o n  4 . 1 . 2 ) .  A s  t h e  a r e a  o f  

t h e  DZ c o v e r e d  b y  t h e s e  i r r e g u l a r i t i e s  ( s h o w n  

d i a g r a m m a t i c a l l y  in Figures 3.1-4 and 3.1-5) w a s  o f t e n  a s  l a r g e  

a s  t h e  f i n i t e  t o o l  e f f e c t  d i s c u s s e d  i n  s e c t i o n  5 . 3 . 6  a n  

e f f e c t  u p o n  v i s u a l  p e r f o r m a n c e  w o u l d  b e  e x p e c t e d .  

E d w a r d s  a n d  F r e e m a n  (1989) h a v e  c a l c u l a t e d  t h a t  a 

r e d u c t i o n  in t h e  h e i g h t  o f  t h e  f i r s t  D Z J  w o u l d  h a v e  a 

s i g n i f i c a n t  e f f e c t  u p o n  t h e  MTF, d u e  t o  a r e d u c t i o n  in 

t h e  q u a l i t y  o f  t h e  n e a r  ( f i r s t  o r d e r  d i f f r a c t i v e )  i m a g e .
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5.3.5 DIFFRACTIVE ZONE JUNCTION HEIGHT

O p t i c a l  p e r f o r m a n c e  m e a s u r e m e n t  (MTF) c o n f i r m e d

t h e o r e t i c a l  p r e d i c t i o n s  ( F r e e m a n ,  1 9 8 4 ;  K l e i n  a n d  Ho, 

198 6) , a s  s h o w n  in Figures 4.2-24 and 4.2-27, t h a t  a s  D Z J  h e i g h t  

i n c r e a s e d  t h e  n e a r  i m a g e  i m p r o v e d  a n d  t h e  d i s t a n c e  i m a g e  

r e d u c e d .  S i m i l a r l y ,  a s  s h o w n  in Figures 4.3-13 and 4.3-14 v i s u a l  

p e r f o r m a n c e  i m p r o v e d  a t  n e a r  a n d  r e d u c e d  a t  d i s t a n c e  w i t h  

i n c r e a s i n g  D Z J  h e i g h t .  T h e r e  h a v e  b e e n  n o  p r e v i o u s l y  

p u b l i s h e d  r e p o r t s  o f  t h e  e f f e c t  o f  D Z J  h e i g h t  u p o n  

o p t i c a l  o r  v i s u a l  p e r f o r m a n c e .

A s  c a n  b e  s e e n  i n  Figures 4.2-27, 4.3-13 and 4.3-14, t h e r e  w a s  s o m e  

v a r i a b i l i t y  a p p a r e n t  in t h i s  a s s e s s m e n t  w h i c h  r e l i e d  u p o n  

t h e  n o m i n a l  D Z J  h e i g h t .  T h o u g h  n o m i n a l  D Z J  h e i g h t  w a s

h i g h l y  c o r r e l a t e d  w i t h  t h e  m e a s u r e d  D Z J  h e i g h t  ( s e c t i o n

4 . 1 . 2 ) ,  in s e c t i o n  4 . 5  it w a s  s h o w n  t h a t  b o t h  t h e  o p t i c a l  

a n d  t h e  v i s u a l  p e r f o r m a n c e  c o u l d  b e  b e t t e r  p r e d i c t e d  b y  

t h e  m e a s u r e d  t h a n  t h e  n o m i n a l  D Z J  h e i g h t .  U n f o r t u n a t e l y  

it w a s  n o t  p r a c t i c a l  t o  m e a s u r e  a l l  189 r i g i d  d i f f r a c t i v e  

BCL, a n d  m a n y  o f  t h e  c o n c l u s i o n s  d r a w n  f r o m  t h e  p r e s e n t  

s t u d y  h a v e  b e e n  b a s e d  u p o n  t h e  n o m i n a l  D Z J  h e i g h t .  A s

n o t e d  in s e c t i o n  4.5, it w o u l d  h a v e  b e e n  s u f f i c i e n t  t o

m e a s u r e  t h e  D Z J  h e i g h t  a t  o n e  o r  t w o  D Z J s  r a t h e r  t h a n  at

e v e r y  DZJ, a s  w a s  d o n e  in t h e  p r e s e n t  s t u d y ,  t o  p r o v i d e  a

r e a s o n a b l e  e s t i m a t e  o f  t h e  r e a l  D Z J  h e i g h t .

T h e  e m p i r i c a l l y  d e r i v e d  M R A  e q u a t i o n s  g i v e n  i n  s e c t i o n s

4 . 2 . 4  a n d  4 . 3 . 4  t o  d e s c r i b e  t h e  o p t i c a l  a n d  t h e  v i s u a l
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p e r f o r m a n c e  w i t h  r i g i d  d i f f r a c t i v e  B C L  w e r e  s o l v e d  f o r  

e q u a l  m o d u l a t i o n  o r  e q u a l  v i s u a l  p e r f o r m a n c e  w i t h  

d i s t a n c e  a n d  n e a r .  T h e  o p t i m a l  D Z J  h e i g h t  p r e d i c t e d  f r o m  

o p t i c a l  p e r f o r m a n c e  w a s  s i m i l a r  t o  t h a t  p r e d i c t e d  f r o m  

v i s u a l  p e r f o r m a n c e .  A s  s u m m a r i s e d  i n  Table 5 .3 -2 , t h e  

o p t i m a l  D Z J  h e i g h t  p r e d i c t e d  f r o m  b o t h  o p t i c a l  (Figure

4.2-30) a n d  v i s u a l  (Table 4.3-5) p e r f o r m a n c e  w a s  f o u n d  t o

i n c r e a s e  s l i g h t l y  w i t h  

t o o l  s h a p e .

s p a t i a l f r e q u e n c y  a n d t o  v a r y  w i t h

I n t e r f e r e n c e F i l t e r CS V A  h i g h

T o o l 54 8  n m 57 3 n m 2 c . p . d . c o n t r a s t

2 5 0  /im 2 . 0 3 2 . 2 0 2 . 1 7 2 . 5 4

1 0 0  ¡im 2 . 3 3 2 . 3 3 2 . 2 3 2 . 5 5

F l a t t e d 1.84 1.98 1 . 8 8 2 . 1 5

Table 5.3-2 Optimal DZJ height predicted for the three different tool shapes. 

The optimal DZ J  height, shown in Figure 4.2-30, predicted from optical 
performance measurement (MTF) at each wavelength was averaged for all 

spatial frequencies (4 to 66 c.p.d.). The predicted optimal D Z J  height was 

generally greater for all visual performance measures and increased with the 

spatial frequency of the measure as shown in Figure 4.3-16 and Table 4.3-8.
As an example of the range, CS at 2 c.p.d and high contrast V A  are shown.

D i f f e r e n c e s  b e t w e e n  t h e  p r e d i c t i o n s  a r e  n o w  d i s c u s s e d .  

T h e  o p t i m a l  D Z J  h e i g h t  p r e d i c t e d  b y  t h e  v i s u a l

p e r f o r m a n c e  m e a s u r e s  w a s  s y s t e m a t i c a l l y  g r e a t e r  t h a n  t h a t  

p r e d i c t e d  b y  o p t i c a l  p e r f o r m a n c e  m e a s u r e m e n t  a t  e i t h e r  

w a v e l e n g t h .  T h i s  s u g g e s t e d  t h a t  t h e  o p t i m a l  i n t e r f e r e n c e  

f i l t e r  f o r  u s e  in m e a s u r e m e n t  o f  t h e  M T F  w o u l d  h a v e  a 

l o n g e r  p e a k  w a v e l e n g t h  t h a n  t h o s e  u s e d  h e r e .  T h i s  w a s

- page 241 -



DISCUSSION

c o n f i r m e d  b y  t h e  b e t t e r  p r e d i c t i o n  o f  v i s u a l  p e r f o r m a n c e  

a t  57 3  n m  t h a n  a t  548 n m  a s  n o t e d  b e l o w ,  a n d  b y  t h e  

c h a n g e  i n  v e r g e n c e  r a t i o  w i t h  t h e  " r e v e r s e "  a d d  s o f t  

d i f f r a c t i v e  B C L  ( s e c t i o n  5 . 4 . 5 ) .

T h e  o p t i m a l  D Z J  h e i g h t  p r e d i c t e d  f r o m  t h e  a v e r a g e  

m e a s u r e d  D Z J  h e i g h t  ( s e c t i o n  4.5) w a s  f o u n d  t o  b e  s m a l l e r  

t h a n  t h a t  p r e d i c t e d  f r o m  t h e  n o m i n a l  D Z J  h e i g h t .  T h e  

i n c l u s i o n  o f  f i r s t  DZJ, w h i c h  w a s  t y p i c a l l y  s m a l l e r  t h a n  

a l l  o t h e r  m e a s u r e d  DZJ s ,  in t h e  a v e r a g e  D Z J  h e i g h t  m a y  

h a v e  i n t r o d u c e d  a s y s t e m a t i c  b i a s .  A s  a n  a l t e r n a t i v e ,  

t h e  u s e  o f  o n e  D Z J  (e.g. t h e  t h i r d  DZJ) o r  a n  a v e r a g e  o f  

a s m a l l  g r o u p  o f  t h e  i n n e r  D Z J s  ( w h i c h  d i d  n o t  i n c l u d e  

t h e  f i r s t  DZJ) m a y  b e  p r e f e r r e d  a s  a t e c h n i q u e  f o r  a 

q u i c k e r  e s t i m a t i o n  o f  D Z J  h e i g h t .

O p t i c a l  p e r f o r m a n c e  m e a s u r e m e n t  p r o v e d  t o  b e  a g o o d  

p r e d i c t o r  o f  t h e  v a r i a t i o n  in v i s u a l  p e r f o r m a n c e  w i t h  D Z J  

h e i g h t ,  t h o u g h  as n o t e d  p r e v i o u s l y ,  if t h e  M T F  w e r e  t o  b e  

u s e d  t o  a s s e s s  t h e  e f f e c t  o f  c h a n g e s  in B C L  d e s i g n  a 

n u m b e r  o f  r e p e t i t i o n s  w o u l d  b e  r e q u i r e d  t o  i m p r o v e  

r e l i a b i l i t y  ( s e c t i o n  5 . 1 . 1 ) .  A s  i n t e r f e r o m e t r i c  

m e a s u r e m e n t  o f  t h e  s u r f a c e  p r o f i l e  w a s  n o t  a s  g o o d  a 

p r e d i c t o r  o f  v i s u a l  p e r f o r m a n c e ,  a n d  t h e  t e c h n i q u e  w a s  

l a b o r i o u s ,  t h i s  p r o c e d u r e  w o u l d  o n l y  b e  r e c o m m e n d e d  f o r  

t h e  p u r p o s e s  o f  c a l i b r a t i o n  (of t h e  m a n u f a c t u r e  p r o c e s s )  

a n d  f u n d a m e n t a l  e x a m i n a t i o n  o f  d i f f r a c t i v e  s u r f a c e s .
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5.3.6 DIAMOND TOOL SHAPE

A s  d i s c u s s e d  i n  s e c t i o n  1. 2 . 3 ,  d u e  t o  m a n u f a c t u r i n g  

l i m i t a t i o n s ,  t h e  d i f f r a c t i v e  s u r f a c e  p r o f i l e  d i d  n o t  

c o n f o r m  t o  t h e  i d e a l  s h a p e .  In p a r t i c u l a r ,  t h e  f i n i t e  

s i z e  o f  t h e  d i a m o n d  t o o l  u s e d  t o  l a t h e  t h e  d i f f r a c t i v e  

s u r f a c e  r e s t r i c t e d  c o n f o r m i t y  t o  t h e  t h e o r e t i c a l  s h a p e  of 

t h e  D Z J  a s  s h o w n  in Figure 1.2-13. D i a m o n d  t o o l s  w i t h  a 

f l a t t e d  p o r t i o n  a n d  t o o l s  w i t h  a s m a l l e r  d i a m e t e r  w e r e  

e x p e c t e d  t o  p r o d u c e  d i f f r a c t i v e  s u r f a c e s  w h i c h  m o r e  

c l o s e l y  a p p r o x i m a t e d  t h e  t h e o r e t i c a l l y  c o r r e c t  s h a p e  a n d  

it w a s  e x p e c t e d  t h a t  t h i s  w o u l d  (a) i m p r o v e  t h e  o p t i c a l  

p e r f o r m a n c e  b y  r e d u c i n g  t h e  a m o u n t  o f  l i g h t  l o s t  f r o m  t h e  

d i f f r a c t i v e  f o c i ;  a n d  (b) a l t e r  t h e  r a t i o  b e t w e e n  

d i s t a n c e  a n d  n e a r  b y  a l l o w i n g  m o r e  l i g h t  t o  r e a c h  t h e  

f i r s t  d i f f r a c t i v e  focus. T h e r e  h a v e  b e e n  n o  p r e v i o u s l y  

p u b l i s h e d  r e p o r t s  o f  s i m i l a r  i n v e s t i g a t i o n s .

T h e  r e s u l t s  p a r t l y  c o n f i r m e d  t h e  p r e d i c t i o n s .  T h e  

d i f f e r e n t  t o o l  s h a p e s  p r o d u c e d  m e a s u r a b l y  d i f f e r e n t  D Z J  

s h a p e s  a s  e x p e c t e d  ( s e c t i o n  4 . 1 . 2 ) .  T h e  o v e r a l l  o p t i c a l  

p e r f o r m a n c e  ( a v e r a g e d  f o r  d i s t a n c e  a n d  n e ar) o f  t h e  r i g i d  

d i f f r a c t i v e  B C L  m a d e  w i t h  t h e  100 jum t o o l  w a s  w o r s e  t h a n  

w i t h  t h e  2 5 0  /¿m t o o l  w h i c h  w a s  w o r s e  t h a n  t h e  f l a t t e d  

t o o l .  C o n v e r s e l y ,  v i s u a l  p e r f o r m a n c e  w a s  w o r s t  w i t h  t h e  

2 5 0  fxm t o o l .  T h e  d i f f e r e n c e  b e t w e e n  t h e  o p t i c a l  a n d  

v i s u a l  r e s u l t s  m a y  h a v e  b e e n  d u e  t o  u n e q u a l  n u m b e r s  o f  

r e p e t i t i o n s  in t h e  g r o u p s  c o m p a r e d  (e.g. a B C L  m a y  h a v e  

b e e n  m e a s u r e d  o n c e  o p t i c a l l y  b u t  m o r e  t h a n  o n c e  i n  v i s u a l
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p e r f o r m a n c e )  w h i c h  c o u l d  h a v e  d i s t o r t e d  t h e  a v e r a g e s  

p r e s e n t e d .  T h e  e x p e c t e d  i m p r o v e m e n t  i n  o p t i c a l  

p e r f o r m a n c e  w i t h  " b e t t e r "  D Z J  s h a p e  m a y  n o t  h a v e  b e e n  

d e m o n s t r a t e d  d u e  t o  i n c r e a s e d  w e a r  a n d  t e a r  u p o n  f l a t t e d  

d i a m o n d  a n d  s m a l l e r  r a d i u s  t o o l s  a n d  t h e  s e n s i t i v i t y  of 

t h e  M T F  t o  c h a n g e s  in t h e  s u r f a c e  q u a l i t y  n o t e d  in 

s e c t i o n  4 . 1 . 2  ( f r i n g e  a p p e a r a n c e  g r a d i n g ) ,  t h o u g h ,  d u e  t o  

t i m e  c o n s t r a i n t s ,  i n s u f f i c i e n t  B C L  w e r e  e x a m i n e d  to 

s u b s t a n t i a t e  t h i s  p o s s i b l e  e x p l a n a t i o n .

T h e  f i n i t e  t o o l  e f f e c t  w a s  e x p e c t e d  t o  s p i l l  l i g h t  f r o m  

t h e  n e a r  ( f i r s t  o r d e r )  focus, t h e r e b y  m a k i n g  t h e  B C L  m o r e  

d i s t a n c e  b i a s e d .  T h e  d i f f e r e n c e  in D Z J  s h a p e  w a s  

s i g n i f i c a n t  in a l t e r i n g  t h e  b a l a n c e  b e t w e e n  d i s t a n c e  a n d  

n e a r  o f  b o t h  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e ,  t h o u g h  t h i s  

w a s  n o t  i m m e d i a t e l y  a p p a r e n t  f r o m  e x a m i n a t i o n  o f  Figures

4.2-27, 4.3-13 a n d  4.3-14. A s  s h o w n  in Table 5.3-1 t h e  d i f f e r e n c e  

b e t w e e n  t h e  t o o l s  in t h e  p r e d i c t e d  o p t i m a l  D Z J  h e i g h t  w a s  

s i m i l a r  f o r  b o t h  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  m e a s u r e s ,  

t h o u g h ,  a s  n o t e d  a b o v e ,  t h e  a b s o l u t e  v a l u e s  d i f f e r e d .  It 

h a d  b e e n  e x p e c t e d  t h a t  B C L  m a d e  w i t h  b o t h  t h e  1 0 0  |xm a n d  

f l a t t e d  d i a m o n d  t o o l s  w o u l d  h a v e  a s m a l l e r  o p t i m a l  D Z J  

h e i g h t  t h a n  B C L  m a d e  w i t h  t h e  2 5 0  ¡im  t o o l .  T h i s  w a s  t h e  

c a s e  f o r  B C L  m a d e  w i t h  t h e  f l a t t e d  t o o l  b u t  n o t  f o r  B C L  

m a d e  w i t h  t h e  1 0 0  /im too l ,  w h i c h  o p t i c a l  p e r f o r m a n c e  

w o u l d  e v e n  s u g g e s t  r e q u i r e d  a l a r g e r  D Z J  h e i g h t  f o r  e q u a l  

d i s t a n c e  a n d  n e a r  p e r f o r m a n c e .
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W h i l s t  d i f f e r e n c e s  in o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  w i t h  

t h e  d i f f e r e n t  D Z J  s h a p e s  w e r e  d e m o n s t r a t e d  in t h e  p r e s e n t  

s t u d y ,  t h e  d i f f e r e n c e s  w e r e  g e n e r a l l y  m u c h  s m a l l e r  t h a n  

t h e  r e p e a t a b i l i t y  o f  t h e  m e a s u r e m e n t  a n d  s u f f i c i e n t l y  

s m a l l  t o  b e  c o n s i d e r e d  c l i n i c a l l y  i n s i g n i f i c a n t .  It is 

p o s s i b l e ,  t h a t  w i t h  m o r e  c a r e f u l  m a n u f a c t u r e ,  t h a t  t h e  

d i f f e r e n c e s  b e t w e e n  t h e  D Z J  s h a p e s  w o u l d  h a v e  b e e n  

g r e a t e r .  G i v e n  t h e  c u r r e n t  p r o d u c t i o n  p r o c e d u r e s  t h e r e  

w o u l d  a p p e a r  t o  b e  n o  b e n e f i t  f r o m  a c h a n g e  f r o m  t h e  

s t a n d a r d  2 5 0  /im tool.

5 . 3 . 7  T H E  E F F E C T  O F  P O L I S H I N G  T H E  D I F F R A C T I V E  

S U R F A C E

N o t  s u r p r i s i n g l y ,  t h e  u n i n t e n t i o n a l  p o l i s h i n g  o f  t h e  

d i f f r a c t i v e  s u r f a c e  w h i c h  o c c u r r e d  d u r i n g  t h e  p r o c e s s i n g  

o f  a s m a l l  n u m b e r  o f  t h e  r i g i d  d i f f r a c t i v e  B C L  a l t e r e d  

t h e  b a l a n c e  b e t w e e n  d i s t a n c e  a n d  n e a r .  T h e  o p t i c a l  

p e r f o r m a n c e  (Figure 4.2-32) a n d  v i s u a l  p e r f o r m a n c e  (Figure

4.3-17) c o u l d  b e  q u i t e  w e l l  p r e d i c t e d  b y  t h e  m e a s u r e d  D Z J  

h e i g h t .  T h e  o v e r a l l  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  w a s  

n o t  r e d u c e d  c o m p a r e d  t o  t h e  n o n - p o l i s h e d  BCL.

I n t e r f e r o m e t r i c  e x a m i n a t i o n  r e p o r t e d  i n  s e c t i o n  4 . 1 . 2  

(Figure 4.1-2) s h o w e d  t h a t  t h e  s u r f a c e  p r o f i l e  o f  p o l i s h e d  

B C L  c a m e  s l i g h t l y  c l o s e r  t o  t h e  t h e o r e t i c a l l y  c o r r e c t  

s h a p e  t h a n  t h e  n o n - p o l i s h e d  B C L  (Figure 4.1-1) . T h e  s u r f a c e  

q u a l i t y  o f  p o l i s h e d  B C L  w a s  m u c h  b e t t e r  ( f r i n g e  

a p p e a r a n c e  g r a d i n g ) , w h i c h  m a y  b e  e x p e c t e d  t o  s l i g h t l y
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i m p r o v e  o p t i c a l  q u a l i t y ,  t h o u g h  it w a s  n o t  p o s s i b l e  t o  

t e s t  t h i s .

T h i s  w o u l d  s u g g e s t  t h a t  a c a r e f u l l y  c o n t r o l l e d  d e g r e e  o f  

p o l i s h i n g  o f  t h e  d i f f r a c t i v e  s u r f a c e  m a y  h a v e  s l i g h t  

a d v a n t a g e s ,  t h o u g h  t h i s  w o u l d  p r o b a b l y  b e  o u t w e i g h e d  b y  

t h e  i n c r e a s e d  c o s t  o f  m a n u f a c t u r e  a n d  t h e  d i f f i c u l t y  of 

e n s u r i n g  e q u a l  l e v e l s  o f  p o l i s h i n g  o f  a l l  BCL. P o l i s h i n g  

c o u l d  p o s s i b l y  r e d u c e  t h e  v a r i a b i l i t y  o f  m a n u f a c t u r e  

n o t e d  e a r l i e r .

5.3.8 SUMMARY - OPTIMISING DESIGN CHARACTERISTICS

T h e  o p t i c a l  p e r f o r m a n c e  m e a s u r e  (MTF) w a s  m o r e  s e n s i t i v e  

t o  d i f f e r e n c e s  in q u a l i t y  o f  t h e  d i f f r a c t i v e  s u r f a c e  a n d  

d u e  t o  v a r i a b i l i t y  in m a n u f a c t u r e  t h a n  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s ,  a n d  t h u s  t h e s e  d i f f e r e n c e s  w e r e  n o t  

c o n s i d e r e d  t o  h a v e  b e e n  c l i n i c a l l y  s i g n i f i c a n t .

D e c e n t r a t i o n  a l t e r e d  t h e  M T F  a t  d i s t a n c e  (Figure 4.2-23) 

p a r t i c u l a r l y  a t  t h e  m o d e r a t e  t o  h i g h  s p a t i a l  f r e q u e n c i e s  

(10 t o  30 c . p . d . ) ,  a n d  c l i n i c i a n s  f i t t i n g  d i f f r a c t i v e  B C L  

w o u l d  b e  a d v i s e d  t o  e n h a n c e  B C L  c e n t r a t i o n  w h e r e  

p o s s i b l e .

T h e r e  w a s  n o  a p p a r e n t  a d v a n t a g e  t o  a n y  o f  t h e  t o o l  s h a p e s  

u s e d  i n  t h e  p r e s e n t  s t u d y .  A s  h a s  b e e n  n o t e d  i n  s e c t i o n  

5 . 3 . 6 ,  t h e  D Z J  h e i g h t  in c o n j u n c t i o n  w i t h  a s e l e c t e d  t o o l  

s h a p e  i n f l u e n c e d  t h e  r a t i o  b e t w e e n  d i s t a n c e  a n d  n e a r  in a
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c h a r a c t e r i s t i c  w a y .  It w a s  u n c l e a r  w h y  t h e  o p t i m a l  D Z J  

f o u n d  in t h e  p r e s e n t  s t u d y  {Table 4.3-5) f o r  t h e  2 5 0  /xm tool, 

a t  b e t w e e n  2 . 2  a n d  2 . 5  /xm, w a s  l a r g e r  t h a n  s u g g e s t e d  b y  

t h e o r e t i c a l  c a l c u l a t i o n  ( 1 .95 /xm) a n d  l a r g e r  t h a n  u s e d  in 

t h e  c u r r e n t  r i g i d  d i f f r a c t i v e  B C L  (2.0 /xm) . O n e  

p o t e n t i a l  e x p l a n a t i o n  w h i c h  c o u l d  b e  i n v e s t i g a t e d  w a s  t h e  

r e l a t i v e l y  c o n s i s t e n t  i n c o r r e c t  (small) h e i g h t  o f  t h e  

f i r s t  D Z J  n o t e d  in s e c t i o n  4 . 1 . 2 ,  w h i c h  w o u l d  b e  e x p e c t e d  

t o  b i a s  t h e  p e r f o r m a n c e  t o  d i s t a n c e  ( E d w a r d s  a n d  F r e e m a n ,

1989) .

T h e  s p e c i f i c a t i o n  o f  t h e  o p t i m a l  D Z J  h e i g h t  a s  m e a n i n g  

e q u a l  d i s t a n c e  a n d  n e a r  p e r f o r m a n c e  h a s  n o t  b e e n  t e s t e d  

o n  a c l i n i c a l  b a s i s .  P o s s i b l y  B C L  w e a r e r s  m a y  h a v e  

d i f f e r e n t  v i s u a l  r e q u i r e m e n t s .  F o r  e x a m p l e ,  a s l i g h t  

b i a s  t o  d i s t a n c e  m a y  b e  p r e f e r r e d  t o  f a c i l i t a t e  d r i v i n g .  

I n  a d d i t i o n  t h e  r e l e v a n c e  o f  t h e  v a r i a t i o n  in t h e  o p t i m a l  

D Z J  h e i g h t  w i t h  t h e  s p a t i a l  f r e q u e n c y  o f  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e  r e m a i n s  t o  b e  t e s t e d .

5.4 Soft diffractive bifocal contact lenses

M o s t  c o n c l u s i o n s  w e r e  r e s t r i c t e d  b y  t h e  l i m i t e d  r a n g e  of 

s o f t  B C L  a v a i l a b l e  f o r  u s e  in t h e  s t u d y .  T h e  f o l l o w i n g  

m a j o r  f i n d i n g s  a r e  d i s c u s s e d  in t h i s  s e c t i o n  :

a) T h e  o p t i c a l  q u a l i t y  o f  t h e  e x p e r i m e n t a l  s o f t  

d i f f r a c t i v e  B C L  w a s  p o o r ;
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b) R e s u l t s  w i t h  A l l e r g a n  E c h e l o n  s o f t  d i f f r a c t i v e  B C L  

w e r e  s i m i l a r  t o  a p r e v i o u s  s t u d y ;

c) O p t i c a l  p e r f o r m a n c e  w a s  s h o w n  t o  b e  m o r e  s e n s i t i v e  t o  

t h e  v a r i a b i l i t y  o f  m a n u f a c t u r e  t h a n  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  ( s e c t i o n  5 . 4 . 1 ) ;

c) D i f f r a c t i v e  Z o n e  J u n c t i o n  (DZJ) h e i g h t  w a s  s h o w n  t o  

a l t e r  t h e  r a t i o  b e t w e e n  d i s t a n c e  a n d  n e a r  o f  t h e  M T F  

b u t  n o t  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  ( s e c t i o n

5.4.2);

d) N o  c o n s i s t e n t  d i f f e r e n c e s  d u e  t o  c h a n g e s  in D Z J  

s h a p e ,  as d e f i n e d  b y  t h e  s h a p e  o f  t h e  d i a m o n d  t o ol, 

w e r e  s h o w n  ( s e c t i o n  5 . 4 . 3 ) ;

e) N o  c o n s i s t e n t  d i f f e r e n c e s  d u e  t o  c h a n g e s  in t h e  

m a n u f a c t u r e  p r o c e s s  ( l a t h e  o r  m o u l d i n g )  w e r e  s h o w n  

( s e c t i o n  5.4.4) ;

f) A  " r e v e r s e "  a d d  s o f t  d i f f r a c t i v e  w a s  d e m o n s t r a t e d  t o  

p r o v i d e  a n  e f f e c t i v e  b i f o c a l  e f f e c t  ( s e c t i o n  5 . 4 . 5 ) ;

g) A n  i n t e r f e r e n c e  f i l t e r  o f  a l o n g e r  p e a k  w a v e l e n g t h  

t h a n  t h o s e  u s e d  w a s  s h o w n  t o  b e  r e q u i r e d  t o  s i m u l a t e  

t h e  c h a n g e s  in v i s u a l  p e r f o r m a n c e  ( s e c t i o n  5 . 4 . 5 ) ;

I n  g e n e r a l  t h e r e  w a s  a p o o r  c o n c o r d a n c e  b e t w e e n  o p t i c a l  

p e r f o r m a n c e  a n d  v i s u a l  p e r f o r m a n c e  m e a s u r e s  w i t h  t h e  s o f t  

d i f f r a c t i v e  BCL. M a n y  o f  t h e  e f f e c t s  f o u n d  f o r  o p t i c a l  

p e r f o r m a n c e  m e a s u r e m e n t  w e r e  n o t  f o u n d  f o r  m e a s u r e m e n t  o f  

v i s u a l  p e r f o r m a n c e  w i t h  t h e  s a m e  s o f t  d i f f r a c t i v e  BCL. 

T h e  o p t i c a l  q u a l i t y  o f  t h e  e x p e r i m e n t a l  s o f t  d i f f r a c t i v e  

B C L  w a s  p o o r  c o m p a r e d  t o  t h e  r i g i d  d i f f r a c t i v e  B C L  as 

r e p o r t e d  in s e c t i o n  4 . 2 . 5  a n d  w a s  r e f l e c t e d  i n  g r e a t e r
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r e d u c t i o n s  in v i s u a l  p e r f o r m a n c e  ( s e c t i o n  4 . 3 . 2 ) ,  a n d  in 

t h e  p o o r  r e p e a t a b i l i t y  o f  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  

w i t h  t h e  s o f t  d i f f r a c t i v e  B C L  ( Table 4.3-1) . I n  a d d i t i o n ,  

t h e  g e n e r a l  q u a l i t y  o f  s o m e  o f  t h e  s o f t  d i f f r a c t i v e  B C L  

w a s  p o o r ,  s u c h  t h a t  s o m e  o f  t h e  l a t h e d  s o f t  B C L  c a u s e d  

d i s c o m f o r t  w h e n  w o r n .  H e n c e  a n y  c o n c l u s i o n s  f r o m  t h i s  

s e c t i o n  m a y  b e  l i m i t e d .  T h e  a v a i l a b l e  s o f t  d i f f r a c t i v e  

B C L  w e r e  a h e t e r o g e n e o u s  g r o u p ,  a n d  t h e  c o m p a r i s o n s  

b e t w e e n  d i f f e r e n t  d e s i g n  c h a r a c t e r i s t i c s  w h i c h  w e r e  

p o s s i b l e  a r e  d i s c u s s e d .

Previous Reports

T h e  r e s u l t s  o f  t h e  p r e s e n t  s t u d y  w e r e  s i m i l a r  t o  p r e v i o u s  

m e a s u r e m e n t  o f  M T F  ( Y o u n g  e t  al, 1990) a n d  v i s u a l  

p e r f o r m a n c e  ( P a p a s  e t  al, 1988, 1989, 1 9 9 0 ;  Y o u n g  e t  al,

1987) w i t h  A l l e r g a n  E c h e l o n  s o f t  d i f f r a c t i v e  BCL. T h e  

M T F  m e a s u r e d  b y  Y o u n g  e t  al (1990) w a s  s l i g h t l y  b e t t e r  

t h a n  t h a t  f o u n d  in t h e  p r e s e n t  s t u d y ,  b u t  s h o w e d  a 

s i m i l a r  s l i g h t  b i a s  t o  t h e  d i s t a n c e  i m a g e  w i t h  a s i m i l a r  

a p e r t u r e  s i z e  (Figure 4.2-40) . I n  a s e r i e s  o f  c o m p l e m e n t a r y  

v i s u a l  s t u d i e s ,  P a p a s  a n d  c o - w o r k e r s  m e a s u r e d  d i s t a n c e  

a n d  n e a r  v i s i o n ,  b u t  t h e  m e t h o d  o f  v i s i o n  m e a s u r e m e n t  at 

n e a r  d i d  n o t  a l l o w  a d i r e c t  c o m p a r i s o n  b e t w e e n  d i s t a n c e  

a n d  n e a r .  A t  d i s t a n c e ,  t h e  r e l a t i v e  h i g h  c o n t r a s t  V A  w a s  

s i m i l a r ,  b u t  a g r e a t e r  r e d u c t i o n  in l o w  c o n t r a s t  V A  w a s  

n o t e d  in t h e  p r e s e n t  s t u d y  (Figure 4.3-23) . S i m i l a r  c h a r t s  

a n d  l u m i n a n c e  l e v e l s  w e r e  u s e d .  T h e  B C L  u s e d  b y  Y o u n g  e t  

al, (1990) a n d  P a p a s  e t  al (1990) w e r e  o b v i o u s l y  f r o m  a 

d i f f e r e n t  p r o d u c t i o n  lot, w h i c h  m a y  h a v e  h a d  s l i g h t l y
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b e t t e r  o p t i c a l  q u a l i t y  t h a n  t h o s e  u s e d  in t h e  p r e s e n t  

s t u d y .

T h e  a b i l i t y  t o  r e p r o d u c e  t h e  r e s u l t s  o f  P a p a s  e t  al 

(1990) a n d  Y o u n g  e t  al (1990) i n d i c a t e d  t h a t  t h e  

p r o c e d u r e s  u s e d  w e r e  s a t i s f a c t o r y ,  a n d  t h a t  t h e  

d i f f i c u l t y  in d e m o n s t r a t i n g  d i f f e r e n c e s  b e t w e e n  t h e  

e x p e r i m e n t a l  s o f t  d i f f r a c t i v e  B C L  w a s ,  a s  s u g g e s t e d  

a b o v e ,  d u e  t o  t h e  p o o r  o p t i c a l  q u a l i t y  o f  t h e  a v a i l a b l e  

BCL.

5.4.1 ASSESSMENT OF THE VARIABILITY OF MANUFACTURE

S i g n i f i c a n t  d i f f e r e n c e s  in o v e r a l l  p e r f o r m a n c e  a n d  in t h e  

r a t i o  b e t w e e n  d i s t a n c e  a n d  n e a r  w e r e  f o u n d  i n  b o t h  

o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  b e t w e e n  t h e  t h r e e  b a t c h e s  

o f  s o f t  d i f f r a c t i v e  B C L  ( s e c t i o n  4 . 2 . 5  a n d  4 . 3 . 5 ) .  

F u r t h e r  e x a m i n a t i o n  s h o w e d  t h a t  t h e  s a m e  b a t c h  w a s  f o u n d  

t o  v a r y  f r o m  t h e  o t h e r  t w o  w i t h  a l l  t e s t s .  T h i s  b a t c h  

w a s  p a r t  o f  t h e  s a m e  p r o d u c t i o n  r u n  a s  o n e  o f  t h e  o t h e r  

t w o  b a t c h e s ,  h i g h l i g h t i n g  t h e  v a r i a b i l i t y  in t h e  m o u l d i n g  

p r o c e s s .

W h i l s t  it w a s  n o t  p o s s i b l e  t o  m a k e  d i r e c t  c o m p a r i s o n s  

b e t w e e n  o t h e r  s o f t  d i f f r a c t i v e  BCL, e x a m i n a t i o n  o f  t h e  

r e s u l t s  i n d i c a t e s  t h a t  t h e r e  w a s  a l a r g e  d e g r e e  o f  

v a r i a b i l i t y  b e t w e e n  B C L  w h i c h  s h o u l d  h a v e  b e e n  s i m i l a r  

(e.g. Figures 4.2-37, 4.2-38, 4.3-20 and 4.3-21) . T h i s  s u g g e s t s  a 

f a i l u r e  t o  p r o d u c e  B C L  o f  t h e  n o m i n a l  p a r a m e t e r s .  A s
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n o t e d  a b o v e  t h e  p o o r  q u a l i t y  o f  t h e  s o f t  d i f f r a c t i v e  BCL, 

a n d  t h e  f a i l u r e  t o  p r o d u c e  B C L  o f  t h e  n o m i n a l  p a r a m e t e r s  

m a y  b e  c o n s i d e r e d  as a c a u s e  f o r  t h e  f a i l u r e  t o  d i s p l a y  

s o m e  o f  t h e  e f f e c t s  o f  i n t e r e s t .

I t  w a s  n o t  p o s s i b l e  t o  d e t e r m i n e  t h e  c a u s e  o f  t h e  

v a r i a b i l i t y  f r o m  t h e  r e s u l t s  o f  t h e  p r e s e n t  s t u d y  as, d u e  

t o  t i m e  c o n s t r a i n t s ,  it w a s  n o t  p o s s i b l e  t o  e x a m i n e  t h e  

s u r f a c e  p r o f i l e  o f  a l l  o f  t h e  s o f t  d i f f r a c t i v e  BCL.

5 . 4 . 2  D I F F R A C T I V E  Z O N E  J U N C T I O N  H E I G H T

A s  d i s c u s s e d  in s e c t i o n  5 . 3 . 5 ,  a s  D Z J  h e i g h t  i n c r e a s e d  

t h e  n e a r  i m a g e  w a s  e x p e c t e d  t o  i m p r o v e  a n d  t h e  d i s t a n c e  

i m a g e  w a s  e x p e c t e d  t o  r e d u c e ,  w i t h  c o m m e n s u r a t e  c h a n g e s  

in v i s u a l  p e r f o r m a n c e .  O p t i c a l  p e r f o r m a n c e  w i t h  t h e  s o f t  

d i f f r a c t i v e  B C L  d i d  v a r y  w i t h  t h e  n o m i n a l  D Z J  h e i g h t  

a l m o s t  a s  e x p e c t e d  (Figures 4.2-34 to 4.2-37) , b u t  t h e  s a m e  

t r e n d s  w e r e  n o t  a p p a r e n t  a s  c h a n g e s  in v i s u a l  p e r f o r m a n c e  

(Figures 4.3-20 and 4.3-21) , e s p e c i a l l y  a t  l o w  s p a t i a l  f r e q u e n c y .

T h e r e  w e r e  s o m e  u n e x p e c t e d  v a r i a t i o n s  i n  t h e  s h a p e  o f  t h e  

M T F  f o r  t h e  n e a r  f o c u s  o f  c e r t a i n  B C L  (e.g. 4 . 0  /xm D Z J  

h e i g h t  in Figure 4.2-35b a n d  3.3 /xm D Z J  h e i g h t  in Figure 4.2-36b) 

w h i c h  w e r e  r e m i n i s c e n t  o f  t h e  c h a n g e s  w i t h  d e c e n t r a t i o n  

s h o w n  f o r  r i g i d  d i f f r a c t i v e  B C L  i n  s e c t i o n  4 . 2 . 4 .  In 

p a r t i c u l a r  t h e r e  w a s  a n  a p p a r e n t  r e d u c t i o n  in t h e  M T F  a t  

m e d i a n  t o  h i g h  s p a t i a l  f r e q u e n c i e s  (10 t o  30 c . p . d . ) .  

T h i s  w a s  t h o u g h t  t o  h a v e  b e e n  d u e  t o  a p o o r l y  c o n s t r u c t e d

- page 251 -



DISCUSSION

c e n t r a l  d i f f r a c t i v e  zone, a s  it w a s  v e r y  u n l i k e l y  t h a t  

t h e  B C L  w e r e  a c t u a l l y  d e c e n t r e d  w h e n  m e a s u r e d ,  a s  e a c h  

M T F  s h o w n  w a s  a n  a v e r a g e  o f  a t  l e a s t  f o u r  s e p a r a t e  

m e a s u r e m e n t s ,  a n d  t h e  p l a c e m e n t  o f  t h e  B C L  o v e r  t h e  

a p e r t u r e ,  t h o u g h  d o n e  m a n u a l l y ,  w a s  a h y p e r a c u i t y  t a s k  

( r i n g s  w i t h i n  a c i r c l e )  a n d  s u b j e c t  t o  o n l y  m i n o r  r a n d o m  

e r r o r s .

U n f o r t u n a t e l y ,  d u e  t o  t i m e  c o n s t r a i n t s ,  it w a s  n o t  

p o s s i b l e  t o  e x a m i n e  t h e  s u r f a c e  p r o f i l e  o f  e a c h  o f  t h e  

e x p e r i m e n t a l  s o f t  d i f f r a c t i v e  B C L  t o  d e t e r m i n e  t h e  

r e a s o n s  f o r  t h e  f a i l u r e  t o  s h o w  t h e  e x p e c t e d  t r e n d s  as 

c l e a r l y  a s  w a s  p o s s i b l e  w i t h  t h e  r i g i d  d i f f r a c t i v e  BCL.

5 . 4 . 3  D I A M O N D  T O O L  S H A P E

T h e r e  w a s  n o  o b v i o u s  e f f e c t  o f  t o o l  s h a p e  o n  o p t i c a l  

p e r f o r m a n c e  (Figures 4.2-37 and 4.2-38) n o r  o n  v i s u a l  p e r f o r m a n c e  

(Figures 4.3-20 and 4.3-21) , e x c e p t  p e r h a p s  a n  i n c r e a s e d  b i a s  t o  

n e a r  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  w i t h  t h e  f l a t t e d  

t o o l .  A n y  r e a l  d i f f e r e n c e s  d u e  t o  t h e  t o o l  s h a p e  m a y  

h a v e  b e e n  m a s k e d  b y  t h e  p o o r  o p t i c a l  q u a l i t y  o f  t h e  

a v a i l a b l e  s o f t  d i f f r a c t i v e  BCL.

5 . 4 . 4  M A N U F A C T U R E  T E C H N I Q U E

T h e r e  w a s  n o  o b v i o u s  e f f e c t  o f  u s i n g  l a t h e  c u t t i n g  o r  

m o u l d i n g  o n  o p t i c a l  p e r f o r m a n c e  (Figures 4.2-37 and 4.2-38) n o r  

o n  v i s u a l  p e r f o r m a n c e  (Figures 4.3-20 and 4.3-21) . A n y  r e a l
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d i f f e r e n c e s  d u e  t o  t h e  m a n u f a c t u r e  t e c h n i q u e  m a y  h a v e  

b e e n  m a s k e d  b y  t h e  p o o r  o p t i c a l  q u a l i t y  o f  t h e  a v a i l a b l e  

s o f t  d i f f r a c t i v e  BCL.

5.4.5 A REVERSE ADDITION SOFT DIFFRACTIVE BIFOCAL 

CONTACT LENS

A  " r e v e r s e "  a d d  d i f f r a c t i v e  B C L  u t i l i s e s  t h e  n e g a t i v e  

f i r s t  o r d e r  d i f f r a c t i v e  f o c u s  t o  f o r m  t h e  d i s t a n c e  image, 

a n d  u s e s  t h e  z e r o  o r d e r  f o c u s  ( r e f r a c t i v e )  t o  f o r m  t h e

n e a r  i m a g e  ( s e c t i o n  1 . 2 . 3 ) .  H e n c e  t h e  o p t i c a l

a r r a n g e m e n t  is t h e  r e v e r s e  o f  t h a t  u s e d  in a

" c o n v e n t i o n a l "  d i f f r a c t i v e  BCL, w h i c h  u s e  t h e  z e r o  o r d e r  

i m a g e  f o r  d i s t a n c e ,  a n d  t h e  p o s i t i v e  f i r s t  o r d e r  i m a g e  

f o r  n e a r .  T h e r e  h a v e  b e e n  n o  p r e v i o u s  r e p o r t s  o f

" r e v e r s e "  a d d  d i f f r a c t i v e  BCL.

T h e  o p t i c a l  (Figure 4.2-39) a n d  t h e  v i s u a l  (Figure 4.3-22)

p e r f o r m a n c e  i n d i c a t e d  t h a t  t h i s  f o r m  o f  d i f f r a c t i v e  B C L  

w o r k s  as e f f e c t i v e l y  as t h e  c o n v e n t i o n a l  d i f f r a c t i v e  BCL. 

A s  e x p e c t e d  t h e  v e r g e n c e  r a t i o  w a s  r e v e r s e d  c o m p a r e d  to 

t h e  c o n v e n t i o n a l  BCL, s u c h  t h a t  v i s u a l  p e r f o r m a n c e  w a s  

d i s t a n c e  b i a s e d  w i t h  t h e  c o n v e n t i o n a l  B C L  a n d  n e a r  b i a s e d  

w i t h  t h e  " r e v e r s e "  a d d  B C L  (Figure 4.3-22) . O p t i c a l

p e r f o r m a n c e ,  w h e n  m e a s u r e d  a t  b o t h  54 8  n m  a n d  57 3  nm, o f  

t h e  c o n v e n t i o n a l  B C L  w a s  n e a r  b i a s e d ,  w h i l s t  t h e  

" r e v e r s e "  a d d  w a s  d i s t a n c e  b i a s e d .  H e n c e  t h e  v e r g e n c e  

r a t i o  w a s  t h e  o p p o s i t e  o f  t h a t  f o u n d  w i t h  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s .
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T h e  d i f f e r e n c e  in t h e  o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  

r e s u l t s  m a y  b e  e x p l a i n e d  b y  c o n s i d e r a t i o n  o f  t h e  

d i f f e r e n c e s  b e t w e e n  t h e  b i f o c a l  f o c i  w i t h  w a v e l e n g t h .  A s  

d i s c u s s e d  in s e c t i o n  1. 2 . 3 ,  t h e  s p e c t r a l  e n e r g y  o f  e a c h  

d i f f r a c t i v e  f o c i  v a r i e s  w i t h  w a v e l e n g t h  (Equation 1 .2 -ia ) . A s  

s h o w n  i n  Figure 1.2-12, f o r  c o n v e n t i o n a l  d i f f r a c t i v e  BCL, t h e  

d i s t a n c e  i m a g e  is l o n g  w a v e l e n g t h  b i a s e d ,  a n d  t h e  n e a r  

i m a g e  s h o r t  w a v e l e n g t h  b i a s e d .  T h i s  is r e v e r s e d  f o r  a 

" r e v e r s e "  a d d  d i f f r a c t i v e  BCL. A s  t h e  s p e c t r a l  e n e r g y  

i n c r e a s e s  t h e r e  is a c o m m e n s u r a t e  i m p r o v e m e n t  i n  t h e  M T F  

( E m e r t o n ,  1986) w h i c h  h a s  b e e n  d e m o n s t r a t e d  b y  t h e  

p r e s e n t  s t u d y  t o  c o r r e l a t e  w i t h  i m p r o v e d  v i s u a l  

p e r f o r m a n c e .  Figures 5.4-1 a n d  5.4-2 s h o w  d i a g r a m m a t i c a l l y  t h e  

s p e c t r a l  e n e r g y  in t h e  d i s t a n c e  ( s o l i d  line) a n d  n e a r  

( d a s h e d  line) f o c i  o f  a c o n v e n t i o n a l  a n d  a " r e v e r s e "  a d d  

d i f f r a c t i v e  B C L  r e s p e c t i v e l y ,  w h i l e  t h e  s o l i d  a r r o w s  

r e p r e s e n t  t h e  p o s i t i o n s  a t  w h i c h  t h e  o p t i c a l  m e a s u r e m e n t s  

w h e r e  t a k e n .  H e n c e ,  a s  sh o w n ,  o p t i c a l  p e r f o r m a n c e  w i t h  

t h e  c o n v e n t i o n a l  B C L  w a s  n e a r  b i a s e d  a n d  w i t h  t h e  

" r e v e r s e "  a d d  d i s t a n c e  b i a s e d .  T h e  v e r g e n c e  r a t i o  w a s  

c l o s e r  t o  0 . 5  ( e q u a l  d i s t a n c e  a n d  nea r )  a t  573 n m  t h a n  a t  

54 8  nm. T h e  o p e n  a r r o w s  s h o w n  in Figures 5.41 a n d  5.4-2 

r e p r e s e n t  t h e  w a v e l e n g t h  a t  w h i c h  o p t i c a l  m e a s u r e m e n t s  

w o u l d  b e  r e q u i r e d  t o  r e v e r s e  t h e  m e a s u r e d  v e r g e n c e  r a t i o ,  

a n d  h e n c e  t o  r e p l i c a t e  t h e  v i s u a l  p e r f o r m a n c e  r e s u l t s .  

A s  n o t e d  in s e c t i o n  5 . 3 . 5 ,  it w a s  u n c l e a r  w h y  t h e  v i s u a l  

p e r f o r m a n c e  w o u l d  b e  e q u i v a l e n t  t o  o p t i c a l  p e r f o r m a n c e  

m e a s u r e m e n t  a t  a l o n g  w a v e l e n g t h  ( > 57 3  nm) w h e n  v i s u a l  

p e r f o r m a n c e  w o u l d  b e  e x p e c t e d  t o  b e  b e s t  a t  a p p r o x i m a t e l y
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Figure 5.41 The spectral energy of a conventional diffractive BCL shown 
schematically. The distance focus is long wavelength biased and the near focus short 
wavelength biased (Equation 1.2.3a). Image quality and the MTF improve with 
increasing spectral energy. The solid arrows represent the positions at which optical 
performance measures were made, as indicated by the vergence ratio (distance /  
distance + near). To explain the difference in the measured vergence ratio found 
with the visual performance measures compared to the optical performance measures, 
the equivalent wavelength would be longer than 573 nm (open arrow).

Figure 5.4-2 The spectral energy of a reverse add diffractive BCL shown 
schematically. The distance focus is short wavelength biased and the near focus long 
wavelength biased (Equation 1.2.3a). Image quality and the MTF improve with 
increasing spectral energy. The solid arrows represent the positions at which optical 
performance measures were made as indicated by the vergence ratio (distance /  
distance + near). To explain the difference in the measured vergence ratio found 
with the visual performance measures compared to the optical performance measures, 
the equivalent wavelength would be longer than 573 nm (open arrow).
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5 5 0  n m  (e.g. VA i n  Figure 1.1-4) . T h e  V A  a n d  P R C  c h a r t s  w e r e  

i l l u m i n a t e d  w i t h  t u n g s t e n  h a l i d e  s p o t  l a m p s  w h i c h  a r e  

s l i g h t l y  l o n g  w a v e l e n g t h  b i a s e d ,  w h i l e  t h e  m o n i t o r  u s e d  

t o  m e a s u r e  CS u s e d  a P4 p h o s p h o r  w h i c h  w a s  s l i g h t l y  s h o r t  

w a v e l e n g t h  b i a s e d .  H e n c e  t h e  w a v e l e n g t h  a t  w h i c h  t h e  

v i s u a l  p e r f o r m a n c e  m e a s u r e s  w e r e  m a d e  w o u l d  n o t  a p p e a r  t o  

b e  t h e  c a u s e  o f  t h e  d i s c r e p a n c y .  A  d i f f e r e n c e  b e t w e e n  

t h e  r e f r a c t i v e  i n d i c e s  o f  t h e  f l u i d s  s u r r o u n d i n g  t h e  B C L  

u s e d  d u r i n g  o p t i c a l  (saline) a n d  v i s u a l  (tears) 

p e r f o r m a n c e  m e a s u r e m e n t  c o u l d  e x p l a i n  t h e  d i s c r e p a n c y ,  

b u t  t h e  s i z e  o f  t h e  d i f f e r e n c e  w o u l d  h a v e  t o  h a v e  b e e n  

g r e a t e r  t h a n  w o u l d  n o r m a l l y  b e  a t t r i b u t e d  t o  t h e s e  f l u i d s  

( s e c t i o n  5 . 5 . 2 ) .  A l t e r n a t i v e l y  t h e r e  m a y  b e  w a v e l e n g t h  

d e p e n d e n t  d i f f e r e n c e s  in t h e  r e f r a c t i v e  i n d e x  o f  t h e  B C L  

m a t e r i a l s  a n d  t h e  s u r r o u n d i n g  m e d i a  w h i c h  h a v e  n o t  b e e n  

r e p o r t e d .

A  " r e v e r s e "  a d d  d i f f r a c t i v e  B C L  h a s  b e e n  d e m o n s t r a t e d ,  

a n d  h a s  b e e n  s h o w n  t o  d i f f e r ,  a s  e x p e c t e d ,  f r o m  a 

c o n v e n t i o n a l  d i f f r a c t i v e  BCL. F u r t h e r  i n v e s t i g a t i o n  

w o u l d  b e  r e q u i r e d  t o  d e t e r m i n e  w h e t h e r  t h e  d i f f e r e n c e s  in 

t h e  d e s i g n ,  a n d  p a r t i c u l a r l y  t h e  r e d u c e d  L C A  a t  t h e  

d i s t a n c e  fo c u s ,  w a s  a c l i n i c a l  b e n e f i t .

5.4.6 SUMMARY - OPTIMISING DESIGN CHARACTERISTICS

D u e  t o  t h e  h e t e r o g e n e i t y  o f  t h e  a v a i l a b l e  e x p e r i m e n t a l  

s o f t  d i f f r a c t i v e  BCL, t h e  p o o r  o p t i c a l  q u a l i t y  (see 

s e c t i o n s  4 . 2 . 5  a n d  4 . 3 . 5  f o r  c o m p a r i s o n s  t o  a
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c o m m e r c i a l l y  a v a i l a b l e  s o f t  d i f f r a c t i v e  BCL) a n d  t h e  

v a r i a b i l i t y  o f  m a n u f a c t u r e  t h e r e  w e r e  f e w  c o n c l u s i o n s  

w h i c h  c o u l d  b e  d r a w n  f r o m  t h i s  s e c t i o n  o f  t h e  s t u d y .  T h e  

p r o d u c t i o n  p r o b l e m s  w h i c h  w e r e  e v i d e n t  d u r i n g  t h e  p r e s e n t  

s t u d y  m u s t  b e  o v e r c o m e  b e f o r e  a s u c c e s s f u l  s o f t  

d i f f r a c t i v e  B C L  c a n  b e  m a d e  w i t h  t h e  e q u i p m e n t  w h i c h  w a s  

u s e d  t o  p r o d u c e  t h e  e x p e r i m e n t a l  s o f t  d i f f r a c t i v e  BCL. 

I t  w a s  n o t  t h e  a i m  o f  t h e  p r e s e n t  s t u d y  t o  i d e n t i f y  

p a r t i c u l a r  p r o b l e m s  in p r o d u c t i o n .

I n  g e n e r a l  t h e  l a t h e d  B C L  w e r e  b e t t e r  t h a n  t h e  m o u l d e d  

B C L  w h i c h  w e r e  a v a i l a b l e .  A s  n o t e d  in s e c t i o n  5 . 3 . 5 ,  a 

c a r e f u l l y  c o n t r o l l e d  d e g r e e  o f  p o l i s h i n g  o f  t h e  

d i f f r a c t i v e  s u r f a c e  m a y  h a v e  s l i g h t  a d v a n t a g e s ,  t h o u g h  

t h e s e  w o u l d  p r o b a b l y  b e  o u t w e i g h e d  b y  t h e  i n c r e a s e d  c o s t  

o f  m a n u f a c t u r e  a n d  t h e  d i f f i c u l t y  o f  e n s u r i n g  e q u a l  

l e v e l s  o f  p o l i s h i n g  o f  a l l  BCL. W h i l s t  c o n t r o l l e d  

p o l i s h i n g  m a y  t h e n  p r o v e  t o o  d i f f i c u l t  t o  i n s t i t u t e  w i t h  

r i g i d  d i f f r a c t i v e  B C L  p r o d u c t i o n ,  w h e r e  c u r r e n t l y  e a c h  

B C L  is i n d i v i d u a l l y  l a t h e d ,  t h e r e  c o u l d  b e  a d v a n t a g e s  in 

t h e  p r o d u c t i o n  o f  m o u l d e d  s o f t  d i f f r a c t i v e  BCL. H e r e  a 

s m a l l  n u m b e r  o f  ( t y p i c a l l y )  b r a s s  m a s t e r s  a r e  l a t h e d  f o r  

u s e  i n  t h e  m o u l d i n g  p r o c e s s ,  p r o d u c i n g  n u m e r o u s  m o u l d e d  

BCL. P o l i s h i n g  o f  t h e  b r a s s  m a s t e r s  c o u l d  b e  c o n t r o l l e d  

a n d  e v e n  m e a s u r e d .  T h i s  w o u l d  n e e d  f u r t h e r  

i n v e s t i g a t i o n .

T h o u g h  t h e  o p t i c a l  q u a l i t y  w a s  n o  b e t t e r  t h a n  t h e  o t h e r  

e x p e r i m e n t a l  BCL, t h e  " r e v e r s e "  a d d  B C L  p r o v e d  t o  b e  a

- page 256 -



DISCUSSION

v i a b l e  o p t i o n .  F u r t h e r  w o r k  w o u l d  b e  r e q u i r e d  t o  

i n v e s t i g a t e  a n y  p o t e n t i a l  a d v a n t a g e s  o f  t h i s  d e s i g n .  T h e  

m a j o r  d i f f e r e n c e  w h i c h  w o u l d  r e q u i r e  i n v e s t i g a t i o n  is t h e  

r e d u c e d  L C A  o f  t h e  d i s t a n c e  ( f i r s t  o r d e r  d i f f r a c t i v e )  

f o c u s .

5.5 Predicting visual performance from optical 

performance

M R A  m o d e l s  w e r e  e m p i r i c a l l y  d e r i v e d  t o  d e s c r i b e  v i s u a l  

p e r f o r m a n c e  (CS, PRC, a n d  VA) f r o m  o p t i c a l  p e r f o r m a n c e  

(MTF) in s e c t i o n  4 . 6  a n d  t h e  f o l l o w i n g  m a j o r  f i n d i n g s  a r e  

d i s c u s s e d  in t h i s  s e c t i o n :

a) v i s u a l  p e r f o r m a n c e  w i t h  r e f r a c t i v e  B C L  w a s  p r e d i c t e d  

f r o m  t h e  M T F  c a l c u l a t e d  f r o m  m e a s u r e d  p u p i l  s i ze, 

d e c e n t r a t i o n  a n d  C O Z D  ( A d j u s t e d  R 2 r a n g e  0 . 2 5  t o  0.58) 

( s e c t i o n  5.5.1) ;

b) v i s u a l  p e r f o r m a n c e  w i t h  r e f r a c t i v e  B C L  w a s  p r e d i c t e d  

f r o m  t h e  m e a s u r e d  M T F  w i t h  a r a n g e  o f  a p e r t u r e  s i z e s  

(3 t o  5 mm) ( A d j u s t e d  R 2 r a n g e  0 . 3 7  t o  0 . 8 0 ) .  T h e

4 m m  a p e r t u r e  w a s  f o u n d  g e n e r a l l y  t o  g i v e  t h e  b e s t  

p r e d i c t i o n  ( s e c t i o n  5 . 5 . 1 ) ;

c) v i s u a l  p e r f o r m a n c e  w i t h  r i g i d  d i f f r a c t i v e  B C L  w a s  

p r e d i c t e d  f r o m  t h e  M T F  m e a s u r e d  a t  5 4 8  a n d  5 7 3  n m  

( A d j u s t e d  R 2 r a n g e  0 . 4 0  t o  0. 8 8 ) .  P r e d i c t i o n  w a s  

s l i g h t l y  b e t t e r  a t  573 n m  ( s e c t i o n  5 . 5 . 2 ) ;
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d) v i s u a l  p e r f o r m a n c e  w i t h  s o f t  d i f f r a c t i v e  B C L  w a s  

p r e d i c t e d  f r o m  t h e  M T F  m e a s u r e d  a t  5 4 8  n m  ( A d j u s t e d  R 2 

r a n g e  0 . 0 7  t o  0 . 2 3 ) ;  a n d

e) T h e  s p a t i a l  f r e q u e n c y  o f  t h e  M T F  m e a s u r e m e n t  w a s  o n l y  

w e a k l y  r e l a t e d  t o  t h e  s p a t i a l  f r e q u e n c y  c o n t e n t  o f  

t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s .

T h e  a b i l i t y  t o  p r e d i c t  v i s u a l  p e r f o r m a n c e  f r o m  o p t i c a l  

p e r f o r m a n c e  w a s  d e m o n s t r a t e d .  T h e  a m o u n t  o f  t h e  v a r i a n c e  

e x p l a i n e d  b y  t h e  d e r i v e d  e q u a t i o n s  (i.e. t h e  a d j u s t e d  R 2) 

v a r i e d  b e t w e e n  t h e  B C L  t y p e s  a n d  t h e  v i s u a l  p e r f o r m a n c e  

m e a s u r e s .  T h e  r e l e v a n c e  o f  t h e s e  r e s u l t s  a r e  d i s c u s s e d .

A previous study

T h e  o n l y  p r e v i o u s  a t t e m p t  t o  e v a l u a t e  t h e  o p t i c a l  a n d  

v i s u a l  p e r f o r m a n c e  o f  t h e  s a m e  BCL, w a s  a p r e l i m i n a r y  

i n v e s t i g a t i o n  b y  F r e e m a n  a n d  M u l e n  ( r e p o r t e d  i n  P h i l l i p s ,

1988) . T h i s  w a s  l i m i t e d  t o  r e p o r t i n g  t h a t  t h e  o v e r a l l  

r e d u c t i o n  in v i s u a l  p e r f o r m a n c e  w a s  l e s s  t h a n  p r e d i c t e d  

b y  t h e  m e a s u r e d  o p t i c a l  p e r f o r m a n c e .  T h i s  w a s  n o t  

s u p p o r t e d  b y  t h e  p r e s e n t  s t u d y  ( s e c t i o n  5 . 3 . 1 ) .

The Multiple Regression Models

T h e  e m p i r i c a l  m o d e l s  r e l a t i n g  o p t i c a l  a n d  v i s u a l  

p e r f o r m a n c e  d e r i v e d  in s e c t i o n  4 . 6  w e r e  b a s e d  u p o n  t h e  

M T F  d a t a  m e a s u r e d  a t  4 s p a t i a l  f r e q u e n c i e s .  T h e  4 

s p a t i a l  f r e q u e n c i e s  w e r e  c h o s e n  t o  c o v e r  t h e  f u l l  r a n g e  

o f  s p a t i a l  f r e q u e n c i e s  s t u d i e d ,  a f t e r  a p r e l i m i n a r y  

e x a m i n a t i o n  o f  t h e  c o r r e l a t i o n s  b e t w e e n  v i s u a l  

p e r f o r m a n c e  a n d  t h e  m o d u l a t i o n  m e a s u r e d  a t  e a c h  o f  t h e
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o r i g i n a l  16 s p a t i a l  f r e q u e n c i e s .  A s  s h o w n  i n  Tables 4.6-3 

a n d  4 .6 -6 , t h e r e  w a s  a w e a k  r e l a t i o n s h i p  b e t w e e n  t h e  

s p a t i a l  f r e q u e n c y  c o n t e n t  o f  t h e  v i s u a l  p e r f o r m a n c e  

m e a s u r e  a n d  t h a t  o f  t h e  M T F  t e r m s  r e t a i n e d  i n  t h e  

s t e p w i s e  M R A .  T h i s  w a s  d u e  t o  t h e  h i g h  c o r r e l a t i o n s  

b e t w e e n  M T F  d a t a  a t  t h e  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s  

( s e c t i o n  5. 1 . 3 )  a n d  t h e  c o r r e l a t i o n s  b e t w e e n  t h e  v i s u a l  

p e r f o r m a n c e  m e a s u r e s  ( s e c t i o n  5 . 1 . 4 ) .  T h e  B C L  w e r e  s h o w n  

t o  h a v e ,  in g e n e r a l ,  s i m i l a r  e f f e c t s  a t  a l l  s p a t i a l  

f r e q u e n c i e s  o f  t h e  m e a s u r e d  M T F  a n d  w i t h  a l l  v i s u a l  

p e r f o r m a n c e  m e a s u r e s .  H e n c e  v i s u a l  p e r f o r m a n c e  w a s  

c o r r e l a t e d  a l m o s t  e q u a l l y  w e l l  w i t h  m e a s u r e d  M T F  d a t a  a t  

a l l  t h e  s p a t i a l  f r e q u e n c i e s .  T h e  s t e p w i s e  M R A  p r o c e d u r e  

r e t a i n e d  t h o s e  s p a t i a l  f r e q u e n c i e s  w i t h  t h e  g r e a t e s t  

a b i l i t y  t o  e x p l a i n  t h e  v a r i a t i o n s  in v i s u a l  p e r f o r m a n c e ,  

a n d  a s  n o t e d ,  t h e r e  w a s  o f t e n  v e r y  l i t t l e  d i f f e r e n c e  

b e t w e e n  t h e  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s .  V a r i o u s  

a v e r a g i n g  p r o c e d u r e s  a n d  o t h e r  c o n s t r i c t i o n s  o f  t h e  d a t a  

w e r e  i n v e s t i g a t e d ,  a n d  t h e  M R A  m o d e l s  g i v e n  w e r e  j u d g e d  

t o  b e  t h e  m o s t  u s e f u l .

5.5.1 REFRACTIVE BIFOCAL CONTACT LENSES

T w o  d i f f e r e n t  a p p r o a c h e s  t o  t h e  p r e d i c t i o n  o f  v i s u a l  

p e r f o r m a n c e  w i t h  r e f r a c t i v e  B C L  w e r e  m a d e  in t h e  p r e s e n t  

s t u d y .  T h e  f i r s t  w a s  b a s e d  u p o n  t h e  c a l c u l a t e d  M T F  

d e r i v e d  f r o m  M T F  m e a s u r e m e n t s  o f  d e c e n t r e d  BCL, w h i l e  t h e  

s e c o n d  w a s  b a s e d  u p o n  t h e  a c t u a l  m e a s u r e d  M T F  o f  c e n t r e d  

BCL.
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Calculated optical performance

A p e r t u r e  s i z e  a n d  B C L  d é c e n t r a t i o n  w e r e  s h o w n  t o  

i n f l u e n c e ,  a n d  c o u l d  b e  u s e d  t o  p r e d i c t  o p t i c a l  

p e r f o r m a n c e  ( s e c t i o n  4 . 2 . 3 ) .  A s  t h e r e  w e r e  d i f f e r e n c e s  

in t h e  s i z e  o f  t h e  p u p i l  a n d  B C L  d é c e n t r a t i o n  b e t w e e n  

s u b j e c t s ,  it w a s  e x p e c t e d  t h a t  t h e s e  f a c t o r s  w o u l d  

i n f l u e n c e  t h e  v i s u a l  p e r f o r m a n c e  in a p r e d i c t a b l e  way. 

T h u s ,  it w a s  e x p e c t e d  t h a t  v i s u a l  p e r f o r m a n c e  w o u l d  h a v e  

b e e n  b e s t  p r e d i c t e d  b y  o p t i c a l  p e r f o r m a n c e  w h i c h  h a d  b e e n  

c a l c u l a t e d  f r o m  t h e  m e a s u r e d  COZD, p u p i l  s i z e  a n d  B C L  

d é c e n t r a t i o n .  A s  s h o w n  in s e c t i o n  4 . 6 . 1  ( Table 4 .6 -4 ) ,  

v i s u a l  p e r f o r m a n c e  c o u l d  b e  p r e d i c t e d  u s i n g  t h i s  

a p p r o a c h .

U n f o r t u n a t e l y ,  t h e  M R A  m o d e l  d e r i v e d  f r o m  t h e  c a l c u l a t e d  

o p t i c a l  p e r f o r m a n c e  w a s  n o  b e t t e r  t h a n  t h e  M R A  m o d e l  

d e r i v e d  in s e c t i o n  4 . 3 . 3  w h i c h  u s e d  C O Z D ,  p u p i l  s i z e  a n d  

d é c e n t r a t i o n  t o  p r e d i c t  v i s u a l  p e r f o r m a n c e .  P e r h a p s  t h i s  

w a s  n o t  s u r p r i s i n g  c o n s i d e r i n g  t h a t  e s s e n t i a l l y  t h e  s a m e  

i n f o r m a t i o n  w a s  u s e d  in e a c h  M R A  m o d e l ,  a n d  a n  e x t r a  s t e p  

w a s  r e q u i r e d  t o  d e r i v e  t h e  c a l c u l a t e d  o p t i c a l  

p e r f o r m a n c e .  I n  a d d i t i o n ,  a s  d i s c u s s e d  in s e c t i o n  5 . 2 . 4 ,  

t h e  o n - e y e  s i t u a t i o n  w a s  n o t  e n t i r e l y  a n a l o g o u s  t o  t h e  

o p t i c a l  m e a s u r e m e n t ,  a s  t h e  o p t i c  a x i s ,  v i s u a l  a x i s  a n d  

p u p i l  c e n t r e  o f  t h e  e y e  a r e  r a r e l y  c o n c e n t r i c ,  a n d  t h e  

d é c e n t r a t i o n  m e a s u r e m e n t  w a s  a n  a v e r a g e ,  w h e r e a s  t h e  B C L  

o n - e y e  w a s  c o n s t a n t l y  m o v i n g ,  a l t e r i n g  t h e  o p t i c a l  

p e r f o r m a n c e .
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A s  s h o w n  in s e c t i o n  4 . 6 . 1  (Table 4.6-1) , t h e  m e a s u r e d  o p t i c a l  

p e r f o r m a n c e  o f  c e n t r e d  r e f r a c t i v e  B C L  p r o v i d e d  a b e t t e r  

p r e d i c t i o n  o f  v i s u a l  p e r f o r m a n c e  t h a n  t h e  m o d e l  d i s c u s s e d  

a b o v e .  T h e  a v e r a g e  p u p i l  s i z e  w a s  2. 8  mm, a n d  it m i g h t  

h a v e  b e e n  e x p e c t e d  t h a t  m e a s u r e m e n t s  o f  o p t i c a l  

p e r f o r m a n c e  w i t h  t h e  3 m m  a p e r t u r e  m a y  h a v e  b e e n  t h e  b e s t  

p r e d i c t o r  o f  v i s u a l  p e r f o r m a n c e .  E x a m i n a t i o n  o f  t h e  

t r e n d s  in t h e  d a t a  s u g g e s t e d  t h a t  t h e  v i s u a l  p e r f o r m a n c e  

d a t a  m a y  h a v e  b e e n  b e s t  m a t c h e d  b y  o p t i c a l  p e r f o r m a n c e  

w i t h  t h e  4 m m  a p e r t u r e .  A s  c a n  b e  s e e n  in Table 4.6-1 t h e  

M T F  m e a s u r e d  w i t h  t h e  4 m m  a p e r t u r e  s i z e  w a s  s l i g h t l y  

b e t t e r  t h a n  t h e  o t h e r s  ( r a n g e  3 t o  5 mm) in t h e  

p r e d i c t i o n  o f  v i s u a l  p e r f o r m a n c e .  T h i s  w a s  n o t  

s u r p r i s i n g  as t h e  v a r i a t i o n  in o p t i c a l  p e r f o r m a n c e  w i t h  

C O Z D  a n d  v e r g e n c e  c h a n g e d  s i g n i f i c a n t l y  w i t h  a p e r t u r e .

D i f f e r e n c e s  b e t w e e n  t h e  o n - e y e  s i t u a t i o n  a n d  t h e  B C L  

d u r i n g  M T F  m e a s u r e m e n t  m a y  e x p l a i n  t h e  b e t t e r  p r e d i c t i o n  

o f  v i s u a l  p e r f o r m a n c e  w i t h  a n  a p e r t u r e  l a r g e r  t h a n  t h e  

m e a s u r e d  p u p i l .  I n  t h e  o p t i c a l  a p p a r a t u s  u s e d  t o  m e a s u r e  

t h e  M T F ,  t h e  a p e r t u r e  s t o p  w a s  3 m m  b e h i n d  t h e  BCL, a n d  

l i g h t  l e a v i n g  t h e  BCL, d u e  t o  B a d a l  o p t o m e t e r  

a r r a n g e m e n t ,  w a s  p a r a l l e l ,  b e i n g  f o c u s s e d  b y  a s u b s e q u e n t  

l e n s  o n t o  t h e  d e t e c t o r  a r r a y  (Figure 3 .2 -2) . C o n v e r s e l y ,  

w h e n  o n - e y e ,  t h e  e f f e c t i v e  s i z e  o f  C O Z  a t  t h e  p u p i l  

( a p e r t u r e  stop) w o u l d  h a v e  b e e n  e f f e c t i v e l y  r e d u c e d  t o  

a p p r o x i m a t e l y  0 . 8 5  o f  t h e  m e a s u r e d  d i a m e t e r  b y  t h e  p o w e r  

o f  t h e  c o r n e a  ( G u l l s t r a n d - E m s l e y  s c h e m a t i c  eye: B e n n e t t
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a n d  R a b b e t t s ,  1 9 8 4 ) ,  w h e r e a s  t h e  C O Z D  e f f e c t i v e  a t  t h e  

a p e r t u r e  s t o p  o n  t h e  o p t i c a l  b e n c h  w o u l d  n o t  h a v e  

r e d u c e d .  H e n c e ,  c o n s i d e r i n g  t h e  a r e a  o f  t h e  C O Z D  a n d  t h e  

a p e r t u r e  sto p ,  a m e a s u r e d  2.8 m m  p u p i l  w o u l d  b e  

r e p r e s e n t e d  b y  a 3 . 9  m m  a p e r t u r e  s t o p  o n  t h e  o p t i c a l  

b e n c h  (2.8 x  0 . 8 5 " 2) .

5.5.2 DIFFRACTIVE BIFOCAL CONTACT LENSES 

Rigid diffractive BCL

V i s u a l  p e r f o r m a n c e  w i t h  r i g i d  d i f f r a c t i v e  B C L  w a s

p r e d i c t e d  f r o m  t h e  m e a s u r e d  o p t i c a l  p e r f o r m a n c e  w i t h  M R A  

e q u a t i o n s  w i t h  g o o d  a d j u s t e d  R 2 v a l u e s  ( Table 4.6-5) . T h e s e  

e q u a t i o n s  b e t t e r  p r e d i c t e d  v i s u a l  p e r f o r m a n c e  t h a n  

e q u a t i o n s  b a s e d  u p o n  t h e  n o m i n a l  D Z J  h e i g h t  ( s e c t i o n

4 . 3 . 4 ) ,  o r  t h e  m e a s u r e d  D Z J  h e i g h t  ( s e c t i o n  4 . 5 . 2 ) .  

H e n c e  t h e  M T F  w a s  d e m o n s t r a t e d  t o  b e  a u s e f u l  m e t h o d  f o r  

t h e  p r e d i c t i o n  o f  v i s u a l  p e r f o r m a n c e  w i t h  r i g i d  

d i f f r a c t i v e  BCL.

Soft diffractive BCL

V i s u a l  p e r f o r m a n c e  w i t h  s o f t  d i f f r a c t i v e  B C L  w a s

p r e d i c t e d  f r o m  t h e  m e a s u r e d  o p t i c a l  p e r f o r m a n c e  ( s e c t i o n

4 . 6 . 3 )  w i t h  l o w  a d j u s t e d  R 2 v a l u e s  ( Table 4.6-7) a n d  

c o m p a r a t i v e l y  l o w  s i g n i f i c a n c e  (p < 0 . 0 2 5 ) .  T h i s  w a s

p r o b a b l y  d u e  t o  t h e  p o o r  o p t i c a l  q u a l i t y  o f  t h e  s o f t

d i f f r a c t i v e  B C L  w h i c h  r e d u c e d  t h e  r e p e a t a b i l i t y  o f  v i s u a l  

p e r f o r m a n c e  m e a s u r e m e n t  ( s e c t i o n  4 . 3 . 2 ) .  I t  w a s  a l s o  n o t  

s u r p r i s i n g ,  a s  t h e  t r e n d s  d e m o n s t r a t e d  w i t h  o p t i c a l
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p e r f o r m a n c e  (Figures 4.2-34, 4.2-35 and 4.2-36) w e r e  n o t

d e m o n s t r a t e d  w i t h  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s  (Figures

4.3- 20 and 4.3-21) .

Choice of interference filter for MTF measurement

A s  n o t e d  in s e c t i o n  5 . 4 . 5 ,  t h e  i n t e r f e r e n c e  f i l t e r s  u s e d  

f o r  m e a s u r e m e n t  o f  o p t i c a l  p e r f o r m a n c e  o f  r i g i d  

d i f f r a c t i v e  B C L  w o u l d  a p p e a r  n o t  t o  h a v e  b e e n  i d e a l  (note 

r e f r a c t i v e  B C L  w e r e  m e a s u r e d  in " w h i t e "  l i g h t ) . T h e  

o p t i m a l  D Z J  h e i g h t  p r e d i c t e d  f r o m  m e a s u r e m e n t s  a t  b o t h  

5 4 8  n m  a n d  573 n m  w a s  c o n s i s t e n t l y  u n d e r  e s t i m a t e d  ( Table

5.3- 2 ) . A n  i n t e r f e r e n c e  f i l t e r  w i t h  a l o n g e r  p e a k  

w a v e l e n g t h  t h a n  t h o s e  u s e d  in t h e  p r e s e n t  s t u d y  w o u l d  b e  

r e q u i r e d  t o  p r e d i c t  a s i m i l a r  o p t i m a l  D Z J  h e i g h t  t o  t h a t  

f o u n d  w i t h  v i s u a l  p e r f o r m a n c e .

I t  w a s  u n c e r t a i n  w h y  t h e  p r e d i c t e d  o p t i m a l  D Z J  h e i g h t  

f o u n d  f r o m  M R A  o f  t h e  o p t i c a l  p e r f o r m a n c e  m e a s u r e s  s h o u l d  

h a v e  d i f f e r e d  s y s t e m a t i c a l l y  f r o m  t h a t  b a s e d  u p o n  t h e  

v i s u a l  p e r f o r m a n c e  m e a s u r e s .  S o m e  o f  t h e  d i f f e r e n c e  m a y  

h a v e  b e e n  d u e  t o  a d i f f e r e n c e  b e t w e e n  t h e  r e f r a c t i v e  

i n d e x  o f  t h e  s u r r o u n d i n g  m e d i u m  w h e n  m e a s u r i n g  o p t i c a l  

p e r f o r m a n c e  (saline) a s  c o m p a r e d  t o  w h e n  m e a s u r i n g  v i s u a l  

p e r f o r m a n c e  ( t e a r s ) . T h i s  w o u l d  a l t e r  t h e  e f f e c t i v e  

d e s i g n  w a v e l e n g t h  (Equations 1.2-3a and 1.2-4) , t h e r e b y  a l t e r i n g  

t h e  r a t i o  b e t w e e n  d i s t a n c e  a n d  n e a r .  C a l c u l a t i o n s ,  w h i c h  

d i d  n o t  t a k e  i n t o  a c c o u n t  t h e  v a r i a t i o n  i n  r e f r a c t i v e  

i n d e x  w i t h  w a v e l e n g t h ,  i n d i c a t e d  t h a t  a 5% c h a n g e  i n  t h e  

d i f f e r e n c e  b e t w e e n  t h e  r e f r a c t i v e  i n d e x  o f  t h e  B C L  a n d
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t h e  s u r r o u n d i n g  m e d i u m  (i.e. a c h a n g e  i n  r e f r a c t i v e  i n d e x  

o f  t h e  s u r r o u n d i n g  m e d i u m  f r o m  1 . 3 3 4  t o  1. 3 4 0 )  w o u l d  

a l t e r  t h e  o p t i m a l  D Z J  h e i g h t  b y  a p p r o x i m a t e l y  0 . 1  jum. 

T h i s  d i f f e r e n c e  w o u l d  a p p e a r  t o  b e  g r e a t e r  t h a n  n o r m a l l y  

q u o t e d  f o r  t e a r s  a n d  s a l i n e  (e.g. P h i l l i p s  a n d  S t o n e ,

1 9 8 9 ) .  D i f f e r e n c e s  in t h e  v a r i a t i o n  o f  r e f r a c t i v e  i n d e x  

w i t h  w a v e l e n g t h  c o u l d  a l s o  b e  i n v e s t i g a t e d .

I t  w a s  n o t  p o s s i b l e  t o  s i m p l y  m e a s u r e  t h e  M T F  of 

d i f f r a c t i v e  B C L  in " w h i t e "  l i g h t  s i n c e  t h e  l o n g i t u d i n a l  

c h r o m a t i c  a b e r r a t i o n  o f  t h e  d i f f r a c t i v e  f o c u s  w h i c h  is an 

a d v a n t a g e  o n - e y e  d r a m a t i c a l l y  r e d u c e d  t h e  i m a g e  q u a l i t y  

o n  a n  o p t i c a l  b e n c h .  A s  n o t e d  in s e c t i o n  1.2.3, 

c a l c u l a t i o n s  o f  t h e  p o l y c h r o m a t i c  M T F  s u g g e s t e d  a b e t t e r  

o p t i c a l  p e r f o r m a n c e  t h a n  f o u n d  w i t h  t h e  m o n o c h r o m a t i c  M T F  

( K l e i n  a n d  Ho, 1986; E d w a r d s  a n d  F r e e m a n ,  1 9 8 9 ) .  G i v e n  

t h e  n u m b e r  o f  B C L  i n v o l v e d  in t h e  p r e s e n t  s t u d y  it w a s  

n o t  p o s s i b l e  t o  m e a s u r e  a l l  B C L  a t  a f u l l  r a n g e  of 

w a v e l e n g t h s  as w o u l d  h a v e  b e e n  r e q u i r e d .  T h e  

p o l y c h r o m a t i c  M T F  c o u l d  b e  t h e  s u b j e c t  o f  f u r t h e r  

s t u d i e s ,  t h o u g h  f r o m  a p r a c t i c a l  v i e w p o i n t ,  a s i n g l e  

m e a s u r e  w i l l  a l w a y s  b e  p r e f e r r e d  i f  t h e  t e c h n i q u e  is t o  

b e  u s e d  r e g u l a r l y  f o r  t h e  e v a l u a t i o n  o f  BCL.

5.5.3 SUMMARY - MODELS OF VISUAL PERFORMANCE

T h i s  s t u d y  m e a s u r e d  t h e  i m a g e  q u a l i t y  o f  t h e  s a m e  B C L  

o p t i c a l l y  a n d  v i s u a l l y  a n d  a t t e m p t e d  t o  d e v e l o p  m o d e l s  t o  

e x p l a i n  t h e  v i s u a l  p e r f o r m a n c e  f r o m  t h e  m e a s u r e d  o p t i c a l
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p e r f o r m a n c e .  I m a g e  q u a l i t y  a n d  a s p e c t s  o f  C L  w e a r  l e a d  

t o  p o o r  r e p e a t a b i l i t y  o f  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s ,  

w h i c h  in t u r n  r e d u c e d  t h e  a b i l i t y  o f  t h e  m o d e l s  t o  

p r e d i c t  c h a n g e s  in v i s u a l  p e r f o r m a n c e .  D e s p i t e  t h i s ,  t h e  

r e l a t i o n s h i p  b e t w e e n  t h e  o p t i c a l  p e r f o r m a n c e  a n d  c e r t a i n  

v i s u a l  p e r f o r m a n c e  m e a s u r e s  w a s  d e m o n s t r a t e d ,  w i t h  t h e  

r e s u l t  t h a t  r e a s o n a b l e  m o d e l s  w e r e  d e v e l o p e d  f o r  t h e  

p r e d i c t i o n  o f  v i s u a l  p e r f o r m a n c e  w i t h  r i g i d  r e f r a c t i v e  

a n d  d i f f r a c t i v e  BCL. T h e s e  m o d e l s  s h o u l d  b e  t e s t e d  w i t h  

a n o t h e r  g r o u p  o f  s u b j e c t s  t o  a s s e s s  t h e  d u r a b i l i t y  o f  t h e  

m o d e l s .  I n  a d d i t i o n ,  t h e  r e l e v a n c e  o f  t h e  d i f f e r e n t  

v i s u a l  p e r f o r m a n c e  m e a s u r e s  u s e d  in t h e  p r e s e n t  s t u d y  h a s  

n o t  b e e n  d e m o n s t r a t e d  in t h e  " r e a l  w o r l d " .

O n e  i m p o r t a n t  a s p e c t  w h i c h  h a s  n o t  b e e n  c o n s i d e r e d  i n  t h e  

c u r r e n t  s t u d y  w h i c h  m a y  h a v e  i n f l u e n c e d  v i s u a l  

p e r f o r m a n c e  w a s  t h e  o p t i c a l  q u a l i t y  o f  t h e  e y e s  o f  t h e  

i n d i v i d u a l  s u b j e c t s .  I n d i v i d u a l  v a r i a t i o n s  in p u p i l  

l o c a t i o n  w i t h  c h a n g e s  in p u p i l  s i z e  (Walsh, 1 9 8 8 ;  W i l s o n  

e t  al, 1991, 1992) a n d  d i f f e r e n c e s  in t h e  l o c a t i o n  o f  t h e  

p u p i l  in r e l a t i o n  t o  t h e  v i s u a l  a n d  o p t i c a l  a x e s  m a y  b e  

i m p o r t a n t  in B C L  w e a r  a n d  r e q u i r e  i n v e s t i g a t i o n  ( C a m p b e l l  

e t  al, 1990).

F u t u r e  w o r k  i n v e s t i g a t i n g  t h e  p e r f o r m a n c e  o f  B C L  c o u l d  

u s e f u l l y  i n v o l v e  m e a s u r e m e n t  o f  t h e  q u a l i t y  o f  t h e  a c t u a l  

r e t i n a l  i m a g e  w i t h  t h e  B C L  in situ, e i t h e r  o b j e c t i v e l y  o r  

s u b j e c t i v e l y  w i t h  a v a i l a b l e  t e c h n i q u e s  w h i c h  c o u l d  b e  

a d a p t e d  (e.g. C a m p b e l l  e t  al, 1 9 90; H o w l a n d  a n d  H o w l a n d ,
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1976, 1 9 77; S a n t a m a r i a  e t  al, 1 9 8 7 ;  W a l s h  a n d  Chairman, 

1985, 198 9 ) •  P h y s i c a l  m e a s u r e m e n t  o f  t h e  r e t i n a l  i m a g e  

b y  a n y  d o u b l e - p a s s  p r o c e d u r e  (e.g. C a m p b e l l  a n d  G u b i s c h ,  

1 9 6 6 ;  S a n t a m a r i a  e t  al, 1 9 8 7 ;  W a l s h  a n d  C h a r m a n ,  1985, 

1989) w o u l d  b e  v e r y  d i f f i c u l t  c o m p u t a t i o n a l l y ,  

p a r t i c u l a r l y  f o r  d i f f r a c t i v e  B C L  w h e r e  t h e  i m a g e  o n  

e m e r g i n g  f r o m  t h e  e y e  w o u l d  c o m p r i s e  t h r e e  m a j o r  f o c i  

(the t w o  a t  t h e  r e t i n a  w o u l d  b e  d o u b l e d  a g a i n  o n  e x i t i n g  

t h e  e y e  b y  t h e  d i f f r a c t i v e  BCL, a n d  t w o  o f  t h e  f o u r  

i m a g e s  w o u l d  c o i n c i d e :  F r e e m a n ,  1992) . O b j e c t i v e  

p r o c e d u r e s  w h i c h  i n v o l v e  t h e  l o c a t i o n  o f  a s p e c t s  o f  t h e  

r e t i n a l  i m a g e  m a y  b e  r e q u i r e d  r a t h e r  t h a n  a t t e m p t i n g  t o  

r e c o n s t r u c t  t h e  r e t i n a l  im a g e .

A n o t h e r  a r e a  w h i c h  t h e  p r e s e n t  s t u d y  w a s  n o t  d e s i g n e d  t o  

i n v e s t i g a t e ,  b u t  w h i c h  m a y  i m p r o v e  t h e  u n d e r s t a n d i n g  of 

v i s i o n  w i t h  r i g i d  BCL, w o u l d  i n v o l v e  a s t u d y  o f  t h e  

e f f e c t s  o f  r i g i d  B C L  m o v e m e n t  a n d  l o c a t i o n  in r e l a t i o n  t o  

b o t h  t h e  p u p i l  a n d  t o  t h e  v i s u a l  a x i s .  T h e  s h o r t  t e r m  

f l u c t u a t i o n s  (<100 ms) in v i s u a l  p e r f o r m a n c e  w h i c h  h a v e  

b e e n  d e m o n s t r a t e d  a f t e r  t h e  b l i n k  ( T o m l i n s o n  a n d  R i d d e r ,

1992) w o u l d  b e  e x p e c t e d  t o  b e  m o r e  p r o n o u n c e d  a n d  

p r o b a b l y  o f  l o n g e r  d u r a t i o n  w i t h  B C L  c o m p a r e d  t o  s i n g l e  

v i s i o n  CL. I n  p a r t i c u l a r  a t e c h n i q u e  t o  m o n i t o r  

v a r i a t i o n s  in v i s u a l  p e r f o r m a n c e  w h i l s t  s i m u l t a n e o u s l y  

t r a c k i n g  t h e  B C L  o n - e y e  w o u l d  a s s i s t  in b e t t e r  

u n d e r s t a n d i n g  t h e  r e q u i r e m e n t s  f o r  r i g i d  B C L  d e s i g n .
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T h e  e f f e c t s  o f  c h a n g e s  in t h e  o p t i c a l  d e s i g n  o f  r e f r a c t i v e  

a n d  d i f f r a c t i v e  b i f o c a l  c o n t a c t  l e n s e s  (BCL) u p o n  t h e  

o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e  h a v e  b e e n  d e m o n s t r a t e d .  T h e  

m a j o r  f i n d i n g s  w e r e  :

a) O p t i c a l  p e r f o r m a n c e  m e a s u r e m e n t s  w e r e  in g o o d  a g r e e m e n t  

w i t h  t h e  v i s u a l  p e r f o r m a n c e  m e a s u r e s ,  a n d  p o s s i b l e  

e x p l a n a t i o n s  f o r  t h e  m i n o r  d i f f e r e n c e s  h a v e  b e e n  

d i s c u s s e d  ;

b) C o n c e n t r i c - d e s i g n  r e f r a c t i v e  B C L  w e r e  a f f e c t e d  b y  

c e n t r a l  o p t i c  z o n e  d i a m e t e r  ( C O Z D ) , t h e  B C L  

c o n f i g u r a t i o n  ( C e n t r e - D i s t a n c e  o r  C e n t r e - N e a r ) , p u p i l  

siz e ,  d é c e n t r a t i o n  a n d  s p a t i a l  f r e q u e n c y .  T h e  o p t i m a l  

C O Z D  h a s  b e e n  s h o w n  t o  v a r y  w i t h  e a c h  o f  t h e s e  

v a r i a b l e s  ;

c) C h a n g e s  in d i f f r a c t i v e  B C L  d e s i g n  - d i f f r a c t i v e  z o n e  

j u n c t i o n  (DZJ) h e i g h t  a n d  D Z J  s h a p e  - i n f l u e n c e d  b o t h  

o p t i c a l  a n d  v i s u a l  p e r f o r m a n c e .  T h e  e f f e c t s  o f  s u r f a c e  

q u a l i t y ,  D Z J  i r r e g u l a r i t i e s ,  p u p i l  siz e ,  w a v e l e n g t h  a n d  

d é c e n t r a t i o n  h a v e  b e e n  c o n s i d e r e d .  S u g g e s t i o n s  h a v e  

b e e n  m a d e  f o r  i m p r o v e m e n t s  in d i f f r a c t i v e  B C L  d e s i g n  a n d  

m a n u f a c t u r e  ;

d) A n  i n t e r f e r o m e t r i c  t e c h n i q u e  ( N o m a r s k i )  h a s  b e e n  u s e d  t o  

m a k e  a v a r i e t y  o f  m e a s u r e m e n t s  o f  b o t h  r i g i d  a n d  s o f t  

d i f f r a c t i v e  BCL, w h i c h  w e r e  r e l a t e d  t o  o p t i c a l  a n d
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v i s u a l  p e r f o r m a n c e .  P r o b l e m s  i n  t h e  m a n u f a c t u r e  o f  t h e  

c e n t r a l  d i f f r a c t i v e  z o n e  h a v e  b e e n  i d e n t i f i e d ;

e) A  " r e v e r s e "  a d d  s o f t  d i f f r a c t i v e  B C L  h a s  b e e n  

d e m o n s t r a t e d  t o  p r o v i d e  a n  e f f e c t i v e  b i f o c a l  e f f e c t ;

f) l o w  c o n t r a s t  V A  h a s  b e e n  s h o w n  t o  b e  s e n s i t i v e  t o  t h e  

e f f e c t s  o f  B C L  a n d  h a s  b e e n  r e c o m m e n d e d  a s  a n  a d d i t i o n  

t o  c o n v e n t i o n a l  c l i n i c a l  t e s t s ;

g) b o t h  o p t i c a l  p e r f o r m a n c e  a n d  v i s u a l  p e r f o r m a n c e  m e a s u r e s  

s h o w e d  c o m p a r a t i v e l y  p o o r  r e p e a t a b i l i t y ,  w h i c h  h a s  b e e n  

s h o w n  t o  b e  r e l a t e d  t o  t h e  o p t i c a l  q u a l i t y  o f  t h e  B C L  

a n d  t o  v a r y  w i t h  s p a t i a l  f r e q u e n c y ;

h) T h e  c o n c o r d a n c e  b e t w e e n  v i s u a l  a n d  o p t i c a l  p e r f o r m a n c e  

m e a s u r e s  w i t h  d i f f r a c t i v e  B C L  m a y  b e  i m p r o v e d  b y  t h e  u s e  

o f  a l o n g e r  w a v e l e n g t h  f o r  t h e  o p t i c a l  p e r f o r m a n c e  

m e a s u r e m e n t  t h a n  e m p l o y e d  in t h i s  s t u d y ;  a n d

i) T h e  a b i l i t y  t o  p r e d i c t  v i s u a l  p e r f o r m a n c e  f r o m  m e a s u r e d  

o p t i c a l  p e r f o r m a n c e  o f  B C L  h a s  b e e n  d e m o n s t r a t e d .  T h i s  

w a s  i n f l u e n c e d  b y  t h e  o p t i c a l  q u a l i t y  o f  t h e  BCL.

T h e  m a j o r i t y  o f  t h e  e f f e c t s  d e s c r i b e d  w e r e  e x p e c t e d  f r o m  

t h e o r e t i c a l  c o n s i d e r a t i o n s .  T h e  r e l a t i o n s h i p  b e t w e e n  t h e  

m e a s u r e d  M T F  a n d  a r a n g e  o f  v i s u a l  p e r f o r m a n c e  m e a s u r e s  h a s  

b e e n  s h o w n  f o r  t h e  f i r s t  t i m e ,  d e m o n s t r a t i n g  t h e  M T F  a s  a 

u s e f u l  t o o l  f o r  t h e  a s s e s s m e n t  o f  t h e  e f f e c t  o f  c h a n g e s  in 

B C L  d e s i g n .  M o d e l s  h a v e  b e e n  d e v e l o p e d  w h i c h  m a y  a s s i s t  in 

t h e  d e v e l o p m e n t  o f  f u t u r e  BCL.
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A b s tra c t — M ost con tact lens p rac tition ers are dea lin g  w ith  an  in creasin g  n um ber o f  otherw ise healthy ‘o ld e r’ (presbyopic) 
patien ts. E xam ination  o f  the literature indicates a  persisten t them e o f  age-related change, which genera lly becomes significant 
a fter  the fourth  decade. This review  docum ents changes that are reported  in  the ocu lar adnexa, tea r f ilm , cornea, pupil, 
in tra o cu la r pressure, refractive state, spectra l tran sm ission , an d  chrom atic aberration . The effects o f  these variou s changes 

on the f ittin g  an d  w ea r o f  contact lenses by  o lder p a tien ts  are d iscussed.

KEY WORDS: Age, aging, review, tear film, cornea, pupil, ocular media, spectral transmission, chromatic aberration,
intraocular pressure.

Introduction

THE NATURE of contact lens fitting is likely to 
alter slowly as population demographics in all the 
western nations indicate a trend towards an aging 

population. This change to the classical population 
pyramid is enhanced by the post-war ‘baby boomers’, 
who are now entering the presbyopic age bracket. In 
addition, many of the patients fitted with contact lenses 
since their introduction are now entering this group and 
expecting a contact lens correction of their presbyopic 
visual problem.

Ocular changes that are acknowledged to occur with 
age and that may influence contact lens wear include 
decreased tonus of both upper1-2, and lower eyelids3, a 
reduced palpebral aperture4-5, decreased lacrimal 
secretion6-7, reduced tear stability8-9 changes to the 
cornea and ocular media, decreased pupil diam-
eter4-10-11, and the effects of the increased intake of 
systemic drugs.12-13 Weale14-15 has given a very 
comprehensive review of ocular age-related changes. 
Aspects of such changes to ocular characteristics with 
regard to lens wear are discussed in this article. Visual 
performance changes with age include the decrease in 
visual acuity16 (which is greater under reduced levels 
of illumination17), the reduction in contrast sensitivity 
for high and intermediate spatial frequencies18-20, re-
duced stereoacuity21-22, and increased glare sensi-
tivity.23-24 All of these factors are of importance when 
fitting contact lenses to the aging eye. Physiological 
considerations may be different and visual performance 
generally reduced. Particular care must then be taken 
with contact lens modalities that compromise aspects 
of vision, for example, monovision and bifocal contact 
lenses.

The older contact lens patient can present special 
problems to the practitioner, in addition to presbyopia. 
Older patients may require fitting of aphakic or 
therapeutic contact lenses. This will often involve the 
use of extended-wear contact lenses, as older patients 
will often experience handling difficulties. Most

k BOptom (Hons) MBCO

advanced contact lens texts provide information about 
non-routine contact lens fitting requirements for older 
patients. Phillips25, for example, has produced a useful 
review.

Interest in bifocal contact lenses is increasing within 
the industry and the optical professions, and amongst 
the general public as they become aware of the option 
through the general and optical media. Contact lens 
companies are developing and publicising hydrophilic 
versions of the rigid bifocal contact lenses, as used by 
a limited number of experienced practitioners for many 
years, and new diffractive bifocal contact lenses are 
becoming available. Further development of bifocal 
contact lenses, the marketing capabilities of the large 
companies, and increased acceptance of contact lenses 
as a potential modality may lead to an increase in the 
number of presbyopes fitted with contact lenses. 
Despite this enormous potential market, surveys of 
contact lens fitting patterns26-28 indicate that only 1% 
of contact lens patients are fitted with bifocal lenses. 
A slightly larger group are fitted with the alternative 
presbyopic contact lens option (monovision), the most 
successful system26, but considered by many 
practitioners to be unsatisfactory due to its deleterious 
effects upon binocular vision.29-31

The proportion of contact lens patients who are 
presbyopic and the proportion of presbyopes who wear 
contact lenses are uncertain, but are generally assumed 
to be small. Despite this, as mentioned above, 
practitioners are likely to encounter an increasing 
number and proportion of presbyopic contact lens 
patients. With this in mind, some of the special ocular 
problems that may influence contact lens fitting and 
wear are reviewed herein.

Ocular Adnexa
There are marked alterations with age to the tissues 
of the ocular adnexa, due to a ‘progressive loss of tone 
and bulk’.32 Changes with age to the eyelids, including 
a loss of tonus, reduced movement, and the reduction
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sleep, thereby increasing overnight swelling and 
possibly reducing tolerance to contact lens wear.

Pyron et a l .31 reported a selective adherence of 
certain bacteria to the human bulbar conjunctiva, which 
appeared to vary with age. This implies that there may 
be a differential susceptibility of individuals to infection 
with specific bacteria, which needs further 
investigation.

Lawrenson38, investigating the limbal touch 
threshold, has found an age-related decrease in 
sensitivity that is most pronounced after the fourth 
decade.

Pingueculae become more common with age and, if 
near the limbus, may lift the lids away from the 
surrounding conjunctiva and cornea, causing a local area 
of drying as the tear layer is not restored with blinking. 
Rigid lenses may cause irritation of pingueculae and 
increase the dessication and associated vascularisation. 
Soft contact lenses may fail to centre properly.

The lids may swell during the menopause and the 
resultant hormonal changes may cause increased water 
retention.13 Xerosis of the conjunctiva may also occur 
during the menopause.13

Tear Film
The literature demonstrates a controversy that exists 
regarding the relationships between tear flow, tear 
volume, and age. Early descriptions of a decrease in tear 
volume with age generally relied upon results obtained 
with the Schirmer test (e.g., Norn39), which are 
acknowledged to induce reflex lacrimal secretion (i.e., 
the tear flow due to discomfort associated with the test, 
and measured as the difference in tear flow with and 
without local anaesthetic). Lamberts et a l .40 inves-
tigated reflex lacrimation and reported no age-related 
reduction in the Schirmer test results after the 
instillation of a topical anaesthetic. This was due to a 
negative correlation between age and reflex lacrimation. 
Corneal sensitivity decreases with age41 and would 
account for the decrease in reflex lacrimation and the 
earlier reports of age changes. Contradictory reports 
of a (subjective) fluorescein colorimetric matching 
procedure612 imply a possible age-related reduction in 
tear flow. A reduction in lacrimal secretion with age was 
demonstrated by Furukawa and Poise6, who measured 
tear-turnover rate (subjects aged 15-63 years) with a 
fluorophotometer. Earlier, Mishima et a l .42 reported no 
tear flow-age relationship as assessed with colorimetric 
matching and fluorophotometry, with a smaller sample 
and no subjects over the age of 50 years. Hamano et 
a l .1 measured tear volume with a phenol-red 
impregnated cotton thread which, due to its quick 
application (approximately 15s), is claimed to estimate 
the inferior conjunctival tear volume (but probably 
includes some basal secretion). Hamano et a l .1 
reported that the percentage of eyes with less than 
15mm wet length increased significantly with increasing 
age. The percentage with a wret length of less than 
10mm was greatest in the 30-39 year age group, as 
shown in F ig u r e  3. It is interesting to speculate that

Age group (years)

Wet length 
f  >14mm 
M  10-14mm 
■ ■  <10mm

F ig u r e  3. The re la tion sh ip  between age an d  the wet length  
o f  a  phenol-red im pregn a ted  cotton  thread. The wet length is  
a ssu m ed  to re la te to the in ferior tea r vo lum e (redrawn fro m  
H am ano  et al.7).

there may be two factors at work: the first, a real 
decrease in tear production with age, and the second, 
an increase in tear retention after the fourth decade 
due, perhaps, to changing lid shape and a reduced 
facility of punctum drainage. In addition, the 
constituents of the tears may alter with age.

The pre-comeal tear film, composed of lipids, proteins, 
mucus, salts, and water from many glands, is not solely 
dependent upon volume or flow rates. Changes with age 
in five tear protein concentrations have been 
demonstrated by McGill et a l .43, but the significance of 
each of the numerous constituents has yet to be 
determined. McGill et a l .43 suggest the diagnostic use 
of lysozyme and lactoferrin assays, as these proteins 
have been demonstrated to be at reduced levels in dry 
eyes. Some elderly patients will have reduced tear flow 
due to disease, such as rheumatoid arthiritis [e.g., 
keratoconjunctivitis sicca (KCS) in Sjogren’s syndrome]. 
KCS is an age-related aqueous deficiency syndrome, 
which affects more females than males, and commonly 
appears between the fifth and sixth decades. Rose 
bengal and lysozyme assay are diagnostic of KCS.33 
Special care must be exercised if any patients with a 
reduced lysozyme tear content are to be fitted with 
contact lenses, as this may increase susceptibility to 
infection.

Koetting and Andrews44 reported an age-related 
reduction in tear pH (more acidic). This may affect the 
fitting characteristics of certain high water-content soft 
contact lenses.

All of these techniques are intrusive to varying 
degrees, so some non-intrusive techniques are now 
discussed. The inferior tear prism has been estimated 
to contain over 80% of the tear volume. Using a non- 
invasive technique, Port and Asaria45 measured the 
inferior tear prism with a modified optical pachometer 
and noted no age-related difference between two small 
population samples.

Clinical measures of tear stability are often used as 
diagnostic tests in contact lens practice. Andres et a l.46 
reported a significant reduction in fluorescein tear 
break-up time (BUT) with increasing age and found it

117



THE AGING EYE AND CONTACT LENSES -  OCULAR CHARACTERISTICS

F ig u r e  4. Corneal sen sitiv ity  (corneal touch t h r e s h o l d a n d  
corneal fra g ility  (corneal dam age threshold~‘)  as a fun ction  
o f  age. The m eans f o r  each age group are shown. Corneal 
se n s itiv i ty  decreases w ith  agei l , w h ile corneal f ra g ility  
increases w ith  age71 a fter about the fou rth  decade o f  life.

Corneal fragility (corneal damage threshold-1) 
appears to increase with age. Millodot and Owens71 
found a progressive increase in fragility with age from 
11 to 80 years, corresponding to the decrease in 
sensitivity, as shown in F ig u r e  f .  Millodot and 
Owens71 also noted that younger eyes healed more 
quickly from the experimental insult, confirming animal 
studies by Marre72, who noted a significantly reduced 
rate of corneal wound closure in older rabbits. Similarly, 
cat corneal epithelium stressed with contact lens wear 
appears to lose adherence to the basement 
membrane.73 Changes with age to Bowman’s layer, the 
corneal epithelial basement membrane, were reported 
by Alvarado et a l .14 and may explain the increased 
fragility, through changes in membrane thickness and 
type, that may result in a weakened attachment of the 
epithelium to the underlying basement membrane. 
Clinically, there is an increased incidence of sicca and 
epithelial compromise (as indicated by rose bengal and 
fluorescein staining) with age, especially in the lower 
cornea.75 Also, there is an age-related increase in the 
degree of corneal fluorescein staining, which is normally 
found in about 20% of non-contact lens wearers.76 
Hence, older patients who wear contact lenses are more 
likely to suffer corneal damage, yet are less likely to 
be aware of it, and hence are at greater risk of corneal 
compromise.

Descemet’s membrane increases in thickness with 
age.77'78 The regularity of the young human corneal 
endothelial cellular mosaic is progressively lost with 
increasing age. Endothelial cell density decreases as the 
mean cell area increases with age.79’80 Also, there is an 
increase in cellular polymegethism and cellular 
pleomorphism as the cell numbers decrease with 
age.67'81 Measures of cellular polymegethism and 
pleomorphism appear to be more sensitive measures of 
endothelial compromise than are cell density 
measures.81

Wigham and Hodson82 report a diminished endo-
thelial pump capability with age. It is possible that this 
is partially compensated by an increased barrier

function and decreased ionic permeability, and they note 
‘should last for a couple of centuries’. Contact lens 
induced oedema was used by O’Neal and Poise83 to 
demonstrate a correlation between endothelial cell area 
variation and recovery rate, as a measure of endothelial 
pump efficiency. Their data suggests that the 
endothelial pump function decreases by approximately 
10% between the third and seventh decades. Sweeney 
and Holden67 demonstrated a relationship between 
induced comeal oedema and epithelial thickness and 
polymegethism. Wilson and Roper-Hall84 argue that, 
as in the clinically normal cornea it is so unusual to 
detect a pathologically low endothelial cell count, there 
is little to worry about. Long-term wear of hard contact 
lenses85 and extended-wear contact lenses86'87 causes 
endothelial changes over and above normal age-related 
changes in control subjects. Considering this, and the 
preliminary data of Wigham and Hodson82, the 
endothelium is probably not the primary source of 
concern with corneal decompensation, until stressed by 
a contact lens. There is a large individual variation in 
corneal ability to deal with anoxic stress, and patients 
should be assessed on an individual basis. Care must 
still be taken with regard to older long-term hard or 
extended-wear contact lens patients, and account taken 
of the increased incidence of endothelial pathology in 
older patients.

Cataract surgery may cause flattening of the cornea, 
a lower comeal apex, and increase in corneal toricity 
(steeper horizontal), thereby imposing difficulties in 
fitting rigid contact lenses.88 Epithelial thickness is 
slightly reduced25; corneal innervation is reduced by 
half and hence sensitivity is reduced89; the basal 
metabolic rate and oxygen demand are lower, resulting 
in greater tolerance to hypoxia90; and endothelial cell 
density is reduced.

Diabetes, w’hich becomes more common with advan-
cing age, is knowm to retard corneal epithelial healing, 
increase the risk of corneal neovascularization91, 
reduce comeal sensitivity, and increase comeal 
fragility.92 Diabetes has also been reported to lead to 
an increased susceptibility to infection93, to increase 
the incidence of recurrent epithelial erosions94, and to 
cause endothelial morphological changes.95 Finally, 
writh increasing age there is an increased incidence of 
various comeal conditions.96

Contact lens fitting for older patients is thus fraught 
writh greater dangers than that for the typical younger 
patient. Practitioners must be aware of the decreased 
comeal sensitivity, increased comeal fragility, reduced 
rate of epithelial healing, reduced tear flow, increased 
incidence of corneal age-related disorders, and the 
greater possibility of corneal decompensation through 
contact lens induced stress.

Pupil Size
The size of the pupil is dependent upon the retinal 
luminance and state of adaptation, the state of the entire
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-6 -4 -2 0 2 4 6
Distance spherical equivalent (D)

F ig u r e  7 . The refractive  profile, show n as the d istance  
spherical equ ivalen t correction, changes w ith  increasing age. 
The d is tr ibu tion  percentage (in h a lf  d iop tre steps), is shown  

for: (a) age 25 -34  years; (b) age 35-44  years; (c) age 45-54  
years; (d) 55 -64  years; an d  (e) age 65-74  years. With 
increasing  age the proportion  o f  the age grou p who require  
op tica l correction sh ifts fro m  p red o m in a n tly  m yop ic  to 
p red o m in a n tly  hyperm etropic. The data  is derived  fro m  US  
govern m en t in form ation  (quoted in  F rian t an d  M iller117).

significant change in contrast sensitivity for pupil 
diameters <4mm. This was for one subject (herself) with 
clear (young) ocular media.

De Groot and Gebhard112 analysed the data from 
eight studies that investigated the relationship between 
pupil size and luminance of large adapting fields. The 
weighted compiled results were described with the 
curve:

20

■6 -4 -2 0 2 4 6

-6 -4 -2 0 2 4 6
Distance spherical equivalent (D)

Distance spherical equivalent (D)

decompensation of a cornea already stressed by a raised 
IOP.25 Phillips25 suggests that even mild cases of 
ocular hypertension should be fitted with extended 
wear contact lenses only with great care.

log D  = 0.8558-4.01 xlO-4Qog B  + 8.1)3

where D  is the diameter (mm) of the natural pupil and 
B  is the luminance (mL) of the adapting field. The 
difficulty is that the age of the subjects in the majority 
of the studies used was not available, and the known 
alteration in pupil size with age wTas not considered.

Intraocular pressure
Intraocular pressure (IOP) does not change significantly 
until the fifth decade, after which it increases with age 
in Caucasians.113-114 Conversely, with an Oriental 
population, Shiose115 reported a consistent tendency of 
IOP to decrease with age. Contact lens wTear reduces 
oxygen supply to the cornea and may lead to

Refractive state
There is a shift in the distribution of refractive 
corrections with age, such that the proportion of 
hypermetropes increases with increasing age, as shown 
in F ig u r e s  7 (a )-7(e ). Refractive index changes in the 
crystalline lens are associated with nuclear cataracts. 
The age-related increased incidence of nuclear cataract 
can cause an apparent myopic shift for age groups older 
than those shown. Phelps-Brown116 suggests that those 
who do not suffer nuclear cataractous changes maintain 
the hypermetropic shift, implying that older populations 
become (at least) bimodal.

Friant and Miller117 reported that the distribution of 
distance powders of dispensed Alges bifocal contact
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Allen and Vos63 reported an increased back-scatter of 
light by the cornea with age. Vos and Boogard128 
estimated that 25-30% of intraocular scatter is due to 
the cornea. Much of the attenuation is attributed to 
scatter that occurs principally in the stroma.64 Visual 
symptoms with corneal oedema have traditionally been 
explained as changes in the stromal matrix. Cox and 
Holden129 have demonstrated that epithelial oedema 
induced by hypotonic saline produces haloes and 
reduced contrast sensitivity, while anoxia-induced 
stromal oedema results in no measurable visual loss. 
This implies that reduction in visual function is not a 
good predictor of physiological corneal oedema.

A q u e o u s
The aqueous has a high transmittance through the 
visible spectrum. No age-related changes in spectral 
transmission62-130 or the refractive index131 of the 
aqueous have been noted.

C ry s ta llin e  L e n s
The crystalline lens is responsible for the majority of 
the intraocular attenuation of light transmission132 
through absorption, probably related to pigmentation, 
and scatter. Said and Weale125 reported a progressive 
increase in the optical density of the lens with increasing 
age, particularly for short wavelengths, as shown in 
F i g u r e  10 . Boettner and Wolter62 demonstrated 
similar age-related changes i n  v it r o . Millodot133 
reported a reduction in ocular chromatic aberration of 
approximately one-third between phakic (normal) and 
aphakic, age-matched eyes, inferring that the remaining 
chromatic aberration is due to the other ocular tissues. 
Millodot and Newton127 reported an age-related change 
in the refractive index of the crystalline lens. Back- 
scatter by the lens also increases with age.2363 Siew et 
a l .134, through analysis of light scatter of thin sections 
of crystalline lens, infer that the major age change is 
syneresis, a gradual reduction of water of hydration 
from the protein aggregates. This was confirmed by

0 10 20 30 40 SO 60 70
Age (years)

F ig u r e  10. The varia tion  in  optical den sity  o f  the hum an lens 
w ith  age a t va r iou s w avelengths. The change is  grea test a fter  
about 25 years o f  age an d  g rea ter w ith  shorter w avelengths  
(redraw n fro m  S a id  an d  W eale125).

measures of lenticular water content by Lahm et a l .m  
These ultrastructural changes result in an increase with 
age in the light scatter. The crystalline lens is the 
principal u.v. filter in the human eye, and thus the 
aphakic eye is prone to damage from this short 
wavelength radiation. Aphakic patients should be 
routinely fitted with contact lenses that incorporate a 
u.v. filter.

V itre o u s
There is some back-scatter within the vitreous23-118 and 
an age-related reduction in transmission of about 
10%.62 The refractive index does not alter with age.137

The R e tin a  a n d  C o lo u r D is c rim in a tio n  
Forward scatter by the retina also reduces the light 
available to the receptors by an estimated 30%.136 
Macular pigmentation is subject to large individual 
variations122-123 and will selectively attenuate the light 
transmitted to the photoreceptors, influencing colour 
perception. Human retinae examined by high 
performance liquid chromatography demonstrated no 
dependence upon age for the quantities of the two major 
macular pigments (zeaxanthin and lutein), for donors 
aged 3-95 years.137 With colorimetric examination, 
Kelly138 and Ruddock121’122 have demonstrated no age- 
related effect of macular pigmentation upon colour 
discrimination.

In a variety of colorimetric experiments, Ruddock122 
demonstrated a correlation between age and spectral 
transmission for wavelengths 420-600nm and ages 
16-61 years, and a greater decrease in transmission for 
shorter wavelengths. Despite large individual 
variations, Werner123 has demonstrated an increased 
attenuation of short, but not medium or long, 
wavelengths with increasing age, from 4.5 months to 
66 years (400-650nm), as measured with visually evoked 
responses.

D iffra c tiv e  B ifo c a l C o ntact Lenses a n d  Spectral T ra n s -
m is s io n
The age-related wavelength-selective reduction in 
transmission may have some unexpected results. 
Diffractive bifocal contact lenses are wavelength 
dependent, with the distance image being more ‘blue’ 
and the near image more ‘red’139'140, as showm in F ig u r e  
1 1 . As the older eye is less able to utilise short (blue) 
wavelengths, there is a possibility that some wearers 
may find the distance image inadequate. This may be 
further enhanced by the spectral content of the 
illuminating source. A diffractive lens designed to give 
a 50:50 ratio between distance and near images, given 
the human spectral sensitivity (VX, as shown in F ig u r e  
12) in daylight (e.g., D65 in F ig u r e  12 ), will give a 
different ratio under a different illuminant. For 
example, when used with tungsten filament lamps (e.g., 
Standard Illuminant A), w-hich produce most of their 
energy in the longer (red) wavelengths, as showm in 
F ig u r e  1 2 , the energy in the two images wrould alter 
from 50:50 to 47:53. This may thus further reduce
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Postscript. Estimates of the variance of data (e.g., 
standard deviation) have not been included in the 
figures in an attempt to improve clarity and to retain 
a consistent style. Interested readers are advised to 
consult the original source as indicated.
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A b s tra c t -  M ost con tact lens prac tition ers are dealing w ith  an  increasing  n um ber o f  otherw ise healthy o lder (presbyopic) 
pa tien ts . E xam in a tion  o f  the litera ture in d ica tes a  persis ten t them e o f  age-related change which gen era lly  becomes 
sign ifican t a fter the fo u rth  decade. This review , the second o f  tw o parks, docum ents reported  age-related changes in  
v isu a l acu ity , con trast sen sitiv ity , stereoacu ity, hyperacu ity , colour vision , an d  v isu a l f ie ld s . The effects o f  these various  

changes on the f ittin g  an d  w ear o f  contact lenses by o lder p a tien ts  are discussed.

k e y  w o r d s : Age, aging, review, visual performance, colour vision, visual acuity, contrast sensitivity, hyperacuity,
stereopsis, visual fields.

Introduction
AS DISCUSSED in Part l 1, contact lens fitting is 

± X .  likely to alter slowly, since population demo-
graphics in all the western nations indicate a trend 
towards an aging population. Ocular changes acknow-
ledged to occur with age that may influence contact 
lens wear include decreased pupil diameter2-4, de-
creased tonus of both upper5’6 and lower eyelids7, 
changes to the palpebral aperture4’5’8, decreased lacri-
mal secretion9’10, reduced tear stability11’12, reduced 
corneal sensitivity13’14, increased corneal fragility15, 
changes to the ocular media16-18, and the effects of 
the increased intake of systemic drugs.19-20 These 
aspects have been discussed in the first part of this 
review.1 In this, the second part, age-related changes 
in visual acuity21 (and the effects of luminance level22), 
contrast sensitivity23-25, stereoacuity26’27, glare sensi-
tivity28-29, colour vision30-33, and visual field34 are dis-
cussed. All of these factors are of importance when 
fitting the aging eye. With increased age, physiolog-
ical considerations alter and visual performance is 
generally reduced. Particular care must then be taken 
with contact lens modalities which compromise 
aspects of visual performance, for example bifocal 
and monovision contact lenses.

Interest in bifocal contact lenses is increasing in 
industry, the optical professions, and amongst the 
public as they become aware of the option through 
the general and optical media. Contact lens companies 
are developing and publicising hydrophilic versions 
of the rigid bifocal contact lenses used by a limited 
number of experienced practitioners for many years 
and, recently, diffractive bifocal contact lenses have 
become available.35’36 Most contact lens practitioners 
are wary of fitting bifocal contact lenses because of a 
general perception of poor success rates and pro-
longed chair time. Some of these difficulties may be 
due to a lack of understanding of the differences

* BOptom (Hons) MBCO.

between younger and older patients, which this arti-
cle attempts to address.

Further development of bifocal contact lenses, the 
marketing capabilities of the large companies, and an 
increased acceptance of contact lenses as a potential 
modality may lead to an increase in the number of 
presbyopes fitted with contact lenses. Despite this 
enormous potential market, recent contact lens 
surveys37-39 indicate that only 1% of contact lens 
patients are fitted with bifocal lenses (consider this 
against the ‘bread-and-butter’ presbyopic spectacle 
provision in an average practice). Slightly more pati-
ents are fitted with the alternative presbyopic contact 
lens option (monovision), the most successful system37, 
but considered by many practitioners to be unsatisfac-
tory because of its deleterious effects upon binocular 
vision.40-43

The proportions of contact lens patients who are 
presbyopic and of presbyopes who wear contact len-
ses are uncertain, but generally assumed to be small. 
Despite this, as mentioned above, practitioners are 
likely to encounter an increasing number and pro-
portion of presbyopic contact lens patients. With this 
in mind, some of the special visual problems which 
may influence contact lens fitting and wear are 
reviewed herein.

Visual Acuity
Visual acuity (VA) at birth is approximately 6/250, 
improving to 6/6 within the first year and reaching a 
peak in the third decade, after w'hich there is a 
gradual decline.21’44 There is some variability in the 
published data, much of which can be explained 
through differences in experimental techniques and 
subject selection criteria. F ig u r e  1 contains results 
from a number of published studies reviewed by 
Pitts.21 The reduction in high contrast VA is found 
to be most pronounced after the fifth decade.
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F ig u r e  2. A  com pila tion  o f  light-adapted, p u p il diam eters, 
as m easured  in  eight u nre la ted  studies. N o a ttem p t has 
been m ade to com pensate fo r  the illu m in an ce o f  the eye, 
which var ied  fro m  s tu d y  to  stu dy. L u m in an ce levels quoted 
va r ied  fro m  6 -10S cd /m .

5mm at 20 years of age (F ig u r e  2). Thus, at higher 
light levels, the older pupil is closer to an optimal 
level than the younger pupil (but visual performance 
is still reduced). The reverse is true at low light 
levels. This is complicated by changes which reduce 
retinal illuminance approximately threefold.48

Pupil size influences visual performance with most 
bifocal lenses. The choice of optimal size for a concen-
tric design bifocal contact lens is pupil size depend-
ent63’66 and is complicated by on-eye decentration.67 
Calculations which incorporate the Stiles-Crawford 
effect51, optical performance measures67, and high and 
low contrast VA51 indicate that the optimal (equal 
distance and near) pupil coverage by the segment is 
about 40%. Visual peformance and optimal segment 
size will vary with the natural luminance-related 
changes in pupil size. Aspheric or multifocal lenses 
(e.g., PS45, CALS, PA1) are also pupil size depend-
ent68’69, such that the effective addition Mill be 
governed by the patient’s pupil size. The relatively 
small (3.5mm) diameter of the diffractive zone of 
Echelon soft bifocal contact lenses could reduce near 
VA for some patients with larger pupils and under 
low luminance conditions.

Visual performance with alternating-vision bifocal 
contact lenses, when fitted well, can be excellent, but 
is influenced by aspects of the fitting parameters70’71, 
and will also vary with pupil size. With increased 
pupil size a larger section of the near segment will 
intrude upon the pupil zone during distance viewing. 
Also, for near viewing with a larger pupil, more lens 
movement will be necessary to obtain full coverage 
of the pupil by the near segment. Hodd72 and Char- 
man and Walsh73 have demonstrated diagrammatic- 
ally the image form of certain alternating-vision and 
simultaneous-vision bifocals.

S u m m a r y
With increasing age VA reduces. This reduction is 
greater for low contrast targets and under low lumin-

ance conditions. Neural effects have been suggested 
to explain these changes, which cannot be fully 
explained by a reduction in retinal illuminance.48

Contrast Sensitivity
S p a tia l C o n tra s t S e n s itiv ity
A common complaint amongst the elderly is that, 
though the VA is good, they experience difficulties 
of reduced illumination and contrast in real life situ-
ations. An explanation can be found in the age-related 
changes in contrast sensitivity (the ability to see faint 
stripes of varying width). Contrast sensitivity (CS) 
declines with age for intermediate and high spatial 
frequencies (i.e., above 3-5cpd) but is retained or only 
slightly reduced for low spatial frequencies23"25’74"80 
(e.g., F ig u r e  3a). This is found over a wide range of 
test luminances, from 2cd/m2 (McGrath and Morri-
son75) to 300cd/m2 (Ross et a l .80). Peak CS shifts to a 
lower spatial frequency with increasing age23’80’81, as 
showm in F ig u r e  3a. Supra-threshold CS may not

Spatial frequency (cpd)

F ig u r e  3. The con trast se n s itiv i ty  o f  16 o ld  (72 ±  U-3 years) 
an d 16 young (21.5 ±  2 .7  years) subjects m easured  w ith  
(a) a m onitor-based com pu ter sy s tem  an d  (b) a m odified  
R odenstock retinom eter. The la tte r  technique theoretically  
bypasses the effects o f  the op tica l m ed ia  an d  assesses the 
fu n ction  o f  the re tin a l an d  n eu ra l system s. The fo rm er  
assesses the com plete v isu a l sy s tem  w ith  a  conventional 
technique. The o lder grou p d isp la y s  sig n ifica n tly  low er 
con trast sen sitiv ity , w ith  both tests  im p ly in g  th at m ost o f  
the loss is  re tin a l an d  neural, w ith  op tica l fa c to rs  having  
o n ly  a sligh t effect a t the highest sp a tia l frequ en cy  
(16.5cpd) (redraw n fro m  E llio tt25).
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T e m p o ra l C o n tra s t S e n s itiv ity  
Foveal flicker sensitivity decreases after the fourth 
decade and this decrease is greatest for higher tempo-
ral frequencies (10-45Hz). Differences in retinal illu-
minance do not100’101 or only partly24 explain the loss 
in sensitivity with increasing age. Temporal sensitiv-
ity also varies with spatial frequency, with an age- 
related loss noted for median but not for very low 
spatial frequency gratings.102 Peak temporal sensi-
tivity shifts to a lower temporal frequency with 
increasing age.81’103 A reduction in motion enhance-
ment (sensitivity improvement to a moving low spatial 
frequency grating) for older subjects23 may be partly 
explained by the reduction in sensitivity to peripheral 
objects with reduced pupil size.104

S u m m a r y
There is a reduction in peak and higher spatial fre-
quency sensitivity and a reduction in higher temporal 
frequency sensitivity with age. As with VA, the age- 
related reduction in CS, which remains at higher 
levels of illumination, cannot be accounted for by 
senile miosis, changes to the ocular media transpar-
ency, and reduced retinal illuminance.18’25 There may 
be a neural basis to much of the loss of CS with age.

Contact lens wear is reported both to reduce105-113 
and enhance49’114 VA and CS. The variability of these

Spatial frequency (cpd)

F ig u r e  5. Distance and near contrast sensitivity junctions 
with (a) a near-distance concentric-design bifocal contact 
lens, and (b) a diffractive bifocal contact lens. F o r  compari-
son the contrast sensitivity function fo r  distance with a 
single vision contact lens is shown (unpublished data).

findings may be due to manufacturing effects, as the 
more recent studies show that CS with a contact lens 
is little different from that without a contact lens. 
Tinted contact lenses may slightly reduce CS.115’116 
Bifocal contact lenses of various designs result in a 
decrease in CS and VA51’56’57'66'117-121, due to the inher-
ent optical compromise of all existing bifocal designs. 
Typical CS functions for a single subject with a 
concentric design and with a diffractive bifocal contact 
lens are shown in F ig u r e s  5a and 5b, respectively, 
and compared to a single vision lens (unpublished 
data). The age-related decrease in CS is an additional 
factor often neglected when fitting contact lenses 
with less than optimal optical performance. The con-
tact lens designer, manufacturer, and fitter may need 
to exercise care when offering contact lenses to older 
patients, due to the possible summation of the contact 
lens induced effects upon age-affected visual perfor-
mance. It has been suggested by Freeman and Stone58 
that ‘patients in the lower quartile of “normal” con-
trast sensitivy may be contraindicated for all simul-
taneous vision lenses.’ A clinical measure of CS is 
recommended prior to fitting, as those older patients 
with reduced CS are likely to be unduly affected by 
the poor optical performance of simultaneous-vision 
bifocal contact lenses.

Stereopsis
The human stereoscopic threshold is generally 
between 2-5 seconds of arc.122 This varies with 
exposure duration, implying that the neural processes 
require about 100msec to operate optimally.44 There 
are no conclusive studies of the relationship between 
stereoacuity and age. Stereoscopic acuity appears to 
develop during the first decade, though there are 
difficulties in applying steroacuity tests (or any test) 
to young children.123

Emmes124 found a reduced mean near stereoacuity 
(Wirt polaroid vectogram) for presbyopic (over 40 
years old) compared to pre-presbyopic subjects. The 
most comprehensive examination is that of Jani26, 
who examined the percentage of failures of (screened) 
volunteers at an optometric screening with the Dias- 
tereo test. Jani reported a slight decrease in the 
number of failures after the first decade, a relatively 
constant number (about 5% ) up to the fifth decade, 
after which there was a marked increase in the 
number of failures. This is showm in F ig u r e  6. Bell et 
a l .125, using the Verhoeff stereopter, found a decrease 
in stereoacuity after 40 years of age in healthy sub-
jects. Conversely, for subjects aged 8-46 years, Hof- 
stetter and Bertsch126, using the Diastereo test, failed 
to demonstrate a relationship with age. This is pro-
bably due to the restricted age range and the strict 
selection criteria.

Hoffman et a l .127 found a reduced distance stereo-
acuity, with a Howard-Dohlmann apparatus, for older 
subjects (mean age 64 years) compared to younger
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It is advisable that, upon initial fitting, the patient 
be made aware of the potential reduction in stereo-
acuity, and be asked to at least make the first trip in 
a motor vehicle as a passenger and to take particular 
care when parking. The effect of reduced stereo-
perception upon driving ability remains untested in 
law.139

Hyperacuity
Due to concurrent optical changes, it is difficult to 
determine whether neural processes are involved in 
the age-related changes in visual function. A number 
of recent articles have investigated certain hyper-
acuity tasks140 that are relatively independent of vis-
ual optics141'143 in an attempt to answer this question. 
The very resistance of certain hyperacuity tasks to 
optical degradation implies the involvement of neural 
mechanisms that are different from those subserving 
VA, high spatial frequency CS, and stereoacuity.

Oscillatory movement displacement thresholds 
(detection of movement of vertical bars) increase with 
increasing age.144’145

Odom et a l .m  investigated vernier acuity (precision 
with which an observer can locate one line relative 
to another) and vernier bias (repeatability of the 
observer’s alignment). They demonstrated no change 
in vernier thresholds, and an increased vernier bias 
with age. They suggest that changes in vernier bias 
may be due to distortion of the retinal substrate. 
This may relate to the phase differences noted by 
Walsh and Charman.147’148 The change in vernier bias 
was step-like between the fourth and fifth decades, 
unlike a (progressive) neural degeneration, and Odom 
et a l. conclude that this may relate to the onset of 
presbyopia (though they do not say why this should 
oe so).

The resistance to optical degradation of hyperacuity 
;asks suggests that the reduction in image quality 
nherent with simultaneous-vision bifocal contact len-
ses and with monovision would have no additional 
effect upon the ability of older patients to perform 
lyperacuity tasks. Needless to say, if the object is 
sufficiently blurred then the task will not be perfor- 
ned adequately.

Visual Performance: A Neural Origin?
Evidence for a neural basis for the age changes, 
ather than the effect being due to deterioration of 
he optical media and reduced pupil size that induces 
.ttenuation of light transmission, comes from a vari- 
ty of sources. Owsley et a l .18 demonstrated that the 
iss of intermediate and high spatial frequencies wTas 
omparable for similarly aged subjects with normal, 
lear crystalline lenses and those with intraocular 
ms implants, and both were worse than young adults 
;his makes the implicit assumption that the modu- 
ition transfer function, for higher spatial frequencies, 
f the intraocular lens is better than that of the aged 
uman crystalline lens, and this has not been tested,

as the authors note, though in a different context). 
The age-related increase in pre-retinal ocular absorp-
tion and scatter is principally within the crystalline 
lens, which undergoes the greatest age-related 
changes in transparency.16 The effect of glare, w’hilst 
age-related, is not related to spatial frequency, imply-
ing that the age-related changes in CS are not related 
to changes in the optical media.25’149 The reduction in 
performance cannot be entirely simulated with fil-
ters79, which produce the estimated reduction in 
transmission.48’150 Changes in light transmission of the 
ocular media and senile miosis are therefore not 
sufficient to explain the reduction in CS and VA with 
age.

Interferometric evaluation of grating detection, 
which bypasses the ocular media, also indicates that 
the reduction in sensitivity is partly due to neural 
changes w'hich occur with increasing age.25’79 This 
almost certainly relates to the reported displacement 
and distortion of cell nuclei in the outer nuclear layer, 
to reduction in density of macular photorecep-
tors151’152, and to reduced retinal rod density.153’154 
Retinal ganglion cell axons are also distorted155 and 
reduced in number156’157 with age. This must affect 
the function and resolution of the visual system. 
Slightly surprisingly, spatial summation areas under 
both photopic and scotopic viewing conditions are 
not reduced with age.158 Further anatomical changes 
include a substantial reduction in cortical (macular 
projection area) cell density found with age.159 There 
is obviously a large degree of redundancy in the 
visual system as, for example, more than half the 
ganglion cell axons in the optic nerve are damaged 
before a clinical reduction in visual field occurs.160 
Most visual functions are probably reduced with age, 
but the ability to detect them is limited by the 
resolution of the test procedure and other confound-
ing factors (e.g., retinal illuminance).

Thus, a common mechanism almost certainly under-
lies the age-related changes in visual function, includ-
ing VA, CS, and stereoacuity.81 Though reduced 
retinal illuminance explains some of the decrease, it 
appears that there is probably also a neural loss 
with age that accounts for the reduction in VA in 
apparently healthy older subjects. Weale150 suggested 
(with some very broad assumptions) that the decrease 
in VA is due to neural loss at all levels of the visual 
system, with a suggested 0.29% loss of cells per year. 
More recent anatomical studies report higher rates 
of cell loss.152’156’159

The optical performance of modern single-vision 
lenses161 will not detrimentally affect the visual per-
formance of older patients. On the other hand, bifocal 
contact lenses reduce CS, VA, and stereoacuity; 
hence a clinical measure of CS or low contrast VA 
is recommended prior to fitting. Stereoacuity (e.g., 
Polaroid vectograms) may be predictive of success 
with simultaneous-vision bifocal contact lenses. Mono-
vision appears to have only a slight effect upon CS
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as a veiling glare. Photopic stress, such as produced 
by a camera flash, temporarily alters retinal sensitiv-
ity and is known as scotomatic glare. There is an 
increase in both veiling and scotomatic glare sensitiv-
ity with age.28’29

The ability to identify a target in the presence of 
veiling glare is greatest in the third decade, and 
then decreases with age.28 Wolf28 noted that the two 
aphakic eyes measured showed an improvement in 
target detection over the mean for the age group, 
but not to levels achieved in younger subjects. The 
back-scatter from the crystalline lens and vitreous is 
weakly correlated with age and veiling glare sensitiv-
ity.17 Allen and Vos18 demonstrated increased light 
scatter in both the cornea and lens with increasing 
age, and a reduction in variable contrast VA with 
increasing age. They felt that back-scatter in the 
anterior ocular media could not account for the de-
crease in visual performance. Back-scatter may not 
be a a measure of the forward-scatter by the anterior 
ocular media, which actually impairs visual perfor-
mance. Increased glare with a greater degree of 
incipient cataract suggests that changes to the lens 
with age cause much of the glare sensitivity increase 
with age28, but there are other contributory factors.

Paulsson and Sjosstrand149 and Elliott25 demon-
strated that the sensitivity to veiling glare of older 
subjects was greater than that for younger subjects 
by a factor of two. Glare sensitivity was greater for 
lower spatial frequencies for all ages. This correlation 
with spatial frequency suggests that the age-related 
changes in CS are not due to increased light scatter 
by the optical media. Evidence is limited in this area, 
Dut this would imply that there is not a neural 
slement in increased glare sensitivity.

Increased sensitivity to veiling glare with age may 
oe due to a variety of factors, which include increased 
ight scatter and absorption by the ocular media 
including the retina) and neurological impairment, 
senile miosis would be expected to reduce glare 
through a reduction in oblique rays, but as all the 
ight must pass through the thicker, central portion 
>f the lens, light scatter may increase. The cornea 
ind vitreous alter in absorption and scatter with age 
ind may contribute to glare.28 Wavelength-dependent 
layleigh scatter, particularly in the crystalline lens, 
s thought to account for much of the alteration in 
icular media absorption with age175, and may be 
he cause of increased glare sensitivity with age. 
larter176'177 suggests that veiling glare may be further 
lcreased with age by the increased fluorescence of 
he aging lens, though this has not been demon- 
trated.
Simultaneous-vision bifocal contact lenses are 

nown to reduce image quality68 by effectively split- 
ng the light into two separate foci. At least one of 
lese foci will be out of focus for any particular object 
f regard, and will thus act as a type of glare source, 
iffusing light across a relatively broad area of the

retina. This may then increase the sensitivity to 
veiling glare of these patients. Some wearers of dif-
fractive bifocal lenses have reported glare associated 
with monochromatic (e.g., sodium) lights used in many 
built-up areas and on motorways, and which has lead 
some wearers to avoid their use for night driving.35 
Edge flare associated with multicurve rigid contact 
lenses might be expected to be a greater problem for 
older wearers, but, thankfully, pupils are typically 
smaller with increasing age. Under conditions of 
decreased luminance, the near portion of an 
alternating-vision bifocal contact lenses will cover 
more of the pupil and may cause increased veiling 
glare.

Scotomatic glare sensitivity has been shown to 
increase after the fourth28, fifth178, or sixth179 decade. 
Reading29 found that increases in réadaptation time 
can be accounted for partially by the decrease in 
retinal illumination with age.48 In a w'ell-controlled 
study, Elliott and Whitaker180 found that, even when 
changes in retinal illuminance were taken into 
account, scotomatic glare recovery time increased 
throughout adulthood.

Older patients are more susceptible to glare and, 
as noted, this can be influenced by certain forms of 
contact lens. Contact lens practitioners should be 
aware of these changes, but should be careful that 
problems with glare are not simply dismissed without 
an adequate check for potential causes, such as len-
ticular changes or corneal oedema. Veiling glare due 
to corneal oedema might be expected to be have a 
greater effect upon older patients, though they may 
be less likely to report it if glare is considered normal. 
Tinted contact lenses prescribed to alleviate photo-
phobia, w7hich may be due to increased glare, could 
reduce transmission to an extent wThich may signific-
antly effect visual function under low lumin-
ance.22’47’50’62’98 Glare may be worse in the mornings 
and evenings, as corneal oedema is often greater 
then, and the sun is lower in the sky.

Visual Field
Like the other psychophysical functions examined 
here, age-related changes occur in the visual field. 
There is a general, continuous shrinkage of the visual 
field with age, traditionally described as a depression 
of isopters.34 The older ‘hill of vision’ becomes depres-
sed and steeper due to a greater reduction in sensi-
tivity in the periphery than the centre.181 This may 
result from senile miosis104, the increased absorption 
of the ocular media48, the location of the upper eye-
lid5’8, neuroretinal delays and the decrease in reaction 
times with age29, and may be simulated by reducing 
the oxygen tension of the gas mixtures inspired by 
younger subjects.182 As would then be expected, VA 
reduction in the peripheral visual field is greater for 
older subjects.183

In the simplest evaluation of the extent of the 
visual field, Burg184, after screening 17,479 subjects
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APPENDIX 3

A r t i c l e  s u b m i t t e d  t o  Clinical Vision Sciences.

A COMPARISON OF PSYCHOMETRIC METHODS FOR 

MEASURING THE CONTRAST SENSITIVITY OF 

EXPERIENCED OBSERVERS

b y

R u s s e l l  L. W o o d s  a n d  W. D a v i d  T h o m s o n

S U M M A R Y

(1) Contrast sensitivity functions were obtained for ten healthy, trained and 
experienced observers using five different psychometric methods, on two occasions. 
The methods included the method of constant stimuli, adaptive probit estimation, 
single staircase, and two implementations of the ascending method of limits.
(2) The absolute values and the shape of the contrast sensitivity functions were found 
to be strongly influenced by psychometric method.
(3) Inter and intra-subject variances were similar for each method.
(4) These results suggest that there may be little advantage to be gained by using 
complex (and often time consuming) psychometric methods in situations where inter 
and intra-subject differences are of principal interest.
(5) Caution is required in extending these conclusions to situations where 
inexperienced observers are to be tested.

I N T R O D U C T I O N

Measurements of contrast sensitivity are being used increasingly in vision research 
and for the clinical assessment of visual function. This has led to a proliferation of 
instrumentation and techniques for measuring contrast sensitivity.

The choice of a psychometric method for measuring contrast sensitivity will depend 
on a number of factors (footnote a). In a clinical setting the duration of the test and 
the repeatability may be most important. In a research environment other factors 
such as the inferred validity may be the overriding consideration. The difficulty of 
the task and the dependence of the method on the subject’s decision criteria must be 
taken into account. In some cases there may be some flexibility in the psychometric 
method selected, in others, the choice of method may be constrained by the 
hardware, software or nature of the test.

Many early investigations of contrast sensitivity employed the method of adjustment 
(e.g. Westheimer, 1960; Campbell and Green, 1965; Campbell and Robson, 1968). In 
these studies the subjects were typically given direct control of the grating contrast 
and instructed to adjust the contrast until the grating was seen /  not seen. The mean 
of several such settings was taken as the contrast sensitivity. This method has the 
advantages of being simple and fast and it appeared to produce reliable results with 
practiced observers. However, thresholds obtained in this way are prone to variability 
introduced by differences between the criteria for detection adopted by the subjects 
and differences in the adjustment strategy. Furthermore, differences between 
strategies adopted by subjects to determine the threshold may lead to different levels 
of adaptation to the stimulus.

The method of limits has proved quite popular in both the clinical and laboratory 
setting (Arden and Jacobson, 1978; Ginsburg and Cannon, 1983; Cox, 1986). The
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grating contrast is first increased from below threshold with subjects instructed to 
respond when the grating is detected, then decreased from above threshold until the 
grating is no longer detected. The method is often restricted to an ascending limit 
(increasing contrast) to avoid spatial frequency adaptation effects (Kelly, 1972) and 
after images produced by the supra-threshold stimuli (Ginsburg and Cannon, 1983). 
This technique has the advantage of being quick and simple and the procedure is 
claimed to be suitable for use with inexperienced observers (Arden and Jacobson, 
1978; Ginsburg and Cannon, 1983) and experienced observers (Cox, 1986). However, 
measurements obtained by this method are strongly affected by the criteria for 
detection adopted by the subject (Vaegan and Halliday, 1982; Reeves et al, 1988) and 
may be influenced by the examiner (Reeves et al, 1988).

The staircase method in its various forms (Dixon and Mood, 1948; Cornsweet, 1962), 
has been used extensively for the measurement of contrast sensitivity (Kelly and 
Savoie, 1973; Higgins et al, 1984). In its simplest form, each discrete stimulus 
presentation is determined by the response to the preceding presentation with the 
stimulus level incremented or decremented according to a negative or positive 
response respectively. Many adaptations of the basic staircase procedure have been 
described including interweaved staircases (Cornsweet, 1962), various algorithms 
governing the response requirements for a reversal (Rose et al, 1970) and the 
application of Two Alternative Forced Choice responses (Kelly and Savoie, 1973; 
Higgins et al, 1984).

Conventional constant stimuli procedures involve the presentation of a fixed number 
of randomly-ordered stimuli of pre-determined contrast levels (Guilford, 1954). 
Multiple presentations at each contrast level allow the construction of a "Probability 
of seeing" curve for a particular spatial frequency which can be analysed in a variety 
of ways to provide an estimate of the threshold and the variance of the responses. 
Phenomenal reporting (i.e. Yes/No) or true forced choice responses may be employed. 
The method of constant stimuli in its various forms is widely regarded as having 
greatest inferred validity (footnote b) and to be the most repeatable psychometric 
method (Blackwell, 1952; Guilford, 1954) but the large number of responses required 
makes the procedure very time-consuming.

In general, there is a trade-off between repeatability and speed, with the 
experimenter making a form of cost-benefit analysis of various psychometric 
techniques. Relative weightings given to these factors may vary according to the 
experimental requirements, and are almost certainly different in the clinical situation.

The introduction of adaptive procedures which are claimed by their designers to 
provide results comparable to conventional constant stimuli procedures but requiring 
fewer presentations, provide an attractive alternative. These methods include 
"Parameter Estimation by Sequential Testing" (PEST: Taylor and Creelman, 1967), a 
Bayesian method (QUEST: Watson and Pelli, 1983), Adaptive Probit Estimation (APE: 
Watt and Andrews, 1981) and a Maximum Liklihood approach (Hall, 1981)

Psychometric method has been demonstrated to have an influence on measurements 
of contrast sensitivity with experienced observers (Kelly and Savoie, 1973) and 
inexperienced observers (Yaegan and Halliday, 1982; Ginsburg and Cannon, 1983; 
Higgins et al, 1984; Long and Tuck, 1988). In earlier comparative studies results with 
the method of adjustment have been shown to be more repeatable and to have a 
lower inter-subject variance than results obtained with the von Bekesy procedure 
(Ginsburg and Cannon, 1983; Long and Tuck, 1988); various methods of limits have 
proved better than the method of adjustment (Vaegan and Halliday, 1982; Ginsburg 
and Cannon, 1983; Corwin and Richman, 1986); and a clinical application of a forced 
choice procedure has proved superior to a method of limits (Vaegan and Halliday, 
1982). Both Kelly and Savoie (1973) with experienced observers and Higgins et al 
(1984) with inexperienced observers reported significant shifts in decision criteria 
with a method of adjustment but not with a forced choice staircase procedure. In 
both studies results with the forced choice staircase procedure were more repeatable 
and the inter-subject variance was smaller than results obtained by the method of 
adjustment. Contrast sensitivity measurements have also been demonstrated to be 
subject to variable practice effects (Vaegan and Halliday, 1982; Kelly and Tomlinson, 
1987; Long and Penn, 1987); to vary with the test (Vaegan and Halliday, 1982; 
Corwin and Richman, 1986; Long and Tuck, 1988). Clinical investigations of contrast 
sensitivity have reported larger intra-subject and inter-subject variance of

- page 272 -



APPENDIX

measurements with non-normal observers (Vaegan and Halliday, 1982; Reeves et al, 
1987, Wood et al, 1988).

The aim of this study was to investigate the effect of psychometric method on 
contrast sensitivity measurements. This may assist with the selection of the most 
suitable psychometric method for particular situations, and aid the comparison of 
data obtained using different methods.

The five psychophysical methods investigated represent a purposefully selected cross- 
section of psychometric methods which have been used commonly in studies of 
contrast sensitivity. These were:

1) Method Of Constant Stimuli (MOCS) with Two Alternative Forced Choice 
(2AFC) responses
2) Adaptive Probit Estimation (APE) (Watt and Andrews, 1981)
3) Single Staircase (e.g. Cornsweet, 1962)
4) Discrete Ascending Method of Limits (DAML)
5) Continuous Ascending Method of Limits (CAML) (e.g. Ginsburg and 
Cannon, 1983)

Problems with this approach are firstly, the exact rules governing the psychometric 
procedures referred to in the literature are seldom made explicit and secondly, there 
are wide variations in the implementation of procedures between studies. It was 
beyond the scope of the present study to investigate the effects of these differences 
in implementation of individual procedures, and the approach that has been adopted 
has been to use a "typical" method for each procedure. Extrapolation of this data for 
a variation in the implementation of a procedure requires caution.

M E T H O D S

Subjects

Ten colleagues, aged between 22 and 60 years (average 35 years), acted as subjects 
for the study. All subjects were experienced at making psychophysical judgements. 
The procedures controlling presentation for each psychometric method were fully 
explained to each subject, and each subject attended at least one practice session 
prior to the main study so that they were completely familiar with each method. 
Subjects had no known visual dysfunction.

Apparatus

Sinusoidal gratings were presented on a high resolution monochrome monitor 
(Manitron model VLR 1593/80) with a P4 (white) phosphor, producing 800 non-
interlaced vertical scan lines at a field scan frequency of 100Hz. The monitor was 
driven by a pattern generator (Millipede Prisma VR1000) interfaced to an IBM AT 
personal computer. The pattern generator provided 10 bit control of screen luminance 
and allowed between-field presentation of gratings.

The monitor was calibrated with a Lichtmesstechnik (LMT L I003) light meter. 
Potential error in contrast produced by changes in screen luminance over time, was 
reduced to less than 0.006 log contrast units. This was achieved by displaying a blank 
screen at the mean luminance used during the experiment (50 cd/m2), for two hours 
prior to the commencement of each session.

The monitor screen was masked to give a circular field subtending a visual angle of
11.5 degrees from tlje viewing distance of 1 metre. The mean luminance of the 
display was 50 cd/m 2 and the luminance and colour of the surround were matched 
approximately to the screen. Head movements were restrained by a chin and forehead 
rest and subjects were instructed to fixate a small target at the centre of the screen. 
Tests were carried out binocularly and appropriate refractive corrections were 
provided where necessary.

According to the procedures detailed below, subjects were required to respond to the 
sinusoidal gratings presented by pressing one of two buttons. The total duration of 
each trial, from the first to the last presentation, was recorded by the computer.

- page 273 -



APPENDIX

Psychometric Methods

The temporal envelope for the presentation of the grating contrast has been shown to 
affect contrast sensitivity measurements particularly for low spatial frequency 
gratings (Kelly, 1971; Green, 1981). Various temporal envelopes including ramps, 
Gaussians, pulses and continuous presentation have been employed in studies 
described in the literature (Kelly, 1971, 1972; Tulunay-Keesey and Bennis, 1979). To 
some extent the choice of temporal envelope depends on the aspect of visual function 
under investigation. However, in some cases the temporal envelope is constrained by 
the hardware, software, methodology or a combination thereof.

For procedures 1 to 4, the contrast of the grating was pulsed for one second (i.e. 
stepped from zero to the test contrast). For procedure 5 (DAML) the contrast was 
slowly ramped in logarithmic increments from below the contrast threshold. Other 
aspects of the various procedures are detailed below, and summarised in T a b le  1 .

1) Method of constant stimuli (MOCS)
This procedure was implemented in five blocks with a single spatial frequency tested 
in each block (in accordance with the recommendations of Blackwell (1952) for 
optimizing inferred validity and repeatability) (footnote c). Theoretically, the 
repeatability of the procedure increases with the number of contrast levels tested and 
the number of presentations at each contrast. However, a series of pilot studies 
indicated that, in practice, an excessive number of presentations resulted in observer 
fatigue which actually reduced repeatability. The optimum number of presentations 
within a block was found to be approximately one hundred. Therefore, five contrast 
levels, distributed in equal logarithmic steps about the predicted contrast sensitivity, 
were selected, and gratings at each contrast level were presented twenty times making 
a total of 100 presentations per spatial frequency. After a suitable rest period the 
next spatial frequency was tested. The entire procedure therefore involved a total of 
five hundred presentations. To minimise order effects, a Latin square was used to 
allocate the order of spatial frequency presentation for each subject.

In each case the test grating was presented in one of two temporal intervals indicated 
by appropriate audible cues. The subject was required to indicate which interval the 
grating was most likely to have occurred. Feedback provided in the form of an 
audible tone indicated if the response was correct (Blackwell, 1952). This "Two- 
alternative- forced-choice" procedure is theoretically criteria-free as no decision is 
made by the subject about the visibility or otherwise of the grating.

The data in the form of a proportion correct was corrected for "guessing" by the 
equation:

P = (p’ - c) /  (1 - c)
where p = corrected proportion, p’ = raw proportion, and c = proportion of chance 
(0.5). Contrast sensitivities and standard deviations, were extracted from the 
psychometric function by Probit Analysis (Finney, 1952).

2) Adaptive Probit Estimation (APE)
Adaptive Probit Estimation is based on an algorithm which controls stimulus 
magnitude (contrast) and aims to estimate the psychometric function with maximum 
statistical efficiency (Watt and Andrews, 1981). The algorithm was arranged to make 
a total of 50 presentations for each spatial frequency and to use 10 contrast levels 
distributed in equal logarithmic steps about the estimated contrast sensitivity.

In this implementation, each test grating was presented after an audible cue, and the 
subject was required to indicate whether the grating was seen or not seen. The APE 
algorithm performed a rapid approximate probit analysis of the most recent set of 
responses and used this information to obtain a running estimate of the contrast 
sensitivity. The next stimulus contrast to be tested was randomly selected from the 
set of contrasts which bracketed the current estimate of contrast sensitivity. On 
completion of the trial a full probit analysis was performed to provide an estimate of 
the contrast sensitivity and the associated standard deviation.

Contrast sensitivity at each spatial frequency was measured in five separate blocks, 
and the order of presentation of the spatial frequencies was determined by another 
Latin square.
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PSYCHOMETRIC RESPONSE STIMULUS PRESENTATION 
METHOD

ANALYSIS

MOCS temporal 
2 a.f.c.

dual
discrete

block 500 Probit

APE Yes /  No discrete block 250 Probit

Staircase Yes /  No discrete random 70 -100 average

DAML visible discrete random 20 average

CAML visible ramped random 20 average

T a b le  1 : A summary of the 
employed in this study.

experimental psychometric methods and modes of data analysis

3) Single Staircase
The staircase procedure is a method of serial exploration where the magnitude of the 
stimulus (contrast) is varied according to the response(s) to preceding stimulus 
level(s).

In this implementation, the five spatial frequencies were presented in a random 
interleaved staircase procedure. Commencing at a random contrast level, contrast was 
decremented or incremented depending on whether the preceding presentation at that 
spatial frequency was seen or not seen respectively. Contrast was incremented or 
decremented in logarithmic steps and the stepsize was reduced each time a reversal in 
response was recorded (i.e. a change from "seen" to "not seen" or vice versa). This 
procedure was repeated until a predetermined minimum stepsize (0.1 log contrast 
units) was reached. Thereafter, the stepsize was maintained constant and the contrast 
sensitivity was taken as the mean of the contrasts at the next four response reversals. 
The data was also analysed according to the technique of Dixon and Mood (1948) in 
the form of the frequency of response distribution, giving an alternative estimate of 
the contrast sensitivity and the standard deviation.

4) Discrete Ascending Method of Limits (DAML)
This procedure is a novel variation on the ascending method of limits. Following an 
audible tone and a random delay, a series of discrete (pulsed) presentations were 
made, the contrast of the grating being incremented in logarithmic steps (at a rate of 
0.05 log contrast units per second) for successive presentations, from a sub-contrast 
threshold level until the subject responded. The five spatial frequencies were 
presented in a random sequence and the contrast sensitivity for each spatial 
frequency was taken as the mean of four contrast settings at which the subject 
responded.

As the grating contrast was oscillated between zero and an increasing series of test 
contrasts the temporal envelope matched that employed for the other psychometric 
methods (1-3).

5) Continuous Ascending Method of Limits (CAML)
This ascending method of limits with continuous presentation of the stimulus has 
been called a Method of Increasing Contrast (Ginsburg and Cannon, 1983) and has 
been widely employed in previous studies of contrast sensitivity. CAML was identical 
to DAML in all respects except for the temporal envelope for presentation.

Following an audible tone and a random delay, the contrast of the grating was 
continuously incremented in logarithmic steps at a rate of 0.05 log contrast units per 
second, from a sub-contrast threshold level until the subject responded. The five 
spatial frequencies were presented in a random sequence and the contrast sensitivity 
for each spatial frequency was taken as the mean of four contrast settings at which 
the subject responded.
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Experimental Design - general considerations

Overall order effects were minimised by employing two balanced 5 x 5  Latin squares 
(five psychometric procedures applied to ten subjects). Contrast sensitivity was 
determined for five spatial frequencies (0.3, 0.9, 2.7, 8.1, 24.3 c.p.d.) using each 
psychometric method.

The MOCS and APE procedures involved presenting the spatial frequencies in blocks. 
The order of presentation of the blocks was determined by independent Latin 
squares.

Spatial frequencies were randomly interleaved for the other three techniques 
(Staircase, DAML and CAML). To avoid problems with spatial frequency uncertainty 
(Davis and Graham, 1981; Cohn and Lasley, 1984), the tone which acknowledged a 
response was also used to indicate the spatial frequency of the next presentation. This 
was achieved by matching the pitch of the tone to spatial frequency (i.e. low pitch - 
low spatial frequency, high pitch - high spatial frequency etc.). With practice, 
subjects could reliably match tones to spatial frequencies. Pilot studies indicated that 
this simple procedure increased contrast sensitivity and improved repeatability.

The five procedures were always performed during a single session (lasting between 
l i  and 2 i  hours) during the afternoon. The five procedures were then repeated 
within a period of one week.

RESULTS

The mean duration of the five psychometric methods are shown in F ig u r e  1 . These 
values are for procedure time alone and do not include the time required to set 
appropriate starting contrast levels for the MOCS and APE procedures, nor rest 
periods between blocks for MOCS and APE procedures, nor the time required to 
perform an analysis of the MOCS data in order to determine the contrast sensitivity 
at each spatial frequency. Inclusion of this time would increase the time required to 
achieve a full assessment to approximately 1 hour for MOCS and 20 minutes for 
APE.

Contrast sensitivity functions for each subject and procedure were of the form 
typically described for the conditions of the test (Howell and Hess, 1978; Kelly, 
1971). Mean data for the ten subjects are shown for each psychometric method in 
F ig u r e  2 . Contrast sensitivities for the staircase procedure calculated by averaging did 
not differ from those determined by the method of Dixon and Mood (1948) by more 
than 0.02 log contrast units.

Intra-test Variability

The variance of the mean contrast sensitivity for the ten subjects at each spatial 
frequency was similar for the five methods (F ig u r e  3 ) . Further, with all methods, the 
variance was greatest at the highest spatial frequency tested (24.3 c.p.d.) (F ig u r e  3 ). 
Contrast sensitivity at high spatial frequencies has been shown to reduce with 
increasing age, and therefore the greater variance at the highest spatial frequency 
may be attributable to the age range of the subjects (Owsley et al, 1983; Elliott, 
1987).

Estimates of the standard deviation of individual responses (i.e. a measure of the 
variability of the raw data) varied widely between psychometric methods. MOCS and 
APE returned the largest standard deviations at each spatial frequency. However, the 
validity of the standard deviations calculated for the other methods is questionable 
because a) standard deviations for CAML and DAML procedures were based on only 
four measurements and b) estimates of standard deviation for the Staircase method 
were calculated by the method described by Dixon and Mood (1948), which may not 
be valid for such small numbers of responses (Finney, 1952). Hence these "internally" 
calculated estimates of variance may be of limited value.
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F ig u r e  1 : Mean duration of the five psychometric methods. Bars indicate 95% confidence interval of 
the mean.
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F ig u r e  2 : Mean contrast sensitivity functions for the five psychometric methods
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F i g u r e  3 : Mean contrast sensitivity functions for the five psychometric methods. Bars indicate 95% 
confidence interval of the mean
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F i g u r e  4 : The difference between test and retest versus the mean contrast sensitivity for (a) 
MOCS; (b) APE; (c) Staircase; (d) DAML; and (e) CAMl.
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Intra-test Repeatability

As the data for combined spatial frequencies were not normally distributed, 
Spearman rank-order correlations (Siegel and Castellan, 1988) were computed. Test- 
retest correlation coefficients for combined spatial frequencies were 0.97, 0.96, 0.91, 
0.94, and 0.93 for MOCS, APE, Staircase, DAML and CAML respectively. Bland and 
Altman (1986) have noted that correlation coefficients do not necessarily provide a 
good index of test-retest repeatability and recommend the use of reliability 
coefficients (2 x s.d. of difference (test - retest): BSI 5497 part 1) to describe 
repeatability. The test-retest reliability coefficients for combined spatial frequencies 
were 0.17, 0.19, 0.27, 0.26, 0.25 log contrast units for MOCS, APE, Staircase, DAML 
and CAML respectively (n = 50). F ig u r e  4 shows the difference (test-retest) against 
mean contrast sensitivity (test+retest/2). The test-retest repeatability coefficients for 
each spatial frequency with each psychometric method are shown in T a b le  2 . As 
these are determined for only 10 data points (from the t distribution) the significance 
of differences must be interpreted with caution. The mean test-retest differences 
( F ig u r e  5) did not vary significantly from zero and a two way analysis of variance of 
the differences indicated that there was no effect of spatial frequency or 
psychometric method and no interaction.

Friedman Analysis of Variance by ranks (Siegel and Castellan, 1988) of the raw data 
indicated that test-retest was not a significant factor overall and therefore for the 
purpose of further analysis, test and retest were treated as a single replication.

Inter-test Analysis

Analyses of variance confirmed that the Latin square designs had been effective in 
eliminating all order effects and as there were no a p r io r i reasons to suspect sequence 
effects, the data was then treated as a fully crossed design for psychometric method 
(M), subject (S) and spatial frequency (F) with test-retest data treated as a single 
replication (Winer, 1971). Results of the three way analysis of variance showed that 
all factors and interactions were highly significant (T a b le  3 ). Predictably, spatial 
frequency accounted for the largest proportion of the variance, while psychometric 
method and subject made significant contributions.

The shape of the contrast sensitivity function obtained was clearly dependent on 
psychometric Method ( F ig u r e  1 ) and this is supported by the finding of a significant 
interaction between psychometric method and spatial frequency (M x F: p < 0.001). 
Similarly, subjects performed differently with the various psychometric Methods (M 
x S: p < 0.001) and there were variations in the relative sensitivity of subjects to 
different spatial frequencies (S x F: p < 0.001).

Analysis bv spatial frequency

T a b le  4 shows a matrix of Spearman correlation coefficients between spatial 
frequencies for all methods combined. All correlations were highly significant.

Comparison with MOCS

Inferred validity, as described by Blackwell (1952), may be assessed by investigating 
the robustness of a technique to external factors (e.g. changes in the observer’s 
decision criteria). MOCS, with no subject decision criteria, might be expected to have 
the highest inferred validity (this is partially confirmed by having the highest test- 
retest correlation and smallest reliability coefficient). On this assumption, mean 
differences between contrast sensitivity obtained by the MOCS and each of the other 
methods are plotted in F ig u r e  6.

Mean contrast sensitivities obtained by the APE procedure were between 0.05 and 0.1 
log units lower than the mean contrast sensitivity obtained by MOCS ( F ig u r e  6a) and 
there was no apparent trend with spatial frequency.

Mean contrast sensitivities obtained by the Staircase procedure were lower than the 
mean contrast sensitivities obtained by the MOCS at all spatial frequencies, but the 
differences were greater at the higher spatial frequencies ( F ig u r e  6 b ). This was a 
consistent effect for all subjects.
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Psychometric Spatial Frequency (c.p.d.)
Method 0.3 0.9 2.7 8.1 24.3

MOCS 0.20 0.20 0.13 0.14 0.16

APE 0.17 0.23 0.21 0.10 0.24

Staircase 0.13 0.21 0.34 0.26 0.40

DAML 0.17 0.23 0.35 0.25 0.31

CAML 0.23 0.28 0.22 0.32 0.24

Table 2 : The test -retest repeatability coefficients for each spatial frequency with each
psychometric method (n = 10, t distribution).

Sum of Deg. of Mean F-Ratio signif.
Squares freedom Square

Psychometric 
Method (M) 
Spatial

4.871 4 1.218 169.214 < 0.0001

Frequency (F) 57.786 4 14.447 2007.392 < 0.0001

Subject (S) 4.181 9 0.465 20.267 < 0.0001

Interactions

M x F 2.073 16 0.130 18.002 < 0.0001

M x S 0.506 36 0.014 1.952 < 0.0001

F x S 2.446 36 0.068 9.441 < 0.0001

M x F x S 0.879 144 0.006 0.849 0.861

Residual 1.799 250 0.007

Total 74.541 499 0.149

Table 3 : Analysis of variance with a single repetition (test-retest).

Spatial Freq. 0.9 2.7 8.1 24.3
(c.p.d.)

0.3 0.799 0.650 0.551 0.383

0.9 0.781 0.596 0.352

2.7 0.692 0.477

8.1 0.755

Table 4 : Spearman rank-order correlation between contrast sensitivity results at five spatial 
frequencies with all five methods combined. All correlations were significant (p < 0.001).
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Figure 5 : Mean differences between test and retest versus spatial frequency for (a) MOCS; (b) APE; 
(c) Staircase; (d) DAML; and (e) CAML. Bars indicate coefficient of repeatability (2 x s.d. : BSI 
5497 part 1)

a
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C

Figure 6 : Mean difference between log contrast sensitivity obtained by MOCS and (a) APE; (b) 
Staircase; (c) DAML; (d) CAML. Bars indicate 95% confidence interval of mean.
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Mean contrast sensitivities obtained by the two implementations of the ascending 
method of limits were significantly lower at all spatial frequencies than the mean 
contrast sensitivities obtained by the MOCS (p < 0.01 ̂ Figures 6c and 6d). Mean 
contrast sensitivities measured by DAML were between 0.17 and 0.24 log units lower 
at all spatial frequencies than contrast sensitivities obtained by the MOCS with no 
apparent trend with spatial frequency. Differences between mean contrast sensitivities 
for the MOCS and CAML, were significantly greater at the two lowest spatial 
frequencies (p < 0.001). Mean contrast sensitivities with CAML and DAML were also 
significantly different at the two lower spatial frequencies (p < 0.01).

For combined spatial frequencies, Spearman rank-order correlation coefficients 
between data obtained using MOCS and the other four procedures were 0.94, 0.89, 
0.94 ,0.91 for APE, Staircase, DAML and CAML respectively, reflecting the 
differences noted above.

DI S C U S S I O N

This study has shown that measurements of contrast sensitivity are influenced 
strongly by the psychometric method employed. Furthermore, the methodology has an 
effect on the relative contrast sensitivity at different spatial frequencies (i.e. contrast 
sensitivity functions are not merely displaced up or down, but the shape varies). This 
must be taken into account when selecting a psychometric method for an experiment 
and when comparing results between studies which have employed different 
methodologies.

The MOCS produced the highest estimates of contrast sensitivity at all spatial 
frequencies. This was presumably because it employed a two alternative forced choice 
response paradigm while the other methods required a yes/no response. This method 
also produced the highest test-retest correlation (0.97) and the smallest reliability 
coefficient (0.17 log contrast units). However, the procedure involved 500 
presentations and was therefore extremely time consuming. In addition, the two 
alternative forced choice procedure requires a relatively complex response and would 
probably be less effective or even totally unsuitable for use with inexperienced 
observers. Blackwell (1952) described a series of conditions which improved the 
inferred validity and repeatability of the MOCS (footnote c). In test situations where 
these conditions can be met and the duration of the test is not a prime consideration, 
the MOCS produces highly repeatable measurements of contrast sensitivity.

The implementation of APE employed in this study produced mean contrast 
sensitivities lower than those obtained by MOCS, which is presumably attributable (at 
least in part) to the difference in response requirements (2AFC and yes/no). The 
overall shape of the CSF was similar to the MOCS. Test-retest correlation was 0.96, 
the reliability coefficient was 0.19 log contrast units and the procedure was more 
than twice as fast as the full MOCS.

The implementation of the Single Staircase tested in this study produced rather 
unexpected results. Test-retest correlation (0.91) was the lowest of the five methods 
tested, and the reliability coefficient was the largest (0.27 log contrast units). 
Furthermore, contrast sensitivity was significantly lower at the higher spatial 
frequencies than equivalent data obtained by MOCS (p < 0.01). The reason for this 
difference in sensitivity at high spatial frequencies is unclear but presumably reflects 
a difference in the decision criteria employed at high and low spatial frequencies. 
This was perhaps related to subject awareness of the rules governing the procedure. 
All subjects were aware that a negative response resulted in an increase in the 
contrast of the next presentation. It is possible that when subjects were unsure of a 
response, they responded negatively in the knowledge that the next presentation 
would have a higher contrast. It is unclear why this effect was greatest at the higher 
spatial frequencies, but it is possible that subjects experienced more ambiguity at the 
higher spatial frequencies and with prior knowledge of the algorithm adopted a more 
conservative decision criteria. If this explanation is correct, a random, double 
Staircase would probably reduce the differences found with the single Staircase 
employed here, but would involve substantially more presentations, increasing the 
duration of the procedure. More advanced psychometric methods such as APE which 
can be implemented to produce results reliably and as quickly as the single staircase 
may be a better choice. This will be investigated in a further report. The reduced
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sensitivity at higher spatial frequencies obtained with experienced observers by this 
or similar implementations of the single staircase procedure must be taken into 
account when comparing data obtained by different methods.

Estimates of the contrast sensitivity for the staircase procedure by the procedure of 
Dixon and Mood (1948) were compared to those found by simply averaging the 
contrasts at reversal and shown to differ by less than 0.02 log contrast units. The 
extra complexity of the Dixon and Mood method would not seem to be justified in 
this context.

The implementation of the Discrete Method of Ascending Limits (DAML) employed 
in this study produced mean contrast sensitivities lower than the equivalent 
sensitivities with the MOCS. The overall shape of the CSF was similar to the MOCS. 
Test-retest correlation was 0.94 but the reliability coefficient (0.26 log contrast units) 
was large. The short duration of this novel procedure makes it an attractive 
implementation.

The implementation of the Continuous Method of Ascending Limits (CAML) 
employed in this study had a relatively high test-retest correlation (0.93) and a 
relatively large reliability coefficient (0.25). Mean contrast sensitivities were lower 
than the equivalent MOCS sensitivities. The sensitivity at the lower spatial 
frequencies was significantly reduced in comparison to the equivalent procedure 
which used discrete presentations (DAML) presumably because of the difference in 
the temporal envelope of the presentation (Kelly, 1971; Green, 1981). Therefore 
caution must be exercised when comparing contrast sensitivity measurements obtained 
by methods which employ different temporal envelopes for presentation.

The two implementations of the method of limits (DAML and CAML), unlike the 
other three methods, did not allow for breaks once the procedure had begun. Often it 
is advantageous for the observer to be able to stop during a procedure (e.g. to realign 
experimental devices). A facility to temporarily halt the method of limits presentation 
(e.g. another button) would overcome this problem.

It has been suggested that investigation of correlation values across the different 
spatial frequencies may be used to assess whether contrast sensitivity measurement is 
testing different underlying mechanisms. Low correlations may indicate that different 
mechanisms are used for detection of different spatial frequencies. Highly significant 
correlation was found between all spatial frequencies and was highest for adjacent 
spatial frequencies (Table 4). Sekuler and Mulvanney (1983) suggest that contrast 
sensitivity at spatial frequencies which differ by more than a factor of four are 
independent; our data support this assertion only in as much as higher correlations 
were found for spatial frequencies which differed by a factor of 3, than for those 
which varied by a factor of 9 (though all were highly significant). This agrees with 
other studies (Owsley et al, 1983; Long and Penn, 1987, Brown and Lovie-Kitchin, 
1989).

Test-retest repeatability is a measure of the stability of a particular procedure over 
time. Care was taken in this study to optimize the repeatability of the psychometric 
procedures. All psychometric methods evaluated here produced similar test-retest 
repeatability. In many instances the absolute values of contrast sensitivity or even the 
shape of the contrast sensitivity function is of less importance than the repeatability 
of a procedure. In these situations, the results of this study would suggest that there 
is little advantage to be gained from using more complex and time consuming 
psychometric methods.

These findings may not be applicable to situations where inexperienced subjects are 
used such as the clinical situation. Kelly and Savoie (1973) and Higgins et al (1984, 
1988) reported significant shifts in decision criterion with a method of adjustment 
but not with a forced choice procedure. Practice effects can be very variable and 
dependent upon methodology with inexperienced observers (Kelly and Tomlinson, 
1987; Long and Penn, 1987; Long and Tuck, 1988). Furthermore, subjects suffering 
from certain pathological conditions have been shown to have a lower test-retest 
repeatability (e.g. Reeves et al, 1987, Wood et al, 1988, Rubin, 1988).
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CONCLUSIONS

Care must be exercised when selecting a psychometric method for measuring contrast 
sensitivity and when comparing results from studies which have used different 
psychometric methods. This study has shown that both the absolute values and the 
shape of the contrast sensitivity function are influenced by the psychometric method. 
Where inferred validity is of paramount importance and the duration of the test is 
not a major consideration, there is some justification for using more complex 
methods such as the implementation of MOCS tested in this study. In situations 
where inter and intra-subject differences are of interest there would seem to be little 
advantage gained from using more complex psychometric methods while simpler 
methods which take a fraction of the time produce similar test-retest repeatability. 
However, this study employed experienced observers and some caution is required in 
extending these conclusions to situations where inexperienced observers are to be 
tested. Furthermore, the differences in results found by the five psychometric 
methods investigated in this study only apply to these particular implementations and 
will not necessarily apply to situations where the experimental conditions or control 
algorithms are not identical to those employed in this study. Similarly, these 
conclusions may not necessarily apply to measurements of other aspects of visual 
performance.
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FOOTNOTES

a Desirable characteristics of any psychometric procedure include:
1. Validity
2. Repeatability. For the purpose of most visual functions a retest coefficient is of 
importance as this is a measure of the stability of the procedure (Guilford, 1954, 
P374).
3. Short session duration to avoid undesirable temporal effects
4. Robustness. The ability to give valid and repeatable results despite an occasional 
lapse by the observer

b Blackwell (1952) described "inferred validity" as "the extent to which variables 
considered irrelevant to visual functions influenced threshold data".

c Blackwell (1952), in a very detailed examination of methods of constant stimuli in 
general, concluded that repeatability and inferred validity of psychometric data is 
maximised by: 1) employing "forced choice" rather than a phenomenal (yes/no) 
response paradigms, 2) presenting the two or more alternative stimuli by temporal 
intervals rather than spatial location, 3) presenting stimuli in blocks rather than in a 
randomised sequence (to avoid adding recognition to the detection task), 4) a limited 
range of stimuli, 5) providing subjects with feedback on the accuracy of responses,
6) using trained subjects.
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APPENDIX 4 Tables relating to 

the preliminary study -  section 2.3

Table A4-1 ANOVA F-ratios for Monitor based CSF at 0.5, 1, 2, 4 and 8 c.p.d. 
with (a) one, (b) two, (c) three, and (d) four repetitions. The major interest was the 
interaction between Diffractive Zone Junction Height (DZJ Ht) and vergence 
(distance or near), and any interactions with luminance.

Note : only the F ratios and relevant significance levels have been indicated.

(a) One repetition n = 24

CSF 0.5 CSF 1 CSF 2 CSF 4 CSF 8
DZJ Ht (H) 0.5 1.1 1.4 1.5 4.5
Luminance (L) 7.1* 9.8* 19.8**** 297.7**** 345.6****
Vergence (V) 1.2 2.2 2.1 2.8 4.8
H x L 0.2 0.1 0.4 1.2 0.6
H x V 0.1 0.6 0.8 6.1* 9.2*
L x V 0.1 0.0 0.1 0.2 0.4
H x L x V 0.0 0.0 0.3 1.1 0.6

(b) Two repetitions n = 48

CSF 0.5 CSF 1 CSF 2 CSF 4 CSF 8
DZJ Ht (H) 2.1 3.8** 4.2*** 0.9 4.8***
Luminance (L) 27.3**** 123.5**** 346.6**** 268.6**** 464.9****
Vergence (V) 0.2 0.3 0.2 0.4 7.7**
H x L 0.2 0.1 0.2 0.8 0.7
H x V 1.3 1.1 1.3 5.6**** 11.6****
L x V 1.1 1.3 2.0 0.9 1.0
H x L x V 0.0 0.1 0.5 0.3 0.3

(c) Three repetitions n = 72

CSF 0.5 CSF 1 CSF 2 CSF 4 CSF 8
DZJ Ht (H) 2.4** 3.6** 5.6**** 2.0** 4.6****
Luminance (L) 78.2**** 188.9**** 472.8**** 408.8**** 701.2****
Vergence (V) 0.2 0.5 1.1 0.2 14.4****
H x L 0.1 0.4 0.4 0.4 0.9
H x V 1.5 2.0* 2.4* 9 4**** 16.6****
L x V 0.2 0.1 0.7 0.1 0.0
H x L x V 0.3 0.2 0.3 0.3 0.3

(d) Four repetitions n = 96

CSF 0.5 CSF 1 CSF 2 CSF 4 CSF 8
DZJ Ht (H) 1.4** 2.3*** 1.9** 3.8*** 4.3***
Luminance (L) 222.1**** 558.1**** 661.1**** 608.0**** 835.6****
Vergence (V) 0.4 0.4 0.7 0.5 8.8***
H x L 0.2 0.3 0.2 0.6 1.0
H x V 1.2 2.1** 3.7*** 11.0**** 17.6****
L x V 0.2 0.1 0.2 0.2 0.1
H x L x V 0.1 0.2 0.1 0.3 0.5

* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001
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Table A4-2 ANOVA F-ratios for Vistech at 2, 4 and 8 c.p.d. with (a) one, (b) two, 
and (c) three repetitions. The major interest was the interaction between Diffractive 
Zone Junction Height (DZJ Ht) and vergence (distance or near), and any interactions 
with luminance.

Note : only the F ratios and relevant significance levels have been indicated.

(a) One repetition n = 24

VIS 2___________VIS 4___________VIS 8

DZJ Ht (H) 0.8 0.7 4.2
Luminance (L) 1.4 3.3 73.6****
Vergence (V) 1.2 2.7 3.1

H x L 0.2 0.2 0.3
H x V 1.1 0.6 5.6*
L x V 0.1 0.0 1.2

H x L x V 0.1 0.3 0.5

(b) Two répétitions n = 48

VIS 2 VIS 4 VIS 8

DZJ Ht (H) 1.7 0.9 5.5****
Luminance (L) 5.2* 21.6**** 171.9****
Vergence (V) 0.5 7.6** 3.4

H x L 0.5 0.4 0.3
H x V 4.0** 2.0 9 ]****
L x V 0.7 0.0 0.9

H x L x V 0.5 1.0 0.3

(c) Three répétitions n = 75 72

VIS 2 VIS 4 VIS 8

DZJ Ht (H) 1.5 1.2 7.1****
Luminance (L) 7.1** 38.6**** 262.0****
Vergence (V) 0.7 6.5* 1.0

H x L 0.3 0.5 0.5
H x V 5.2**** 3.3* 13 2****
L x V 1.2 0.1 î.ô

H x L x V 0.4 0.8 0.4

* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001
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Table A4-3 ANOVA F-ratios for Australian Vision Chart (VA) high and low 
contrast with (a) one, (b) two, and (c) three repetitions. The major interest was the 
interaction between Diffractive Zone Junction Height (DZJ Ht) and vergence 
(distance or near), and any interactions with luminance.

Note : only the F ratios and relevant significance levels have been indicated.

(a) One repetition n = 24 

VA High VA Low

DZJ Ht (H) 5.2 3.2
Luminance (L) 33.6** 27.5**
Vergence (V) 8.7* 7.7*

H x L 0.5 0.9
H x V 3.1 3.1
L x V 2.6 0.4

H x L x V 0.2 0.1

(b) Two repetitions n = 48 

VA Hieh VA Low

DZJ Ht (H) 6.4**** 9.8****
Luminance (L) 90.1**** 174.3****
Vergence (V) 16.9**** 34.2****

H x L 0.8 1.1
H x V 9.1**** 19.0****
L x V 4.6* 1.3

H x L x V 1.1 1.1

(c) Three repetitions n = 72 

VA High VA Low

DZJ Ht (H) 7.5**** 10.2****
Luminance (L) 156.8**** 266.5****
Vergence (V) 23.3**** 38.3****

H x L 0.9 0.8
H x V 14.5**** 25.5****
L x V 3.8 1.1

H x L x V 1.5 0.8

* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001)

- page 283 -



APPENDIX

Table A4-4 ANOVA F-ratios for Pelli-Robson charts (PRC) at 2 and 4 metres and 
the Melbourne Edge Test (MET) with (a) one, (b) two, and (c) three repetitions. The 
major interest was the interaction between Diffractive Zone Junction Height (DZJ 
Ht) and vergence (distance or near), and any interactions with luminance.

Note : only the F ratios and relevant significance levels have been indicated.

(a) One repetition n = 24 

MET PRC 2 PRC 4

DZJ Ht (H) 1.9 2.0 3.5
Luminance (L) 15.5 57.1*** 68.6****
Vergence (V) 0.8 0.0 0.0

H x L 0.5 0.9 2.4
H x V 0.4 7.7* 14.3*
L x V 0.1 3.6 2.0

H x L x V 0.3 3.4 5.3

(b) Two répétitions n = 48

MET PRC 2 PRC 4

DZJ Ht (H) 9.0**** 9.8**** 11.1****
Luminance (L) 60.6**** 154.5**** 160.2****
Vergence (V) 2.7 0.1 0.0

H x L 0.5 1.7 2.5*
H x V 1.0 16.5**** 2ç 2****
L x V 0.4 8.3** 1.6

H x L x V 1.1 5.1**** 7.3***

(c) Three répétitions n = 72

MET PRC 2 PRC 4

DZJ Ht (H) 4.4*** 4.9**** 5.5****
Luminance (L) 48.1**** 151.2**** 115.9****
Vergence (V) 0.8 0.0* 0.1

H x L 0.1 0.7 1.2
H x V 1.4 11.5**** 15.8****
L x V 0.4 5.8* 1.6

H x L x V 0.3 2.2 2.6*

* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001)
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APPENDIX 5 Tables relating to 

Optical Performance -  section 4.2

T a b l e  A 5 - 1  ANOVA of Refractive BCL MTF data, with the 
BCL Optic (COZ or POZ), COZD (1.8, 2.2, 2.6, 3.0, 3.4 mm)
and apertures (2, 3, 3.5, 4, 5, 6 mm).

S u m
o f

S q u a r e s

deg.

o f

free.

M e a n

S q u a r e

F  r a t i o s i g n i f . 

o f  F

O p t i c  (0) 1 . 0 9 7 1 1 . 0 9 7 1 0 0 2 . 4 < 0 . 0 0 1

C O Z D  (D) 1 . 7 6 7 4 0 . 4 4 2 4 0 3 . 5 < 0 . 0 0 1

A p e r t u r e  (P) 2 . 2 5 6 5 0 . 4 5 1 4 1 2 . 2 < 0 . 0 0 1

S p a t i a l  

F r e q u e n c y  (F) 8 3 . 3 1 3 15 5 . 5 5 4 5 0 7 4 . 0 < 0 . 0 0 1

0 x  D 3 3 . 3 6 2 4 8 . 3 4 1 7 6 1 9 . 4 < 0 . 0 0 1

0  x  P 3 9 . 2 4 5 7 . 8 4 8 7 1 6 9 . 4 < 0 . 0 0 1

0  x  F 2 . 1 2 3 15 0 . 1 4 2 1 2 9 . 3 < 0 . 0 0 1

D  x  P 1 . 3 1 8 20 0 . 0 6 6 6 0 . 2 < 0 . 0 0 1

D  x  F 0 . 2 6 1 60 0 . 0 0 4 3 . 9 8 < 0 . 0 0 1

P  x  F 0 . 9 7 8 75 0 . 0 1 3 1 1 . 9 < 0 . 0 0 1

0  x  D x  P 6 . 9 3 6 20 0 . 3 4 7 3 1 6 . 8 < 0 . 0 0 1

0  x  D  x  F 8 . 9 5 2 60 0 . 1 4 9 1 3 6 . 3 < 0 . 0 0 1

0  x  P  x  F 1 8 . 3 8 6 75 0 . 2 4 5 2 2 3 . 9 < 0 . 0 0 1

D  X  P X  F 0 . 4 7 6 3 0 0 0 . 0 0 2 1 . 4 5 < 0 . 0 0 1

0  X  D  X  P  X  F 2 . 9 9 1 300 0 . 0 1 9 . 1 < 0 . 0 0 1

E x p l a i n e d 2 0 2 . 9 1 8 959 0 . 2 1 2 1 9 3 . 3 < 0 . 0 0 1

R e s i d u a l 4 . 5 6 2 4 1 6 8 0 . 0 0 1

T o t a l 2 0 7 . 4 8 1 5 1 2 7 0 . 0 4
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T a b l e  A 5 - 3 a  ANOVA of 
with aperture = 4mm, 
décentration (0, 0.25 
2.0 mm).

decentred Refractive BCL 
COZD (1.8, 2.6, 3.4 

, 0.50, 0.75, 1.0, 1.

MTF data, 
mm), and 
25, 1.50,

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F  r a t i o s i g n i f . 
o f  F

O p t i c  (0) 1 . 9 9 7 1 1 . 9 9 7 2 8 4 7 . 4 < 0 . 0 0 1

d é c e n t r a t i o n (C) 0 . 2 8 1 7 0 . 0 4 5 7 . 2 < 0 . 0 0 1

C O Z D  (D) 0 . 1 9 7 2 0 . 0 9 8 1 4 0 . 2 < 0 . 0 0 1

S p a t i a l  

F r e q u e n c y  (F) 2 7 . 9 0 9 15 1 . 8 6 1 2 6 5 2 . 5 < 0 . 0 0 1

0  x  C 3 . 5 1 9 7 0 . 5 0 3 7 1 6 . 6 < 0 . 0 0 1

0  x  D 1 4 . 1 8 6 2 7 . 0 9 3 1 0 1 1 2 . 0 < 0 . 0 0 1

0  x  F 1 . 5 2 7 15 0 . 1 0 2 1 4 5 . 1 < 0 . 0 0 1

C  x  D 0 . 2 7 6 14 0 . 0 2 2 8 . 2 < 0 . 0 0 1

C  x  F 0 . 1 0 2 105 0 . 0 0 1 1 . 3 8 0 . 0 0 9

D  x  F 0 . 0 1 4 30 0 0 . 6 7 0 . 9 1

0  X  C  X  D 1 . 7 9 4 14 0 . 1 2 8 1 8 2 . 7 < 0 . 0 0 1

0  X  C X  F 1 . 1 0 5 1 0 5 0 . 0 1 1 1 5 . 0 < 0 . 0 0 1

0  x  D  x  F 3 . 1 5 2 30 0 . 1 0 5 1 4 9 . 8 < 0 . 0 0 1

C x  D  x  F 0 . 1 2 4 2 1 0 0 . 0 0 1 0 . 8 4 0 . 9 4

0  x  C  x  D x  F 0 . 4 6 3 2 1 0 0 . 0 7 4 3 . 1 4 < 0 . 0 0 1

E x p l a i n e d 5 7 . 0 7 8 7 6 7 0 . 0 7 4 1 0 6 . 1 < 0 . 0 0 1

R e s i d u a l 0 . 7 1 8 1024 0 . 0 0 1

T o t a l 5 7 . 7 9 6 1 7 9 1 0 . 0 3 2
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Table A5-3b AMOVA of decentred Refractive BCL MTF data,
with COZD = 2.6 mm, apertures (2, 3, 3.5, 4, 5, 6 nun),
and
2.0

décentration (0, 0 
mm).

oKm<M• .50, 0.75, •H%O•H

25, 1.50,

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F  r a t i o s i g n i f . 
o f  F

O p t i c  (0) 0 . 8 5 3 1 0 . 8 5 3 1 6 6 9 . 4 < 0 . 0 0 1

d é c e n t r a t i o n (C) 0 . 1 6 6 7 0 . 0 2 4 4 6 . 4 < 0 . 0 0 1

A p e r t u r e (P) 0 . 2 1 2 0 . 1 0 5 2 0 5 . 5 < 0 . 0 0 1

S p a t i a l
F r e q u e n c y (F) 2 6 . 1 6 2 15 1 . 7 4 4 3 4 1 3 . 1 < 0 . 0 0 1

0  X C 3 . 1 8 5 7 0 . 4 5 5 8 9 0 . 3 < 0 . 0 0 1

0  X P 2 . 6 0 9 2 1 . 3 0 4 2 5 5 2 . 3 < 0 . 0 0 1

0  X F 0 . 9 3 3 15 0 . 0 6 2 1 2 1 . 7 < 0 . 0 0 1

C  X P 0.22 14 0 . 0 1 6 3 0 . 7 < 0 . 0 0 1

C  X F 0.08 10 5 0 . 0 0 1 1 . 4 9 0 . 0 0 2

P  X F 0 . 0 4 4 30 0 . 0 0 1 2 . 8 6 < 0 . 0 0 1

0  X C  X  P 2 . 5 0 9 14 0 . 1 7 9 3 5 0 . 7 < 0 . 0 0 1

0  X C X  F 1 . 4 1 6 1 0 5 0 . 0 1 3 2 6 . 4 < 0 . 0 0 1

O  X P  X  F 1 . 0 5 7 30 0 . 0 3 5 6 8 . 9 < 0 . 0 0 1

C X P  X  F 0 . 2 3 7 2 1 0 0 . 0 0 1 2 . 2 1 < 0 . 0 0 1

0  X C  X  P X  F 0 . 9 5 5 2 1 0 0 . 0 5 3 8.9 < 0 . 0 0 1

E x p l a i n e d 4 0 . 5 7 4 76 7 0 . 0 5 3 1 0 3 . 5 < 0 . 0 0 1

R e s i d u a l 0 . 4 3 7 8 5 6 0 . 0 0 1

T o t a l 4 1 . 0 1 1 1 6 2 3 0 . 0 2 5
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T a b l e  A 5 - 4  Multiple Regression Analysis for centred and 
decentred Refractive BCL, with COZD (1.8, 2.2, 2.6, 3.0,
3.4 mm), apertures (2, 3, 3.5, 4, 5, 6 mm), and 
decentration (0, 0.25, 0.50, 0.75, 1.0, 1.25, 1.38, 1.50, 
1.75, 2.0 mm).

a d j u s t e d  R  

s t a n d a r d  e r r o r

n
A N O V A

R e g r e s s i o n
R e s i d u a l

S i g n i f .  F

R e g r e s s i o n T e r m s

c o n s t a n t
a p e r t u r e

d e c e n

C O Z D
sf

s f 2
s f " 1

s f " 2

s f " 3

a p e r t u r e  * d e c e n
a p e r t u r e  * sf

a p e r t u r e  * s f 2
a p e r t u r e  * s f " 1

a p e r t u r e  * s f " 2

a p e r t u r e  * s f " 3

d e c e n  * sf

d e c e n  * s f 2

d e c e n  * sf"
■1

d e c e n  * sf"
-2

d e c e n  * s f ”
■3

C O Z D  * sf
C O Z D  * s f 2

C O Z D  * s f " 1

C O Z D  * s f " 2

C O Z D  * s f " 3

a p e r t u r e  * d e c e n
a p e r t u r e  * d e c e n

a p e r t u r e  * d e c e n

a p e r t u r e  * d e c e n
a p e r t u r e  * d e c e n

a p e r t u r e  * d e c e n

d f

52
2 9 3 9

< 0.0001

*

*

*

*
*

*

C O Z D  
sf 

sf2 
sf
sf

sf

-1

- 2
- 3

0 . 9 8 0

0 . 0 3 7

2 9 9 2

S u m  Sq. 
1 9 4 . 8  

3.93

M e a n  Sq. 
3 . 7 5  

0.001

F r a t i o  
2 8 0 4 . 7

0 . 8 6 9 3

- 0 . 0 2 2 7 9
- 0 . 0 6 3 7 7

0 . 0 8 5 2 3
- 0 . 1 7 4 8

0 . 0 0 7 1 1
- 1 . 0 7 1 7
1 . 8 3 7 6

1 . 8 3 7 6  

0 . 0 7 4 6 5
- 0 . 0 1 5 9 5

0.00212
- 0 . 1 6 8 4

- 0 . 2 5 9 8
0 . 1 8 5 8

- 0 . 0 6 4 1 9

0 . 0 0 8 0 1

- 1 . 1 1 1 7

0 . 3 4 0 4

0 . 1 2 0 4
0 . 0 3 3 6 6

- 0 . 0 0 3 4 3

0 . 2 4 5 9

0 . 0 8 3 6 4

- 0 . 0 8 5 2 4

0 . 0 2 2 7 5
0 . 0 1 4 7 8

- 0 . 0 0 1 8 1

0 . 1 3 6 7
0 . 0 9 3 4 3

- 0 . 0 9 5 0 1

C O Z PO Z

** * _ - - « « * * *
*

1 . 1 1 8 8

*

** * "4e "ie "ie
- 0 . 0 4 9 0 8

H i - 0 . 1 7 4 8
0 . 0 1 0 3 1 * * *

* * *
- 2 . 6 5 0 1 * * *
1 . 8 3 7 6 + + +

- 0 . 2 7 8 4
H i
* * * •If + *lf

- 0 . 0 2 9 6 2
* * *

0 . 0 1 6 2 0 * * *
***

- 0 . 0 0 1 8 3 * * *
** *

0 . 5 5 6 4 * * *  
~ ____ * * *

H i - 0 . 2 5 9 8

** * 4* 4* 4r
0 . 0 7 3 8 2

** *
- 0 . 0 0 8 5 9 * * *

* * *
- 1 . 1 5 6 0 * * *

H i 0 . 3 4 0 4

- 0 . 5 0 3 2
***

- 0 . 0 3 1 9 4  *
* * * 4> 4> 4*

0 . 0 0 3 1 9
* * *

- 0 . 2 5 8 1
*

* * *
0 . 0 3 6 8 1 * * *

* * *
0 . 0 1 1 9 8

* * *
- 0 . 0 1 3 6 3 * * *

***
0 . 0 0 1 5 6

* * * _ _ _ _ * X * *
- 0 . 2 8 5 3

* X

* * *
0 . 0 7 8 2 6 * * *

* =  p  < 0 . 0 5  7 ** =  p  < 0 . 0 1  ; ** *  =  p  < 0 . 0 0 0 1
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T a b l e  A 5 - 5  ANOVA of variability of manufacture of rigid 
diffractive BCL MTF data at 548 nm, with two batches of
BCL each with 2 . 2  /xm ìand 2.6 fim. DZJ height.

S u m  o f d f M e a n F  r a t i o s i g n i f .
S q u a r e s S q u a r e o f  F

B a t c h  (B) 0 . 5 2 1 1 0 . 5 2 1 1 3 3 . 9 6 6 < 0 . 0 0 1

D Z J  h e i g h t  (H) 0 1 0 . 0 1 6 0 . 9 0 1

V e r g e n c e  (V) 2 . 8 4 9 1 2 . 8 4 9 7 3 2 . 6 5 < 0 . 0 0 1

S p a t i a l

F r e q u e n c y  (F) 5 1 . 3 6 3 15 3 . 4 2 4 8 8 0 . 6 9 1 < 0 . 0 0 1

B x  H 0 . 0 1 1 1 0 . 0 1 1 2 . 9 4 4 0 . 0 8 6

B  x  V 1 . 4 0 1 1 1 . 4 0 1 3 6 0 . 3 < 0 . 0 0 1

B x  F 0 . 2 0 7 3 15 0 . 0 1 4 3 . 5 4 < 0 . 0 0 1

H  x  V 1 . 0 2 6 1 1 . 0 2 6 2 6 4 . 0 < 0 . 0 0 1

H  X  F 0 . 0 1 5 15 0 . 0 0 1 0 . 2 5 1.0

V  X  F 0 . 8 0 3 15 0 . 0 5 4 1 3 . 8 < 0 . 0 0 1

B  X  H  X  V 0 . 9 8 1 0 . 0 2 7 7 . 0 5 0 . 0 0 8

B  X  H  X  F 0 . 0 1 6 15 0 . 0 0 1 0 . 2 8 1.0

B X  V  X  F 0 . 3 8 4 15 0 . 0 2 6 6. 6 < 0 . 0 0 1

H  X  V  X  F 0 . 2 2 2 15 0 . 0 1 5 3.8 < 0 . 0 0 1

B  X  H  X  V  X  F 0 . 0 2 9 15 0 . 0 0 2 0 . 5 0 0 . 9 4

E x p l a i n e d 5 8 . 7 8 1 127 0 . 4 6 3 1 1 9 . 0 < 0 . 0 0 1

R e s i d u a l 3 . 7 9 9 977 0 . 0 0 4

T o t a l 6 2 . 5 8 1104 0 . 0 5 7
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T a b l e  A 5 - 6 a  ANOVA of difference between experimental
rigid Diffractive BCL 
2.0 /zm DZJ height. MTF

and Pilkington 
data at 548 nm

Diffrax, both with

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F  r a t i o s i g n i f . 
o f  F

B a t c h  (B) 0 . 1 1 8 1 0 . 1 1 8 5 1 . 9 < 0 . 0 0 1

V e r g e n c e (V) 0 . 1 7 2 1 0 . 1 7 2 7 5 . 8 < 0 . 0 0 1

S p a t i a l

F r e q u e n c y (F) 5 0 . 7 2 7 15 3 . 3 8 2 1 4 8 9 . 3 < 0 . 0 0 1

B x  V 0 . 1 5 1 1 0 . 1 5 1 6 6 . 4 < 0 . 0 0 1

B  x  F 0 . 0 2 9 15 0 . 0 0 2 0 . 8 7 0 . 6 1

V  X  F 0 . 0 3 5 15 0 . 0 0 2 1.02 0 . 4 3

B  X  V  X  F 0 . 0 4 6 15 0 . 0 0 3 1 . 3 5 0 . 1 7

E x p l a i n e d 5 1 . 2 7 2 63 0 . 8 1 4 3 5 8 . 4 < 0 . 0 0 1

R e s i d u a l 2 . 6 5 2 1 1 6 8 0 . 0 0 2

T o t a l 5 3 . 9 2 4 1 2 3 1 0 . 0 4 4

T a b l e  A 5 - 6 b  ANOVA of difference between experimental 
rigid Diffractive BCL and Pilkington Diffrax, both with
2.0 /xm DZJ height. MTF data at 573 nm

S u m  of 
S q u a r e s

d f M e a n

S q u a r e

F r a t i o s i g n i f .  
o f  F

B a t c h  (B) 0 . 0 2 7 1 0 . 0 2 7 1 8 . 7 9 8 < 0 . 0 0 1

V e r g e n c e (V) 1 . 2 1 0 1 1 . 2 1 0 8 5 5 . 0 3 4 < 0 . 0 0 1

S p a t i a l
F r e q u e n c y (F) 6 . 4 7 0 15 0 . 4 6 2 3 2 6 . 6 3 9 < 0 . 0 0 1

B  x  V 0 . 0 0 9 1 0 . 0 0 9 6 . 6 7 8 0 . 0 1

B  x  F 0 . 0 0 5 15 0 . 0 0 0 3 0 . 2 5 8 0 . 9 9 7

V  x  F 0 . 1 8 3 15 0 . 0 1 3 9 . 2 5 3 < 0 . 0 0 1

B  x  V  x  F 0 . 0 0 7 15 0 . 0 0 1 0 . 3 6 7 0 . 9 8 3

E x p l a i n e d 7 . 8 9 8 63 0 . 1 3 4 9 4 . 6 1 7 < 0 . 0 0 1

R e s i d u a l 0 . 8 7 0 61 5 0 . 0 0 1

T o t a l 8 . 7 6 8 674 0 . 0 1 3
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Table A5-7a ANOVA of rigid diffractive BCL MTP data at
548 nm, with DZJ height (1.8, 2.0, 2.2, 2.5, 2.6) and
tool shape (250 nm, 100 Urn, flatted).

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F  r a t i o s i g n i f . 
o f  F

V e r g e n c e  (V) 5 . 5 4 5 1 5 . 5 4 5 1 9 9 6 . 2 3 5 < 0 . 0 0 1

D Z J  h e i g h t (H) 2 . 9 7 5 4 0 . 5 9 5 2 1 4 . 1 8 6 < 0 . 0 0 1

T o o l  S h a p e (S) 1 . 1 5 2 0 . 5 7 5 2 0 6 . 9 8 5 < 0 . 0 0 1

S p a t i a l  
F r e q u e n c y  (F) 5 0 . 8 0 9 15 3 . 3 8 7 1 2 1 9 . 3 8 < 0 . 0 0 1

V  x  H 2 3 . 0 8 6 5 4 . 6 1 7 1 6 6 2 . 1 2 < 0 . 0 0 1

V  x  S 2 . 3 9 7 2 1 . 1 9 9 4 3 1 . 4 5 3 < 0 . 0 0 1

V  x  F 1 . 2 8 3 15 0 . 0 8 6 3 0 . 7 9 < 0 . 0 0 1

H  x  S 0 . 4 9 8 10 0 . 0 5 1 7 . 9 4 5 < 0 . 0 0 1

H  x  F 0 . 6 5 75 0 . 0 0 9 3 . 1 1 8 < 0 . 0 0 1

S x  F 0 . 3 6 7 30 0 . 0 1 2 4.4 < 0 . 0 0 1

V  x  H  x  S 0 . 9 8 10 0 . 0 9 8 3 5 . 2 8 5 < 0 . 0 0 1

V  x  H  x  F 4 . 5 0 6 75 0 . 0 6 2 1 . 6 2 6 < 0 . 0 0 1

V  X  S X  F 0 . 4 2 1 30 0 . 0 1 4 5 . 0 4 8 < 0 . 0 0 1

H  X  S X  F 0 . 1 5 6 150 0 . 0 0 1 0 . 3 7 5 1

V  x  H  x  S x F 0 . 2 1 2 15 0 0 . 0 0 1 0 . 5 0 9 1

E x p l a i n e d 9 5 . 8 4 9 57 5 0 . 1 6 7 6 0 . 0 0 8 < 0 . 0 0 1

R e s i d u a l 1 4 . 1 5 6 5 0 9 6 0 . 0 0 3

T o t a l 1 1 0 . 0 0 5 5 6 7 1 0 . 0 4
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Table A5-7b ANOVA of rigid diffractive BCL MTF data at
573 nm, with DZJ height (1.8, 2.0, 2.2, 2.5, 2.6) and
tool shape (250 /zm, 100 /zm, flatted).

S u m  o f  

S q u a r e s
d f M e a n

S q u a r e

F  r a t i o s i g n i f . 
o f  F

V e r g e n c e  (V) 0 . 1 8 6 1 0 . 1 8 6 8 8 . 3 < 0 . 0 0 1

D Z J  h e i g h t  (H) 1 . 3 1 1 4 0 . 3 2 8 1 5 5 . 5 < 0 . 0 0 1

T o o l  S h a p e  (S) 0 . 7 9 9 2 0.4 1 8 9 . 6 < 0 . 0 0 1

S p a t i a l  

F r e q u e n c y  (F) 3 3 . 5 0 5 15 2 . 2 3 4 1 0 5 9 . 7 < 0 . 0 0 1

V  x  H 4 . 9 0 9 4 1 . 2 2 7 5 8 2 . 3 < 0 . 0 0 1

V  x  S 2 . 3 0 4 2 1 . 1 5 2 5 4 6 . 5 < 0 . 0 0 1

V  x  F 0 . 0 7 9 15 0 . 0 0 5 2 . 5 0 0 . 0 0 1

H  x  S 0 . 3 3 7 8 0 . 0 4 2 2 0 . 0 < 0 . 0 0 1

H  x  F 0 . 3 7 3 60 0 . 0 0 6 2 . 9 5 < 0 . 0 0 1

S x  F 0.3 30 0 . 0 1 4.7 < 0 . 0 0 1

V  x  H  x  S 0 . 8 9 5 8 0 . 1 1 2 5 3 . 1 < 0 . 0 0 1

V  x  H  x  F 0 . 9 5 7 60 0 . 0 1 6 7 . 6 < 0 . 0 0 1

V  x  S x  F 0 . 4 0 4 30 0 . 0 1 3 6 . 3 8 < 0 . 0 0 1

H  x  S x  F 0.18 1 2 0 0 . 0 0 2 0 . 7 1 1.0

V  x  H  x  S x  F 0 . 1 6 5 12 0 0 . 0 0 1 0 . 6 5 1.0

E x p l a i n e d 4 6 . 9 7 8 47 9 0 . 0 9 8 4 6 . 5 < 0 . 0 0 1

R e s i d u a l 7 . 6 0 5 3 6 0 8 0 . 0 0 2

T o t a l 5 4 . 5 8 3 4 0 8 7 0 . 0 1 3
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T a b l e  A 5 - 8 a  ANOVA of difference between rigid
diffractive BCL with 2.0 /xm DZJ height made with 
different tools (250 /xm, 100 /xm, 50 /xm, and flatted). 
MTF data at 548 nm.

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F  r a t i o s i g n i f . 

o f  F

T o o l  (T) 0 . 1 4 8 3 0 . 0 4 9 2 4 . 7 < 0 . 0 0 1

V e r g e n c e (V) 0 . 1 6 7 1 0 . 1 6 7 8 3 . 5 < 0 . 0 0 1

S p a t i a l

F r e q u e n c y (F) 1 6 . 4 1 3 15 1 . 0 9 4 5 4 8 . 2 < 0 . 0 0 1

T  x  V 0 . 1 3 3 3 0 . 0 4 4 2 2 . 3 < 0 . 0 0 1

T  x  F 0 . 0 8 7 45 0 . 0 0 2 0 . 9 7 0.53

V  x  F 0 . 0 2 2 15 0 . 0 0 1 0 . 7 4 0 . 7 5

T  X  V  X  F 0 . 0 3 4 45 0 . 0 0 1 0 . 3 8 1.0

E x p l a i n e d 1 7 . 0 1 1 127 0 . 1 3 4 6 7 . 1 < 0 . 0 0 1

R e s i d u a l 3 . 3 5 3 1 6 8 0 0 . 0 0 2

T o t a l 2 0 . 3 6 4 1 8 0 7 0 . 0 4 4

T a b l e  A 5 - 8 b  ANOVA of difference between rigid
diffractive BCL with 2.0 /xm DZJ height made with 
different tools (250 /xm, 100 /xm, 50 /xm, and flatted) . 
MTF data at 573 nm.

S u m  of 

S q u a r e s

d f M e a n
S q u a r e

F r a t i o s i g n i f .  

o f  F

T o o l  (T) 0 . 0 2 3 3 0 . 0 0 8 8 . 2 2 < 0 . 0 0 1

V e r g e n c e (V) 1 . 5 6 0 1 1 . 5 6 0 1 6 4 7 . 8 < 0 . 0 0 1

S p a t i a l
F r e q u e n c y (F) 1 2 . 2 2 0 15 0 . 8 1 5 8 6 0 . 4 < 0 . 0 0 1

T  x  V 0 . 1 7 1 3 0 . 0 5 7 6 0 . 2 < 0 . 0 0 1

T  x  F 0 . 0 7 3 45 0 . 0 0 2 1 . 7 2 0 . 0 0 2

V  x  F 0 . 2 5 7 15 0 . 0 1 7 1 8 . 1 < 0 . 0 0 1

T  X  V  X  F 0 . 0 3 8 45 0 . 0 0 1 0 . 8 8 0 . 7 0

E x p l a i n e d 1 4 . 3 6 3 127 0 . 1 1 3 1 1 9 . 4 < 0 . 0 0 1

R e s i d u a l 1 . 1 0 6 1 1 6 8 0 . 0 0 1

T o t a l 1 5 . 4 6 9 1 2 9 5 0 . 0 1 3
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T a b l e  A 5 - 9  Multiple Regression Equation Values for rigid 
diffractive BCL with DZJ heights from 1.4 fim to 4.0 nm 
for tools and wavelengths as shown.

A l l  t e r m s  s i g n i f i c a n t  a t  p  < 0 . 0 0 0 1  e x c e p t  a s  m a r k e d

Wavelength 548 n m 548 n m
Tool Shape 100 /xm flatted

adjusted R 2 0.898 0.979
standard error 0.071 0.033
n 1369 1156

Distance Near Distance Near

constant 0.9984 0.9984 0.9989 0.9989
sf. -0.1663 2 -0.1778 0.00215 -0.1831

sf i 0.00986 0.00986 0.00648 0.01081

Sf_2 -1.5284 -2.4736 -0.6156 -1.9979

sf_3 1.9680 1.9680 1.3535 1.3535
sf"3 -0.7399 -0.5649 , -0.5977 -0.3226
DZ J  ht * sf 0.01092 2 0.01542 3 -0.02109 0.02497
D Z J  ht * sf, -0.00123 •0.00132 2 0.00196 -0.00251
D Z J  ht * sf" -0.1239 0.3234 -0.5641 0.3303
D Z J  ht * sf-2 0.1374 4 0.3343
DZ J  ht * sf- -0.04893 ■0.04893 -0.06474 -0.06474

Wavelength 548 n m 573 n m
Tool Shape 250 /xm 100 /xm

adjusted R 2 0.916 0.847
standard error 0.068 0.051
n 3969 1328

Distance Near Distance Near

constant 0.9989 0.9989 0.0791 -0.3302

sf. -0.09317 -0.2209 0.03054 0.03054

sf\ 0.00218 0.00143 -0.00273
s f -0.6312 -2.4186 1.6017

Sf_3 1.7341 1.7341 -0.6492
sf-3 -0.8010 -0.4304
D Z J  ht -0.8010 -0.4304 -0.05622 0.2663
DZ J  ht * sf, 
D Z J  ht * sf2

-0.01847 0.04043 -0.00482 -0.02816
0.00171 -0.00394 0.00057 0.00057

D Z J  ht * sf". -0.5204 , 0.4215 -0.2687 0.05224
D Z J  ht * sf- 0.1717 3

D Z J  ht * sf- 0.01673 4 -0.08447 0.06287 -0.00991

All terms significant at p < 0.0001 except as marked

1 = p < 0.1; 2 = p < 0.05; 3 = p < 0.01; 4 = p < 0.001
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T a b l e  A 5 - 9  (cont) Multiple Regression Equation Values for 
Rigid Diffractive BCL with DZJ heights from 1.4 /im to
4.0 /im for tools and wavelengths as shown.

A l l  t e r m s  s i g n i f i c a n t  a t  p  < 0 . 0 0 0 1  e x c e p t  a s  m a r k e d

Wavelength 573 n m 573 n m

Tool Shape flatted 250 /im

adjusted R 2 0.950 0.781
standard error 0.031 0.067
n 1120 2376

Distance Near Distance Near

constant 0.3830 -0.1313 0.5105 -0.06378 2

sf 0.01352 0.01352 -0.02064 3 -0.02064 3

sf2 -0.00376 -0.00182 0.00261
sf 1.0721 0.7768 -0.1679
5fi -0.3641
sf-3 -0.03421 -0.03421 -0.1725
D Z J  ht -0.1243 0.2487 -0.1152 0.1442
D Z J  ht * sf -0.0045 „ -0.02375 „
D Z J  ht * sf2 0.00121 2 0.00033 2 0.00087 0.00116
DZ J  ht * s H -0.2458 0.04379 -0.2272 0.1776
D Z J  ht * sf‘3 0.04552 0.04777 -0.0256

All terms significant at p < 0.0001 except as marked

1 = p < 0.1; 2 = p < 0.05; 3 = p < 0.01; 4 = p < 0.001

T a b l e  A 5 - 1 0  ANOVA of difference between batches of three 
nominally identical soft diffractive BCL (DZJ height = 
3.0; tool = 100 /im round; moulded). MTF data at 548 nm.

S u m  o f  

S q u a r e s

d f M e a n

S q u a r e

F r a t i o s i g n i f . 

o f  F

B a t c h  (B) 0 . 1 0 1 2 0 . 0 5 0 1 8 . 7 1 8 < 0 . 0 0 1

V e r g e n c e (V) 1 . 3 8 5 1 1 . 3 8 5 4 9 9 . 6 2 9 < 0 . 0 0 1

S p a t i a l
F r e q u e n c y (F) 3 . 8 2 4 15 0 . 2 5 5 9 2 . 0 < 0 . 0 0 1

B  x  V 0 . 0 2 1 2 0 . 0 1 0 3.8 < 0 . 0 0 1

B  x  F 0 . 0 1 0 30 0 . 0 0 0 3 0 . 1 2 1.0

V  x  F 0 . 2 9 3 15 0 . 0 2 0 7.2 < 0 . 0 0 1

B  X  V  X  F 0 . 0 1 3 30 0 . 0 0 0 4 0 . 1 6 0 . 7 9

E x p l a i n e d 5 . 6 4 7 95 0 . 0 5 9 9 4 . 6 < 0 . 0 0 1

R e s i d u a l 0 . 7 5 4 272 0 . 0 0 3

T o t a l 6 . 4 0 1 367 0 . 0 1 3
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T a b l e  A 5 - l l a  ANOVA of soft diffractive BCL (tool =
250 /xm round; 
2.7, 3.0, 4.0

lathed)
/xm.

MTF data at 548 nm with DZJ heights

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F  r a t i o s i g n i f . 
o f  F

D Z J  h e i g h t  (H) 0 . 0 0 9 2 0 . 0 0 4 4 2 . 3 6 0 < 0 . 0 0 1

V e r g e n c e  (V) 0 . 7 8 5 1 0 . 7 8 5 7 6 7 4 . 5 7 6 < 0 . 0 0 1

S p a t i a l  

F r e q u e n c y  (F) 2 . 2 2 9 15 0 . 1 4 9 1 4 5 2 . 6 < 0 . 0 0 1

H  x  V 1 . 0 2 4 2 0 . 5 1 2 5 0 0 5 . 7 < 0 . 0 0 1

H  x  F 0 . 0 0 8 30 0 . 0 0 0 3 2 . 6 < 0 . 0 0 1

V  x  F 0 . 1 6 8 15 0 . 0 1 1 1 0 9 . 3 < 0 . 0 0 1

H  x  V  x  F 0 . 1 7 2 30 0 . 0 0 6 5 6 . 1 < 0 . 0 0 1

E x p l a i n e d 4 . 3 9 4 95 0 . 0 4 6 4 5 2 . 2 < 0 . 0 0 1

R e s i d u a l 0 . 0 1 6 160 0 . 0 0 0 1

T o t a l 4 . 4 1 0 2 5 5 0 . 0 1 7

T a b l e  A 5 - l l b  
100 /xm round; 
3.0, 3.3, 3.6

ANOVA
lathed)
/xm.

of soft 
MTF data

diffractive BCL 
at 548 nm with DZJ

(tool = 
heights

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F r a t i o s i g n i f .  
o f  F

D Z J  h e i g h t  (H) 0 . 0 7 9 2 0 . 0 3 9 1 1 . 7 < 0 . 0 0 1

V e r g e n c e  (V) 3 . 4 7 3 1 3 . 4 7 3 1 0 3 2 . 9 < 0 . 0 0 1

S p a t i a l  

F r e q u e n c y  (F) 1 4 . 7 7 9 15 0 . 9 8 5 2 9 3 . 0 < 0 . 0 0 1

H  x  V 1 . 8 2 8 2 0 . 9 1 4 2 7 1 . 8 < 0 . 0 0 1

H  x  F 0 . 2 4 9 30 0 . 0 0 8 2 . 5 < 0 . 0 0 1

V  x  F 0 . 8 7 6 15 0 . 0 5 8 1 7 . 4 < 0 . 0 0 1

H  x  V  x  F 0 . 5 3 1 30 0 . 0 1 8 5.3 < 0 . 0 0 1

E x p l a i n e d 2 2 . 1 6 2 95 0 . 2 3 3 6 9 . 4 < 0 . 0 0 1

R e s i d u a l 4 . 5 2 0 1 3 4 4 0 . 0 0 3

T o t a l 2 6 . 6 8 2 1 4 3 9 0 . 0 1 9
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T a b l e  A 5 - l l c  ANOVA of soft diffractive BCL (tool = 
100 nm round; moulded) HTF data at 548 nm with DZJ 
heights 2.5, 2.6, 3.0, 3.3 /¿m.

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F r a t i o s i g n i f . 
o f  F

D Z J  h e i g h t  (H) 0 . 6 9 4 3 0 . 2 3 1 8 1 . 6 < 0 . 0 0 1

V e r g e n c e  (V) 0 . 9 5 1 1 0 . 9 5 1 3 3 5 . 1 < 0 . 0 0 1

S p a t i a l  
F r e q u e n c y  (F) 5 . 6 1 9 15 0 . 3 7 5 1 3 2 . 1 < 0 . 0 0 1

H  x  V 0 . 4 5 4 3 0 . 1 5 1 5 3 . 3 < 0 . 0 0 1

H  x  F 0 . 1 8 8 45 0 . 0 0 4 1 . 4 8 0 . 0 2 7

V  x  F 0 . 2 2 2 15 0 . 0 1 5 5 . 2 2 < 0 . 0 0 1

H  x  V  x  F 0 . 1 2 2 45 0 . 0 0 3 0 . 9 6 0 . 5 5

E x p l a i n e d 8 . 3 2 7 127 0 . 0 6 6 2 3 . 1 < 0 . 0 0 1

R e s i d u a l 1 . 4 0 7 4 9 6 0 . 0 0 3

T o t a l 9 . 7 3 4 623 0 . 0 1 6
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T a b l e  A 5 - 1 2  ANOVA of soft Diffractive BCL MTP data at 
548 nm with DZJ heights of 3.0 and 3.3 ¿im comparing 
moulded and lathed BCL.

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F  r a t i o s i g n i f . 
o f  F

M a n u f a c t u r e  (M) 0 . 0 0 3 1 0 . 0 0 3 2 . 1 0 4 0 . 1 4 8

D Z J  h e i g h t  (H) 0 . 7 8 6 1 0 . 7 8 6 5 7 5 . 5 6 7 < 0 . 0 0 1

V e r g e n c e  (V) 2 . 9 4 0 1 2 . 9 4 0 2 1 5 2 . 6 5 8 < 0 . 0 0 1

S p a t i a l  

F r e q u e n c y  (F) 5 . 9 3 5 15 0 . 3 9 6 2 8 9 . 7 < 0 . 0 0 1

M  x  H 0 . 0 5 1 1 0 . 0 5 1 3 7 . 4 < 0 . 0 0 1

M  x  V 0 . 0 0 0 1 0 . 0 0 0 0 . 0 0 2 0 . 9 7

M  x  F 0 . 0 2 1 15 0 . 0 0 1 1 . 0 4 0 . 4 2

H  x  V 0 . 0 2 1 1 0 . 0 2 1 1 5 . 4 < 0 . 0 0 1

H  X  F 0 . 1 5 7 15 0 . 0 1 0 7. 7 < 0 . 0 0 1

V  X  F 0 . 6 6 6 15 0 . 0 4 4 3 2 . 5 < 0 . 0 0 1

M  X  H  X  V 0 . 0 0 4 1 0 . 0 0 4 2 . 9 0 0 . 0 8 9

M  X  H  X  F 0 . 0 2 7 15 0 . 0 0 2 1 . 3 2 0 . 1 9

M  x  V  x  F 0 . 0 1 0 15 0 . 0 0 1 0 . 4 9 0 . 9 5

H  x  V  x  F 0 . 0 1 9 15 0 . 0 0 1 0 . 9 4 0 . 5 2

M  X  H  X  V  X  F 0 . 0 1 9 15 0 . 0 0 1 0 . 9 4 0 . 5 2

E x p l a i n e d 1 0 . 8 4 3 127 0 . 0 8 5 6 2 . 5 < 0 . 0 0 1

R e s i d u a l 0 . 7 2 1 52 8 0 . 0 0 1

T o t a l 1 1 . 5 6 4 65 5 0 . 0 1 8
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T a b l e  A 5 - 1 3  ANOVA compares "reverse" add soft 
diffractive BCL to nominally identical conventional add 
BCL (tool = 100 /urn round; moulded). MTP data at 548 nm

S u m  o f  

S q u a r e s
d f M e a n

S q u a r e
F r a t i o s i g n i f . 

o f  F

A d d  (A) 0 . 0 1 9 1 0 . 0 1 9 2 8 . 6 4 2 < 0 . 0 0 1

V e r g e n c e (V) 0 . 8 5 8 1 0 . 8 5 8 1 3 0 7 . 9 3 1 < 0 . 0 0 1

S p a t i a l
F r e q u e n c y (F) 3 . 5 5 3 15 0 . 2 3 7 3 6 1 . 1 3 2 < 0 . 0 0 1

A  x  V 0 . 6 7 9 1 0 . 6 7 9 1 0 3 4 . 4 9 4 < 0 . 0 0 1

A  x  F 0 . 0 0 5 15 0 . 0 0 0 3 0 . 4 6 7 0 . 9 5 6

V  x  F 0 . 1 9 1 15 0 . 0 1 3 1 9 . 3 9 8 < 0 . 0 0 1

A  x  V  x  F 0 . 1 3 2 15 0 . 0 0 9 1 3 . 3 6 5 < 0 . 0 0 1

E x p l a i n e d 5 . 4 4 1 63 0 . 0 8 6 1 3 1 . 6 6 4 < 0 . 0 0 1

R e s i d u a l 0 . 2 2 0 3 3 6 0 . 0 0 1

T o t a l 5 . 6 6 2 399 0 . 0 1 4
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APPENDIX 6 The development of a model for 

changes in optical performance with refractive BCL

A6-1 CENTRED REFRACTIVE BIFOCAL CONTACT LENSES

A s  a f i r s t  s t a g e ,  a M R A  m o d e l  o f  2 . 6  m m  C O Z D  r e f r a c t i v e  

B C L  o v e r  a 4 m m  a p e r t u r e  w a s  f o u n d  i n  t e r m s  o f  s p a t i a l  
f r e q u e n c y  (sf: c . p . m m . ) .  T h e  e q u a t i o n s  w e r e  :

for central optic (CD at distance: CN at near) : 
moTTT^OyzTF+^OOT^f^ ^~L3~sf“ l ^ L 2  sf-2 - 0.3 s f '3

for peripheral optic (CD at near: CN at distance) :
mod = 1 - 0.2 sf + 0.009 sf2 - 1.9 s f '1 + 2.4 s f '2 - 0.9 s f '3

(adjusted R2 = 0.992; s.e. = 0.0209; n = 204; p < 0.0001)

T h e  l a r g e  n u m b e r  o f  s p a t i a l  f r e q u e n c y  t e r m s  w e r e  r e q u i r e d  
t o  a d e q u a t e l y  d e s c r i b e  t h e  M T F  a n d  t o  o b t a i n  a r e l a t i v e l y  

u n b i a s e d  s p r e a d  o f  r e s i d u a l s .  A l l  t e r m s  w e r e  s i g n i f i c a n t  
(p < 0 . 0 0 1 ) .  T h o u g h  s i m p l e r  M R A  e q u a t i o n s  w e r e  p o s s i b l e ,  
a s  t h e  e q u a t i o n s  w e r e  t o  b e  u s e d  f o r  p r e d i c t i o n  o f  
o p t i c a l  p e r f o r m a n c e  t h e  l a r g e  n u m b e r  o f  t e r m s  w a s  
r e t a i n e d .

T h i s  m o d e l  w a s  e x p a n d e d  t o  i n c l u d e  v a r i a t i o n s  i n  t h e  M T F  

d u e  t o  c h a n g e s  i n  a p e r t u r e  b y  c o n s i d e r a t i o n  o f  t h e  A N O V A  

r e s u l t s .  T h e  M R A  f o r  a 2 . 6  m m  C O Z D  B C L  o v e r  a p e r t u r e s  
f r o m  2 m m  t o  6 m m  w a s  fo u n d .  T h e  e q u a t i o n s  w e r e  :

for central optic zone :
mod = 1 - 0.2 sf + 0.009 sf2 + 1.3 s f '1 - 1.5 s f '2 + 0.5 s f '3

+ aperture x (0.006 sf - 0.0002 sf2 - 0.6 s f 'l  + 0.6 sf-2 - 0.2 sf-3 )

for peripheral optic zone :
mod = 0.9 - 0.2 sf + 0.009 sf2 - 3 . 0 s H  + 2.2 s f '2 - 0.5 s f '3 

+ aperture x (- 0.0002 sf2 + 0.3 s f '1 - 0.08 sf"3 )

(adjusted R2 = 0.967; s.e. = 0.0479; n = 1080; p < 0.0001)

T h i s  m o d e l  w a s  f u r t h e r  e x p a n d e d  t o  i n c l u d e  v a r i a t i o n s  in 

t h e  M T F  w i t h  a l l  f i v e  a v a i l a b l e  C O Z D  o v e r  a p e r t u r e s  f r o m  
2 m m  t o  6 mm. T h e  e q u a t i o n s  w e r e  :

for central optic zone :
mod = 1 - 0.2 sf + 0.01 sf2 - 0.7 s f '1 + 0.1 s f '3

+ aperture x ( 0.06 sf + 0.002 sf2 - 0.3 sf'* - 0.3 s f '2 - 0.006 sf"3 )
+ COZD x ( 0.03 sf - 0.003 sf2 + 0.2 s f '1 + 0.4 s f '2 - 0.2 s f '3 )
+ COZD x aperture x ( 0.005 sf - 0.0005 sf2 )

for peripheral optic zone :
mod = 1 - 0.3 sf + 0.03 sf2 - 0.9 sf'* + 0.3 s f '3

+ aperture x (0.05 sf - 0.004 sf2 + 0.2 s f '1 - 0.06 sf“3 ) 
+ COZD x (0.05 sf - 0.004 sf2 - 0.6 s f '1 + 0.7 s f '2 - 0.2 s f '3 ) 
+ COZD x aperture x (- 0.01 sf + 0.001 sf2 )

(adjusted R2 = 0.949; s.e. = 0.062; n = 5449; p < 0.0001)
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F u l l  d e t a i l s  o f  t h e  M R A  a r e  g i v e n  i n  A p p e n d i x  5 ( A 5 - 2 ) .

A6-2 RIGID DIFFRACTIVE BIFOCAL CONTACT LENSES

I n i t i a l l y  t h e  r e s u l t s  o b t a i n e d  f o r  f i v e  r e p e t i t i o n s  at 
d i s t a n c e  a n d  n e a r  w i t h  a s i n g l e  (2.0 ¿¿m D Z J  h e i g h t ;  

2 5 0  /xm t o o l  d i a m e t e r ;  54 8  n m  w a v e l e n g t h )  r i g i d  

d i f f r a c t i v e  B C L  (Figure 4.2-5) w e r e  d e s c r i b e d  b y  t h e  
e q u a t i o n s :

for distance :
m o d  = 1.0 - 0.1 sf + 0.005 sf2 - 1.9 sf"1 + 2.1 sf"2 - 0.8 sf"3 

for near :
m o d  = 1.0 - 0.1 sf + 0.004 sf2 - 1.3 sf“1 +1.7 sf'2 - 0.6 sf‘3 

(adjusted R 2 = 0.995; s.e. = 0.015; n = 170; p < 0.0001)

A s  w i t h  r e f r a c t i v e  BCL, t h e  l a r g e  n u m b e r  o f  s p a t i a l  

f r e q u e n c y  t e r m s  w e r e  r e q u i r e d  t o  o b t a i n  a n  u n b i a s e d  
s p r e a d  o f  r e s i d u a l s .  T h i s  M R A  w a s  e x p a n d e d  t o  i n c l u d e  

a l l  2 . 0  ¿xm D Z J  h e i g h t ,  2 5 0  /xm t o o l  d i a m e t e r  r i g i d  

d i f f r a c t i v e  B C L  (548 n m  w a v e l e n g t h ) . E q u a t i o n s  a t  
d i s t a n c e  a n d  n e a r  w e r e  f o u n d  :

for distance :
m o d  = 1.0 - 0.1 sf + 0.005 sf2 - 1.9 sf'1 + 2.1 sf“2 - 0.8 sf"3 

for near :
mo d  = 1.0 - 0.1 sf + 0.004 sf2 - 1.3 s H  +1.7 sf"2 - 0.6 sf“3 

(adjusted R 2 = 0.946 (se = 0.049; n = 1309; p < 0.0001)

T h e  M R A  w a s  f u r t h e r  e x p a n d e d  t o  i n c l u d e  a l l  r i g i d  

d i f f r a c t i v e  B C L  w i t h  e a c h  d i a m o n d  t o o l .  F o r  e x a m p l e  t h e  

e q u a t i o n  w i t h  54 8  n m  w a v e l e n g t h  a n d  t h e  2 5 0  /xm t o o l  is :

for distance :
m o d  = 1.0 - 0.1 sf + 0.006 sf2 - 0.8 sf"7 + 2.4 sf'2 - 1.2 sf"3

+ DZJHt x (- 0.005 sf - 0.5 sf'7 - 0.08 sf“2 + 0.2 sf"3

for near :
mo d  = 1.0 - 0.1 sf + 0.006 sf2 - 3.6 sf’7 + 3.6 sf"2 - 1.2 sf“3 

+ DZJHt x ( sf'7 - 0.9 sf“2 + 0.3 sf"3

(R2 = 0.915; s.e. = 0.068; n = 3969; p < 0.0001)

D e t a i l s  o f  t h e  M R A  o f  t h e  o t h e r  t o o l s  a r e  g i v e n  i n  
A p p e n d i x  5 ( A 5 - 9 ) .
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APPENDIX 7 Tables relating to 

Visual Performance -  section 4.3

T a b l e  A 7 - 1  a ANOVA of Contrast Sensitivity results (2, 
4, 8, 16 c.p.d.) for CD and CM Refractive BCL with COZD 
(1.8/ 2.2/ 2.6/ 3.0, 3.4 mm) and BCL décentration and
pupil size as covariates.

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F r a t i o s i g n i f . 
o f  F

d é c e n t r a t i o n  1 . 7 5 3 1 1 . 7 5 3 3 2 . 1 < 0 . 0 0 1

p u p i l  s i z e  2 3 . 4 6 0 1 2 3 . 4 6 0 4 3 0 . 0 < 0 . 0 0 1

C O Z D  (D) 0 . 5 5 1 4 0 . 1 3 8 2 . 5 3 0 . 0 4

L e n s

D e s i g n  (L) 0 . 4 7 9 1 0 . 4 7 9 8.8 0 . 0 0 3

V e r g e n c e (V) 0 . 8 4 7 1 0 . 8 4 7 1 5 . 5 < 0 . 0 0 1

S p a t i a l
F r e q u e n c y (F) 6 . 3 9 9 3 2 . 1 3 3 3 9 . 1 < 0 . 0 0 1

D  x  L 1 . 3 6 1 4 0 . 3 4 0 6.2 < 0 . 0 0 1

D  x  V 1 . 1 3 8 4 0 . 2 8 5 5.2 < 0 . 0 0 1

D  x  F 0 . 3 1 5 12 0 . 0 2 6 0 . 4 8 0.9

L  x  V 1 . 1 2 3 1 1 . 1 2 3 2 0 . 6 < 0 . 0 0 1

L  x  F 1 . 1 2 0 3 0 . 3 7 3 6.8 < 0 . 0 0 1

V  x  F 0 . 3 4 2 3 0 . 1 1 4 2 . 1 0 . 1

D  X  L  X  V 1 1 . 6 3 0 4 2 . 9 0 7 5 2 . 3 < 0 . 0 0 1

D  X  L  X  F 0 . 2 2 9 12 0 . 0 1 9 0 . 3 5 0 . 9 8

D  X  V  X  F 0 . 3 1 3 12 0 . 0 2 6 0 . 4 8 0 . 9 3

L  X  V  X  F 1 . 6 2 7 3 0 . 5 4 2 9. 9 < 0 . 0 0 1

D  x  L  x  V X  F 0 . 9 8 7 12 0 . 8 2 1 . 5 1 0 . 1 2

E x p l a i n e d 5 2 . 6 8 2 81 0 . 6 5 1 1 . 9 < 0 . 0 0 1

R e s i d u a l 5 1 . 0 6 5 9 3 6 0 . 0 5 5

T o t a l 1 0 3 . 7 4 7 1 0 1 7
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T a b l e  A 7 - l b  ANOVA 
and CN Refractive 
3.4 mm) and BCL 
covariates.

of Pelli-Robson chart results for CD 
BCL with COZD (1.8, 2.2, 2.6, 3.0, 
décentration and pupil size as

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F r a t i o s i g n i f . 
o f  F

d é c e n t r a t i o n  0 . 0 0 1 1 0 . 0 0 1 0 . 0 7 0.8

p u p i l  s i z e 0 . 6 7 5 1 0 . 6 7 5 3 3 . 5 < 0 . 0 0 1

C O Z D  (D) 0 . 1 5 2 4 0 . 0 3 8 1.9 0 . 1 1

L e n s

D e s i g n  (L) 0 . 0 0 6 1 0 . 0 0 6 0.3 0.6

V e r g e n c e  (V) 0 . 0 6 1 0 . 0 6 0 3. 0 0 . 0 9

D  x  L 0 . 0 6 7 4 0 . 0 1 7 0.8 0. 5

D  x  V 0 . 1 6 4 4 0 . 4 1 2 . 0 0 . 0 9

L  x  V 1 . 6 6 9 1 1 . 6 6 9 8 2 . 7 < 0 . 0 0 1

D  x  L  x  V 2 . 5 8 6 4 0 . 6 4 6 3 2 . 0 < 0 . 0 0 1

E x p l a i n e d 5 . 5 3 4 21 0 . 2 6 4 1 3 . 1 < 0 . 0 0 1

R e s i d u a l 4 . 7 0 1 233 0 . 2 0

T o t a l 1 0 . 2 3 5 2 5 4
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T a b l e  A 7 - l c  ANOVA of Visual Acuity results (10% and 90% 
contrast) for CD and CN Refractive BCL with COZD (1.8,
2.2, 2.6, 3.0, 3.4 mm) and BCL décentration and pupil
size as covariates.

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F r a t i o s i g n i f . 
o f  F

d é c e n t r a t i o n  7 . 4 6 4 1 7 . 4 6 4 5. 9 0 . 0 1 6

p u p i l  s i z e  7 8 . 7 4 9 1 7 8 . 7 4 9 6 2 . 1 < 0 . 0 0 1

C O Z D  (D) 6 . 1 3 0 4 1 . 5 3 3 1.2 0.3

L e n s

D e s i g n  (L) 1 2 . 1 1 6 1 1 2 . 1 1 6 9 . 5 0 . 0 0 2

V e r g e n c e  (V) 0 . 8 2 9 1 0 . 8 2 9 0 . 6 < 0 . 0 0 1

L e t t e r

C o n t r a s t  (C) 1 9 6 . 2 4 4 1 1 9 6 . 2 4 4 1 5 4 . 7 < 0 . 0 0 1

D  x  L  1 4 . 4 9 2 4 3 . 6 2 3 2. 9 0.02

D  X  V  3 6 . 2 5 9 4 9 . 0 6 5 7 . 1 < 0 . 0 0 1

D  X  C  7 . 7 7 4 4 1 . 9 4 4 1. 5 0 . 1 9

L  X  V  5 . 9 5 5 1 5 . 9 5 5 4 . 7 0.03

L  X  C  1 . 0 5 1 1 1 . 0 5 1 0 . 8 3 0 . 3 6

V  X  C  0 . 3 5 9 1 0 . 3 5 9 0 . 2 8 3 0 . 6 0

D  X  L  X  V  2 8 5 . 7 5 2 4 7 1 . 4 3 8 5 6 . 3 < 0 . 0 0 1

D X  L  X  C 1 . 8 6 7 4 0 . 4 6 7 0.4 0.83

D  X  V  X  C 1 . 3 8 4 4 0 . 3 4 6 0.3 0 . 9 0

L  X  V  X  C  9 . 2 3 1 1 9 . 2 3 1 7.3 < 0 . 0 0 1

D  X  L  X  V  X  C  2 0 . 8 3 1 4 5 . 2 0 8 4 . 1 0 . 0 0 3

E x p l a i n e d  6 8 6 . 3 8 2 41 1 6 . 7 4 1 1 3 . 2 < 0 . 0 0 1

R e s i d u a l  5 8 3 . 6 9 0 46 0 1 . 2 6 9

T o t a l  1 2 7 0 . 0 7 1 5 0 1
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T a b l e  A 7 - 2  MRA for visual performance measures with
refractive BCL Of COZD 1.8, 2.2, 2.6, 3.0, and 3.4 mm
considered for the COZ and the POZ in focus.

CS at 2 c.p.d. CS at 4 c.p.d.

adjusted R2 0.490 0.436
standard error 0.173 0.197
n = 259 259

COZ **** P0Z **** coz 1111 P0Z XXconstant 0 .2153 ;;;;
-0 .2 4 % ;;;;
0.1521

0.7575 • ****
-0.2490**
-0.0712

-0.5574 0.5053
pupil (P) 
COZD (C) 0.1421**** -0.3100,****
decen. (D) 
P x D -0.0678****

0.3481*
-0.2720,

0-3481*„„
-0.2191,

C x D 0.0952 0.0952

CS at 8 c.p.d. CS at 16 c,.p.d.

adjusted R2 0.444 0.441
standard error 0.245 0.284
n = 259 259

C0Z **** POZ COZ , POZ ,
constant 0.1167; 0.1167 0.81501 0.8150*
pupil (P) 
COZD (C) 
decen. (D)

- 0 .1 1 0 1 , , ,
0-0453 ,  
0 .2064;;;; 

-0.3366* 
0.1797

-0.1957****
O.9 3 1 9 ; ; ; ;

-0.2199
-0.1127****
-0.3371****

-0 .2 1 9 9 ,,,,
-0.2307,****
O.7 3 1 3 ;

P x D 
C x D

-0.3366**** -0 .2506 ,,,,
0.3080

-0.2506

PRC at 4 m
adjusted R2 0.551
standard error 0.134
n = 256

COZconstant -0.3455* 0.3876****
pupil (P) 
COZD (C)

-0.0632;
0.1043 -0.2639****

decen.(D) 
P x D 
C x D

ÉÌÉ
-0.1299
0.1040

-O.O755; ; ; ,
0.1040

VA low contrast VA high contrast

adjusted R2 0.521 0.300
standard error 1.19 0.957
n = 256 256

C0Z *** P0Z **** COZ «*** P0Zconstant 0.1076 * 
-0.9530 ,  
0 .7293 ;;;; 

-1 -6574™  
-0.9707 
1.1602

4.9037**** -1.7624 3.3999
pupil (P) 
COZD (C) -2.8064**** 0.4796**** -1.8919****
decen. (D) 
P x D 
C x D

- 0 .9 707; ; ; ;
1.1602

-0.4792****
0.3228 0.6272****

’ - p < 0.1; ** - p < 0.01; w  - p < 0.001; p < 0.0001
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T a b l e  A 7 - 3 a  ANOVA of Contrast Sensitivity (2, 4 ,  8, 
16 c.p.d.) investigates the variability of manufacture of 
rigid Diffractive BCL of two batches of BCL with 2 . 2  and 
2 . 6  nm DZJ height.

S u m  o f  

S q u a r e s
d f M e a n

S q u a r e

F  r a t i o s i g n i f . 

o f  F

B a t c h  (B) 0 . 0 0 6 1 0 . 0 0 6 0 . 2 0 0 . 6 5

D Z J  h e i g h t  (H) 0 . 0 3 5 1 0 . 0 3 5 1 . 2 1 0 . 2 7

V e r g e n c e  (V) 0 . 2 8 0 1 0 . 2 8 0 9 . 7 3 0 . 0 0 2

S p a t i a l  
F r e q u e n c y  (F) 2 . 4 2 4 3 0 . 8 0 8 2 8 . 1 < 0 . 0 0 1

B x  H 0 . 0 2 5 1 0 . 0 2 5 0 . 8 6 0 . 3 6

B  x  V 0 . 2 3 7 1 0 . 2 3 7 8 . 2 6 0 . 0 0 4

B x  F 0 . 0 8 6 3 0 . 0 2 9 1 . 0 0 0 . 3 9

H  x  V 1 . 6 8 6 1 1 . 6 8 6 5 8 . 6 < 0 . 0 0 1

H  x  F 0 . 0 7 3 3 0 . 0 2 4 0 . 8 5 0 . 4 7

V  x  F 0 . 1 4 8 3 0 . 0 4 9 1 . 7 2 0 . 1 6

B x  H  x  V 0 . 0 8 1 1 0 . 0 8 1 2 . 8 1 0 . 0 9

B  X  H  X  F 0 . 1 8 2 3 0 . 0 6 1 2 . 1 1 0 . 1 0

B  x  V  x  F 0 . 0 3 3 3 0 . 0 1 1 0 . 3 9 0 . 7 6

H  X  V  X  F 0 . 1 4 0 3 0 . 0 4 7 1 . 6 3 0 . 1 8

B  X  H  X  V  X  F 0 . 0 3 4 3 0 . 0 1 1 0 . 3 9 0 . 7 6

E x p l a i n e d 5 . 5 1 6 31 0 . 1 7 8 6 . 1 9 < 0 . 0 0 1

R e s i d u a l 2 1 . 0 5 2 732 0 . 0 2 9

T o t a l 2 6 . 5 6 8 763
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Table A7-3b ANOVA of Pelli-Robson results investigates 
the variability of manufacture of rigid Diffractive BCL
of two batches Of BCL with 2.2 and 2.6 /im DZJ height.

Sum of 
Squares

df Mean
Square

F ratio signif. 
of F

Batch (B) 0.092 1 0.092 6.16 0.01

DZJ height (H) 0.004 1 0.004 0.30 0.59

Vergence (V) 0.001 1 0.001 0.07 0.80

B x H 0 1 0 0.015 0.90

B x V 0.116 1 0.116 7.73 0.006

H X V 0.293 1 0.293 19.6 <0.001

B x H x V 0.002 1 0.002 0.16 0.69

Explained 0.525 7 0.525 5.02 <0.001

Residual 2.704 181 0.015

Total 3.230 188
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T a b l e  A 7 - 3 c  ANOVA of Visual Acuity (10% and 9 0 %  
contrast) investigates the variability of manufacture of 
rigid Diffractive BCL of two batches of BCL with 2.2 and
2.6 /¿m DZJ height.

S u m  o f  

S q u a r e s
d f M e a n

S q u a r e
F  r a t i o s i g n i f . 

o f  F

B a t c h  (B) 0 . 0 4 9 1 0 . 0 4 9 0 . 0 4 0 . 8 4

D Z J  h e i g h t  (H) 6 . 6 4 6 1 6 . 6 4 6 5 . 7 5 0 . 0 2

V e r g e n c e  (V) 8 . 3 6 5 1 8 . 3 6 5 7 . 2 4 0 . 0 0 7

C o n t r a s t  (C) 1 6 1 . 2 0 3 1 1 6 1 . 2 0 3 1 3 9 . 6 < 0 . 0 0 1

B  x  H 3 . 6 6 9 1 3 . 6 6 9 3 . 1 8 0 . 0 8

B  x  V 2 . 4 2 3 1 2 . 4 2 3 2 . 1 0 0 . 1 5

B x  C 0 . 8 1 1 1 0 . 8 1 1 0 . 7 0 0 . 4 0

H  x  V 6 0 . 9 1 4 1 6 0 . 9 1 4 5 2 . 7 < 0 . 0 0 1

H  x  C 4 . 5 3 4 1 4 . 5 3 4 3 . 9 3 0 . 0 5

V  x  C 0 . 3 2 8 1 0 . 3 2 8 0 . 2 8 0 . 6 0

B  x  H  x  V 0 . 5 6 3 1 0 . 5 6 3 0 . 4 9 0 . 4 9

B  x  H  x  C 0 . 1 6 0 1 0 . 1 6 0 0 . 1 4 0 . 7 1

B X  V  X  C 0 . 2 9 8 1 0 . 2 9 8 0 . 2 6 0 . 6 1

H  x  V  x  C 0 . 0 8 3 1 0 . 0 9 3 0 . 9 4 0.33

B  X  H  X  V  X  C 0 . 0 0 9 1 0 . 0 0 9 0 . 0 1 0 . 9 3

E x p l a i n e d 2 5 2 . 1 2 2 15 1 6 . 8 0 8 1 4 . 6 < 0 . 0 0 1

R e s i d u a l 4 1 8 . 0 7 8 362 1 . 1 5 5

T o t a l 6 7 0 . 2 0 0 377
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T a b l e  A 7 - 4 a  anova of Contrast Sensitivity (2, 4, 8,
16 c.p.d.) investigates differences between experimental 
rigid Diffractive BCL and Pilkington Diffrax, both with
2.0 im DZJ height.

S u m  o f  

S q u a r e s

d f M e a n

S q u a r e

F  r a t i o s i g n i f . 
o f  F

B a t c h  (B) 0 . 0 2 2 1 0 . 0 2 2 0 . 8 0 0 . 3 8

V e r g e n c e (V) 1 . 3 5 9 1 1 . 3 5 9 4 8 . 5 < 0 . 0 0 1

S p a t i a l

F r e q u e n c y (F) 0 . 5 1 6 3 0 . 1 7 2 6 . 1 3 < 0 . 0 0 1

B  x  V 0 . 8 1 3 1 0 . 8 1 3 2 9 . 0 < 0 . 0 0 1

B x  F 0 . 0 8 7 3 0 . 0 2 9 1.03 0 . 3 8

V  x  F 0 . 3 3 3 3 0 . 1 1 1 3 . 9 5 0 . 0 0 9

B x  V  x  F 0 . 0 1 9 3 0 . 0 0 6 0 . 2 3 0 . 8 8

E x p l a i n e d 3 . 1 3 3 15 0 . 2 0 9 7 . 4 5 < 0 . 0 0 1

R e s i d u a l 7 . 1 8 1 2 5 6 0 . 0 2 8

T o t a l 1 0 . 3 1 4 2 7 1

T a b l e  A 7 - 4 b  ANOVA of Pelli-Robson results investigates 
differences between experimental rigid Diffractive BCL
and Pilkington Diffrax, both with 2.0 ¿im DZJ height.

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F  r a t i o s i g n i f .  

o f  F

B a t c h  (B) 0 . 0 0 2 1 0 . 0 0 2 0 . 2 7 0 . 6 1

V e r g e n c e  (V) 0 . 4 9 4 1 0 . 4 9 4 5 4 . 8 < 0 . 0 0 1

B  x  V 0 . 0 1 4 1 0 . 0 1 4 1 . 5 6 0 . 2 2

E x p l a i n e d 0 . 5 1 1 3 0 . 1 7 0 1 8 . 9 < 0 . 0 0 1

R e s i d u a l 0 . 5 4 1 60 0 . 0 0 9

T o t a l 1 . 0 5 2 63
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T a b l e  A 7 - 4 c  ANOVA of Visual Acuity (10% and 9 0 %  

contrast) investigates differences between experimental 
rigid Diffractive BCL and Pilkington Diffrax, both with 
2 . 0  urn DZJ height.

S u m  o f d f M e a n F  r a t i o s i g n i f .
S q u a r e s S q u a r e o f  F

B a t c h  (B) 0 . 2 9 4 1 0 . 2 9 4 0 . 5 7 0 . 4 5

V e r g e n c e  (V) 4 6 . 5 6 1 1 4 6 . 5 6 1 8 9 . 9 < 0 . 0 0 1

C o n t r a s t  (C) 4 2 . 5 7 3 1 4 2 . 5 7 3 8 2 . 2 < 0 . 0 0 1

B x  V 1 . 0 2 7 1 1 . 0 2 7 1 . 9 8 0 . 1 6

B x  C 1 . 6 1 4 1 1 . 6 1 4 3 . 1 2 0 . 0 8

V  x  C 0 . 8 1 3 1 0 . 8 1 3 1 . 5 7 0 . 2 1

B x  V  x C 0 . 0 3 2 1 0 . 0 3 2 0 . 0 6 1 0 . 8 1

E x p l a i n e d 9 2 . 9 1 3 7 1 3 . 2 7 3 9 4 . 6 1 7 < 0 . 0 0 1

R e s i d u a l 6 2 . 1 4 6 120 0 . 5 1 8

T o t a l 1 5 5 . 0 5 9 127
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T a b l e  A 7 - 5 a  ANOVA 
8, 16 c.p.d.) with 
(1.8, 2.0, 2.2, 2 
100 nm, flatted).

of Contrast Sensitivity Results (2, 4, 
rigid diffractive BCL with DZJ height 
.5, 2.6, 3.0 nm) and tool (250 /xm,

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F  r a t i o s i g n i f . 
o f  F

D Z J  H e i g h t  (H) 1 . 5 5 8 5 0 . 3 1 2 1 0 . 7 < 0 . 0 0 1

T o o l  (T) 0 . 3 9 1 2 0 . 1 9 5 6 . 6 9 0 . 0 0 1

V e r g e n c e (V) 0 . 0 3 8 1 0 . 0 3 8 1 . 2 9 0 . 2 6

S p a t i a l

F r e q u e n c y (F) 5 . 3 1 5 3 1 . 7 7 2 6 0 . 6 < 0 . 0 0 1

H  x  T 0 . 9 1 4 10 0 . 0 9 1 3 . 1 3 0 . 0 0 1

H  x  V 1 0 . 3 3 1 5 2 . 0 6 6 7 0 . 7 < 0 . 0 0 1

H  x  F 0 . 4 1 8 15 0 . 0 2 8 0 . 9 5 0 . 5 0

T  x  V 1 . 2 7 0 2 0 . 6 3 5 2 1 . 7 < 0 . 0 0 1

T  x  F 0 . 1 6 2 6 0 . 0 2 7 0 . 9 2 0.48

V  X  F 0 . 2 5 4 3 0 . 0 8 5 2 . 9 0 0.03

H  X  T  X  V 1 . 3 7 5 10 0 . 1 3 7 4 . 7 0 < 0 . 0 0 1

H  X  T  X  F 0 . 6 7 8 30 0 . 0 2 3 0 . 7 7 0 . 8 1

H  X  V  X  F 1 . 2 8 5 15 0 . 0 8 6 2 . 9 3 < 0 . 0 0 1

T  X  V  x F 0 . 1 9 4 6 0 . 0 3 2 1 . 1 0 0 . 3 6

H  X  T  X  V X  F 0 . 5 0 2 30 0 . 0 1 7 0 . 5 7 0 . 9 7

E x p l a i n e d 2 4 . 4 9 4 143 0 . 1 7 1 5 . 8 6 < 0 . 0 0 1

R e s i d u a l 5 6 . 2 4 7 1 9 2 4 0 . 0 2 9

T o t a l 8 0 . 7 4 1 2 0 6 7
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T a b l e  A 7 - 5 b  ANOVA of Pelli-Robson chart results with 
Rigid Diffractive BCL with DZJ height (1.8, 2.0, 2.2,
2.5, 2.6, 3.0 /im) and tool (250 /zm, 100 /¿m, flatted).

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F r a t i o s i g n i f . 
o f  F

D Z J H t  (H) 0 . 1 3 5 5 0 . 0 2 7 2.2 0 . 0 5 1

T o o l  (T) 0 . 1 6 4 2 0 . 0 8 2 6.7 0 . 0 0 1

V e r g e n c e (V) 0 . 2 0 0 1 0 . 2 0 0 1 6 . 4 < 0 . 0 0 1

H  x  T 0 . 0 5 8 10 0 . 0 0 6 0 . 4 8 0 . 9 1

H  x  V 2 . 5 2 7 5 0 . 5 0 5 4 1 . 5 < 0 . 0 0 1

T  x  V 0 . 2 3 6 2 0 . 1 1 8 9. 7 < 0 . 0 0 1

H  x  T  x  V 0 . 2 4 8 10 0 . 0 2 5 2 . 0 4 0 . 0 2 8

E x p l a i n e d 3 . 4 9 9 35 0 . 1 0 0 8.2 < 0 . 0 0 1

R e s i d u a l 5 . 7 6 0 473 0 . 2 0

T o t a l 9 . 2 5 9 50 8
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T a b l e  A 7 - 5 c  ANOVA of Visual Acuity results (10% and 90% 
contrast) with Rigid Diffractive BCL with DZJ height
(1.8/ 2.0/ 2.2/ 2.5/ 
100 nm/ flatted).

2.6/ 3.0 /im) and tool (250 /xni/

S u m  o f  

S q u a r e s

d f M e a n

S q u a r e

F r a t i o s i g n i f . 
o f  F

D Z J H t  (H) 6 5 . 7 8 9 5 1 3 . 1 5 8 1 5 . 6 < 0 . 0 0 1

T o o l  (T) 1 . 9 0 9 2 0 . 9 5 5 1 . 1 3 0 . 3 2

V e r g e n c e (V) 2 6 . 9 2 8 1 2 6 . 9 2 8 3 2 . 0 < 0 . 0 0 1

L e t t e r
C o n t r a s t (H) 4 3 3 . 1 6 5 1 4 3 3 . 1 6 5 5 1 4 . 4 < 0 . 0 0 1

H  x  T 2 5 . 5 7 8 10 2 . 5 5 8 3 . 0 4 0 . 0 0 1

H  x  V 3 3 6 . 7 6 8 5 6 7 . 3 5 4 8 0 . 0 < 0 . 0 0 1

H  x  H 1 0 . 7 6 2 5 2 . 1 5 2 2 . 6 0 . 0 2 6

T  x  V 6 6 . 9 1 8 2 3 3 . 4 5 9 3 9 . 7 < 0 . 0 0 1

T  x  H 0 . 3 5 1 2 0 . 1 7 6 0 . 2 1 0 . 8 1

V  x  H 0 . 0 7 7 1 0 . 0 7 7 0 . 0 9 0 . 7 6

H  x  T  x  V 3 5 . 3 0 4 10 3 . 5 3 0 4.2 < 0 . 0 0 1

H  X  T  X  C 3 . 2 6 1 10 0 . 3 2 6 0 . 3 9 0 . 9 5

H  X  V  X  C 1 9 . 3 4 3 5 3 . 8 6 9 4 . 6 < 0 . 0 0 1

T  X  V  X  C 1 . 0 6 2 2 0 . 5 3 1 0 . 6 3 0.53

H  X  T  X  V X  C 8 . 2 9 2 10 0 . 8 2 9 0 . 9 8 5 0 . 4 6

E x p l a i n e d 1 0 1 8 . 0 1 3 71 1 4 . 3 3 8 1 7 . 0 < 0 . 0 0 1

R e s i d u a l 7 9 6 . 6 9 3 9 4 6 0 . 8 4 2

T o t a l  1 8 1 4 . 7 0 6  1 0 1 7
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T a b l e  A 7 - 6 a  ANOVA of Contrast Sensitivity Results (2, 4, 
8, 16 c.p.d.) with rigid diffractive BCL (DZJ height =
2.0 fim) compares four different tools (250 \m, 100 nm,
50 urn, flatted).

S u m  o f  

S q u a r e s

d f M e a n
S q u a r e

F r a t i o s i g n i f . 
o f  F

T o o l  (T) 0 . 5 2 3 3 0 . 1 7 4 6 . 9 0 < 0 . 0 0 1

V e r g e n c e (V) 2 . 0 1 6 1 2 . 0 1 6 7 9 . 7 < 0 . 0 0 1

S p a t i a l

F r e q u e n c y (F) 0 . 9 2 3 3 0 . 3 0 8 1 2 . 2 < 0 . 0 0 1

T  x  V 0 . 5 0 0 3 0 . 1 6 7 6 . 5 9 < 0 . 0 0 1

T  x  F 0 . 0 6 8 9 0 . 0 0 8 0 . 3 0 0 . 9 8

V  x  F 0 . 3 8 3 3 0 . 1 2 8 5 . 0 5 0 . 0 0 2

T  x  V  x  F 0 . 1 3 5 9 0 . 0 1 5 0 . 5 9 0 . 8 0

E x p l a i n e d 4 . 5 4 8 31 0 . 1 4 7 5 . 8 0 < 0 . 0 0 1

R e s i d u a l 1 3 . 7 6 1 544 0 . 0 2 5

T o t a l 1 8 . 3 0 9 5 7 5

T a b l e  A 7 - 6 b  ANOVA of Pelli-Robson chart results with 
Rigid Diffractive BCL (DZJ height = 2.0 ¿¿m) compares four
different tools (250 pm, 100 Urn, 50 nm, flatted).

S u m  o f  

S q u a r e s
d f M e a n

S q u a r e

F r a t i o s i g n i f .  
o f  F

T o o l  (T) 0 . 1 6 4 2 0 . 0 8 2 6.7 0 . 0 0 1

V e r g e n c e (V) 0 . 2 0 0 1 0 . 2 0 0 1 6 . 4 < 0 . 0 0 1

T  x  V 0 . 2 3 6 2 0 . 1 1 8 9.7 < 0 . 0 0 1

E x p l a i n e d 3 . 4 9 9 35 0 . 1 0 0 8.2 < 0 . 0 0 1

R e s i d u a l 5 . 7 6 0 473 0 . 2 0

T o t a l 9 . 2 5 9 5 0 8
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T a b l e  A 7 - 6 c  ANOVA of Visual Acuity results (10% and 9 0 %  

contrast) with Rigid Diffractive BCL (DZJ height =
2 . 0  nm) compares four different tools (250 /¿m, 1 0 0  /¿m,
50 nm, flatted).

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F  r a t i o s i g n i f . 
o f  F

T o o l  (T) 4 . 8 4 5 3 1 . 6 1 5 3 . 1 8 0 . 0 2 5

V e r g e n c e (V) 7 8 . 3 3 4 1 7 8 . 3 3 4 1 5 4 . 0 < 0 . 0 0 1

L e t t e r
C o n t r a s t (C) 8 2 . 9 4 9 1 8 2 . 9 4 9 1 6 3 . 1 < 0 . 0 0 1

T  x  V 6 . 6 2 5 3 2 . 2 0 8 4 . 3 4 0 . 0 0 5

T  x  C 0 . 6 5 0 3 0 . 2 1 7 0 . 4 3 0 . 7 3

V  x  C 0 . 8 1 4 1 0 . 8 1 4 1 . 6 0 0 . 2 1

T  x  V  x  C 0 . 1 8 9 3 0 . 0 6 3 0 . 1 2 0 . 9 5

E x p l a i n e d 1 7 4 . 4 0 7 15 1 1 . 6 2 7 2 2 . 9 < 0 . 0 0 1

R e s i d u a l 1 3 4 . 2 4 7 264 0 . 5 0 9

T o t a l 3 0 8 . 6 5 4 27 9
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Table A7-7a MRA for visual performance measures with
rigid diffractive BCL made with the 250 /¿m tool.

CS at 2 c.p.d. a d j u s t e d  R 2 0 . 1 0 8

s t a n d a r d  e r r o r 0 . 1 1 7  n  = 2 7 8
C o n s t a n t D Z J  h e i g h t

D i s t a n c e - 0 . 0 8 8 7 - 0 . 1 1 1 1
N e a r - 0 . 3 8 6 6 0 . 0 2 6 0

CS at 4 c.p.d. a d j u s t e d  R 2 0 . 2 7 2
s t a n d a r d  e r r o r 0 . 1 7 0

C o n s t a n t
n  = 27 8

D Z J  h e i g h t
D i s t a n c e 0 . 1 4 1 6 - 0 . 2 3 5 0
N e a r - 0 . 7 8 9 2 0 . 1 6 4 5

C S  a t  8 c . p . d . a d j u s t e d  R 2 0 . 2 5 0

s t a n d a r d  e r r o r 0 . 2 0 1 n  = 278

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 0 . 1 4 7 0 - 0 . 2 4 3 1
N e a r - 0 . 9 1 7 9 0 . 2 0 2 8

CS at 16 c.p.d. a d j u s t e d  R 2 0 . 2 6 4
s t a n d a r d  e r r o r 0 . 2 2 3 n  = 278

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 0 . 2 2 9 1 - 0 . 2 9 3 9
N e a r - 0 . 9 6 7 0 0 . 1 9 3 6

PRC at 4 m a d j u s t e d  R 2 0 . 3 8 3

s t a n d a r d  e r r o r 0 . 1 1 7 n  = 2 7 0

C o n s t a n t D Z J  h e i g h t

D i s t a n c e 0 . 1 3 6 6 - 0 . 2 1 0 3

N e a r - 0 . 6 7 7 3 0 . 1 1 9 8

V A  l o w  c o n t r a s t a d j u s t e d  R 2 0 . 4 6 4

s t a n d a r d  e r r o r 1 . 1 0 4 n  = 27 0

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 2 . 3 9 0 8 - 2 . 1 0 0 7

N e a r - 6 . 8 1 5 8 1 . 6 0 3 3

V A  h i g h  c o n t r a s t a d j u s t e d  R 2 0 . 4 1 0

s t a n d a r d  e r r o r 0 . 8 9 1 n  = 2 7 0
C o n s t a n t D Z J  h e i g h t

D i s t a n c e 1 . 8 9 7 7 - 1 . 3 3 0 9
N e a r - 4 . 7 1 4 6 1 . 2 7 2 3

all terms significant p < 0.0001
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Table A7-7b MRA for visual performance measures with
rigid diffractive BCL made with the 100 /zm tool.

CS at 2 c.p.d. a d j u s t e d  R 2 0 . 0 4 2
s t a n d a r d  e r r o r 0 . 1 2 4 n  = 149

C o n s t a n t D Z J  h e i g h t
D i s t a n c e - 0 . 1 7 2 1 - 0 . 0 6 0 8
N e a r - 0 . 4 5 6 6 0 . 0 6 6 9

CS at 4 c.p.d. a d j u s t e d  R 2 0 . 3 0 0
s t a n d a r d  e r r o r 0 . 1 3 7 n  = 149

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 0 . 0 6 3 7 - 0 . 1 7 7 7
N e a r - 0 . 8 0 2 3 0 . 1 9 0 9

CS at 8 c.p.d. a d j u s t e d  R 2 0 . 2 2 8
s t a n d a r d  e r r o r 0 . 1 7 2 n  = 149

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 0 . 0 1 5 6 - 0 . 1 5 8 3
N e a r - 0 . 9 0 2 9 0 . 1 9 9 8

CS at 16 c.p.d. a d j u s t e d  R 2 0 . 1 7 0
s t a n d a r d  e r r o r 0 . 1 9 9 n  = 149

C o n s t a n t D Z J  h e i g h t
D i s t a n c e - 0 . 0 7 0 8 - 0 . 1 6 3 9
N e a r - 0 . 9 9 2 6 0 . 2 1 5 4

PRC at 4 m a d j u s t e d  R 2 0 . 3 8 0
s t a n d a r d  e r r o r 0 . 1 0 2 n  = 147

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 0 . 1 5 6 8 - 0 . 2 0 1 5
N e a r - 0 . 6 1 9 2 0 . 1 1 1 9

VA low contrast a d j u s t e d  R 2 0 . 3 5 8
s t a n d a r d  e r r o r 1 . 0 6 3 n  = 147

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 2 . 0 9 9 3 - 1 . 9 2 7 0
N e a r - 5 . 6 1 9 4 1 . 1 5 4 0

VA high contrast a d j u s t e d  R 2 0 . 3 5 8
s t a n d a r d  e r r o r 0 . 8 8 4 n  = 147

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 2 . 7 4 7 2 - 1 . 6 8 1 9
N e a r - 3 . 3 5 2 2 0 . 7 0 9 3

all terms significant p < 0.0001
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Table A7-7c MRA for visual performance measures with
rigid diffractive BCL made with the Flatted tool.

CS at 2 c.p.d.
s t a n d a r d  e r r o r 0.125

a d j u s t e d  

n  =

R 2 0.085
131

D i s t a n c e
C o n s t a n t

-0.2941
D Z J h e i g h t

-0.0384
N e a r -0.5201 0.0818

CS at 4 c.p.d.
s t a n d a r d  e r r o r 0.157

a d j u s t e d  

n  =

R 2 0.427
131

D i s t a n c e
C o n s t a n t

0.0884
D Z J h e i g h t

-0.2310
N e a r -0.9454 0.2623

CS at 8 c.p.d.
s t a n d a r d  e r r o r 0.195

a d j u s t e d  
n =

R 2 0.240
131

D i s t a n c e
C o n s t a n t
-0.0151

D Z J h e i g h t
-0.1875

N e a r -0.9112 0.2310

CS at 16 c.p.d. a d j u s t e d  R 2 0.273
s t a n d a r d  e r r o r 0.189 n  = 131

C o n s t a n t D Z J  h e i g h t
D i s t a n c e -0.0717 -0.1925
N e a r -0.9665 0.2340

PRC at 4 m a d j u s t e d  R 2 0.338
s t a n d a r d  e r r o r 0.119 n  = 131

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 0.0717 -0.1850
N e a r -0.6859 0.1544

VA low contrast a d j u s t e d  R 2 0.444
s t a n d a r d  e r r o r 1.150 n  = 131

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 2.8339 -2.4917
N e a r -4.7278 1.0806

VA high contrast a d j u s t e d  R 2 0.407
s t a n d a r d  e r r o r 1.008 n  = 131

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 3.5444 -2.1861
N e a r -2.5547 0.6500

all terms significant p < 0.0001
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T a b l e  A 7 - 8 a  ANOVA of Contrast Sensitivity Results (2, 4, 
8, 16 c.p.d.) with soft diffractive BCL (DZJ height = 
3.0 nm, 100 /¿m tool) compares "reverse" add to 
conventional add BCL.

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F r a t i o s i g n i f . 
o f  F

L e n s  T y p e  (T) 0 . 0 9 9 1 0 . 0 9 9 2 . 8 1 0 . 1 0

V e r g e n c e  (V) 0 . 0 0 6 1 0 . 0 0 6 0 . 1 8 0 . 6 7

S p a t i a l

F r e q u e n c y  (F) 1 . 8 2 4 3 0 . 6 0 8 1 7 . 3 < 0 . 0 0 1

T  x  V  1 . 3 6 4 1 1 . 3 6 4 3 8 . 7 < 0 . 0 0 1

T  x  F 0 . 0 4 7 3 0 . 0 1 6 0 . 4 4 0 . 7 2

V  x  F 0 . 0 1 9 3 0 . 0 0 6 0 . 1 8 0 . 9 1

T  X  V  X  F 0 . 0 3 8 3 0 . 0 1 3 0 . 3 6 0 . 7 8

E x p l a i n e d  3 . 3 9 8 15 0 . 2 2 7 6 . 4 3 < 0 . 0 0 1

R e s i d u a l  7 . 3 2 6 208 0 . 0 3 5

T o t a l  1 0 . 7 2 4 223

T a b l e  A 7 - 8 b  ANOVA of Pelli-Robson 
soft diffractive BCL (DZJ height = 3. 
compares "reverse" add to conventional

chart results with 
0 /zm, 100 nm tool) 
add BCL.

S u m  o f  
S q u a r e s

d f M e a n

S q u a r e

F r a t i o s i g n i f .  
o f  F

L e n s  T y p e  (T) 0 . 0 0 4 1 0 . 0 0 4 0 . 1 7 0 . 6 9

V e r g e n c e  (V) 0 . 0 0 1 1 0 . 0 0 1 0 . 0 5 0 . 8 3

T  x  V  0 . 3 0 9 1 0 . 3 0 9 1 4 . 4 < 0 . 0 0 1

E x p l a i n e d  0 . 3 1 4 3 0 . 1 0 5 4 . 8 6 0 . 0 0 5

R e s i d u a l  1 . 1 8 4 55 0 . 0 2 2

T o t a l  1 . 4 9 7 58
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T a b l e  A 7 - 8 c  ANOVA of Visual Acuity results (10% and 90% 
contrast) with soft diffractive BCL (DZJ height = 3.0 ¿im, 
100 ¿¿m tool) compares "reverse" add to conventional add 
BCL.

S u m  o f  
S q u a r e s

d f M e a n
S q u a r e

F r a t i o s i g n i f . 
o f  F

L e n s  T y p e (T) 8 . 7 7 1 1 8 . 7 7 1 4 . 5 7 0 . 0 3 5

V e r g e n c e (V) 0 . 0 0 2 1 0 . 0 0 2 0 . 0 0 1 0 . 9 8

L e t t e r
C o n t r a s t (C) 8 5 . 5 5 4 1 8 5 . 5 5 4 4 4 . 5 < 0 . 0 0 1

T  x  V 1 1 . 1 0 3 1 1 1 . 1 0 3 5 . 7 8 0 . 0 1 8

T  x  C 0 . 6 7 2 1 0 . 6 7 2 0 . 3 5 0 . 5 6

V  x  C 0 . 0 3 8 1 0 . 0 3 8 0 . 0 2 0 . 8 9

T  x  V  x  C 1 . 5 7 5 1 1 . 5 7 5 0 . 8 2 0 . 3 7

E x p l a i n e d 1 0 7 . 7 0 1 7 1 5 . 3 8 6 8 . 0 1 < 0 . 0 0 1

R e s i d u a l 2 1 1 . 3 7 6 110 1 . 9 2 2

T o t a l 3 1 9 . 0 7 6 117

- page 321 -



APPENDIX

APPENDIX 8 Tables relating to the prediction 

of Optical and Visual Performance 

from surface profile measurements 

of rigid diffractive bifocal contact lenses 

-  section 4.5

T a b l e  A 8 - l a  MRA which described optical performance 
(average modulation) with rigid diffractive BCL at 548 nm 
and 573 nm in terms of the measured DZJ height of the 
third DZJ. All terms were highly significant (p < 
0 . 0001 ).

Wavelength: 548 nm a d j u s t e d  R 2 0 . 7 8 4

s t a n d a r d  e r r o r 0 . 0 4 7 n  = 46

C o n s t a n t D Z J  h e i g h t

D i s t a n c e 0 . 5 7 2 8 - 0 . 1 7 1 7

N e a r - 0 . 1 9 6 9 0 . 2 1 4 6

Wavelength: 573 nm a d j u s t e d  R 2 0 . 7 5 1

s t a n d a r d  e r r o r 0 . 0 4 7 n = 43

C o n s t a n t D Z J  h e i g h t

D i s t a n c e 0 . 5 4 6 6 - 0 . 1 5 7 4

N e a r - 0 . 1 8 8 5 0 . 1 9 7 2

T a b l e  A 8 - l b  MRA which described optical performance 
(average modulation) with rigid diffractive BCL at 548 nm 
and 573 nm in terms of the average measured DZJ height. 
All terms were highly significant (p < 0.0001).

Wavelength: 548 nm a d j u s t e d  R 2 0 . 8 0 7

s t a n d a r d  e r r o r 0 . 0 4 4 n  = 46

C o n s t a n t D Z J  h e i g h t

D i s t a n c e 0 . 6 0 4 3 - 0 . 1 8 7 7

N e a r - 0 . 2 3 6 6 0 . 2 3 4 7

Wavelength: 573 nm a d j u s t e d  R 2 0 . 7 8 2

s t a n d a r d  e r r o r 0 . 0 4 4  n  = 43

C o n s t a n t D Z J  h e i g h t

D i s t a n c e 0 . 5 8 0 0 - 0 . 1 7 4 0

N e a r - 0 . 2 2 3 2 0 . 2 1 4 6
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T a b l e  A 8 - 2  MRA which described the visual performance 
with rigid diffractive BCL in terms of the average 
measured DZJ height. All terms were highly significant
(p < 0.0001).

CS at 2 c.p.d. a d j u s t e d  R 2 0 . 3 9 4
s t a n d a r d  e r r o r 0 . 0 8 0 n  = 48

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 0 . 1 0 5 1 - 0 . 2 1 8 1
N e a r - 0 . 3 3 2 6

CS at 4 c.p.d. a d j u s t e d  R 2 0 . 4 2 5

s t a n d a r d  e r r o r 0 . 1 2 9 n  = 48

C o n s t a n t D Z J  h e i g h t

D i s t a n c e 0 . 3 6 4 7 - 0 . 3 7 4 9

N e a r - 0 . 4 1 5 7

C S  a t  8 c . p . d . a d j u s t e d  R 2 0 . 4 1 4

s t a n d a r d  e r r o r 0 . 1 7 2 n  = 48

C o n s t a n t D Z J  h e i g h t

D i s t a n c e 0 . 4 2 7 5 - 0 . 4 1 5 3

N e a r - 0 . 9 6 1 0 0 . 2 2 4 6

CS a t  16 c.p.d. a d j u s t e d  R 2 0 . 4 3 8

s t a n d a r d  e r r o r 0 . 1 9 0 n  = 48

C o n s t a n t D Z J  h e i g h t

D i s t a n c e 0 . 4 4 2 4 - 0 . 2 4 7 7

N e a r - 1 . 1 3 6 1 0 . 1 5 8 6

PRC at 4 m a d j u s t e d  R 2 0 . 5 1 7

s t a n d a r d  e r r o r 0 . 0 9 2 n  = 48

C o n s t a n t D Z J  h e i g h t

D i s t a n c e 0 . 1 5 9 8 - 0 . 2 4 7 7

N e a r - 0 . 7 4 4 2 0 . 1 5 8 6

V A  l o w  c o n t r a s t a d j u s t e d  R 2 0 . 6 3 5

s t a n d a r d  e r r o r 0 . 9 9 0 n  = 48

C o n s t a n t D Z J  h e i g h t
D i s t a n c e 3 . 9 2 1 8 - 3 . 0 8 8 4

N e a r - 8 . 4 6 4 5 2 . 4 5 6 5

VA high contrast a d j u s t e d  R 2 0 . 5 5 9
s t a n d a r d  e r r o r 0 . 7 6 6 n  = 48

C o n s t a n t D Z J  h e i g h t

D i s t a n c e 1 . 9 1 7 5 - 1 . 5 0 3 6

N e a r - 5 . 8 0 0 4 1 . 7 8 1 2
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APPENDIX 9 Tables relating to the prediction of Visual 

Performance from Optical Performance measurements -

section 4.6
Table A 9-la MRA which described visual performance with refractive BCL in terms 
of the log relative MTF measured at 4, 12, 25 and 66 c.p.d. with the BCL over a 3 
mm aperture stop.

CS a t  2 c . o . d . CS a t  4 c . D . d .

A d j u s t e d  R 2 0 . 3 9 4 0 . 7 3 7

s.e. 0 . 1 1 2 0 . 0 8 3

n  = 36 36

P =  0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 0 . 3 2 1 8
* * * *

- 0 . 3 0 6 2

4 c . p . d . 0 . 4 6 5 9 0 . 5 3 4 8

12 c . p . d . - 0 . 4 2 3 0

25 c . p . d . - 0 . 4 0 0 5

66 c . p . d . 0 . 0 9 0 2

CS a t  8 c . D . d . CS at 16 c . D . d .

A d j u s t e d  R 2 0 . 5 1 8 0 . 4 4 6

s.e. 0 . 1 2 1 0 . 1 4 0

n  = 36 36

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 0 . 4 1 7 1
* * * *

- 0 . 4 2 3 9

4 c . p . d . 0 . 6 1 3 9
x x x x

0 . 5 6 8 5

12 c . p . d . - 0 . 5 6 1 2
"kick

- 0 . 3 0 8 3

25 c . p . d . 0 . 1 7 7 5

66 c . p . d . 0 . 0 9 0 2

P R C  a t  4 m

A d j u s t e d  R 2 0 . 6 1 0

s.e. 0 . 0 9 8

n  = 36

P < 0 . 0 0 0 1

c o n s t a n t - 0 . 3 2 7 9
* * * *

4 c . p . d . 0 . 6 4 7 9

12 c . p . d . - 0 . 5 1 2 5

25 c . p . d .

66 c . p . d .

l o w c o n t r a s t  V A h i a h c o n t r a s t  V A

* * * *

* * * *

* * * *

* * * *  
*  *  *  *  

**

A d j u s t e d  R 2 0 . 6 4 3 0 . 5 1 1

s.e. 0 . 7 4 1 0 . 6 8 9

n  = 36 36

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 1 . 5 6 9 6
* * * * 
**

* * * *

- 0 . 0 8 2 0

4 c . p . d .  

12 c . p . d .

3 . 2 4 8 1

- 2 . 7 2 7 6 - 0 . 5 6 3 9  *

25 c . p . d .  

66 c . p . d . 0 . 8 7 3 2
*

1 . 3 0 5 0  * * * *
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Table A9-lb M R A  which described visual performance with refractive BCL in 
terms of the log relative M T F  measured at 4, 12, 25 and 66 c.p.d. with the BCL 
over a 3.5 mm aperture stop.

C S  a t  2 c . o . d . CS a t  4 c . D . d .
A d j u s t e d  R 2 0 . 3 7 1 0 . 5 6 9

s. e. 0 . 1 1 6 0 . 0 9 9

n  = 34 34

P =  0 . 0 0 0 3 < 0 . 0 0 0 1

c o n s t a n t
„ _ _ _ _  * * * * 

- 0 . 2 2 3 7 - 0 . 2 6 1 4
4 c . p . d .  

12 c . p . d .  

25 c . p . d .  
66 c . p . d .

„ - _  * * * *  
- 0 . 1 9 7 0

0 . 2 2 4 5

- 0 . 1 6 7 4

0 . 1 1 5 3

CS a t  8 c. p . d ._______ CS a t  16 c . p . d .
A d j u s t e d  R 2 0 . 3 6 6 0 . 3 2 9

s.e. 0 . 1 4 1 0 . 1 5 8
n  = 34 34

P =  0 . 0 0 0 1 =  0 . 0 0 0 2

c o n s t a n t - 0 . 4 0 0 1
* * * *  

* * * *
- 0 . 3 9 8 0

4 c . p . d .  

12 c . p . d .  
25 c . p . d .  

66 c . p . d .

0 . 2 1 4 3 0 . 2 2 3 3

P R C  a t  4 m
A d j u s t e d  R 2 0 . 5 4 0

s.e. 0 . 1 0 7
n  = 34

P < 0 . 0 0 0 1

c o n s t a n t - 0 . 2 1 8 3
* * * *

4 c . p . d . 0 . 1 7 2 7

12 c . p . d .  

25 c . p . d .  

66 c . p . d .

- 0 . 2 3 2 7

0 . 1 8 3 5

* * * *  

* *

l o w c o n t r a s t  V A h i a h c o n t r a s t  V A

A d j u s t e d  R 2 0 . 7 2 1 0 . 5 4 3

s.e. 0 . 6 5 2 0 . 5 4 6
n  = 34 34

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 1 . 4 4 0 0
* * * * 
* * * *  

* * * *

- 0 . 5 9 2 4

4 c . p . d . 2 . 7 9 6 9 1 . 1 8 0 4
12 c . p . d . - 1 . 8 8 0 9
25 c . p . d .  

66 c . p . d . 0 . 6 3 1 8
*

* = p < 0.1; ** = p < 0.01; *** p < 0.001; **** = p < 0.0001
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Table A9-lc MRA which described visual performance with refractive BCL in terms 
of the log relative MTF measured at 4, 12, 25 and 66 c.p.d. with the BCL over a 4 
mm aperture stop.

CS a t  2 c . o . d . CS a t  4 c . o . d .
A d j u s t e d  R 2 0 . 4 6 7 0 . 7 7 8

s.e. 0 . 1 0 5 0 . 0 7 7
n  = 36 36

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 0 . 2 4 9 0
* * * *

- 0 . 2 3 3 6
4 c . p . d .

12 c . p . d . 1 . 4 0 9 6
* * * *

1 . 4 0 0 4
25 c . p . d . - 0 . 9 9 2 0

* * * *
- 0 . 7 6 7 3

66 c . p . d .

CS a t  8 c . o . d . CS a t  16 c . o . d .

A d j u s t e d  R 2 0 . 5 5 4 0 . 4 6 1
s.e. 0 . 1 1 6 0 . 1 3 8
n  = 36 36

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 0 . 3 1 0 8 - 0 . 3 0 9 7
4 c . p . d . - 0 . 2 4 0 1

“k
- 0 . 3 3 4 9

12 c . p . d . 1 . 5 0 1 5 1 . 6 8 0 6
25 c . p . d . - 0 . 6 1 5 7 - 0 . 6 7 3 4
66 c . p . d .

P R C  a t  4 m
A d j u s t e d  R 2 0 . 8 0 3

s.e. 0 . 0 6 9
n  = 36

P < 0 . 0 0 0 1

c o n s t a n t - 0 . 2 0 1 2
* * * *

4 c . p . d .
12 c . p . d . 1 . 7 6 6 1

25 c . p . d . - 1 . 1 4 1 0
* * * *

66 c . p . d .

l o w c o n t r a s t  V A h i a h c o n t r a s t  V A
A d j u s t e d  R 2 0 . 6 4 3 0 . 4 6 9

s.e. 0 . 7 4 1 0 . 7 1 8
n  = 36 36

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 1 . 5 6 9 6
* * * *

- 0 . 2 0 4 7
4 c . p . d .

12 c . p . d . 1 0 . 1 3 6 7
* * * *

1 . 1 9 4 0
25 c . p . d . - 5 . 4 2 6 8

kk ick

66 c . p . d . 0 . 6 2 9 2

*  *  *  *

* * * * 
*  *  *  *

* * * *
*

* *
*

*

*

* = p < 0.1; ** = p < 0.01; *** p < 0.001; **** = p < 0.0001
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Table A9-ld M R A  which described visual performance with refractive B C L  in
terms of the log relative M T F  measured at 4, 12, 25 and 66 c.p.i
over a 5 m m  aperture stop.

CS a t  2 c . p . d . CS a t  4 c . D . d .

A d j u s t e d  R 2 0 . 3 6 5 0 . 7 5 1
s. e. 0 . 1 1 4 0 . 0 8 1

n  = 36 36

P =  0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 0 . 1 6 6 3
* * * *

- 0 . 1 6 2 3

4 c . p . d . 0 . 3 1 0 2
x x x x

- 0 . 3 9 1 9
12 c . p . d .
25 c . p . d . 0 . 7 5 3 1

66 c . p . d .

c s a t  8 c . p . d . CS a t  16 c . p . d .
A d j u s t e d  R 2 0 . 5 0 5 0 . 4 1 5

s.e. 0 . 1 2 2 0 . 1 4 4
n  = 36 36

P < 0 . 0 0 0 1 =  0 . 0 0 0 1

c o n s t a n t - 0 . 2 9 2 6
* * * *

- 0 . 3 2 7 7
4 c . p . d . - 0 . 4 9 8 7

■Jc

12 c . p . d .
25 c . p . d . 1 . 0 6 5 0 0 . 8 6 7 6
66 c . p . d . - 0 . 1 6 7 3 0 . 2 8 9 9

P R C  a t  4 m

A d j u s t e d  R 2 0 . 7 9 2
s.e. 0 . 0 7 1
n  = 36

P < 0 . 0 0 0 1

c o n s t a n t - 0 . 1 1 7 8
* * * *

4 c . p . d .
12 c . p . d . 0 . 4 8 7 5

25 c . p . d .

66 c . p . d .

l o w c o n t r a s t  V A hicrh c o n t r a s t  V A

A d j u s t e d  R 2 0 . 7 9 7 0 . 4 2 2
s.e. 0 . 5 6 0 0 . 7 5 0

n  = 36 36

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 0 . 6 3 4 4
**

- 2 . 4 0 7 8
4 c . p . d .
12 c . p . d .
25 c . p . d . - 1 . 8 8 0 9 4 . 3 2 0 0

66 c . p . d . - 0 . 6 8 5 3
"k

*  *  *  *  

*

*  *  *  *

* * **

* * * *

* * *

* * * *

* * * *

* = p < 0.1; ** = p < 0.01; *** p < 0.001; **** = p < 0.0001
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Table A9-2a MRA which described visual performance with rigid diffractive BCL in 
terms of the log relative MTF measured at 4, 12, 25 and 66 c.p.d. using the 548 nm 
interference filter.

CS a t  2 c . p . d . _________C S  a t  4 c . p . d .
A d j u s t e d  R 2 0 . 4 7 8 0 . 7 8 5

s. e. 0 . 0 6 1 0 . 0 7 8

n  = 46 46

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 0 . 2 2 8 7
* * * *

- 0 . 1 3 7 7
* * * *

4 c . p . d .  
12 c . p . d .  
25 c . p . d .

0 . 2 3 9 5
* * * *

0 . 6 0 7 0
* * * *

66 c . p . d .

CS a t  8 c . p . d . CS a t  16 c . D . d .
A d j u s t e d  R 2 0 . 6 4 1 0 . 5 9 8

s. e. 0 . 0 9 6 0 . 1 1 7
n = 46 46

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t
1

- 0 . 2 1 3 5
* * * *

- 0 . 2 1 4 3
4 c . p . d .  

12 c . p . d .  
25 c . p . d .  
66 c . p . d . 0 . 5 3 4 5

* * * *
0 . 5 2 2 9

* * **

P R C  a t  4 m
A d j u s t e d  R 2 0 . 6 9 1

s.e. 0 . 0 6 1
n  = 46

P < 0 . 0 0 0 1

c o n s t a n t - 0 . 2 2 8 1
* * * *

4 c . p . d .  
12 c . p . d .  

25 c . p . d .  

66 c . p . d .

0 . 3 9 7 5

- 0 . 3 9 2 6

0 . 4 1 9 9

*

*

*

l o w c o n t r a s t  V A h i a h c o n t r a s t  V A

A d j u s t e d  R 2 0 . 7 0 7 0 . 6 9 5
s.e. 0 . 6 4 5 0 . 5 0 0
n  = 46 46

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 1 . 2 0 7 6 - 0 . 5 3 9 7
** *

4 c . p . d .  
12 c . p . d .  

25 c . p . d .
* * * *

- 1 . 6 7 6 3
* *

* * * *
66 c . p . d . 4 . 5 2 3 0 4 . 9 0 8 9

* = p < 0.1; ** ■= P < 0.01; *** p < 0.001; **** = p < 0.0001
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Table A9-2b MRA which described visual performance with rigid diffractive BCL
in terms of the log relative MTF measured at 4, 12, 25 and 66 c.p.d. using the 573
nm interference filter.

CS a t  2 c . p . d . CS a t  4 c . p . d .
A d j u s t e d  R 2 0 . 4 0 2 0 . 8 1 9

s . e. 0 . 0 5 6 0 . 0 6 3

n  = 42 42

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 0 . 2 4 9 9
* * * *

- 0 . 1 5 3 9
* * * *

4 c . p . d .  

12 c . p . d .  
25 c . p . d .

0 . 2 2 1 6
* * * *

0 . 6 4 5 2
•k Jc ick

66 c . p . d .

CS a t  8 c . p . d . CS a t  16 c . p . d .
A d j u s t e d  R 2 0 . 7 3 1 0 . 6 8 4

s.e. 0 . 0 7 6 0 . 0 9 2
n  = 42 42

P < 0 . 0 0 0 1 =  0 . 0 0 0 1

c o n s t a n t  

4 c . p . d .
- 0 . 1 9 3 7

* * * *

* * * *

- 0 . 2 0 8 9
* * * *

12 c . p . d .  

25 c . p . d .
0 . 6 0 0 6

0 . 6 0 1 4
* * * *

66 c . p . d .

P R C  a t  4 m

A d j u s t e d  R 2 0 . 8 0 1
s.e. 0 . 0 4 4
n  = 42

P < 0 . 0 0 0 1

c o n s t a n t - 0 . 2 4 6 9
* * * *

4 c . p . d .  

12 c . p . d .  
25 c . p . d .  

66 c . p . d .

0 . 3 5 2 5

- 0 . 3 8 2 6

0 . 4 8 6 3

*
*

**

i

l o w c o n t r a s t  V A h i a h c o n t r a s t  V A
A d j u s t e d  R 2 0 . 8 8 0 0 . 7 6 5

s.e. 0 . 4 3 0 0 . 4 4 9
n  = 42 42

P < 0 . 0 0 0 1 < 0 . 0 0 0 1

c o n s t a n t - 0 . 9 0 4 5
* * * *

- 0 . 2 4 6 2
*

4 c . p . d .  

12 c . p . d . 2 . 9 9 1 1
*

25 c . p . d .
* * * *

66 c . p . d . 2 . 6 6 5 2 3 . 9 4 5 7

* = p < 0.1; ** = p < 0.01; *** p < 0.001; **** = p < 0.0001
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