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* 
ABSTRACT 

The o b j e c t i v e s  of  t h i s  t h e s i s  were t o  d e v e l o p  and  t e s t  

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

t h e  s i z e ,  shape and r e l a t i v e  o r i e n t a t i o n s  of t h e  bones t h a t  a r e  

c o n t a i n e d  w i t h i n  below knee a r t i f i c i a l  l i m b  socke t s .  

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

s o c k e t  shape .  P r e s s u r e  on t h e  bone  m u s t  b e  k e p t  t o  a  minimum 

w h i l e  m a i n t a i n i n g  c l o s e  c o n t a c t  t o  a v o i d  e x c e s s i v e  movement 

b e t w e e n  t h e  s o c k e t  and t h e  r e s i d u a l  l i m b .  A c o m p u t e r - a i d e d  

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

developed. T h i s  sys tem reproduces  t h e  e x t e r n a l  s u r f a c e  shape of 

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

r e s u l t i n g  from t h i s  t h e s i s  p r o j e c t  w i l l  be used t o  a s s i s t  i n  t h e  

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

r e l a t i v e  t o  t h e  e x t e r n a l  shape. 

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

C o m p u t e r i z e d  Tomography (CT) .  I m a g e s  w e r e  p r o d u c e d  a t  4mm and 

8mm i n t e r v a l s  a l o n g  t h e  l e n g t h  of t h e  bones. These images were 

d i g i t i z e d  and t r a n s f o r m e d  t o  a  t h r e e  d imens iona l  computer  image 

of  e a c h  bone. 

Uni fo rm d i l a t i o n ,  o r t h o g o n a l ,  n o n o r t h o g o n a l  and  non- 

homogeneous p r o c e d u r e s  were  developed f o r  t r a n s f  orming t h e  CT 

r e f e r e n c e  bone shapes  t o  t h e  shapes  of amputees '  bones. 

iii 



The bone shapes  from 6 amputees  were  r e c o n s t r u c t e d  from t h e  

r e f e r e n c e  s h a p e s .  The a c t u a l  bone  s h a p e s  of  t h e  a m p u t e e s  w e r e  

a l s o  m e a s u r e d  d i r e c t l y  by  CT s c a n  r e c o n s t r u c t i o n .  T h e  

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

measured s h a p e s  f o r  d e t e r m i n a t i o n  of shape  r e p l i c a t i o n  accuracy.  

The s c a l i n g  p r o c e d u r e s  d i d  n o t  c o n s i s t e n t l y  g e n e r a t e  bone 

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

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

nonhomogeneous shape  d i f f e r e n c e s  between bones of t h e  same type.  

The m o s t  c o n s i s t a n t  s c a l i n g  i m p r o v e m e n t  was  f o r  t h e  p a t e l l a ,  

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

between bones. Some of t h e  nonhomogeneous f e a t u r e s  be tween bones 

w e r e  i d e n t i f i e d .  I t  i s  p r o b a b l e  t h a t  i m p r o v e d  nonhomogeneous  

s c a l i n g  a l g o r i t h m s  cou ld  r e p l i c a t e  t h e s e  shape  d i f f e r e n c e s .  
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INTRODUCTION 

A lower l imb p r o s t h e s i s  f o r  below knee amputat ions  c o n s i s t s  

of an a r t i f i c i a l  f o o t ,  a  socke t  i n t e r f a c e  t o  t h e  r e s i d u a l  l imb,  

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

o r i e n t a t i o n  and a c o s m e t i c  cove r .  The s o c k e t ,  which  i s  t h e  

concern of t h i s  p r o j e c t ,  has s e v e r a l  b u i l t  i n  f e a t u r e s  dependent 

on r e s i d u a l  l i m b  t i s s u e s  and a m b u l a t i o n  f o r c e s .  The f o r c e s  

g e n e r a t e d  d u r i n g  a m b u l a t i o n  mus t  be  d i s t r i b u t e d  o v e r  a r e a s  of  

t i s s u e  t o l e r a n t  of r e p e t i t i v e  loading.  To provide t h e  necessary  

p r e s s u r e  d i s t r i b u t i o n ,  t h e  s o c k e t  s h a p e  i s  d i f f e r e n t  f rom t h e  

un loaded  r e s i d u a l  l i m b  shape.  The s o c k e t  volume i s  r educed  i n  

a r e a s  t h a t  c a n  t a k e  r e p e t i t i v e  l o a d i n g  such  a s  t h e  m u s c l e s  and 

p a t e l l a r  tendon, and is inc reased  i n  t h e  non- to le ran t  a r e a s  such 

a s  bone,  ( B a r c l a y ,  1969) .  Some p r o s t h e t i c  t e c h n i q u e s  c o n s t r i c t  

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

c o n d y l e s  t o  p r o v i d e  s u s p e n s i o n  d u r i n g  non-weight  b e a r i n g  

per iods ,  (Lyquis t ,  1969). When t h e  socke t  i s  pu t  on t h e  r e s i d u a l  

l i m b ,  s o f t  t i s s u e s  a r e  d i s t o r t e d  t o  accommodate t h e  s o c k e t  

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

d i scomfor t  t h e  socke t  must f i t  t h e  i n d i v i d u a l  p a t i e n t  ex t remely  

w e l l .  Therefore ,  s o c k e t s  a r e  predominant ly  custom made. 

I t  is  e s t ima ted  t h a t  t h e r e  a r e  between 250,000 and 300,000 

a m p u t e e s  i n  North  Amer ica ,  ( L e a v i t t  e t  a l ,  1972;  P h i l a d e l p h i a ,  

1976). Below knee amputees c o n s t i t u t e  a s u b s t a n t i a l  p ropor t ion  

of t h e  amputee populat ion.  Es t ima te s  f o r  western  c o u n t r i e s  range 

be tween  37 and 6 4  p e r  c e n t  of a m p u t a t i o n s ,  (Ebskov,  1983; 



Mandrup-Poulsen e t  a l ,  1982; Boontje,  1984). 

Computer a ided  socke t  des ign  (CASD) procedures  a r e  being 

d e v e l o p e d  a t  t h e  Med ica l  E n g i n e e r i n g  Resource  U n i t  (MERU)  , 
U n i v e r s i t y  of B r i t i s h  Columbia. These procedures  a r e  s p e c i f i c  

t o  below knee a m p u t a t i o n s .  They i n v o l v e  m o d i f i c a t i o n  of a  

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

amputee. I n  i t s  p r e s e n t  fo rmat ,  t h e  socke t  shape is s c a l e d  us ing  

s e v e r a l  g i r t h ,  l e n g t h  and c i r c u m f e r e n c e  measu remen t s  of t h e  

r e s i d u a l  l imb.  A f t e r  s c a l i n g ,  l o c a l  a r e a s  of t h e  s o c k e t  shape  

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

The m o d i f i c a t i o n s  a c c o u n t  f o r  non-homogeneous r e s i d u a l  l i m b  

v a r i a t i o n s .  The s y s t e m  i s  c o m p l e t e d  by a  Computer N u m e r i c a l l y  

Con t ro l l ed  (CNC) m i l l i n g  machine which c a r v e s  t h e  socke t  mould 

over which t h e  socke t  i s  vacuum formed. This  system is  c u r r e n t l y  

producing f u n c t i o n a l  s o c k e t s  on a  l i m i t e d  expe r imen ta l  bas i s .  

The CASD procedure  is  f u n c t i o n i n g  w i t h  l i t t l e  i n fo rma t ion  

on t h e  bone g e o m e t r y  of  t h e  r e s i d u a l  l i m b ;  o n l y  g i r t h  and l e n g t h  

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

d e t e r m i n a n t s  o f  s o c k e t  s h a p e ,  i n f o r m a t i o n  a s  t o  b o n e  

d i s t r i b u t i o n  i n  t h e  ampu tees1  r e s i d u a l  l i m b s  c o u l d  g r e a t l y  

improve socke t  des ign  procedures. The b a s i s  of t h i s  s tudy  was 

t o  d e v e l o p  and t e s t  a  p r o c e d u r e  f o r  e s t i m a t i n g  t h e  s i z e ,  shape  

and r e l a t i v e  o r i e n t a t i o n  of t h e  bones  c o n t a i n e d  w i t h i n  t h e  

s o c k e t s  used by below knee amputees. 

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

c e r t a i n  a s p e c t s  of t h e  s o c k e t  shape.  G r a p h i c  d i s p l a y  of bone 

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



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

v i s u a l  c l u e s  a s  t o  t h e  i n t e r n a l  s t r u c t u r e  of t h e  r e s i d u a l  l imb. 

He w i l l  know e x a c t l y  w h e r e  t o  p r o v i d e  r e l i e f  a r o u n d  bony 

p r o t u b e r a n c e s ,  a n d  he  w i l l  know w h e r e  h e  may c u t  away w i t h o u t  

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

m a k e  t h e  m o d i f i c a t i o n s  and i n c r e a s e  t h e i r  accuracy.  



REVIEW 

The r e v i e w  s e c t i o n  i s  i n  t h r e e  p a r t s .  I t  b e g i n s  w i t h  

background  i n f o r m a t i o n  on s o c k e t  d e s i g n  t e c h n i q u e s ,  l o o k i n g  

f i r s t  a t  t h e  v a r i o u s  s o c k e t  t y p e s ,  t h e n  t h e  d e t e r m i n a n t s  of 

socke t  shape and a  d e s c r i p t i o n  of automated socke t  manufacturing 

procedures.  

The second  p a r t  c o v e r s  t e c h n i q u e s  t h a t  c o u l d  be  used f o r  

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

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

s c a l i n g  bone s h a p e s ,  and t e c h n i q u e s  f o r  m e a s u r i n g  bone s h a p e s  

d i r e c t l y ,  a r e  reviewed. 

F i n a l l y ,  a  knowledge  of t h e  v a r i a b i l i t y  of  bone s h a p e s  i s  

e s s e n t i a l  t o  u n d e r s t a n d  t h e  t y p e  and r ange  of bone g e o m e t r i e s  

t h a t  must be processed. The l i m i t e d  number of i n v e s t i g a t i o n s  on 

t h i s  s u b j e c t  a r e  presented.  



Socket Q g s i c r n  and Produc t ion  

Socket Types 

A m o s a i c  i n  t h e  C a t h e d r a l  of L e s c a r ,  F rance ,  d e p i c t s  an 

amputee supported a t  t h e  knee by a  wooden pylon. Th i s  mosaic is  

be l i eved  t o  be from t h e  Gallo-Roman e r a  about 500 BC, it i s  t h e  

e a r l i e s t  r e c o r d e d  l o w e r  l i m b  p r o s t h e s i s ,  (Gardne r ,  1970) .  The 

socke t  was l i k e l y  fash ioned  ou t  of wood, t h e  dominant technique 

up t o  a b o u t  25 y e a r s  a g o  when p l a s t i c s  became popu la r .  Some 

s o c k e t s  a r e  s t i l l  carved ou t  of wooden blocks. 

The s c u l p t i n g  p r o c e d u r e s  used  t o  o b t a i n  s o c k e t  s h a p e s a r e  

v e r y  much an a r t i s a n  a c t i v i t y .  Not s u r p r i s i n g l y ,  t h e  s h a p e s  

produced by d i f f e r e n t  p r o s t h e t i  sts vary  cons iderab ly ,  depending 

on i n d i v i d u a l  p r e f e r e n c e s .  S u r g i c a l  p r o c e d u r e s  a l s o  v a r y ,  

r e s u l t i n g  i n  d i f f e r e n c e s  i n  r e s i d u a l  l imb shapes. None t h e  l e s s ,  

t h e r e  is one gene ra l i zed  technique f o r  below knee socke t  des ign  

t h a t  is fo l lowed a lmos t  un ive r sa l ly .  I t  is  t h e  Patel lar-Tendon- 

B e a r i n g  (PTB) s o c k e t  d e v e l o p e d  a t  B e r k e l e y  by R a d c l i f f e  a n d  

F o o r t ,  (1961) .  The PTB p r o s t h e s i s  ( f i g u r e  1) i s  s o  named 

because t h e  m a j o r i t y  of weight bear ing  was thought  t o  be by t h e  

p a t e l l a r  t endon  which  i s  w e l l  s u i t e d  f o r  t h e  purpose .  The PTB 

socke t  is a  r e p l i c a  of t h e  r e s i d u a l  l imb,  deformed i n  s p e c i f i e d  

a r e a s  t o  t r a n s m i t  f o r c e s  i n  a manner s u i t a b l e  f o r  ambulat ion and 

comfor tab le  t o  t h e  amputee. 

S i n c e  i n t r o d u c t i o n  of t h e  PTB s o c k e t  t h e r e  have been a  

number of v a r i a n t s .  One t h a t  s u r v i v e d  was t h e  P a t e l l a r - T e n d o n  

Supra-Condylar  S u s p e n s i o n  S o c k e t  (PTS). I t  was i n t r o d u c e d  i n  

1964 by F a j a l ,  (P i e rqu in  e t  a l ,  1964, 1965, f i g u r e  2).  



socket 

anter ior  -4- posterior 

Figure  1: The patellar- endo on-Bearing p r o s t h e s i s ,  

wi thout  cosmet ic  cover.  



The PTS s o c k e t  e n c l o s e s  t h e  e n t i r e  p a t e l l a  and a ma jo r  p a r t  

of t h e  f e m o r a l  c o n d y l e s  w h e r e a s  t h e  PTB s o c k e t  e x t e n d s  t o  mid 

p a t e l l a  and o n l y  s l i g h t l y  p r o x i m a l  t o  t h e  mid l e v e l  of t h e  

femora l  condyles. The PTS socke t  improved suspension by hooking 

over t h e  s u p e r i o r  edges of t h e  p a t e l l a  and femoral  condyles,  and 

d i s t r i b u t e d  l a t e r a l  f o r c e s  over a l a r g e r  area.  Many modern day 

s o c k e t s  a r e  a compromise  of t h e s e  two  t y p e s .  They a r e  l i k e  a PTS 

socke t  but  do no t  enc lose  t h e  p a t e l l a .  

Another v a r i a n t  is  p r e f a b r i c a t e d  socke t s  of s t anda rd  shape. 

These were f i r s t  in t roduced  by Foor t  i n  1967. They cons i s t ed  of 

a r a n g e  of  19  l e f t  and 1 9  r i g h t  below knee s o c k e t s  w i t h  a 1 / 8  

i nch  increment  between socke t  r a d i i .  The o r i g i n a l  p r e f a b r i c a t e d  

s o c k e t s  d i d  n o t  f o l l o w  t h e  nonhomogeneous s h a p e  changes  of  a 

m a t u r i n g  stump. Though some d e v e l o p e r s  (Breakey ,  1973) have  

addressed t h i s  problem, p r e f a b r i c a t e d  socke t s  remain s u i t a b l e  

f o r  new amputa t ions  only. They a r e  a p p r o p r i a t e  f o r  about  75% of 

t h e  new below knee population.  . 
There  have been s e v e r a l  o t h e r  v a r i a n t s  t o  t h e  PTB s o c k e t  

such  a s  wedge i n s e r t s  f o r  s u s p e n s i o n  (Kuhl 1966)  and an a i r  

cushion t o t a l  c o n t a c t  socke t  (Wilson e t  a 1  1968, 1984). Both of 

t h e s e  a r e  based on mod i f i ca t ions  of t h e  o r i g i n a l  PTB p r i n c i p l e s  

but  have played a minor r o l e  i n  t h e  c l i n i c a l  s e t t i n g .  

Socket  Shape Determinants  

Bone d i s t r i b u t i o n  is most c r i t i c a l  i n  t e rms  of t o l e r a n c e s  

t h a t  mus t  be m a i n t a i n e d  i n  c o n t a c t  a r e a s .  P r e s s u r e  on t h e  bone 

must  be  k e p t  t o  a minimum w h i l e  m a i n t a i n i n g  c l o s e  c o n t a c t  t o  



a v o i d  e x c e s s i v e  movement be tween  t h e  s o c k e t  and t h e  r e s i d u a l  

limb. F igu res  2 and 3 demons t ra te  t h e  dependence of socke t  shape 

on bone d i s t r i b u t i o n .  Except  f o r  t h e  h a m s t r i n g  t e n d o n s  a l l  t h e  

p re s su re  s e n s i t i v e  a r e a s  a r e  where t h e  bone i s  near t h e  surface .  

The socke t  m u s t  f i t  t h e s e  a r e a s  i n t i m a t e l y .  

I n  convent iona l  t echniques ,  p r o s t h e t i s t s  d e r i v e  t h e  socke t  

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

T h i s  n e g a t i v e  c a s t  i s  used  t o  form a p o s i t i v e  c a s t  which i s  

m o d i f i e d  t o  form a mould o v e r  which  t h e  s o c k e t  i s  made. The 

m o d i f i c a t i o n s  change t h e  c a s t  shape such t h a t  p r e s s u r e s  between 

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

con f igu ra t ion .  

When s h a p i n g  t h e  mould, t h e  p r o s t h e t i s t  u s u a l l y  d o e s  n o t  

modify t h e  c a s t  i n  a r e a s  corresponding t o  bony areas .  These a r e  

t h e  t i b i a l  c r e s t ,  t h e  medial  t i b i a l  f l a r e ,  t h e  i n f e r i o r  s u r f a c e s  

of t h e  t i b i a l  condyles,  t h e  p a t e l l a  and t h e  femoral  condyles and 

e p i c o n d y l e s ,  ( B a r c l a y ,  1969) .  E x c e p t i o n s  t o  t h i s  a r e  t h e  a r e a s b  

over t h e  t i b i a l  t u b e r c l e  and f i b u l a r  head which may be inc reased  

s l i g h t l y  t o  provide p r e s s u r e  r e l i e f .  Reductions i n  socke t  volume 

a r e  made on t h e  m e d i a l  s i d e  f rom below t h e  t i b i a l  f l a r e  t o  

w i t h i n  2.5 c e n t i m e t e r s  of i t s  d i s t a l  end,  and on t h e  l a t e r a l  

s i d e  from j u s t  below t h e  f i b u l a r  head t o  w i t h i n  1 cen t ime te r  of 

i t s  d i s t a l  end. These r educ t ions  i n  volume provide s t a b i l i z a t i o n  

of t h e  r e s i d u a l  l imb  r e l a t i v e  t o  t h e  socket.  

Most p a t i e n t s  can  b e a r  f rom 15 p e r c e n t  t o  45 p e r c e n t  of 

t h e i r  weight  on t h e  stump end when wearing t h e i r  socke t ,  (Katz 

e t  a l ,  1979) .  The s h a p e  of t h e  d i s t a l  end of  t h e  s o c k e t  i s  



Lateral View Anterior View 

F i g u r e  2: C r o s s  s e c t i o n s  of t h e  PTS socket .  

Lateral View Anterior View 

F i g u r e  3:  P r e s s u r e  s e n s i t i v e  a r e a s  on t h e  below knee r e s i d u a l  limb. 



c r i t i c a l  such t h a t  it provides  some suppor t  wi thout  app ly ing  too  

much p r e s s u r e  t o  t h e  end of t h e  t i b i a  and f i b u l a .  Most of t h e  

amputee's weight  is supported by t h e  medial  t i b i a 1  f l a r e  and t h e  

p a t e l l a r  tendon, (Barclay,1979). 

I n  PTB s o c k e t s  t h e r e  i s  a  r e d u c t i o n  i n  volume i n  t h e  a r e a  

of t h e  p a t e l l a r  t endon  t o  t r a n s f e r  more w e i g h t  b e a r i n g  t o  t h e  

tendon, t h i s  i s  c a l l e d  t h e  p a t e l l a r  bar. The p r o s t h e t i s t  l o c a t e s  

t h e  p a t e l l a r  bar  dur ing  t h e  c a s t i n g  procedure by p re s s ing  i n  on 

e i t h e r  s i d e  of t h e  t e n d o n  w i t h  b o t h  thumbs a s  t h e  p l a s t e r  wrap  

ha rdens .  T h i s  l o c a t i n g  t e c h n i q u e  i s  n o t  a v a i l a b l e  i n  t h e  CASD 

p r o c e d u r e s .  The l o c a t i o n  of t h e  t u b e r c l e  and d i s t a l  a s p e c t  of 

t h e  p a t e l l a  a r e  e s s e n t i a l  f o r  t h i s  p rocedure .  T h i s  r e q u i r e s  

t h a t  n o t  o n l y  t h e  bones1  shape  be d e t e r m i n e d  w i t h i n  1 o r  2 

m i l l i m e t e r s ,  but  a l s o  t h e i r  o r i e n t a t i o n  r e l a t i v e  t o  each other .  

I n  t h e  PTS socke t ,  a  s i m i l a r  r educ t ion  i n  socke t  volume i s  done 

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

swing phase wh i l e  walking. . 
Sockets  a r e  designed i n  a  s p e c i f i e d  amount of knee f l e x i o n ,  

u sua l ly  wi th  a  thigh-shank angle  of 10 t o  20 degrees ,  (Lyquis t ,  

1969) .  T h e r e f o r e ,  t h e  r e l a t i v e  p o s i t i o n  o f  bones  i s  o n l y  

r equ i r ed  i n  one s t a t i c  pos i t ion .  

Muscle i s  s e c o n d a r y  t o  bone d i s t r i b u t i o n  i n  d e t e r m i n i n g  

s o c k e t  shape.  Be ing  a v i s c o e l a s t i c  m a t e r i a l  t h e  m u s c l e  can  be 

shaped  by t h e  s o c k e t  t o  a  l i m i t e d  e x t e n t .  Thus,  t h e  major  

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

provided i n  a  f a i r l y  s t a n d a r d  shape. Any gaps between t h e  socke t  

and r e s i d u a l  l i m b  w i l l  enab le  movement between them. This  l e a d s  



t o  an i n e f f i c i e n t  t r a n s f e r  of t h e  f o r c e s  dur ing  ambulation,  poor 

suspension dur ing  swing phase and d i scomfor t  due t o  chafing.  Too 

sma l l  a  socke t  volume r e s u l t s  i n  d i scomfor t  o r  an i n a b i l i t y  t o  

pu t  t h e  socke t  on. To g e t  t h e  c o r r e c t  socke t  volume, t r a d i t i o n a l  

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

measu remen t s  down t h e  f u l l  l e n g t h  of t h e  r e s i d u a l  l i m b  and 

matching t h e  socke t  mould t o  these .  

Automated Socket  Manufacture 

The computer-aided d i s p l a y  and s c u l p t i n g  system f o r  use i n  

p r o s t h e t i c s  being developed a t  MERU i s  t h e  only  one of i t s  kind, 

( S a u n d e r s  and F e r n i e  1984 ,  S a u n d e r s  e t  a 1  1984 ,  S a u n d e r s  and 

Dean 1984, Saunders e t  a1 1985). T h i s  system has  been designed,  

a s  much a s  p o s s i b l e ,  t o  be  c o m p a t a b l e  w i t h  c u r r e n t  p r o s t h e t i c  

p r a c t i c e s .  The system s o f t w a r e  a l l o w s  s y s t e m a t i c  mod i f i ca t ion  of 

a r e f e r e n c e  s o c k e t  s h a p e  u s i n g  t e c h n i q u e s  a n a l o g o u s  t o  t h o s e  

used by a p r o s t h e t i s t  working wi th  r a s p s  and p l a s t e r .  

The f i r s t  s t a g e  i n  t h e  Computer Aided Socket  Design (CASD) 

package is t h e  record ing  of amputee stump measurements. On t h e  

b a s i s  of t h e s e  measurements t h e  r e f e rence  socke t  shape i s  sca l ed  

i n  s i z e  l o n g i t u d i n a l l y  and t r ansve r se ly .  The ope ra to r  may then  

v iew t h e  s c a l e d  p r i m i t i v e  s o c k e t  and make i n t e r a c t i v e  f i n e  

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

s o c k e t  t h e  CASD s o f t w a r e  k e e p s  t r a c k  of e a c h  m o d i f i c a t i o n  by 

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

p r o s t h e t i s t  has completed h i s  mod i f i ca t ions  t h e  f u l l y  modified 

socke t  shape is a l s o  s tored.  



A second program c o n v e r t s  t h e  socke t  d a t a  i n t o  a s e r i e s  of 

commands which i n s t r u c t  a computer-numerical ly-control led (CNC) 

m i l l i n g  machine  t o  c a r v e  a p o s i t i v e  model of t h e  d e s i g n e d  

s o c k e t .  The Rapidform (Lawrence  e t  a 1  1981)  m i c r o p r o c e s s o r -  

c o n t r o l l e d  vacuum former f o r  p r o s t h e t i c s  is then  used t o  produce 

t h e  f i n a l  polypropylene socket .  

There a r e  3 p r i n c i p a l  b e n e f i t s  t o  t h e  automated p r o s t h e t i c  

procedures. F i r s t ,  t h e r e  i s  a r educ t ion  i n  t h e  t ime  requi red  t o  

produce a socke t  from 3 t o  4 hours t o  l e s s  than  2 hours. Second, 

every t ime  an amputee r e q u i r e s  a socke t ,  averaging once every 2 

y e a r s ,  h i s  c u r r e n t  s o c k e t  s h a p e  i s  s t o r e d  and a v a i l a b l e  f o r  

minor modi f ica t ions .  Third ,  automat ion of t h e  shape management 

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

methods and overcome t h e i r  i n e f f i c i e n c i e s .  



ShaPe &.n&&l Techniaues  

Human p r o p o r t i o n a l i t y  m o d e l l i n g  i s  a  l o n g  s t a n d i n g  

t r a d i t i o n .  P o l y k e i t o s  i n  750 B.C. a r b i t r a r i l y  c o n s t r u c t e d  a  

canon showing  i d e a l  p r o p o r t i o n s ,  wh ich  he  had produced  by 

combin ing  t h e  most  a e s t h e t i c a l l y  p l e a s i n g  p a r t s  of  23 m a l e s ,  

(Ross  e t  a l ,  1982) .  H i s  r e s u l t a n t  s c u l p t u r e  h a s  been used by 

a r t i s t s  a s  a  model f o r  c e n t u r i e s .  Though s u b j e c t i v e ,  t h i s  

a r t i s a n  approach is a  form of shape sensing.  Actua l ly ,  t h e  shape 

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

removed from t h e  techniques  P o l y k l e i t o s  would have used i n  750 

B.C.. However, shape sensing,  a s  a p p l i e d  t o  t h e  human body, has  

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

cons ide ra t ion .  

a )  Mechanical 

Shapes  c a n  be  d e s c r i b e d  by a s e r i e s  of p o i n t s  t h a t  l i e  on 

t h e  s u r f a c e  of t h e  shape.  The number of p o i n t s  r e q u i r e d  t~ 

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

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

p r e c i s e l y  by a few p o i n t s  wh i l e  du r ing  development of t h e  MERU 

CAD/CAM s y s t e m  i t  was found  t h a t  a t  l e a s t  2,000 p o i n t s  a r e  

r e q u i r e d  t o  g i v e  a  r e a s o n a b l e  a p p r o x i m a t i o n  of a  s o c k e t  shape  

shape. Mechanical shape s e n s o r s  measure t h e s e  p o i n t s  d i r e c t l y .  

T h i s  i s  u s u a l l y  done by t o u c h i n g  t h e  p o i n t  i n  q u e s t i o n  w i t h  a  

s t y l u s ,  t h e n  n o t i n g  t h e  p o s i t i o n  of t h e  s t y l u s  t h r o u g h  t h e  

o r i e n t a t i o n  of some mechanical  l i n k a g e  t o  an a r b i t r a r y  o r ig in .  

The l o c a t i o n  of each p o i n t  must be desc r ibed  by t h r e e  c a r t e s i a n  



o r  c y l i n d r i c a l  coord ina tes .  

Obviously, t h i s  technique cannot be used t o  measure i n  v ivo  

bone shapes .  But ,  i t  can  be used  t o  measu re  e x t e r n a l  l a n d m a r k s  

t h a t  a r e  used i n  s c a l i n g  procedures. 

To measure  a  complex shape  u s i n g  a  m e c h a n i c a l  s e n s o r  i s  

s l o w  and t e d i o u s .  Two d a y s  were  r e q u i r e d  t o  measu re  a  s o c k e t  

shape by t h i s  t echnique  a t  t h e  MERU. For t h a t  reason a lone  t h i s  

t echnique  does not  lend i t s e l f  t o  c l i n i c a l  app l i ca t ion .  However, 

t h e  mechanism and i t s  a p p l i c a t i o n  a r e  r a t h e r  u n s o p h i s t o c a t e d .  

T h e r e f o r e ,  it d o e s  l e n d  i t s e l f  t o  l i m i t e d  number a p p l i c a t i o n s  

and when only s imp le  shapes  need be descr ibed.  

b) Three Dimensional D i g i t i z e r s  

Three dimensional  d i g i t i z e r s  permi t  d i r e c t  coo rd ina t e  i npu t  

i n t o  computers. The i r  p r i n c i p l e  a p p l i c a t i o n  i s  f o r  d a t a  i npu t  t o  

computer  a i d e d  d e s i g n  s y s t e m s .  The re  a r e  s e v e r a l  c o m m e r c i a l l y  

a v a i l a b l e  d i g i t i z e r s  designed f o r  s m a l l  r i g i d  o b j e c t s  which have 

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

The most  common t y p e  of 3-D d i g i t i z e r  i s  a  s t y l u s  on a 

mechanical  l i n k a g e  t h a t  i s  ins t rumented  t o  keep t r a c k  of where 

t h e  s t y l u s  p o i n t  i s  i n  space .  The i n s t r u m e n t a t i o n  i s  u s u a l l y  

po ten t iometers .  For example, t h e  Space Tab le t  by Micro Cont ro l  

Sys t ems ,  comes w i t h  e i t h e r  3  o r  4 a r m s  and r e s p e c t i v e l y  3 o r  4 

p o t e n t i o m e t e r s .  The work ing  volume i s  a  s p h e r e  q u a d r a n t  of 

approximately  16 inch radius .  Three noncommercial d i g i t i z e r s  of 

t h i s  t y p e  t h a t  a r e  more a p p r o p r i a t e  f o r  d i g i t i z i n g  body p a r t s  

a r e  t h e  Bio-Curve Tracer ,  (Kondraske e t  a l ,  1984), which has  an 



extended wor king volume, t h e  MERU Anthropometer , (Saunders 1986, 

S a u n d e r s  e t  a 1  1 9 8 6 ) f  a n d  a  s e l f  p r o p e l l e d  s y s t e m  f o r  

d i g i t i z i n g  hand shapes  by S a i t o  and Oshima (1984). 

The MERU An th ropomete r  h a s  5  r o t a t i o n a l  j o i n t s  u s i n g  

o p t i c a l  encoders  r a t h e r  than po ten t iometers .  A micro processor  

i s  used  t o  c a l c u l a t e  and s t o r e  t h e  c o o r d i n a t e s  of t h e  s t y l u s .  

A f t e r  d a t a  c o l l e c t i o n  i s  c o m p l e t e d ,  t h e  d a t a  is  down l o a d e d  t o  a 

hos t  computer. During measurement procedures  an i n t e r n a l  speech 

s y n t h e s i z e r  "speaks a  preprogrammed sequence of i n s t r u c t i o n s ,  

v i a  headphones, t o  t h e  opera tor .  

Another  t y p e  o f  3-D d i g i t i z e r  i s  one u s i n g  a  m a g n e t i c  

p o s i t i o n  and t r a c k i n g  sys t em.  T h i s  s y s t e m  was o r i g i n a l l y  

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

p i l o t s  head p o s i t i o n  was m o n i t o r e d  t o  d e t e r m i n e  t h e  l i n e - o f -  

s i g h t  t o  a  t a r g e t ,  (Raab e t  a l ,  1979) .  T h i s  t e c h n o l o g y  h a s  been 

adapted i n t o  a  t h r e e  d imens iona l  d i g i t i z e r  and a  space t r a c k e r  

w i t h  c l i n i c a l  a p p l i c a b i l i t y ;  both a r e  marketed by t h e  Polhemus 

Navigat ion Sc i ences  D i v i s i o n  of  McDonnell Douglas  E l e c t  r o n i  c s  

Co. 

A t h i r d  t y p e  of  3-D d i g i t i z e r  i s  a  v e c t o r  s t e r e o g r a p h .  

These have been produced i n  v a r i o u s  formats.  One, a s  repor ted  by 

Pynsent e t  a l ,  ( l983) ,  c o n s i s t e d  of 3  m u l t i t u r n  po ten t iome te r s  

mounted a t  t h e  a p i c e s  of a  t r i a n g l e  wi th  s i d e s  of approximately  

1.5 meters. The p o t e n t i o m e t e r s  were connected t o  cons tan t - to rque  

s p r i n g - l o a d e d  bobb in  r e e l s  wound w i t h  n y l o n  t h r e a d .  The f r e e  

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

The p o s i t i o n  of t h e  p o i n t e r  i n  s p a c e  was d e t e r m i n e d  t h r o u g h  



computer moni tor ing of t h e  3 poten t iometers .  

c )  S t e r e o m e t r i c  

C o n t a c t - f r e e  measu remen t s  of body s u r f  a c e s  a r e  m a i n l y  

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

m e a s u r e m e n t s  by t r i a n g u l a t i o n .  The m o s t  common o f  t h e s e  

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

r a s t e r s t e r e o g r a p h y  and m o i r e  t o p o g r a p h y  a r e  g a i n i n g  g r e a t e r  

accep tance  a s  shape measurement t o o l s  i n  t h e  c l i n i c a l  s e t t i n g .  

Stereophotography 

I n  s t e r e o p h o t o g r a p h y  2 p h o t o g r a p h s  of t h e  s u r f a c e  i n  

q u e s t i o n  a r e  taken s imu l t aneous ly ,  ( f i g u r e  4 ) .  The p o s i t i o n  of a  

p o i n t  on t h e  s u r f a c e  can be c a l c u l a t e d  from t h e  known l o c a t i o n  

of t h e  c a m e r a s  and t h e  p o s i t i o n  of t h e  image of t h e  p o i n t  on 

e a c h  f i l m .  Video c a m e r a s  and l andmark  m a r k e r s  may be used  t o  

enable  automated d a t a  processing.  

Advan tages  of s t e r e o p h o t o g r a p h y  a r e  t h a t  i t  d o e s  n o t  

r e q u i r e  e x t e n s i v e  amounts  of equ ipmen t ,  it h a s  an  a c c e p t a b l e  

a c c u r a c y ,  (Ayoub e t  a 1  1970 ,  P i e r r y n o w s k i  and Mor r i son  1980 ,  

1 9 8 5 ) ,  it i s  s u i t a b l e  f o r  m o t i o n  a n a l y s i s  and it i s  w e l l  known 

and understood. 

There a r e  two drawbacks t o  t h i s  technique.  Each p o i n t  t o  be 

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

Stereophotography is  s u i t a b l e  f o r  biomechanical  ana lyses  s i n c e  

t h e  s p a t i a l  r e l a t i o n s h i p  of a  l i m i t e d  number of l a n d m a r k s  i s  

r e q u i r e d .  The l a n d m a r k s  c a n  be marked on t h e  s u b j e c t  s u c h  t h a t  



t h e y  a r e  v i s i b l e  d u r i n g  s u b s e q u e n t  a n a l y s i s .  The same i s  n o t  

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

required.  I d e n t i f y i n g  a  l a r g e  number of p o i n t s  is  not  p r a c t i c a l .  

S i n c e  t h e  p o i n t s  i n  q u e s t i o n  mus t  be  v i s i b l e  t o  b o t h  cameras ,  if 

p o i n t s  on more t h a n  one s i d e  of t h e  o b j e c t  a r e  r e q u i r e d  t h e n  

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

n e c e s s a r y .  I f  a  p o i n t  t o  be  measured  i s  i n  a  c o n c a v i t y  t h e n  t h e  

s e p a r a t i o n  of t h e  cameras is l i m i t e d  t o  ensure  t h e  p o i n t  can be 

seen by both. A s  t h e  cameras become c l o s e r  t oge the r  s e n s i t i v i t y  

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

t r i a n g u l a t i o n  techniques.  

Camera Camera 

Figure  4:  The s tereophotography con f igu ra t ion .  



Raste rs te reography  

R a s t e r s t e r e o g r a p h y  i s  v e r y  s i m i l a r  t o  s t e r e o p h o t o g r a p h y  

e x c e p t  t h a t  one of t h e  c a m e r a s  i s  r e p l a c e d  by a  p r o j e c t o r  w i t h  a  

r a s t e r  d i a p o s i t i v e ,  ( f i g u r e  5 ) .  The r a s t e r  i s  i n  t h e  form of a  

g r i d  of known increment. The r a s t e r  makes one of t h e  f i l m  images 

of t h e  s t e r eopho tog raph ic  technique a  constant .  T h i s  s i m p l i f i e s  

a n a l y s i s  t o  a  s i n g l e  camera  image. I d e n t i f i c a t i o n  of common 

p o i n t s  from t h e  r a s t e r  and f i l m  is p o s s i b l e  by de t e rmina t ion  of 

t h e  row and column numbers  of t h e  r a s t e r  i n t e r s e c t i o n s .  Thus,  

measurement of t h e  many p o i n t s  necessary  t o  d e s c r i b e  a  shape is 

p o s s i b l e .  The r e s o l u t i o n  of measurement  i s  d e p e n d e n t  on t h e  

s p a c i n g  on t h e  g r i d .  I n  a d d i t i o n ,  due  t o  t h e  s i m p l e  image 

p a t t e r n ,  au toma t i c  p roces s ing  of t h e  image p a t t e r n  is r e l a t i v e l y  

s i m p l e .  I t  i s  a l s o  p o s s i b l e  t o  u s e  a  l i n e  r a s t e r  r a t h e r  t h a n  a  

g r i d ,  ( H i e r h o l z e r  and F r o b i n ,  1981) .  The a c c u r a c y  of t h i s  

technique i s  r epo r t ed  t o  be i n  t h e  o rde r  of 0.5 m i l l i m e t e r s .  

The concept of r a s t e r s t e r e o g r a p h y  r e s u l t e d  from d i s c u s s i o n s  

concerning improvements of moire topography, (p re sen ted  below). 

F i r s t  r e s u l t s  ob t a ined  wi th  t h i s  r a s t e r s t e r e o g r a p h i c  method were 

publ i shed  by Frobin and Hierholzer  i n  1978. 
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Figure  5 : The r a s t e r s t e r e o g r a p h i c  con f igu ra t ion .  

L igh t  Spot and Light  S t r e a k  

Ras te rs te reography  may be f u r t h e r  reduced t o  a s i n g l e  l i n e  

of l i g h t  and even  t o  a s p o t  p r o j e c t e d  on t o  t h e  s u r f a c e .  The 

l i g h t  s t r e a k  m e t h o d  w a s  p r o p o s e d  a s  e a r l y  a s  1 9 7 0  by 

Cr iuckshank ,  (Condie  1973)  and by Condie  i n  1973 and J o e l  i n  

1974. Consider ing a spo t  f i r s t ,  i f  it moves over t h e  s u r f a c e  i n  

a p r e d i c a t a b l e  f a sh ion  t h e  e n t i r e  shape can be c a l c u l a t e d ,  Th i s  

was o r i g i n a l l y  done by Yamashita e t  a l ,  1982. Yamashita placed 

t h e  o b j e c t  t o  be  s e n s e d  on a r o t o r y  t a b l e ,  ( f i g u r e  6 ) .  A l i g h t  



s p o t  f rom a  l a s e r  was d i r e c t e d  o n t o  t h e  s u r f a c e  of t h e  shape.  

Th i s  s p o t  was moved v e r t i c a l l y  i n  f i x e d  increments  by a  s tepper -  

motor c o n t r o l l e d  mirror .  The s p o t  was observed by a  h o r i z o n t a l l y  

mounted l i n e a r  a r r a y  s e n s o r  which  was p l a c e d  a  known d i s t a n c e  

from t h e  l a s e r  mirror .  A c y l i n d r i c a l  l e n s  was used t o  focus  t h e  

l i g h t  o n t o  t h e  a x i s  of t h e  s e n s o r .  A s  t h e  r o t a r y  t a b l e  t u r n e d  

t h e  h o r i z o n t a l  p o s i t i o n  of t h e  s p o t  was monitored by t h e  l i n e a r  

sensor.  S u f f i c i e n t  i n fo rma t ion  was a v a i l a b l e  t o  c a l c u l a t e  a l l  3 

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

has  a  r epo r t ed  accuracy of 1 m i l l i m e t e r .  

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

s e n s o r  f o r  f u l l  c i r c u m f e r e n t i a l  s e n s i n g  ( S a u n d e r s  and  F e r n i e ,  

1984) .  The l i g h t  s t r e a k  r o t a t e s  a round  t h e  o b j e c t  r a t h e r  t h a n  

t h e  o b j e c t  ro t a t i ng .  Video cameras view t h e  s t r e a k  from an angle  

and t h e  p o s i t i o n  of t h e  v ideo  image is obta ined  i n  d i g i t a l  form. 

E i g h t  c a m e r a s  a r e  used  e v e n l y  s p a c e d  a round  t h e  o b j e c t  t o  g i v e  a 

s e n s i n g  time of  l e s s  t h a n  1.6 seconds .  T h i s  a p p a r a t u s  wash 

d e s i g n e d  s p e c i f i c a l l y  f o r  s e n s i n g  r e s i d u a l  l i m b  shapes .  The 

s h a p e s  may be r e p r e s e n t e d  by up t o  17,280 s e t s  of c y l i n d r i c a l  

c o o r d i n a t e s .  The a d v a n t a g e  of  F e r n i e t s  s y s t e m  i s  t h a t  i t  

m e a s u r e s  t h e  s h a p e  a round  t h e  e n t i r e  o b j e c t  i n  a  v e r y  s h o r t  

t ime .  I t s  d i s a d v a n t a g e  i s  t h a t  it c a n n o t  d e f i n e  t h e  d i s t a l  end 

of t h e  r e s i d u a l  limb. 

The only commercia l ly  a v i l a b l e  l i g h t  s p o t  o r  s t r e a k  system 

i s  I S I S  ( I n s t r u m e n t a t i o n  f o r  S h a p e  I n v e s t i g a t i o n ) .  I S I S ,  

developed a t  Oxford U n i v e r s i t y  (Turner-Smith e t  a 1  1982) ,  uses  

t h e  l i g h t  s t r e a k  method b u t  i s  r e s t r i c t e d  t o  one v a n t a g e  p o i n t  



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

p r i m a r i l y  f o r  back shape d a t a  a c q u i s i t i o n .  

F igure  6:  Schematic of Yamashita 's  L igh t  Spot System. 

Moire Topography 

Moire topography is an o p t i c a l  i n t e r f e r e n c e  technique t h a t  

h a s  been used e x t e n s i v e l y  i n  t h e  c l i n i c a l  s e t t i n g .  A p o i n t  

s o u r c e  of l i g h t  c a s t s  t h e  shadow of a g r a t i n g  o r  s c r e e n  on t h e  

o b j e c t  t o  be v iewed,  ( f i g u r e  7) .  when t h e  o b j e c t  i s  v iewed 

through t h e  g r a t i n g  from a p o i n t  o t h e r  than t h e  p o s i t i o n  of t h e  

l i g h t  a  f r i n g e  p a t t e r n  resembling contour l i n e s  can be seen. The 
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i n t e r r e l a t i o n s h i p  o f  t h e  g r a t i n g  a n d  i t s  shadow i s  u n i q u e l y  

d e t e r m i n e d  by t h e  g e o m e t r y  o f  t h e  s y s t e m .  I f  t h e  p o s i t i o n s  of  

t h e  sys tem components are c l o s e l y  c o n t r o l l e d ,  o b j e c t i v e  d a t a  can 

be e x t r a c t e d  from t h e  moi re  p a t t e r n .  

q+ 
I C A M E R A  

F i g u r e  7: The moire  topography a p p a r a t u s  c o n f i g u r a t i o n .  

hN = d i s t a n c e  between Nth f r i n g e  and s c r e e n  

N = f r i n g e  number 

d  = d i s t a n c e  between camera o r  v iewpor t  and l i g h t  

1 = d i s t a n c e  between camera and s c r e e n  

s = c e n t r e  t o  c e n t r e  s p a c i n g  of s c r e e n  l i n e s  



The f r i n g e  p a t t e r n  may be p r o c e s s e d  i m m e d i a t e l y  by an 

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

permanent record. The photograph may be checked f o r  recognizab le  

p a t t e r n s  o r  a  more s o p h i s t i c a t e d  a n a l y s i s  may be performed wi th  

t h e  a i d  of computers. Th i s  r e q u i r e s  t h e  d a t a  t o  be i n  numerical  

form. T h i s  i s  t h e  m a j o r  s h o r t c o m i n g  of t h e  m o i r e  t e c h n i q u e -  

Manual d i g i t i z a t i o n  of t h e  f r i n g e  p a t t e r n  is slow and automated 

d i g i t i z a t i o n  i s  cos t ly .  

Shadow Moire techniques  were i n i t i a l l y  used as a method of 

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

method,  ( T h e o c a r i s ,  1967) .  The f i r s t  a p p l i c a t i o n s  of t h i s  

t e c h n i q u e  t o  t h e  human body were  i n  1970 (Meadows e t  a l ,  1970; 

T a k a s a k i ,  1970) .  S i n c e  t h a t  t i m e  t h e  t e c h n i q u e  h a s  g a i n e d  wide  

p o p u l a r i t y  i n  t h e  f i e l d  of medicine and i n  t h e  garmet  industry .  

I t  has proven t o  be very e f f e c t i v e  f o r  t h e  one-off measurement 

of u n s t a b l e  s o f t  o b j e c t s  s u c h  a s  t h e  human body ( T a k a s a k i ,  

1982) .  L 

The most ex t ens ive  use  of moire topography has  been i n  t h e  

s c reen ing  and moni tor ing of s c o l i o s i s  among school  ch i ld ren .  The 

most s u c c e s s f u l  a p p l i c a t i o n s  have been i n  Japan, (Ohtsuka e t  a l ,  

1981;  Harada  e t  a l ,  1 9 8 1  & 1982) .  I n  a s i m i l a r  manner t h e  

pos tu re  of Japanese  a d u l t s  has been i n v e s t i g a t e d ,  (Suzuki e t  al, 

1981). Other a p p l i c a t i o n s  t o  t h e  human body inc lude :  r e p l i c a t i o n  

of  shoe  l a s t s ,  (Saunde r s ,  1 9 8 1 ) ;  i n v e s t i g a t i o n  of  c h e s t  w a l l  

d e f o r m i t i e s ,  (Kawamura e t  a l ,  1982); f a c i a l  a s syme t r i e s ,  (Mehta, 

1 9 8 1 ) ;  and a s s i s t i n g  d u r i n g  f a c i a l  r e c o n s t r u c t i v e  s u r g e r y ,  

(Windischbauer, 1982). 



P r o b l e m s  a s s o c i a t e d  w i t h  m o i r e  measurement  of  t h e  human 

body inc lude :  t h e  o p t i c a l l y  t r a n s l u c e n t  n a t u r e  of t h e  skin;  t h e  

i n a b i l i t y  t o  i d e n t i f y  convex and concave s u r f a c e s  wi thout  p r i o r  

knowledge of t h e  s h a p e  and t h e  t i m e  n e c e s s a r y  t o  o b j e c t i v e l y  

p roces s  t h e  moire  p a t t e r n s .  

d) Radiography 

The a d v a n t a g e  of  r a d i o g r a p h i c  t e c h n i q u e s  i s  t h a t  t h e y  c a n  

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

necessary  i f  i n  v ivo  bone shapes  a r e  t o  be measured r a t h e r  than 

s c a l e d .  T h e i r  d i s a d v a n t a g e ,  which p r e c l u d e s  t h e i r  u s e  on a  

r o u t i n e  b a s i s ,  i s  t h e  damaging  e f f e c t  of t h e  r a d i a t i o n  on body 

t i s s u e s .  There a r e  two r ad iog raph ic  techniques  t h a t  a r e  commonly 

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

Computerized Tomography. 

S te reorad iography  , 

S t e r e o r a d i o g r a p h y  u t i l i z e s  t h e  s ame  p r i n c i p l e s  a s  

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

pho tog raphs .  T h i s  r e q u i r e s  t h e  p o s i t i o n  of t h e  s u b j e c t  t o  be 

changed r e l a t i v e  t o  t h e  X-ray equipment such t h a t  2 rad iographs  

a r e  t a k e n  a t  r i g h t  a n g l e s  t o  e a c h  o t h e r .  With  c o n t r o l l e d  

p o s i t i o n i n g  of t h e  s u b j e c t  common X-ray equ ipmen t  can  be used  

f o r  t h i s  purpose. 

A s  w i t h  s t e r e o p h o t o g r a m m e t r y ,  t h i s  t e c h n i q u e  i s  s u i t a b l e  

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

can  be  e a s i l y  i d e n t i f i e d  on b o t h  r a d i o g r a p h s ,  b u t  i t  i s  n o t  



p r a c t i c a l  a s  a  g e n e r a l  shape d a t a  a c q u i s i t i o n  too l .  

Computed Tomography 

Computed Tomography (CT) g e n e r a t e s  c r o s s  s e c t i o n s  of body 

s e g m e n t s  showing  t h e  i n t e r n a l  and e x t e r n a l  s t r u c t u r e s .  I n  CT 

scanning a  f a n  beam of x-rays is  passed through t h e  p a t i e n t .  The 

amount of t r a n s m i t t e d  r a d i a t i o n  is d e t e c t e d  and recorded by an 

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

source. A l a r g e  number of i n d i v i d u a l  measurements a r e  made and 

recorded i n  a  computer a s  t h e  x-ray source  is r o t a t e d  about t h e  

p a t i e n t ,  ( f i g u r e  8 ) .  The image i s  r e c o n s t r u c t e d  by u s i n g  a  

1 s u m m a t i o n  t e c h n i q u e  f o r  e a c h  p i x e l ,  (Morgan  1 9 8 3 ) .  T h i s  

i n fo rma t ion  i s  then d i sp l ayed  a s  a  g ray  s c a l e  image. 

x-ray tube emitting 
x-rays 

circle of detectors 

Figure  8: CT scan x-ray source  and sensor  con f igu ra t ion .  
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The image  r e c o n s t r u c t i o n  t e c h n i q u e s  u sed  i n  CT were  

developed f o r  use i n  r a d i o  astronomy, e l e c t r o n  miscroscopy and 

o p t i c s ,  (Hendee 1979) .  I n  1961 ,  Oldendor f  (1961)  e x p l o r e d  t h e  

p r i n c i p l e  of CT. S h o r t l y  t h e r e a f t e r ,  Kuhl e t  a 1  (1963) developed 

emiss ion  and t r a n s m i s s i o n  CT imaging sys tems  and desc r ibed  t h e  

a p p l i c a t i o n  of t h e s e  sys tems  t o  b r a i n  imaging (Kuhl e t  a 1  1966). 

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

i n t r o d u c e d  by E M 1  Ltd.  i n  1974 ( H o u n s f i e l d  1973) .  I n  t h e  same 

y e a r ,  L e d l e y  e t  a 1  (1974)  announced t h e  deve lopmen t  of a  whole  

body CT s c a n n e r .  By 1977,  16 o r  s o  c o m m e r c i a l  compan ie s  were  

market ing more than  30 models of CT scanners.  

The CT measu red  c r o s s  s e c t i o n s  can  be l i n k e d  t o  form t h e  

s h a p e  of t h e  o b j e c t  b e i n g  s t u d i e d .  Thus, it i s  a  v e r y  p r a c t i c a l  

shape d a t a  a c q u i s i t i o n  too l .  Its main drawback is t h e  amount of 

r a d i a t i o n  e x p o s u r e  n e c e s s a r y  t o  a c q u i r e  t h e  s h a p e  of  l a r g e  

o b j e c t s .  The c r o s s  s e c t i o n s ,  o r  ' s l i c e s ' ,  have  a  t h i c k n e s s ,  

t y p i c a l l y  4  t o  8 m i l l i m e t e r s  f o r  c l i n i c a l  a p p l i c a t i o n s .  Theb 

s l i c e s  a r e  a  summat ion  t h r o u g h  t h a t  t h i c k n e s s .  A g r e a t e r  

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

f r equency .  But ,  a s  t h e  t h i c k n e s s  of t h e  s c a n  d e c r e a s e s  t h e  

exposure of t h e  s k i n  t o  r a d i a t i o n  increases .  Using t h e  minimum 

e x p o s u r e  t o  d e l i n e a t e  t h e  shape  of  bone t i s s u e  i n  t h e  l o w e r  

l i m b ,  a  4  m i l l i m e t e r  t h i c k  s l i c e  g i v e s  a s k i n  d o s e  o f  3.6  

mGrays, ( L i ,  1984). For comparison t h e  s k i n  dose f o r  an a n t e r i o r  

and a  l a t e r a l  p l a i n  r a d i o g r a p h  of t h e  knee,  t i b i a  and f i b u l a  

would be approximately  1.2 t o  1.5 mGray. 

One of t h e  d i s a d v a n t a g e s  of u s i n g  t h i s  t e c h n i q u e  i s  t h e  



long  t i m e  it t a k e s  t o  o b t a i n  a l l  t h e  c r o s s  s e c t i o n s  t o  d e s c r i b e  

a  shape.  I t  may t a k e  a s  l o n g  a s  40 m i n u t e s  t o  s c a n  f rom t h e  knee 

t o  t h e  a n k l e  a t  4  m i l l i m e t e r  i n t e r v a l s .  The p o s s i b i l i t y  of  t h e  

s u b j e c t  moving between scans  has  t o  be taken i n t o  cons idera t ion .  

S e v e r a l  compu te r  p r o g r a m s  have been d e v e l o p e d  f o r  t h r e e  

dimensional  d i s p l a y  of CT scans ,  (Herman, 1984, Latamore, 1983, 

Udupa,  1 9 8 3 ) .  N o t a b l e  among them i s  a  c o m m e r c i a l  s y s t e m  

r e s u l t i n g  from t h e  work of Vannier and co l leagues ,  (1983, 1985). 

I n i t i a l l y  d e v e l o p e d  f o r  t h e  s k u l l  t h e y  have e x t e n d e d  t h e i r  

methods t o  i nc lude  t h e  p e l v i s ,  h ip ,  hand and w r i s t .  These t h r e e  

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

pu rposes .  Some i n t e r a c t i v e  m a n i p u l a t i o n  p rog rams  have been 

d e v e l o p e d  t o  e n a b l e  t h e  s u r g e o n  t o  enhance  t h e  image. These  

inc lude  d i s l o c a t i o n  of t h e  h i p  and s e p a r a t i o n  of t h e  ca rpa l s .  

These h igh  r e s o l u t i o n  model l ing programs r e q u i r e  scans  a t  a  

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

r e c e i v e  approximately  30 r a d s  ( r a d i a t i o n  absorbed dose) ,  t h e  eye, 

l e n s e  would r e c e i v e  a p p r o x i m a t e l y  75 r ads .  C a t a r a c t  f o r m a t i o n  

o c c u r s  w i t h  e x p o s u r e s  be tween  150-200 r ads .  By c o m p a r i s o n  3  

s t a n d a r d  s k u l l  x - r a y s  p r o v i d e s  a n  a v e r a g e  e x p o s u r e  o f  300 

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

s u i t a b l e  f o r  r o u t i n e  use. 

I n  t h e  r e a l m  of s h a p e ,  CT s c a n s  have n o t  been w i d e l y  used. 

C l i n i c a l l y ,  t h e  vo lumes  of o r g a n s  and l e s i o n s  (Henderson e t  a 1  

1981,  Moss e t  a 1  1981 ,  1981 ,  and Breiman e t  a 1  1982)  have been 

measured by summing t h e  volumes an organ occupies  i n  each s l i c e ,  

o r  by s t e r e o g r a p h i c  techniques  us ing CT scans  (Reid 1982,1983). 



A s  w e l l  a s  t h o s e  m e n t i o n e d  above ,  Johnson  e t  a 1  (1983) ,  and 

Langrana  e t  a 1  (1982)  have  used  CT s c a n s  t o  a c q u i r e  s h a p e  

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

a p p l i c a t i o n s  and t h e  volume s t u d i e s ,  t h e  pe r ime te r  of t h e  organ 

i n  q u e s t i o n  i n  each s l i c e  was hand d i g i t i z e d .  

e )  Magnetic Resonance Imaging 

M a g n e t i c  Resonance Imag ing  ( M R I )  r e l i e s  on t h e  m a g n e t i c  

p r o p e r t i e s  of hydrogen molecules  i n  t h e  body t o  gene ra t e  s l i c e  

images s i m i l a r  t o  CT scans. I n  t h i s  shape a c q u i s i t i o n  technique 

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

t h a t  a l l  t h e  hydrogen m o l e c u l e s  a l i g n  t h e m s e l v e s .  When t h e  

magnetic f i e l d  is suddenly removed t h e  hydrogen bounces back t o  

i t s  p r e f e r r e d  pos i t i ons .  Energy is  produced i n  t h e  process. Some 

of  t h e  e n e r g y  i s  i n  t h e  fo rm of r a d i o  s i g n a l s  of  v a r y i n g  

f requency depending on molecule  p rope r t i e s .  The MRI equipment 

s enses  t h e  r a d i o  s i g n a l s  and r e c o n s t r u c t s  t h e  shape from them.& 

The r a d i o  s i g n a l s  a r e  very  weak, t h u s  some t i m e  is necessary  t o  

c o n s t r u c t  each slice. 

MRI has t h e  d i s t i n c t  advantage over r ad iog raph ic  techniques  

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

exposure. That i s  M R I V s  g r e a t  p o t e n t i a l .  

D o c t o r s  Hannam a n d  Wood ( 1 9 8 5 )  o f  t h e  D e p a r t m e n t  o f  

D e n t i s t r y  a t  t h e  U n i v e r s i t y  of B r i t i s h  Columbia, have been using 

MRI t o  ga the r  d a t a  f o r  r e c o n s t r u c t i n g  t h e  shape of t h e  mandible 

and a s s o c i a t e d  musculature.  



When i n c o r p o r a t i n g  s c a l i n g  procedures  it is  a p p r o p r i a t e  t o  

u n d e r s t a n d  how bone g e o m e t r y  v a r i e s  w i t h i n  and be tween  

i n d i v i d u a l s ,  and how it changes a f t e r  amputation. 

Some s h a p e  c h a r a c t e r i s t i c s  of n o r m a l  bones  a r e  v e r y  well  

understood. There a r e  many e x c e l l e n t  r e f e r e n c e s  t o  v a r i a b i l i t y  

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

v a r i a b i l i t y  of bone s h a p e s  and t h e  s h a p e s  of abnorma l  bones.  

T h e r e  h a s  been c o n s i d e r a b l e  i n v e s t i g a t i o n  i n t o  t h e  a t r o p h y  of 

bone dur ing  t h e  ag ing  p r o c e s s  but  w i t h  l i t t l e  r e f e rence  t o  bone 

geomet ry .  S i m i l a r l y ,  t h e r e  have  a l s o  been  a few s t u d i e s  on 

abnormal bone growth w i t h  minor r e f e rence  t o  t h e i r  shapes. 

Breakey (1973) r e p o r t s  an average knee b read th  (w ides t  p a r t  

of femur) of 9.76 cm f o r  206 below knee residuums. The s t anda rd  

d e v i a t i o n  i s  0.635 cm w i t h  a  r a n g e  of 8.26 t o  11.77 cm. I t  

should be noted t h a t  Breakey's sample ranged from 20 t o  over 80 

y e a r s  o l d ,  it c o n t a i n e d  76% m a l e s  f rom Mani toba  and On ta r io . ,  

Cause of amputat ion was 64% vascu la r  d i s ease ,  28% trauma and 8% 

' o t h e r ' .  

Persson and Liedberg (1983) r e p o r t  t h e  average l e n g t h  from 

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

s p a c e  a s  16.19 cm w i t h  s = 2.96 cm and a  r a n g e  of 10 t o  25 cm. 

T h e i r  s ample  o f  93 below knee r e s i d u u m s  w e r e  f rom Sweden. The 

s a m p l e  was 58% male. The mean a g e  was 72.5 y e a r s  r a n g i n g  f rom 1 0  

t o  94 y e a r s  o l d .  82% of t h e  a m p u t a t i o n s  w e r e  f o r  v a s c u l a r  

d i s ease .  

I n  measu remen t s  on t h e  s k e l e t o n s  of 24 i n d i v i d u a l s ,  Todd 



and Foort ,  (1960, unpubl ished) ,  found t h e  s k e l e t a l  dimension a t  

t h e  knee which e x h i b i t e d  t h e  g r e a t e s t  va r i ance  was t h e  d i s t a n c e  

between t h e  t i b i a 1  t u b e r c l e  and t h e  p a t e l l a .  I t  was considered 

i n  t h e  des ign  of t h e  s t anda rd  shape Winnipeg Below-Knee Sockets ,  

(Foor t  1967). Also of c o n s i d e r a b l e  va r i ance  was t h e  p o s i t i o n  of 

t h e  f i b u l a r  head. 

Mysorekar  e t  a 1  (1983)  found  c o n s i d e r a b l e  d i f f e r e n c e  

between i n d i v i d u a l s  i n  s o l e a l  l i n e  c h a r a c t e r i s t i c s .  They s t u d i e d  

330 t i b i a  and found  t h a t  i t  shows  mixed c h a r a c t e r i s t i c s  of a 

l i n e ,  a wide  l i n e ,  a  r i d g e  o r  a groove.  The l i n e  i s  f r e q u e n t l y  

absen t  i n  t h e  upper t h i r d  of t h e  t i b i a ,  o the rwi se  it is u s u a l l y  

a  d e p r e s s i o n  1 t o  2 mm i n  dep th .  I n  t h e  m i d d l e  t h i r d  it i s  s e e n  

a s  a wide  l i n e  o r  a s  a  r i d g e  v a r y i n g  f rom 1 t o  2 mm i n  h e i g h t  o r  

a s  a  d e p r e s s i o n  v a r y i n g  f rom 1 t o  2 m m  i n  dep th .  I n  t h e  l o w e r  

t h i r d  it u s u a l l y  p r e s e n t s  i t s e l f  as a  r i d g e  o r  a s  a  depression.  

Also ,  t h e  l i n e  shows a  l e f t - l i m b  dominance.  Though t h e  s o l e a l  

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

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

t y p e  and m a g n i t u d e  of  bone g e o m e t r y  v a r i a t i o n s  t h a t  can  be 

expected.  

The g r o w t h  of  bone t i s s u e  is  a f f e c t e d  by a m p u t a t i o n .  I n  a  

r ad iog raph ic  s tudy  of 18 c h i l d r e n  wi th  below knee amputat ion due 

t o  e i t h e r  t r a u m a t i c  o r  congen i t a l  reasons,  C h r i s t i e  e t  a 1  (1979) 

found t h a t  growth of t h e  c o r t i c a l  bone was reduced when compared 

t o  t h e  i n t a c t  l i m b .  R i s e b o r o u g h  e t  a 1  ( 1 9 8 3 )  e x a m i n e d  

radiographs  of a d u l t s  who had d i s t a l  femoral  f r a c t u r e s  i n  t h e i r  

youth.  They found g r o w t h  d i s t u r b a n c e s  i n  20% of  t h o s e  s t u d i e d .  



I t  is  p o s s i b l e  t h a t  t h e  growth d i s t u r b a n c e  a l t e r s  bone geometry 

from normal. 

A s t u d y  of s k e l e t a l  c h a n g e s  of  t h e  a m p u t a t e d  l i m b  by 

Sevas t ikoglou  e t  a 1  (1969) showed t h a t  bone a t rophy  i n  t h e  femur 

and t i b i a  was more pronounced  on t h e  a m p u t a t e d  s i d e  t h a n  t h e  

i n t a c t  s i d e  of u n i l a t e r a l  below knee amputees .  They were  

s t u d y i n g  c o r t i c a l  t h i c k n e s s  and it i s  n o t  c l e a r  where  t h e  

i nc reased  a t rophy  was occurr ing.  I t  i s  l i k e l y  t h a t  it was i n  t h e  

m e d u l l a r y  c a v i t y .  L e f t - r i g h t  d i f f e r e n c e s  up t o  1 0  m i l l i m e t e r s  

were reported.  I t  i s  expected t h a t  t h e r e  would be l e s s  bone l o s s  

from t h e  t i b i a l  t u b e r c l e  and t i b i a l  condyles  which r e t a i n  a  high 

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

s t r u c t u r e s  which do not. The d i f f e r e n c e  is no t  r epo r t ed  t o  have 

a  s u b s t a n t i a l  c o r r e l a t i o n  w i t h  a g e  o r  w i t h  t ime  s i n c e  

amputation. Two f a c t o r s  t h a t  were no t  r epo r t ed  and which may be 

r e l a t e d  t o  shape changes, a r e  t h e  a c t i v i t y  l e v e l  of t h e  amputee 

and t h e  l e v e l  of amputation.  . 
Atrophy of c o r t i c a l  bone i n  t h e  t i b i a  and femur dur ing  t h e  

a g i n g  p r o c e s s  h a s  been w e l l  documented,  (Arnold  e t  a 1  (1966)r  

Garn e t  a 1  (1969) ,  Van Gerven (1973) ,  Cumming e t  a1 (1973)  I 

M a r t i n  e t  a 1  (1977) ,  E r i c k s e n  (1979) and P l a t o  e t  a1 (1982) ) .  

A l l  have shown, t h e  l o s s  of c o r t i c a l  bone t o  be u n i v e r s a l  a f t e r  

t h e  f i r s t  3  or  4 decades of l i f e  and t h a t  it v a r i e s  cons iderab ly  

w i t h  i nd iv idua l s .  The bone l o s s  is from t h e  medul lary  c a v i t y  and 

no t  from t h e  e x t e r i o r  of t h e  bone. 



OBJECTIVES 

The o b j e c t i v e s  of t h i s  t h e s i s  were  t o  d e v e l o p  and t e s t  

procedures  f o r  model l ing from s e l e c t e d  an thropomet r ic  measures 

t h e  s i z e ,  shape and r e l a t i v e  o r i e n t a t i o n s  of t h e  bones t h a t  a r e  

conta ined  w i t h i n  below knee a r t i f i c i a l  l i m b  sockets.  The bones 

of concern a r e  t h e  t i b i a ,  f i b u l a ,  p a t e l l a  and d i s t a l  p o r t i o n  of 

t h e  femur. 

There were fou r  s p e c i f i c  o b j e c t i v e s .  

1. To g e n e r a t e  r e f e r e n c e  s h a p e s  of t h e  bones  t h a t  a r e  c o n t a i n e d  

w i t h i n  below knee  s o c k e t s .  To meet  t h i s  o b j e c t i v e  i t  was 

necessary  t o  develop procedures  f o r  gene ra t ion  of bone shapes 

f r o m  CT s c a n s .  The  r e f e r e n c e  b o n e  s h a p e s  w e r e  t o  b e  

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

procedures.  

2. To d e v e l o p  p r o c e d u r e s  f o r  s c a l i n g  t h e  r e f e r e n c e  bone s h a p e s  

a c c o r d i n g  t o  a n t h r o p o m e t r i c  m e a s u r e s  f rom t h e  ampu tees '  

r e s i d u a l  limbs. 

3 .  To t e s t  t h e  accuracy of t h e  s c a l i n g  procedures  by comparison 

of t h e  s c a l e d  bone s h a p e s  t o  t h e  amputee  i n  v i v o  bone s h a p e s  

a c q u i r e d  by CT. The o b j e c t i v e  was t o  have t h e  s c a l e d  bone 

r a d i i  w i t h i n  2mm of a c t u a l  bone r a d i i .  Th is  t e s t  o b j e c t i v e  i s  

b a s e d  on c l i n i c a l  o b s e r v a t i o n s .  2mm i s  a p p r o x i m a t e l y  t h e  

minimum d i f f e r e n c e  t h a t  ampu tees  can  f e e l ,  ( F o o r t ,  1985) .  To 

meet  t h i s  o b j e c t i v e  it was n e c e s s a r y  t o  d e v e l o p  a  p r o c e d u r e  

f o r  comparing t h e  r a d i i  of 2  bones. 

4.  To i n v e s t i g a t e  nonhomogeneous shape d i f f e r e n c e s  by comparison 

of amputee bone shapes  t o  t h e  r e f e rence  bone shapes.  



METHODS 

The development of exper imenta l  methods involved 4 s tages .  

Acqu i s i t i on  of r e f e rence  bone shapes. The bone shapes of one 

" re fe rence"  s u b j e c t  was measured by Computerized Tomography 

(CT) and r e c o n s t r u c t e d  as a  t h r e e  dimensional  computer image 

us ing  hand d i g i t i z i n g  techniques .  

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

t r ans fo rma t ion  procedures  were developed f o r  each bone. The 

p r o c e d u r e s  were  r e q u i r e d  t o  t r a n s f o r m  t h e  r e f e r e n c e  bone 

s h a p e  d a t a  a c q u i r e d  i n  a )  t o  match t h e  p r o p o r t i o n s  of t h e  

i n d i v i d u a l  amputees, 

T e s t i n g  of t h e  bone s h a p e  r e c o n s t r u c t i o n .  The bone s h a p e s  

f rom a  number of a m p u t e e s  w e r e  r e c o n s t r u c t e d  f rom t h e  

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

developed i n  b). The a c t u a l  bone shapes of each s u b j e c t  were 

a l s o  m e a s u r e d  d i r e c t l y  by CT s c a n n i n g  a s  i n  a ) .  The 

t ransformed bone shapes  were then compared wi th  t h e  d i r e c t l y  

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

r e p l i c a t i o n .  

A n a l y s i s  of  e r r o r .  The s o u r c e s  of  e r r o r  a r i s i n g  i n  t h e  

r e c o n s t r u c t i o n  of i n d i v i d u a l  bone shapes were evaluated.  



Reference-- 

Reference shapes of t h e  t i b i a ,  f i b u l a ,  p a t e l l a  and condylar  

p o r t i o n  of t h e  femur were taken from t h e  i n  v ivo  bone shapes of 

an i n d i v i d u a l  who was a r b i t r a r i l y  chosen. The r e f e rence  shapes 

were r ep re sen ted  i n  t h e  computer a s  a  s e r i e s  of t r a n s v e r s e  c r o s s  

s e c t i o n s ,  ( f i g u r e  1 4 ) .  The c r o s s  s e c t i o n s  were  s p a c e d  a t  4 

m i l l i m e t e r  i n t e r v a l s  p r o x i m a l  of and i n c l u d i n g  t h e  t i b i a 1  

t u b e r c l e  and a t  8 m i l l i m e t e r  i n t e r v a l s  d i s t a l  t o  t h e  t ube rc l e .  

Each c r o s s  s e c t i o n  was r e p r e s e n t e d  by a  s e r i e s  of p o i n t s  

a b o u t  i t s  p e r i m e t e r .  From 18  t o  60 p o i n t s  were  used p e r  c r o s s  

s e c t i o n  d e p e n d i n g  on t h e  c o m p l e x i t y  and s i z e  of t h e  p e r i m e t e r  

shape.  The s p a c i n g  be tween  p o i n t s  was v a r i a b l e ,  d e p e n d e n t  on 

curva ture .  

Reference Shape Acquis i t ion .  

The r e f e r e n c e  bone s h a p e s  were  o b t a i n e d  by d i g i t i z i n g  

Compute r i zed  Tomography (CT)  s c a n s  of t h e  l o w e r  l i m b  of one . 
nonamputee of average s t a t u r e .  

The CT s c a n s  were  p roduced  u s i n g  t h e  S i emens  Somatom DR 

s c a n  u n i t  a t  H e a l t h  S c i e n c e s  C e n t r e ,  U n i v e r s i t y  of  ~ r i t i s h  

Columbia. The scan width  was 4  m i l l i m e t e r s .  Each scan produced 

one t r a n s v e r s e  c r o s s  s e c t i o n  of t h e  r e f e r e n c e  shape.  The s c a n s  

were  t a k e n  f rom 2 cm p r o x i m a l  of  t h e  f e m o r a l  c o n d y l e s  t o  t h e  

d i s t a l  end of t h e  t i b i a  w i t h  t r a n s v e r s e  and s a g i t t a l  s c a n s  t o  

show t h e  gene ra l  o r i e n t a t i o n  of t h e  l i m b  i n  t h e  CT scanner. The 

r a d i a t i o n  e x p o s u r e  t o  t h e  s u b j e c t  was t h e  S i emens  Somatom's 

m i n i m a l  s e t t i n g ,  96KV a n d  0.075 MAS p e r  s l i c e .  T h i s  was  



equ iva l en t  t o  a  s k i n  dosage of 3 mGray. This  provided s u f f i c i e n t  

d e f i n i t i o n  of t h e  bone whi le  keeping exposure of t h e  s u b j e c t  t o  

a  reasonable  l eve l .  The scanning procedure  took approximately  45 

minutes  t o  complete. 

Each CT scan produced a radiograph f i l m  w i th  t h e  p a r t i c u l a r  

c r o s s  s e c t i o n  and scan pa rame te r s  p r i n t e d  on it, ( f i g u r e  9).  

A c a l i b r a t i o n  and a l ignment  j i g  was a t t a c h e d  t o  t h e  l i m b  of 

t h e  r e f e r e n c e  person .  The j i g  c o n s i s t e d  o f  4 p a r a l l e l  l e x a n  

t u b e s  w i t h  one  l a r g e r  d i a m e t e r  t u b e  t o  m a i n t a i n  t h e  j i g ' s  

i n t e g r i t y ,  ( f i g u r e s  9 & 1 0 ) .  The  2 l o w e r  t u b e s  s e r v e d  a s  

c a l i b r a t i o n  and a l i g n m e n t  r e f e r e n c e s .  S e p a r a t i o n  of t h e  t u b e s  

was used t o  de te rmine  t h e  c a l i b r a t i o n  f a c t o r  i n  t h e  p l ane  of t h e  

scan. 

Data Format 

The d a t a  d e s c r i b i n g  e a c h  bone  was  t r a n s f o r m e d  f r o m  

d i g i t i z e d  coo rd ina t e s  i n  t h e  r e f e rence  system of t h e  CT scanner ' 

t o  t h e  r e f e r e n c e  s y s t e m  of  t h e  a l i g n m e n t  and c a l i b r a t i o n  j i g .  

The z a x i s  was a l o n g  t h e  l o n g i t u d i n a l  a x i s  of t h e  l o w e r  l e f t  

t u b e  of t h e  j i g .  The x  a x i s  was o r i e n t e d  t h r o u g h  t h e  c e n t r e  of 

t h e  2 l o w e r  t u b e s .  The 3 a x e s  were  m u t u a l l y  o r t h o g o n a l  and i n  

accordance w i t h  t h e  r i g h t  hand convention. 

R o t a t i o n s  a b o u t  t h e  x  and y  a x e s  were  d e t e r m i n e d  f rom t h e  

s a g i t t a l  and f r o n t a l  view CT scans. These r o t a t i o n s  were assumed 

n o t  t o  change  d u r i n g  t h e  s c a n n i n g  p r o c e s s .  An a t t e m p t  was made 

t o  m o n i t o r  r o t a t i o n s  a b o u t  t h e  X and Y a x e s  by t h e  s e p a r a t i o n  

be tween  t h e  4 p a r a l l e l  t ubes .  I t  was n o t  p o s s i b l e  due t o  



i n s u f f i c i e n t  d i g i t i z i n g  r e s o l u t i o n .  S i m i l a r l y ,  it was  n o t  

p o s s i b l e  t o  a c c o u n t  f o r  movements a l o n g  t h e  z a x i s .  

! 
i 
e 
I 

F i g u r  e  9: Sampl scan  t h e  t i b i a 1  condy le  l e v e  Also seen  

a r e  4 of t h e  t -ubes of t h e  c a l i b r a t i o n  and a l i g n m e n t  j i g .  

F i g u r e  1 0 :  The a l i g n m e n t  and c a l i b r a t i o n  j i g  t h a t  a t t a c h e d  

t o  t h e  s u b j e c t ' s  l imb. 



ScalinaProcedures 

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

i n t e r n a l  f o r c e  a n a l y s i s  o f  human l o c o m o t i o n .  The o b j e c t i v e  i n  

t h e s e  i n s t a n c e s  i s  t o  d e t e r m i n e  t h e  l o c a t i o n s  of  o r i g i n s  and  

i n s e r t i o n s  of m u s c l e s  and l i g a m e n t s .  Because t h e  e x a c t  l o c a t i o n s  

of t h e s e  o r i g i n s  and i n s e r t i o n s  a r e  i n a c c e s s i b l e ,  p o s i t i o n  d a t a  

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

d a t a  is t r a n s f o r m e d  t o  t h e  human s u b j e c t .  Though o b j e c t i v e s  of 

t h i s  p r o j e c t  were s l i g h t l y  d i f f e r e n t ,  (i .e. s h a p e  d a t a  was  

n e c e s s a r y ) ,  t h e  same p r i n c i p l e s  can be a p p l i e d .  

The s c a l i n g  f o r m a t  i n c l u d e s  g e n e r a t i o n  o f  one  o r  more  

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

t r a n s f o r m  t h e  r e f e r e n c e  bone s h a p e s  t o  t h e  s u b j e c t ' s  r e s i d u a l  

l i m b  bone shapes.  P a l p a b l e  landmarks  from t h e  s u b j e c t s f  r e s i d u a l  

l i m b  and matching p o i n t s  from t h e  r e f e r e n c e  bone shapes  a r e  used 

t o  d e t e r m i n e  t h e  t r a n s f o r m a t i o n  m a t r i c e s ,  ( f i g u r e  11). I n  

i n s t a n c e s  w h e r e  homogeneous  c h a n g e s  a r e  d e s i r e d  a  s i n g l e  

t r a n s f o r m a t i o n  m a t r i x  i s  used. When nonhomogeneous changes a r e  

r e q u i r e d  2 o r  more m a t r i c e s  a r e  used. The c a l c u l a t e d  shapes  a r e  

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

t h e  r e f e r e n c e  shape  by t h e  t r a n s f o r m a t i o n  mat r ix .  

The t r a n s f o r m a t i o n  m a t r i c e s  w e r e  4x4 m a t r i c e s  a s  i s  

s t a n d a r d  f o r  3 -d imens iona l  g r a p h i c s  t r a n s f o r m a t i o n s .  

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

t i b i a  and d i s t a l  p o r t i o n  of t h e  femur. 

R e f e r e n c e  p o i n t s  w e r e  m e a s u r e d  u s i n g  t h e  M E R U  

anthropometer .  



R e f e r e n c e  P o i n t s  R e f e r e n c e  P o i n t s  
From R e f e r e n c e  S h a p e  From Amputee ' s  Limb 

\ T r a n s f o r m a t i o n  / 
M a t r i x  

R e f e r e n c e  
Bone  S h a p e  

C a l c u l a t e d  
Bone  S h a p e  

Figure  11: Overview of t h e  s c a l i n g  procedure used t o  

c a l c u l a t e  t h e  bone shapes. 

Generat ion of Transformat ion Mat r ices  C 

Four d i f f e r e n t  p r o c e d u r e s  were  u sed  t o  c a l c u l a t e  t h e  

t r ans fo rma t ion  ma t r i ce s :  

a )  uniform d i l a t i o n  - e q u a l  p r o p o r t i o n  o n  3 m u t u a l l y  

or thogona l  axes;  

b) o r thogona l  - d i f f e r e n t  p r o p o r t i o n s  on 3 m u t u a l l y  

or thogona l  axes;  

c )  nonorthogonal - d i f f e r e n t  p ropor t ions  on 3 nonprescr ibed 

axes ;  

d )  nonhomogeneous - a s e p a r a t e  t r ans fo rma t ion  f o r  each c r o s s  

s e c t i o n ,  s p e c i f i c  t o  t h e  t i b i a .  



a )  Uniform D i l a t i o n  

Uniform d i l a t i o n  i n v o l v e s  s h r i n k i n g  o r  expand ing  a l l  t h e  

dimensions  of t h e  r e f e rence  bone i n  a  p ropor t ion  der ived  from 2 

p o i n t s  measured on t h e  s u b j e c t ' s  l i m b  and t h e  complimentary 2 on 

t h e  r e f e r e n c e  bone shape.  A c o m p a r i s o n  of v a r i o u s  s c a l i n g  

methods  by Lew and Lewis  (1977)  shows  t h e  a c c u r a c y  of t h i s  

p r o c e d u r e  on t h e  t i b i a  and f e m u r s  t h e y  were  m e a s u r i n g  t o  be  

s i m i l a r  t o  no s c a l i n g  a t  a l l .  However, t i b i a  and femurs e x h i b i t  

d i s t i n c t  nonhomogeneous s h a p e  d i f f e r e n c e s .  Uniform d i l a t i o n  

could be s u f f i c i e n t  f o r  bones wi th  r e l a t i v e l y  homogeneous shape 

d i f f e r e n c e s ,  such a s  t h e  p a t e l l a .  The advantage of p r o p o r t i o n a l  

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

c a l c u l a t e  t h e  s c a l i n g  p o r t i o n  of t h e  t r a n s f o r m a t i o n  m a t r i x .  A 

t h i r d  p o i n t  was neces sa ry  t o  p o s i t i o n  and o r i e n t  t h e  bone shape 

r e l a t i v e  t o  t h e  r e f e r e n c e  p o i n t s  measured  f rom t h e  s u b j e c t ' s  

limb. 

The s t e p s  used t o  g e n e r a t e  t h e  m a t r i x  were a s  fo l lows :  C 

s c a l i n g  i n  t h e  3 mutua l ly  or thogona l  p lanes ,  x, y  and z ,  by 

t h e  r a t i o  of  s u b j e c t  bone r e f e r e n c e  p o i n t  s e p a r a t i o n  

d iv ided  by r e f e r e n c e  bone r e f e rence  p o i n t  s epa ra t ion ;  

t r a n s l a t i o n  of t h e  s c a l e d  shape t o  t h e  o r i g i n ;  

r o t a t i o n  of t h e  s c a l e d  shape t o  match t h e  s c a l e d  r e f e rence  

p o i n t  o r i e n t a t i o n  t o  t h e  s u b j e c t ' s  r e f e rence  p o i n t s ;  

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

r e f e r e n c e  p o i n t  l o c a t i o n  t o  t h e  s u b j e c t ' s  r e f e r e n c e  

po in t s .  

Accuracy of t h e  s o f t w a r e  was confirmed by s c a l i n g  a  cube of 
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known d i m e n s i o n s .  The c u b e  was d e f i n e d  a s  X , Y , Z  c o o r d i n a t e s  of 

i t s  apices .  Reference p o i n t s  were chosen t o  i n c r e a s e  t h e  cube's 

l i n e a r  d i m e n s i o n s  by f a c t o r s  1 .5  a n d  2.0. A c c u r a c y  was  

d e t e r m i n e d  by compar ing  t h e  c a l c u l a t e d  s h a p e s  t o  what  t h e y  

should be. 

b) Orthogonal 

O r t h o g o n a l  s c a l i n g  i n v o l v e s  s h r i n k i n g  o r  expand ing  t h e  

r e f e r e n c e  b o n e  i n  3 d i f f e r e n t  p r o p o r t i o n s  a l o n g  3 a x e s  

approximat ing t h e  c r i t i c a l  d imensions  of t h e  bone. The s c a l i n g  

p r o p o r t i o n s  were de r ived  from t h e  d i s t a n c e s  between r e f e rence  

p o i n t s .  T h i s  p r o c e d u r e  i s  s i m i l a r  t o  t h a t  used  by M o r r i s o n  i n  

1970. 

The s t e p s  used t o  g e n e r a t e  t h e  m a t r i x  were a s  fo l lows :  

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

r e f e rence  p o i n t  a t  t h e  o r i g i n ;  

r o t a t i o n  of t h e  2 s e t s  of r e f e r e n c e  p o i n t s  t o  a l i g n  t h e  

c r i t i c a l  a x e s  of  t h e  bone w i t h  t h e  c o o r d i n a t e  a x e s ;  

s c a l i n g  i n  t h e  3 mutua l ly  or thogonal  p lanes ,  x,  y  and 

z ,  by t h e  r a t i o  o f  s u b j e c t  bone  r e f e r e n c e  p o i n t  

s e p a r a t i o n  d i v i d e d  by r e f e rence  bone r e f e rence  p o i n t  

s e p a r a t i o n ,  s p e c i f i c  r e f e r e n c e  p o i n t s  were  used  f o r  

each c r i t i c a l  d imension f o r  each bone; 

t r a n s l a t i o n  and r o t a t i o n  of  t h e  s c a l e d  s h a p e  t o  match  i t s  

s c a l e d  r e f e r e n c e  p o i n t s  w i t h  t h e  s u b j e c t ' s  o r i g i n a l  

r e f e rence  po in t s .  



c) Nonorthogonal 

The n o n o r t h o g o n a l  s c a l i n g  t e c h n i q u e  was a t  d i f f e r e n t  

p ropor t ions  on 3 nonprescr ibed axes. The p r i n c i p a l  d i r e c t i o n s  of 

d e f o r m a t i o n  a r e  d e t e r m i n e d  by t h e  l o c a t i o n  of t h e  r e f e r e n c e  

p o i n t s  r a t h e r  t han  t h e  bone's p r i n c i p a l  axes. Each of t h e  t h r e e  

axes  has  i t s  own uniform s c a l i n g  parameter.  Th i s  procedure is 

d e s c r i b e d  i n  some d e t a i l  by Lew and Lewis  (1977) .  S o f t w a r e  t o  

i m p l e m e n t  i t ,  was  d e v e l o p e d  a t  S imon  F r a s e r  U n i v e r s i t y  

( P i e r r y n o w s k i  1982) .  I t  was used by P i e r r y n o w s k i  and M o r r i s o n  

(1982, 1985) i n  human locomotion model l ing and modif ied t o  s c a l e  

s h a p e  d a t a  by Cooper (1982) .  The a l g o r i t h m  d e v e l o p e d  by 

P i e r r y n o w s k i  a n d  m o d i f i e d  by C o o p e r  was  t h e  b a s i s  f o r  

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

a l g o r i t h m  was t r a n s l a t e d  f rom F o r t r a n  t o  P a s c a l  and r u n  on an  

IBM PC/XT Computer. 

The t r a n s f o r m a t i o n  m a t r i x  was genera ted  a s  fo l lows :  

t h e  c e n t r o i d s  o f  t h e  s u b j e c t ' s  a n d  r e f e r e n c e  s h a p e ' s  

pa lpab le  p o i n t s  were c a l c u l a t e d ;  

t h e  s u b j e c t ' s  and r e f e r e n c e  s h a p e ' s  p a l p a b l e  p o i n t s w e r e  

t r a n s l a t e d  t o  ze ro  t h e i r  c e n t r o i d s  on t h e  o r i g i n ;  

t h e  r o t a t i o n  and s c a l i n g  components of t h e  t r ans fo rma t ion  

were c a l c u l a t e d  t h r o u g h  m a t r i x  m a n i p u l a t i o n  of  t h e  

s u b j e c t ' s  and r e f e r e n c e  s h a p e ' s  p a l p a b l e  p o i n t s .  The 

Crou t  r e d u c t i o n  f o r  f a c t o r i z a t i o n  ( R i c e  1 9 8 1 ) ,  a  

v a r i a t i o n  of Gauss e l i m i n i z a t i o n ,  was included i n  t h i s  

procedure ; 

t h e  t rans la t ioncomponent  was c a l c u l a t e d  from t h e  nonzeroed 



c e n t r o i d s .  

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

p o i n t s  from t h e  amputee 's  l imb.  

I n  a  c o m p a r i s o n  of v a r i o u s  s c a l i n g  t e c h n i q u e s  a p p l i e d  t o  

t h e  t i b i a  a n d  f e m u r ,  L e w  a n d  L e w i s  (1977)  f o u n d  t h a t  s c a l i n g  

a b o u t  3 n o n p r e s c r i b e d  a x e s  w a s  t h e  m o s t  a c c u r a t e ,  f o l l o w e d  by 

s c a l i n g  a b o u t  3 m u t u a l l y  o r t h o g o n a l  a x e s  a s  u s e d  by M o r r i s o n  

( 1 9 7 0 ) ,  t h e n  by u n i f o r m  d i l a t i o n .  I t  s h o u l d  b e  n o t e d  t h a t  Lew 

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

n e g l i g i b l e .  

A p i l o t  s t u d y  by Cooper  ( 1 9 8 2 )  m o d i f i e d  t h e  s o f t w a r e  

developed by P i e r r y n o w s k i  t o  s c a l e  s i m p l e  g e o m e t r i c  shapes.  T h i s  

h a s  shown t h a t  f o r  homogeneous  s h a p e  c h a n g e s  t h a t  d i f f e r  i n  3 

m u t u a l l y  o r t h o g o n a l  a x e s  t h e  s c a l i n g  p r o c e d u r e  c a n  b e  1 0 0 %  

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

was c r i t i c a l .  E r r o r  i n  t h e  s c a l e d  shape  was of s i m i l a r  magni tude  

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

d) Nonhomogeneous 

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

b e n d i n g  o f  t h e  t i b i a l  s h a f t  t h a t  may b e  d i f f e r e n t  t h a n  t h e  s h a f t  

of t h e  r e f e r e n c e  t i b i a .  For t h i s  p r o c e d u r e  a  set of 5 r e f e r e n c e  

p o i n t s  were  measured a l o n g  t h e  t i b i a l  crest  of a l l  t h e  s u b j e c t s .  

T h e s e  r e f e r e n c e  p o i n t s  were u s e d  t o  d e t e r m i n e  c r o s s  s e c t i o n  

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

amount of bending of t h e  t i b i a .  Nonhomogeneous s c a l i n g  was done 

a f t e r  t h e  t i b i a  was s c a l e d  nonor thogona l ly .  



T h e  s t e p s  u s e d  t o  g e n e r a t e  t h e  n o n h o m o g e n e o u s  

t r ans fo rma t ion  m a t r i c e s  were  a s  fo l lows :  

proceeding d i s t a l l y  a long t h e  t i b i a ,  when t h e  f i r s t  of t h e  

5 r e f e r e n c e  p o i n t  was r e a c h e d ,  t h e  e q u a t i o n  of t h e  

l i n e  between t h e  f i r s t  and second r e f e rence  p o i n t s  was 

c a l c u l a t e d ;  

t h e  p o i n t  on t h e  c r o s s  s e c t i o n  r e p r e s e n t i n g  t h e  t i b i a l  

c r e s t  was determined;  

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

t h e  l i n e  b e t w e e n  t h e  2 r e f e r e n c e  p o i n t s  w a s  

c a l c u l a t e d ;  

t h e  t r a n s l a t i o n  f a c t o r  was upda ted  f o r  e a c h  s u b s e q u e n t  

c r o s s  s e c t i o n  u n t i l  t h e  n e x t  r e f e r e n c e  p o i n t  was 

reached; 

when t h e  n e x t  r e f e r e n c e  p o i n t  was r e a c h e d  t h e  e q u a t i o n  of 

t h e  l i n e  was updated. 

Sca l ing  of t h e  P a t e l l a  

The p a t e l l a  was s c a l e d  by 2 d i f f e r e n t  techniques ,  uniform 

d i l a t i o n  and orthogonal.  

Four r e f e rence  p o i n t s  were measured from t h e  p a t e l l a ;  i t s  

most proximal,  d i s t a l ,  medial  and l a t e r a l  aspects .  A l l  4 p o i n t s  

were  u sed  f o r  o r t h o g o n a l  s c a l i n g .  The m e d i a l - l a t e r a l  (ML) and 

p r o x i m a l - d i s t a l  (PD) p r o p o r t i o n s  were  used. S c a l i n g  i n  t h e  

d i r e c t i o n  of t h e  t h i r d  a x i s ,  a n t e r i o r - p o s t e r i o r  (AP) ,  was by t h e  

ML proport ion.  The p a t e l l a  was s c a l e d  by uniform d i l a t i o n  twice.  

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



and once us ing t h e  PD propor t ion .  

Sca l ing  of t h e  F ibu la  

The f i b u l a  was s c a l e d  by uniform d i l a t i o n ,  or thogonal  and 

nonorthogonal techniques.  

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

most  d i s t a l  l a t e r a l  a s p e c t  of t h e  f i b u l a r  head and t h e  d i s t a l  

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

r e f e rence  p o i n t  r e p r e s e n t a t i v e  of t h e  f i b u l a r  l eng th ,  t h e  d i s t a l  

end of  t h e  f i b u l a  was compared t o  a  p o i n t  on t h e  r e f e r e n c e  

f i b u l a  s h a p e  a t  a  p r o p o r t i o n  o f  i t s  l e n g t h  e q u a l  t o  t h e  

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

c o n t r a l a t e r a l  i n t a c t  f i b u l a .  A t h i r d  r e f e rence  po in t ,  t h e  medial  

t i b i a l - f e m o r a l  j o i n t  space was added t o  h e l p  o r i e n t  t h e  f i b u l a .  

Orthogonal and nonorthogonal s c a l i n g  r e q u i r e s  a t  l e a s t  f o u r  

r e f e r e n c e  p o i n t s  f rom t h e  a m p u t e e ' s  l imb.  The re  a r e  n o t  4 

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

a c c e s s i b l e .  The re f  o r e ,  f o r  t h e s e  t e c h n i q u e s ,  t h e  f i b u l a  was 

s c a l e d  according t o  t i b i a 1  parameters .  Reference p o i n t s  from t h e  

t i b i a  were  u sed  t o  g e n e r a t e  t h e  t r a n s f o r m a t i o n  m a t r i x  f o r  

s c a l i n g  t h e  f i b u l a .  These  w e r e  t h e  same r e f e r e n c e  p o i n t s  t h a t  

were used t o  s c a l e  t h e  t i b i a .  

Sca l ing  of t h e  T i b i a  

The t i b i a  was s c a l e d  by 4 t e c h n i q u e s ;  u n i f o r m  d i l a t i o n ,  

or thogonal ,  nonorthogonal and nonhomogeneous. 

The fo l lowing  r e f e rence  p o i n t s  were used: 



- t i b i a l  t u b e r c l e ,  s u p e r i o r  a n t e r i o r  a spec t  

- p o s t e r i o - l a t e r a l  j o i n t  space 

- pos te r io -media l  j o i n t  space 

- d i s t a l  end of t h e  t i b i a .  The d i s t a l  end of t h e  

t i b i a  was compared t o  a  p o i n t  on t h e  r e f e r e n c e  

t i b i a  shape a t  a  p ropor t ion  of i ts l e n g t h  equa l  t o  

t h e  p r o p o r t i o n a l  l e n g t h s  of t h e  amputated t i b i a  t o  

t h e  c o n t r a l a t e r a l  i n t a c t  t i b i a .  

Uniform d i l a t i o n  s c a l i n g  used t h e  t u b e r c l e  and d i s t a l  end 

of t h e  r e s i d u a l  l imb a s  s c a l i n g  r e f e rence  points .  

For o r t h o g o n a l  s c a l i n g  t h e  d i s t a n c e  be tween  t h e  t i b i a l  

p l a t e a u ,  ( a v e r a g e  of  t h e  2 j o i n t  s p a c e  r e f e r e n c e  p o i n t s ) ,  and 

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

s c a l i n g  f a c t o r .  The  d i s t a n c e  b e t w e e n  t h e  2 j o i n t  s p a c e  

r e f e r e n c e  p o i n t s  was used  t o  d e t e r m i n e  t h e  ML s c a l i n g  f a c t o r .  

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

d e f i n e d  by t h e  2 j o i n t  s p a c e  p o i n t s  and t h e  d i s t a l  end p o i n t  was 

used t o  de te rmine  t h e  AP s c a l i n g  f ac to r .  

A l l  4 r e f e r ence  p o i n t s  were used f o r  nonorthogonal sca l ing .  

Five t i b i a l  c r e s t  r e f e r e n c e  p o i n t s  were used f o r  nonhomogeneous 

s c a l i n g  of t h e  t i b i a l  s h a f t .  

Sca l ing  of t h e  Femur 

The c o n d y l a r  p o r t i o n  of t h e  femur  was s c a l e d  by u n i f o r m  

d i l a t i o n ,  or thogonal  and nonorthogonal techniques.  

S i x  p a l p a b l e  l a n d m a r k s  were  l o c a t e d  on t h e  femur.  These  

were: 



- t i p  of adductor  t u b e r c l e  

- l a t e r a l  ep icondyle  

- medial epicondyle  

- medial  r i d g e  of p a t e l l a r  s u r f a c e  

- poster io-medial  j o i n t  space 

- p o s t e r i o - l a t e r a l  j o i n t  space 

Uniform d i l a t i o n  used  t h e  m e d i a l  and l a t e r a l  e p i c o n d y l e  

r e f e rence  p o i n t s  t o  de te rmine  t h e  s c a l i n g  f a c t o r .  

For  o r t h o g o n a l  s c a l i n g  t h e  d i s t a n c e  be tween  t h e  a d d u c t o r  

t u b e r c l e  and a n  a v e r a g e  of t h e  2 j o i n t  s p a c e  r e f e r e n c e  p o i n t s  

was used  t o  d e t e r m i n e  t h e  PD s c a l i n g  f a c t o r .  The d i s t a n c e  

be tween  t h e  e p i c o n d y l e s  was used  t o  d e t e r m i n e  t h e  ML and A P  

s c a l i n g  f a c t o r s .  

The p a t e l l a r  r i d g e ,  a d d u c t o r  t u b e r c l e ,  and 2 j o i n t  s p a c e  

r e f e r e n c e  p o i n t s  were  used  f o r  n o n o r t h o g o n a l  s c a l i n g .  Of t h e  

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

t h e  bone t o  t h e  g r e a t e s t  ex t en t .  



Testinapf-ScalinaProcedure 

To m e e t  t h e  s t a t e d  o b j e c t i v e  o f  t e s t i n g  t h e  s c a l i n g  

procedure  desc r ibed  above, t h e  bone shapes  and s i z e s  of 6 below 

knee amputees were c a l c u l a t e d  by s c a l i n g  t h e  r e f e rence  shapes. 

The  a c t u a l  b o n e  s h a p e s  of  e a c h  a m p u t e e  w e r e  o b t a i n e d  by 

d i g i t i z i n g  CT s c a n s  of t h e  r e s i d u a l  l i m b  of  e a c h  amputee.  The 

procedures  fo l lowed  were i d e n t i c a l  t o  t hose  p rev ious ly  desc r ibed  

f o r  o b t a i n i n g  t h e  r e f e r e n c e  bone shapes. The s c a l e d  shapes  were 

t h e n  compared t o  t h e i r  i n  v i v o  bone s h a p e s  and s i z e s  a s  

measured by CT scanning. 

S e l e c t i o n  of S u b j e c t s  

S ix  amputees were s e l e c t e d  from t h e  p a t i e n t  popula t ion  seen 

a t  t h e  Med ica l  E n g i n e e r i n g  R e s o u r c e  U n i t  of t h e  U n i v e r s i t y  of 

B r i t i s h  Columbia l o c a t e d  a t  Shaughnessy Hospi ta l .  To reduce t h e  

e f f e c t  of nonhomogeneous g r o w t h  due  t o  a m p u t a t i o n  a t  an  e a r l y  

age ,  s u b j e c t s  w e r e  chosen  whose a m p u t a t i o n  o c c u r e d  a t  an  a g e  

g r e a t e r  than 18 years .  When p o s s i b l e ,  u n i l a t e r a l  amputees were 

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

r e f e r e n c e  p o i n t  f o r  t h e  t i b i a  and f i b u l a  by compar i son  t o  t h e  

i n t a c t  l imb.  For b i l a t e r a l  ampu tees  an  e s t i m a t e d  i n t a c t  l e g  

l e n g t h  was used. 

The s u b j e c t s  w e r e  s e l e c t e d  t o  r e p r e s e n t  t h e  r a n g e  of knee 

b r e a d t h  and r e s iduum l e n g t h  c h a r a c t e r i s t i c  of t h e  below knee 

amputee population.  



Shape Compari sons  

The CT acqui red  and s c a l e d  bone shapes  were compared. AS a  

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

and o r i e n t e d  accord ing  t o  t h e  r e f e rence  p o i n t s  measured from t h e  

s u b j e c t .  The CT s h a p e s  w e r e  p o s i t i o n e d  a c c o r d i n g  t o  t h e  

a l ignment  and c a l i b r a t i o n  j i g  used dur ing  t h e  scanning process. 

B e f o r e  compar i son  c o u l d  be  p o s s i b l e ,  t h e  2  s e t s  of d a t a  had t o  

be  b r o u g h t  i n t o  a l i g n m e n t .  A p rogram was w r i t t e n  t h a t  c y c l e d  

through a l ignment  and comparison of t h e  2 shapes. The a l ignment  

was done i n t e r a c t i v e l y .  A f t e r  each a l ignment  t h e  2  shapes  were 

compared. This  c y c l e  was broken when t h e  ope ra to r  was s a t i s f i e d  

t h a t  t h e  a l i g n m e n t  was t h e  b e s t  p o s s i b l e .  The a l g o r i t h m  f l o w  

c h a r t  is provided i n  appendix 111. 

C y l i n d r i c a l  c o o r d i n a t e s  were  g e n e r a t e d  f rom t h e  X,Y, Z 

coo rd ina t e  d a t a  t o  enab le  d i r e c t  comparison of r a d i i  magnitudes. 

Both t h e  s c a l e d  and CT d a t a  were  f i t t e d  i n t o  a c y l i n d r i c a l  

coo rd ina t e  system of known increment.  Th i s  was necessary  t o  pu t  , 

t h e  2  s e t s  of  d a t a  i n  phase .  I n  t h e  new d a t a  f o r m a t ,  c r o s s  

s e c t i o n s  were gene ra t ed  every  7 m i l l i m e t e r s .  Each c r o s s  s e c t i o n  

was r ep re sen ted  by a  s e r i e s  of r a d i i  extending from t h e  c e n t r a l  

a x i s ,  (Z a x i s ) ,  i n  5 d e g r e e  i n c r e m e n t s  a b o u t  t h e  a x i s ,  ( f i g u r e  

1 2 ) .  

F i t t i n g  t o  t h e  new d a t a  f o r m a t  r e q u i r e d  x , y , z  c o o r d i n a t e  

i n t e r p o l a t i o n .  P o i n t  i n t e r p o l a t i o n  was i n  2  s t e p s .  F i r s t  t h e  

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

f i t t e d  t o  a  5 d e g r e e  i n c r e m e n t  a b o u t  t h e  c e n t r a l  a x i s .  

I n t e r p o l a t i o n  was l i n e a r .  A f t e r  t h i s  s t e p  e v e r y  c r o s s  s e c t i o n  



was d e s c r i b e d  by 72 p o i n t s .  I n  some i n s t a n c e s ,  t h e  c e n t r a l  a x i s  

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

bone. T h i s  o c c u r r e d  when s m a l l  c r o s s  s e c t i o n s  were a t  t h e  e n d s  

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

t h e s e  c r o s s  s e c t i o n s ,  t h e r e f o r e  t h e y  were  o m i t t e d  from t h e  d a t a  

d e s c r i b i n g  t h e  bone. 

Z axis / 

R a d i i  a r e  spaced 
at 5 degree  

F i g u r e  12: The c y l i n d r i c a l  c o o r d i n a t e  sys tem used when 

comparing bone shapes.  

The s e c o n d  i n t e r p o l a t i o n  s t e p  was  a l o n g  t h e  z a x i s  w h i c h  

t y p i c a l l y  was  t h e  l o n g i t u d i n a l  a x i s  of  t h e  bone. T h i s  f i t t i n g  

p r o c e s s  was a l s o  l i n e a r .  



Longi tud ina l  i n t e r p o l a t i o n  was fo l lowed by smoothing about 

e a c h  c r o s s  s e c t i o n ' s  p e r i m e t e r .  T h i s  was by a l e a s t  s q u a r e s  

p a r a b o l a  f i t  o v e r  5  c o n s e c u t i v e  p o i n t s  ( S c h e i d ,  1968) .  Each 

p o i n t  b e i n g  smoothed  was b r a c k e t t e d  by t h e  2 p o i n t s  on e a c h  

s i d e .  

When s o l v i n g  t h e  equa t ion  of t h e  parabola  

p ( t )  = a0 + a l t  + a 2 t 2  

where t = (x-xk) /h  

k = index of p o i n t  being smoothed 

h  = x i n t e r v a l  between p o i n t s  

over t h e  5 e q u a l l y  spaced p o i n t s  k-2, k-1, k ,  k+l ,  k+2, 

a t  t h e  c e n t r e  argument t = O  and 

Es t imat ion  of s i z e  and shape d i f f e r e n c e s .  

A f t e r  i n t e r p o l a t i o n  of  t h e  CT and s c a l e d  s h a p e  t h e  d a t a  

d e s c r i b i n g  both were i n  phase. Comparison was then  a  ma t t e r  of 

examining t h e  d i f f e r e n c e s  between t h e  magnitude of t h e i r  r a d i i  

f o r  each d a t a  p o i n t  l o c a t i o n .  

Each comparison genera ted  3 numbers. The f i r s t  was t h e  mean 

d i f f e r e n c e  between t h e  r a d i i  of t h e  2  shapes being compared. The 

second number was t h e  r o o t  mean square  (RMS) of t h e  d i f f e r e n c e s  

between r a d i i .  The t h i r d  number was t h e  s t anda rd  d e v i a t i o n  from 

t h e  mean. For  e a c h  c o m p a r i s o n  b e t w e e n  2 b o n e s ,  t h e  mean 

d i f f e r e n c e  and s tandard  d e v i a t i o n  was c a l c u l a t e d  f o r  each c r o s s  

s e c t i o n  and f o r  each bone. The RMS d i f f e r e n c e s  were c a l c u l a t e d  

f o r  each bone. Combined mean and RMS d i f f e r e n c e s  were c a l c u l a t e d  
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ri o v e r  a l l  t h e  b o n e s  s c a l e d  by e a c h  p r o c e d u r e .  

These  3 m e a s u r e s  were  chosen  i n  o r d e r  t o  p r o v i d e  i n s i g h t  

i n t o  d i f f e r e n t  a s p e c t s  of  bone geomet ry .  The mean d i f f e r e n c e s  

were cons idered  t o  be r e p r e s e n t i v e  of s i z e  d i f f e r e n c e s  between 2 

b o n e s .  The  s t a n d a r d  d e v i a t i o n s  w e r e  c o n s i d e r e d  t o  b e  

r e p r e s e n t i v e  o f  s h a p e  d i f f e r e n c e s .  RMS d i f f e r e n c e s  w e r e  

r e p r e s e n t i v e  of s i z e  and shape d i f f e r e n c e s .  

A l l  t h r e e  d i f f e r e n c e  p a r a m e t e r s  were  d e p e n d e n t  on t h e  

p o s i t i o n i n g  of one bone r e l a t i v e  t o  t h e  o t h e r .  For example ,  i n  

f i g u r e  13,  two c y l i n d e r s  of 100 mm d iameter  were moved oppos i t e  

d i r e c t i o n s  f rom a  c e n t r a l  a x i s  i n  5 m m  i n c r e m e n t s .  Each t i m e  

t h e y  were  moved t h e  mean d i f f e r e n c e  d i d  n o t  change  b u t  t h e  

s t a n d a r d  d e v i a t i o n  d i d .  The s h a p e s  w e r e  n o t  c h a n g i n g  b u t  t h e r e  

was a  p e r c e i v e d  s h a p e  change.  With  one c y l i n d e r  k e p t  a t  t h e  

o r i g i n  and t h e  o t h e r  moved i n  1 0  mm i n c r e m e n t s  t h e r e  was a  

change i n  t h e  mean a s  w e l l  a s  t h e  s t anda rd  dev ia t ion .  I n d i c a t i n g  

a  s i z e  and a  shape change. . 
When comparing 2 bones, optimum al ignment  was c r i t i c a l .  I n  

t h e  compar i son  p r o c e s s ,  one bone was i n t e r a c t i v e l y  t r a n s l a t e d  

and r o t a t e d  r e l a t i v e  t o  t h e  o t h e r  an a v e r a g e  of  8 t i m e s .  With 

e a c h  move t h e  s t a n d a r d  d e v i a t i o n  was o b s e r v e d  t o  i n d i c a t e  t h e  

q u a l i t y  of  t h e  f i t .  The o b j e c t i v e  was t o  m i n i m i z e  t h e  t h e  

s t anda rd  dev ia t ion .  

R a d i i  d i f f e r e n c e s  were  d i s p l a y e d  g r a p h i c a l l y  a s  t h r e e  

dimensional  d i f f e r e n c e  maps and a s  c r o s s  s e c t i o n s  overlayed.  The 

means d i f f e r e n c e  and s t a n d a r d  d e v i a t i o n  of e a c h  t h e  c r o s s  

s e c t i o n  f o r  each bone were p l o t t e d .  



Both cylinders moving simultaneously in opposite directions. 

Mean 0.0 
SD 0.0 

Only one cylinder moving. 

Mean 0.0 
SD 0.0 

F i g u r e  13: The dependence of mean d i f f e r e n c e s  and s t a n d a r d  

d e v i a t i o n  ( S D )  v a l u e s  on p o s i t i o n i n g  of 

c r o s s  s e c t i o n s  r e l a t i v e  t o  each  o the r .  

Nonhomogenity of Bone Shapes  

I n  o r d e r  t o  o b t a i n  a n  e s t i m a t e  of  t h e  nonhomogenity of bone 

s h a p e s  e x i s t i n g  between t h e  r e f e r e n c e  shapes  and t h e  a c t u a l  bone 

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

o b t a i n e d  by CT s c a n s  w e r e  made. T h i s  was  done  i n  t h e  same manner  

a s  comparing t h e  CT and s c a l e d  s h a p e s  d e s c r i b e d  above. 
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P o s i t i o n i n g  E r r o r  C a l c u l a t i o n  

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

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

s c a l i n g  t h e  r e f e r e n c e  s h a p e s 1  r e f e r e n c e  p o i n t s .  I f  s c a l e d  

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

p o i n t s  measured from t h e  amputee. 



. . . Error- DataAcaulsltlon 

To de te rmine  d i g i t i z i n g  v a r i a b i l i t y ,  two CT c r o s s  s e c t i o n s  

of t h e  t i b i a  were  s e l e c t e d  f o r  r e p e a t e d  d i g i t i z i n g .  One c r o s s  

s e c t i o n  c o n t a i n e d  compact  bone t h e  o t h e r  was a  t r a c i n g  of a 

c r o s s  sec t ion .  CT s cans  t h a t  were not  s u f f i c i e n t l y  b r i g h t  were 

t r a c e d  on to  paper be fo re  d i g i t i z i n g .  These c r o s s  s e c t i o n s  were 

p r i m a r i l y  of c a n c e l l o u s  bone a t  t h e  knee jo in t .  S i x  p o i n t s  were 

i d e n t i f i e d  on e a c h  s l i c e  w h i c h  c o u l d  be e a s i l y  found  f o r  

r e p e a t e d  d i g i t i z i n g .  These  p o i n t s  w e r e  i d e n t i f i e d  by o b v i o u s  

changes  i n  t h e  p e r i m e t e r  shape.  Both c r o s s  s e c t i o n s  were  

d i g i t i z e d  t e n  t i m e s  a t  h a l f  hour i n t e r v a l s .  

To d e t e r m i n e  t h e  a c c u r a c y  and r e p r o d u c a b i l i t y  of shape  

d e f i n i t i o n  by CT scans  and hand d i g i t i z i n g ,  a  c y l i n d e r  of known 

d iameter  was scanned and d i g i t i z e d .  Four p o i n t s  were d i g i t i z e d  

t e n  t i m e s  a t  h a l f  hour  i n t e r v a l s .  The f o u r  p o i n t s  fo rmed  two 

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

d i a m e t e r s  were c a l c u l a t e d  from t h e  d i g i t i z e d  d a t a  then compared , 

t o  t h e i r  known values.  

Pa lpa t ion  v a r i a b i l i t y  was i n d i c a t e d  by a  comparison of t h e  

d i s t a n c e s  be tween  r e f e r e n c e  p o i n t s .  The r e f e r e n c e  p o i n t s  of 5 

s u b j e c t s  were measured 3 t i m e s  each. The d i s t a n c e  of each po in t  

from t h e  t i b i a 1  t u b e r c l e  was ca l cu l a t ed .  The t u b e r c l e  was chosen 

a s  t h e  o r i g i n  b e c a u s e  t h e r e  i s  a  h i g h  d e g r e e  of c o n f i d e n c e  i n  

c o r r e c t  p a l p a t i o n  and i t  is  c e n t r a l l y  l o c a t e d .  The s t a n d a r d  

d e v i a t i o n  f o r  t h e s e  d i s t a n c e s  f o r  each r e f e rence  p o i n t  f o r  a l l  

t h e  s u b j e c t s  and f o r  a l l  t h e  r e f e rence  p o i n t s  was ca l cu l a t ed .  



RESULTS 

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

a )  The a m p u t e e  a n d  r e f e r e n c e  s u b j e c t s  a r e  d e s c r i b e d  by 

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

r e c o n s t r u c t i o n s  of t h e  bones  of t h e i r  l i m b s  f rom t h e  

Computerized Tomography (CT) scans. 

b) The d a t a  a c q u i s i t i o n  e r r o r s  a r e  r e p o r t e d .  T h i s  i n c l u d e s  

d i g i t i z i n g  v a r i a b i l i t y ,  CT s c a n n i n g  e r r o r ,  and r e f e r e n c e  

p o i n t  measurement v a r i a b i l i t y .  

c )  Bone shape v a r i a b i l i t y  is  presen ted  a s  comparisons between 

t h e  r e f e rence  bone shapes  and t h e  amputees' CT bone shapes. 

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

be tween  t h e  s c a l e d  bone s h a p e s  and t h e  ampu tees '  CT bone 

shapes .  P o s i t i o n i n g  and l e n g t h  a c c u r a c y  i s  r e p o r t e d  a s  

d i f f e r e n c e s  be tween  s c a l e d  r e f e r e n c e  p o i n t s  f rom t h e  

r e f e rence  shapes and t h e  r e f e r e n c e  p o i n t s  from t h e  amputees. 



Subiect DescriPtion 

S u b j e c t  d e m o g r a p h i c s  a r e  p r e s e n t e d  i n  t a b l e  1. A l l  t h e  

s u b j e c t s  were male. The y o u n g e s t  a t  t h e  time of a m p u t a t i o n  was 

26 y e a r s  o ld .  The l e a s t  m a t u r e  r e s i d u a l  l i m b  was 7.9 y e a r s  o ld .  

The  s u b j e c t  who p r o v i d e d  t h e  r e f e r e n c e  s h a p e  w a s  n o t  a n  

a m p u t e e ,  b o t h  l i m b s  were i n t a c t .  The  s u b j e c t  w a s  male, t h e  

r e f e r e n c e  s h a p e s  were f r o m  h i s  r i g h t  l i m b ,  a n d  h e  w a s  25.8 y e a r s  

o l d .  

T a b l e  1. Sub j ect demographics .  

Reason for  Contralater a1 Age a t  Years since 
on Side on ZQp&&zn 

JD infect ion l e f t  i n t ac t  58.4 47.1 11 -3 

M trauma r igh t  i n t a c t  39.5 27.5 12.0 

BW infection r igh t  i n t ac t  68.9 61.0 7.9 

GS trauma r igh t  i n t a c t  64.0 41.0 23.0 

FD trauma l e f t  above-knee 54.6 30.9 23.7 

DL trauma left i n t a c t  60.5 26.0 34.5 

mean 
standard deviation 
range 



Subjec t  r e s i d u a l  l i m b  and body dimensions  a r e  p resen ted  i n  

t a b l e  2. The femoral  b i ep i condu la r  b read th  and amputated t i b i a l  

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

l i t e r a t u r e .  Biepicondular  b r e a d t h  range was 35% of t h a t  r epo r t ed  

by Breakey, (1973). T i b i a 1  l e n g t h  range was 70% of t h a t  r epo r t ed  

by Persson and Liedberg,  (1983). 

T a b l e  2. S u b j e c t  r e s i d u a l  l i m b  and body d i m e n s i o n s ,  and body 
w e i g h t .  T i b i a  l e n g t h  i s  f rom t h e  m e d i a l  j o i n t  s p a c e  t o  t h e  
d i s t a l  end on t h e  t i b i a l  c r e s t  of t h e  amputated t i b i a .  

Femoral Amputated 
Biepicondular Tibia 

mean 91.6 148.6 1775 83.3 
std dev 5 .O 38.6 46 11 -8 
range 85 -7-98.0 117.8-222.7 1727-1854 68 -2-102.3 

As reported in  the l i terature:  
biepicondular breadth, Breakey (1973 ) , 
t i b i a l  length, Persson and Liedberg (1983) . 

mean 97.6 161.9 
std dev 6.4 29 -6 
range 82.6-117.7 100-25 0 



Dimensions of t h e  s u b j e c t  who provided t h e  r e f e r e n c e  shapes 

a r e  l i s t e d  i n  t a b l e  3. A l l  h i s  d imensions  were w i t h i n  t h e  range 

of t h e  ampu tee  s u b j e c t s .  H i s  b i e p i c o n d u l a r  b r e a d t h  was 5.9% 

g r e a t e r  t h a n  t h e  s u b j e c t  a v e r a g e ,  h e i g h t  was 1.4% g r e a t e r ,  and 

weight was 10% l e s s .  

Table3.  D imens ions  of t h e  r e f e r e n c e  sub jec t .  

Femoral 
Biepicondular Body 

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

a r e  i n  f i g u r e  1 4 .  The c r o s s  s e c t i o n s  of  t h e  d i s t a l  end of t h e  

t i b i a  and f i b u l a  a r e  malal igned.  The c a l i b r a t i o n  and a l ignment  

j i g  d i d  not  extend t o  t h e  end of t h e  bone. When d i g i t i z i n g  t h e s e  . 
d i s t a l  c r o s s  s e c t i o n s  t h e i r  r e l a t i v e  p o s i t i o n s  were es t imated .  

T h i s  p o r t i o n  of  t h e  bone was n o t  r e q u i r e d  i n  t h e  s c a l i n g  

rou t ines .  



Figure 1 4 :  The femur, pa te l la ,  t i b i a  and f ibula  reference shapes. 
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Graphic r e p r e s e n t a t i o n s  of t h e  bones of t h e  r e s i d u a l  l imbs  

a r e  p r e s e n t e d  i n  f i g u r e s  15  t o  20. T h i s  shape  i n f o r m a t i o n  was 

acqui red  by Computerized Tomography, a s  desc r ibed  i n  t h e  Methods 

s e c t i o n .  Four bones  of t h e  r e s i d u a l  l i m b  a r e  d e p i c t e d ;  t h e  

t i b i a ,  f i b u l a ,  p a t e l l a  and d i s t a l  p o r t i o n  of t h e  femur. 

S u b j e c t  DF d o e s  n o t  have  a  f i b u l a ,  it was removed a t  t h e  

t i m e  of a m p u t a t i o n .  The l i m b  of s u b j e c t  DL was c rushed .  I t  was 

suspec ted  t h a t  t h e  i n j u r y  changed t h e  shapes of t h e  bones i n  h i s  

r e s i d u a l  l imb.  DL'S f i b u l a  was de fo rmed  t o  t h e  e x t e n t  t h a t  a 

reasonable  comparison t o  o t h e r  bone shapes  was not  poss ib le .  A S  

a consequence, it was not  inc luded  i n  t h e  r e s u l t s .  The remaining 

t h r e e  bones of DL were included.  

A t o t a l  of s i x  t i b i a ,  f o u r  f i b u l a ,  s i x  p a t e l l a  and s i x  

femurs were used i n  t h e  study. 



Figure  15:  The bone shapes  of s u b j e c t  JD, r econs t ruc t ed  from CT 
data.  The t i b i a ,  f i b u l a ,  p a t e l l a  and d i s t a l  p o r t i o n  of 
t h e  f emur  a r e  shown. The v iew i s  f rom t h e  l a t e r a l  
s i d e ,  proximal of t h e  l e f t  knee. 



Figure  16:  The bone shapes  of s u b j e c t  EH, r e c o n s t r u c t e d  from CT 
data.  One CT s l i ce  a t  t h e  d i s t a l  end of t h e  t i b i a  was 
missed.  Note t h e  rounded d i s t a l  end of t h e  t i b i a  and 
f i b u l a .  T h i s  i s  a  r i g h t  l imb.  



Figure  17 :  The bone shapes  of s u b j e c t  BW, r econs t ruc t ed  from CT 
data.  One s l i c e  of t h e  t i b i a  and f i b u l a  was missed. 
The mos t  d i s t a l  c r o s s  s e c t i o n  a p p e a r s  t o  be  o u t  of  
al ignment.  T h i s  is a r i g h t  limb. 



Figure  18:  The bone shapes  of s u b j e c t  GS, r e c o n s t r u c t e d  from CT 
data.  One f i b u l a  s c a n  was missed .  T h i s  i s  a r i g h t  
1 imb. 



Figure  19: The bone shapes  of s u b j e c t  FD, r econs t ruc t ed  from CT 
d a t a .  T h i s  i s  t h e  l e f t  l i m b  v iewed from t h e  m e d i a l  
s i d e .  FD d i d  n o t  have  a  f i b u l a .  The t i b i a  of FD had a n  
u n u s u a l  s h a p e .  T h e r e  was a  l a r g e  b u l g e  on t h e  
p o s t e r i o r  of t h e  s h a f t  and a d i s t i n c t  t a p e r  a t  t h e  
d i s t a l  end. 



Figure  20:  The bone shapes of s u b j e c t  DL, r econs t ruc t ed  from CT 
data.  The l o n g i t u d i n a l  a x i s  of t h e  bone was no t  
perpendicu la r  t o  t h e  CT plane. The l imb  of DL was 
crushed p r i o r  t o  amputation. The f i b u l a  h a s  unusual 
bends i n  it. The t i b i a  appears  r o t a t e d  about  i t s  long  
a x i s  r e l a t i v e  t o  t h e  femur. This  i s  a l e f t  limb. 



nata A c a u l s l t l o n  
. . . 

i k L Q u  

D i g i t i z i n g  v a r i a b i l i t y .  

The d i g i t i z i n g  v a r i a b i l i t y  was r e p r e s e n t e d  by s t a n d a r d  

d e v i a t i o n s  of 0.30 mm i n  t h e  x c o o r d i n a t e  and 0.34 i n  t h e  y 

coord ina te .  

Within a 95% confidence l i m i t ,  d i g i t i z i n g  v a r i a b i l i t y  could 

r e s u l t  i n  an e r r o r  of  * 0.68 m m  i n  x and * 0.77 mm i n  y. A 

d e v i a t i o n  of  t h i s  much would n o t  be  n o t i c e d  i n  t h e  bone p l o t s ,  

( f i g u r e s  14 t o  20). Bone r a d i u s  va r i ed  from about  5 mm t o  55 mm. 

The e r r o r  r a n g e  due t o  d i g i t i z i n g  v a r i a b i l i t y  c o u l d  be a s  h i g h  

a s  15 pe rcen t  of t h e  r a d i i  of s m a l l  bones. 

D i g i t i z i n g  v a r i a b i l i t y  of t h e  t r a c e d  p e r i m e t e r s  was analysed 

i n  t h e  same manner a s  f o r  t h e  CT s cans .  The s t a n d a r d  d e v i a t i o n s  

were  0.25 m m  f o r  x, 0.22 m m  f o r  y and 0.04 m m  f o r  z. A l though  

d i g i t i z i n g  was l e s s  v a r i a b l e  than  f o r  d i r e c t  measurement from t h e  

scans  themselves ,  it was no t  p o s s i b l e  t o  e s t a b l i s h  t h e  amount of 

e r r o r  in t roduced  due t o  t h e  d i f f i c u l t y  de te rmin ing  t e  e x a c t  bone 

pe r ime te r  from t h e  CT scan. 

Computerized Tomography e r r o r .  

The d i ame te r s  of t h e  a c r y l i c  c y l i n d e r  measured from from t h e  

d i g i t i z e d  d a t a  were 4.9 p e r s e n t  l e s s  than t h e  a c t u a l  d iameter .  

Reference p o i n t  measurement v a r i a b i l i t y .  

Only one s e t  of measu remen t s  were  t a k e n  f rom t h e  f i r s t  

sub jec t .  The r e f e rence  p o i n t s  of t h e  remaining 5 s u b j e c t s  were 

measured t h r e e  t imes  each. The v a r i a b i l i t y  i n  t h e  d i s t a n c e  of 13 

measured p o i n t s  from t h e  t i b i a 1  t u b e r c l e  was ca l cu l a t ed .  R e s u l t s  

a r e  shown i n  t a b l e  4 and p l o t t e d  i n  f i g u r e  21 i n  t h e  o r d e r  t h a t  



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

measurement e r r o r  f o r  t h e  l a s t  4 sub jec t s .  

Table 4. Reference p o i n t  measurement v a r i a b i l i t y .  The s t anda rd  
d e v i a t i o n  of t h e  measured d i s t a n c e s  of r e f e rence  p o i n t s  from t h e  
t i b i a 1  t u b e r c l e  f o r  3 s e t s  of measurements on each sub jec t .  This  
i n c l u d e s  13 r e f e r e n c e  p o i n t s  e x c e p t  s u b j e c t  FD f o r  whom 11 
p o i n t s  were used due t o  absense of f i b u l a .  S u b j e c t s  a r e  arranged 
i n  order  of measurement. U n i t s  a r e  i n  mi l l ime te r s .  

Subject GS FD BW M DL 

Order of Measurement 2nd 3rd 4th 5th 6th 

Standard Deviation 5.17 2.41 2.06 2.45 2.03 

2nd 3rd 4th 5th 6 th  
Measurement Order 

Figure  21: Reference p o i n t  measurement v a r i a b i l i t y  v e r s e s  
o rder  of measurement. 



c m E = b u p f - u R e f e r e n c e m  

E a c h  b o n e  s h a p e  a c q u i r e d  by CT w a s  c o m p a r e d  t o  t h e  

c o r r e s p o n d i n g  (unsealed) r e f e r e n c e  bone shape.  The t e c h n i q u e s  

f o r  a l ignment ,  i n t e r p o l a t i o n  and comparison a r e  expla ined  i n  t h e  

methods sec t ion .  Three g r a p h i c  ou tpu t s  were genera ted  from each 

compar i son .  I n  v iew of t h e  e x t e n t  of t h i s  m a t e r i a l ,  two of t h e  

g r a p h i c a l  o u t p u t s  a r e  p resen ted  i n  appendix I. These c o n s i s t  of 

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

i l l u s t r a t e  e x a c t l y  where  s h a p e  and s i z e  d i f f e r e n c e s  occur .  

Numer i ca l  o u t p u t  of mean d i f f e r e n c e s  and s t a n d a r d  d e v i a t i o n s  

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

i l l u s t r a t i n g  t h e  mean d i f f e r e n c e s  and s t a n d a r d  d e v i a t i o n  f o r  

e a c h  c r o s s  s e c t i o n  a r e  p r e s e n t e d  i n  f i g u r e s  22 t o  25. These  

graphs  show t r e n d s  i n  s i z e  and shape d i f f e r e n c e s  between c r o s s  

s e c t i o n s .  

Table 5  summarizes t h e  bone d i f f e r e n c e s  f o r  a l l  6 sub jec t s .  

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

r e l e v a n t  i n  t h e  a p p l i c a t i o n  of t h i s  d a t a  t o  Computer Aided 

Socket Design. 

The mean d i f f e r e n c e  i s  i n d i c a t i v e  of s i z e  d i f f e r e n c e .  A 

nega t ive  va lue  i n d i c a t e s  t h a t  t h e  r e f e rence  bone i s  s m a l l e r  than  

t h e  a m p u t e e ' s  bone .  The RMS d i f f e r e n c e  i n d i c a t e s  s h a p e  

v a r i a b i l i t y .  A g r e a t e r  RMS v a l u e s  i n d i c a t e s  l e s s  s h a p e  

congruence. For example, a  bone having a  mean d i f f e r e n c e  of ze ro  

b u t  a  l a r g e  RMS e r r o r ,  would  i n d i c a t e  t h a t  t h e  bone was t h e  same 

o v e r a l l  s i z e  a s  t h e  r e f e r e n c e  bone,  b u t  e x h i b i t e d  s u b s t a n t i a l  

shape ,  ( o r  nonhomogeneous s i z e ) ,  d i f f e r e n c e s .  A bone h a v i n g  a 



l a r g e  mean d i f f e r e n c e ,  a n d  a RMS d i f f e r e n c e  a p p r o x i m a t e l y  t h e  

same magn i tude  would i n d i c a t e  a s u b s t a n t i a l  s i z e  d i f f e r e n c e  b u t  

smal l  s h a p e  d i f f e r e n c e .  The  c o m b i n e d  mean a n d  RMS d i f f e r e n c e  

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

T a b l e  5. C o m p a r i s o n  o f  a m p u t e e  t o  r e f e r e n c e  b o n e  s h a p e s .  A 
n e g a t i v e  mean i n d i c a t e s  t h e  r e f e r e n c e  s h a p e  was smaller t h a n  t h e  
a m p u t e e  s h a p e .  L a r g e r  RMS d i f f e r e n c e s  i n d i c a t e  l e s s  s h a p e  
congruency.  U n i t s  a r e  millimeters. 

Tibia Fibula Patel la  Femur 
FlM& 

JD 0.01 1.99 0.90 1.52 -1.57 1.91 -0.02 4.97 

M 0.82 2.09 -0.76 1.54 -0.27 1.64 1.73 3.96 

BV -1.08 2.29 -1.78 2.77 -1.41 2.17 -1.09 2.72 

GS -0.62 2.16 -0.38 1.32 -1.58 2.10 0.13 3.57 

FD -2.12 4.83 no f i b l a  -2.84 3.38 -2.69 4.45 b 

DL 0.53 4.50 no fibula -0.62 2.90 2.26 8.07 

t o t a l  -0.20 3.U -0.59 1.88 -1.42 2.42 0.04 4.92 
n 8424 6480 4176 2304 2088 1728 3096 2592 



F i g u r e  22 d e m o n s t r a t e s  t h a t  t h e  r e f e r e n c e  t i b i a  was  

remarkably  c l o s e  t o  4 of t h e  amputees '  t i b i a  i n  s i z e  and shape. 

For 5  of t h e  amputees,  t h e  c r o s s  s e c t i o n s  t h a t  co r respond  t o  t h e  

s h a f t  o f  t h e  t i b i a  were c o n s i s t a n t l y  w i t h i n  1 o r  2  mm. The c r o s s  

s e c t i o n  o v e r l a y s  i n  append ix  I, show c o n s i s t a n t  d i f f e r e n c e s  i n  

t h e  c r e s t  a r e a  of t h e  t i b i a  w h i l e  t h e  r e s t  of t h e  s h a f t  w a s  

q u i t e  r e g u l a r  between bones. S u b j e c t  FD had g r e a t e r  d i f f e r e n c e s  

i n  s i z e  a n d  s h a p e  (mean a n d  s t a n d a r d  d e v i a t i o n )  t h a n  t h e  o t h e r  

s u b j e c t s .  T h i s  c a n  b e  c o n f i r m e d  by  f i g u r e  1 9  w h e r e  a n  

e n l a r g e m e n t  on t h e  p o s t e r i o r  p o r t i o n  of  h i s  t i b i a  c a n  b e  s e e n .  

The c o n d y l a r  p o r t i o n  of t h e  t i b i a  showed g r e a t e r  s i z e  and shape  

d i f f e r e n c e s  t h a n  t h e  remainder  of t h e  t i b i a .  

I n  f i g u r e  23 ,  t h e  f i b u l a  h a v e  s i m i l a r  d i f f e r e n c e s  a s  t h e  

t i b i a .  A g a i n  t h e  mean d i f f e r e n c e s  were v e r y  s m a l l .  Though t h e  

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

magnitude of t h e  rad ius .  I f  t h e y  were, t h e  f i b u l a  b e i n g  s m a l l e r  

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

bones. I n  t h e  c r o s s  s e c t i o n  o v e r l a y s  i n  appendix  I, t h e  f i b u l a r  

heads  and t h e  s h a f t s  have c o n s i d e r a b l e  shape  d i f f e r e n c e s .  

I n  f i g u r e  2 4 ,  t h e  p a t e l l a e  do  h a v e  d e f i n i t e  s i z e  a n d  s h a p e  

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

is f a i r l y  c o n s t a n t  w i t h i n  and between bones. 

The f e m u r s ,  ( f i g u r e  2 5 ) ,  e x h i b i t e d  t h e  g r e a t e s t  s h a p e  

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

bones. 
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cross section number 

Figure 23: Amputee fibula minus reference fibula. 
Meon difference with SO for each cross section. 

7 3 



crocc section number 

Figure 24: Amputee patella minus reference patella. 
Mean difference with SO for each cross section. 

$4 



Cr06S section number 

Figure 25: Amputee femur minus reference femur. 
Mean difference with SO for each cross section. 

7 5 
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Each s c a l e d  bone s h a p e  was compared t o  t h e  c o r r e s p o n d i n g  

ampu tees '  bone s h a p e s  a c q u i r e d  by CT scan.  Shape a l i g n m e n t ,  

i n t e r p o l a t i o n  between e l emen t s  and c a l c u l a t i o n  of d i f f e r e n c e s  i s  

desc r ibed  i n  t h e  methods sec t ion .  

T a b l e s  6 t o  9  s u m m a r i z e  t h e  bone d i f f e r e n c e s  f o r  a l l  t h e  

s c a l i n g  techniques  f o r  each of t h e  bones. 

The means and RMS d i f f e r e n c e s  f o r  e a c h  s c a l i n g  t e c h n i q u e  

were  r anked  r e l a t i v e  t o  t h e  o t h e r  s c a l i n g  t e c h n i q u e s  and t o  no 

sca l ing .  For each s u b j e c t ,  t h e  s c a l i n g  technique  w i t h  t h e  l owes t  

mean va lue  scored one point .  The nex t  l o w e s t  scored two po in t s .  

Th i s  cont inued u n t i l  every  s c a l i n g  technique  f o r  t h e  amputee had 

a  score. T h i s  was repea ted  f o r  a l l  t h e  amputees and f o r  t h e  RMS 

d i f f e r ences .  The t o t a l s  f o r  each s c a l i n g  technique a r e  given i n  

t a b l e s  6 t o  9. The l o w e r  s c o r e s  i n d i c a t e  more a c c u r a t e  shape  

r e p l i c a t i o n .  

The b e s t  t e c h n i q u e  f o r  e a c h  of t h e  t i b i a ,  f i b u l a ,  p a t e l l a  

and femur were s e l e c t e d  f o r  f u r t h e r  i l l u s t r a t i o n .  S e l e c t i o n  was 

based  on t h e  mean and RMS t o t a l s  and t h e  r a n k i n g  f o r  e a c h  

s c a l i n g  procedure. 

The s c a l i n g  procedures  determined t o  be t h e  b e s t  were: 

T i b i a  - uniform d i l a t i o n ;  

F ibu la  - nonorthogonal by t i b i a 1  parameters ;  

P a t e l l a  - uniform d i l a t i o n  t o  ML propor t ion ;  

Femur - uniform d i l a t i o n .  

The mean and RMS f o r  t h e s e  procedures were comparable o r  b e t t e r  

and t h e i r  rankings  were b e t t e r  than t h e  o t h e r  s c a l i n g  techniques  

f o r  t h e i r  r e s p e c t i v e  bones. 



T a b l e  6. C o m p a r i s o n  o f  s c a l e d  t i b i a  t o  a m p u t e e  b o n e  s h a p e  a s  
a c q u i r e d  by Compute r i zed  Tomography. The c o m p a r i s o n s  be tween  t h e  
r e f e r e n c e  and amputee  a r e  i n c l u d e d  t o  f a c i l i t a t e  compar ison .  A 
n e g a t i v e  mean i n d i c a t e s  t h a t  t h e  s c a l e d  s h a p e  was s m a l l e r .  A 
l a r g e r  RMS d i f f e r e n c e  i n d i c a t e s  less s h a p e  congruence.  U n i t s  a r e  
i n  millimeters.  

Reference Uniform Dilation Non- Nm- 
shape Prox-Dist Orthogonal Orthogonal Hamogeneous 

t o t a l  -0.20 3.21 0.23 3.44 0.10 3.82 -0.07 4.17 -0.05 4.06 
n  8424 6480 7776 5616 7632 5616 7488 5184 7632 6048 
order rank 17 13 17 12 25 17 17 24 14 24 

F o r  t h e  t i b i a ,  t h e  c o m b i n e d  mean d i f f e r e n c e s  f o r  a l l  

s u b j e c t s  were a l l  l e s s  t h a n  0.23 mm. L i k e w i s e ,  t h e  t o t a l  RMS 

d i f f e r e n c e s  are a l l  w i t h i n  a r a n g e  o f  0.85 mm. DL is t h e  s u b j e c t  

whose l i m b  was c rushed .  H i s  d i f f e r e n c e s  were t h e  l a r g e s t .  



Table 7. Comparison of s c a l e d  f i b u l a  t o  amputee bone shapes a s  
acqui red  by Computerized Tomography. The comparisons between t h e  
r e f e rence  and amputee a r e  inc luded  t o  f a c i l i t a t e  comparison. A 
n e g a t i v e  mean i n d i c a t e s  t h a t  t h e  s c a l e d  shape  was s m a l l e r .  A 
l a r g e r  RMS d i f f e r n c e  i n d i c a t e s  l e s s  shape congruence. Uni t s  a r e  
i n  m i l l i m e t e r s .  

Nm- 
Reference Unif om Dilation OrthogoMl Or thog0~1 
sha~e Prox-Dist by Tibia by Tibia 

man a 

to ta l  -0.59 1.88 -1.46 2.23 -0.74 2.16 -0.80 2.03 
n 4176 2304 3816 1728 3744 2016 3888 2016 
order rank 8 8 12 13 10 13 9 8 

By a l l  of t h e  i n d i c a t o r s ,  none of t h e  s c a l i n g  p r o c e d u r e s  . 
f o r  t he  f i b u l a  were more a c c u r a t e  than  no sca l ing .  T h i s  r e f l e c t s  

how c l o s e l y  t h e  r e f e r e n c e  f i b u l a  matched  t h e  ampu tees '  f i b u l a  

be fo re  s ca l ing .  The most a c c u r a t e  of t h e  s c a l i n g  procedures  was 

nonorthogonal s c a l i n g  by t i b i a 1  parameters.  



Table  8. Comparison of s c a l e d  p a t e l l a  t o  amputee bone shapes  a s  
acqu i r ed  by Computerized Tomography. The comparisons between t h e  
r e f e r e n c e  and amputee a r e  inc luded  t o  f a c i l i t a t e  comparison. A 
n e g a t i v e  mean i n d i c a t e s  t h a t  t h e  s c a l e d  s h a p e  was s m a l l e r .  A 
l a r g e r  RMS d i f f e r e n c e s  i n d i c a t e  l e s s  shape congruence. Uni t s  a r e  
i n  mi l l ime te r s .  

Reference Uniform D i l .  Uniform D i l .  
shape Med-Lat Prox-Di st Orthogonal 

A l l  of t h e  p a t e l l a  s c a l i n g  p r o c e d u r e s  r e s u l t e d  i n  an 

improvement  i n  combined mean and RMS d i f f e r e n c e s .  The r e s u l t s  

a r e  l e s s  random than  f o r  t h e  o the r  bones. 



Table  9. Comparison of s ca l ed  fe,murs t o  amputee bone shapes a s  
acqui red  by Computerized Tomography. The comparisons between t h e  
r e f e rence  and amputee a r e  included t o  f a c i l i t a t e  comparison. A 
n e g a t i v e  mean i n d i c a t e s  t h a t  t h e  s c a l e d  shape  was s m a l l e r .  A 
l a r g e r  RMS d i f f e r e n c e s  i n d i c a t e s  l e s s  s h a p e  congruence .  U n i t s  
a r e  i n  m i l l i m e t e r s .  

Reference Uniform Dilation Nm- 
shape Med-Lat Orthogonal Orthogonal 

to ta l  0.04 4.92 -0.42 4.08 -1.38 4-96 -0.81 6.87 
n 3096 2591 2088 1728 2592 2160 2664 1728 
rank order 12 15 14 9 18 14 16 23 

The combined mean d i f f e r e n c e s  f o r  t h e  femur i n d i c a t e  no 

s c a l i n g  t o  be bes t ,  wh i l e  t h e  RMS d i f f e r e n c e s  i n d i c a t e  uniform 

d i l a t i o n  t o  be  b e s t .  The r a n k i n g s  s u g g e s t  u n i f o r m  d i l a t i o n  i s  

most o f t e n  t h e  most accura te .  



Graphs of t h e  mean d i f f e r e n c e  and s t a n d a r d  d e v i a t i o n s  a r e  

p r e s e n t e d  i n  f i g u r e s  26 t o  29. D i f f e r e n c e  maps a n d  c r o s s  

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

appendix  I1 a l o n g  w i t h  n u m e r i c a l  o u t p u t  of mean d i f f e r e n c e s  and 

s t a n d a r d  d e v i a t i o n s .  

For t h e  t i b i a ,  a  compar ison of f i g u r e  22 t o  26 i n d i c a t e s  a  

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

e x c e p t i o n s  t o  t h i s ,  n o t a b l y  t h e  s h a f t  p o r t i o n  f o r  FD and DL. The 

means  f o r  e a c h  bone  h a v e  s h i f t e d ,  some b e t t e r ,  some w o r s e .  The 

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

S u b j e c t  FD i s  a g a i n  an  e x c e p t i o n ,  h i s  c u r v e  h a s  s t r a i g t e n e d .  

The same t r e n d s  c a n  b e  s e e n  i n  t h e  f i b u l a ,  p a t e l l a  and  

femur as e x i s t e d  i n  t h e  t i b i a .  



crass section number 

Figure 26: Amputee minus uniform dilation tibia. 
Mean difference with SO for each cross section. 

82 



cross section number 

Figure 27: Amputaa minus non-orthogonal fibula. 
Mean difference with SO for each cross section. 

83 



cross section number 

figure 28: Amputee minus ML uniform dilation patella. 
Mean difference with SO for each cross section. 
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cross section number 

Figure 29: Amputee minus uniform dilation femur. 
Mean difference with SO for each cross section. 

8 5 



Bone p o s i t i o n i n g .  

Upon s c a l i n g ,  t h e  new bone shapes  were pos i t i oned  such t h a t  

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

ampu tees '  r e f e r e n c e  p o i n t s .  Any e r r o r  i n  t h e  match  i n d i c a t e s  

t h a t  t h e  new shape  was n o t  p o s i t i o n e d  c o r r e c t l y .  A l so ,  t h e  

r e f e r e n c e  p o i n t s  spanned  t h e  c r i t i c a l  d i m e n s i o n s  of t h e  bone,  

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

t h e  accuracy of t h e  match between t h e  2 sets of r e f e rence  points .  

R e f e r e n c e  p o i n t  measurement  e r r o r s  c o n t r i b u t e  t o  t h e  e r r o r s  i n  

t h i s  technique.  

Table 10 shows t h e  RMS e r r o r  i n  r e f e rence  p o i n t  s ca l ing .  I t  

can be seen t h a t  uniform d i l a t i o n  of t h e  f i b u l a  and nonorthogonal 

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

f i b u l a  has  on ly  2 r e f e rence  points .  Uniform d i l a t i o n  w i l l  a lways 

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

was t r u e  f o r  a l l  t h e  u n i f o r m  d i l a t i o n  s c a l i n g  t e c h n i q u e s ,  t h e  2 

r e f e r e n c e  p o i n t s  used  t o  c a l c u l a t e  t h e  s c a l i n g  p r o p o r t i o n  were  , 

always pos i t i oned  c o r r e c t l y .  With 4 r e f e rence  p o i n t s  t h e  s c a l i n g  

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

a f t e r  s c a l i n g  t h e  4 p o i n t s  f rom t h e  r e f e r e n c e  s h a p e  match t h e  

sub j e c t l s  r e f e rence  points .  

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

u s i n g  t i b i a 1  s c a l i n g  a n d  t r a n s f o r m a t i o n  p a r a m e t e r s .  I n  

o r thogona l  s c a l i n g  on ly  one f i b u l a r  r e f e rence  p o i n t  was used t o  

t r a n s l a t e  t h e  f i b u l a r  head t o  t h e  c o r r e c t  pos i t ion .  



T a b l e  1 0 .  P o s i t i o n i n g  e r r o r .  The  d i s c r e p a n c y  b e t w e e n  t h e  
s c a l e d  r e f e r e n c e  p o i n t s  f r o m  t h e  r e f e r e n c e  s h a p e  a n d  t h e  
r e f e r e n c e  p o i n t s  f rom t h e  s u b j e c t  was c a l c u l a t e d  as a RMS e r r o r .  
T a b l e  1 0  c o n t a i n s  t h e  mean a n d  s t a n d a r d  d e v i a t i o n  o f  t h e  RMS 
e r r o r  f o r  e a c h  b o n e  a n d  f o r  e a c h  s c a l i n g  t e c h n i q u e .  U n i t s  a r e  
millimeters. 

Unif o m  Dilation Orthogonal Nan-orthogonal 
mean ED n SD n 

Tibia 0.30 0.24 4 0.35 0.09 5 0.00 0.00 4 

Fibula 0.00 0.00 2 0.00 0.00 1 5.08 1.55 2 

Patel la  ML 0 -52 0 -06 4 0.52 0.05 4 -- - 0 
PD 0.52 0.08 4 

Femur 0.18 0.09 6 0.60 0.22 6 0.00 0.00 4 



DISCUSSION 

One o f  t h e  r e s u l t s  of  t h i s  p r o j e c t  h a s  b e e n  g r a p h i c  

d e p i c t i o n  of t h e  e x t e n t  of bone shape and s i z e  v a r i a b i l i t y .  The 

degree  of nonhomogenity is w e l l  de f ined  f o r  t h e  l i m i t e d  number 

of s u b j e c t s  observed. I t  i s  un fo r tuna t e  t h a t  more s u b j e c t s  could 

n o t  be  i n c l u d e d  i n  t h e  s tudy .  However, t h e  number of s u b j e c t s  

i n v e s t i g a t e d  was cons t r a ined  by t h e  labour  i n t e n s i v e  n a t u r e  of 

t h e  d a t a  c o l l e c t i o n  procedures. Each s u b j e c t  r equ i r ed  s e r i a l  CT 

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

d i g i t i z a t i o n  o f  e a c h  bone  s e g m e n t .  A t o t a l  o f  2 5 , 0 0 0  

d i g i t i z a t i o n s  were  n e c e s s a r y  t o  c o n s t r u c t  t h e  26 bone s h a p e s  

a c q u i r e d .  Because  of t h e  s m a l l  number of s u b j e c t s ,  c a u t i o n  i s  

urged i n  i n t e r p r e t a t i o n  of t h e  r e s u l t s .  

I n  gene ra l ,  t h e  r e s u l t s  d i d  not  show an improvement i n  t h e  

d i f f e r e n c e s  from be fo re  s c a l i n g  t o  a f t e r  sca l ing .  These r e s u l t s  . 
were  n o t  e x p e c t e d .  T h e r e  a r e  t h r e e  f a c t o r s  t h a t  c o n t r i b u t e d  t o  

t h e s e  r e s u l t s .  

1. Four of t h e  a m p u t e e s  m e t  t h e  2mm o b j e c t i v e  f o r  t h e  t i b i a ,  

f i b u l a  and p a t e l l a  be fo re  sca l ing .  

2. The v a r i a b i l i t y  of r e f e r e n c e  p o i n t  measurement  was g r e a t e r  

than 2mm. 

3 .  I n  some i n d i v i d u a l s  a  l a r g e  d e g r e e  of nonhomogeni ty  was 

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

by homogeneous sca l ing .  

D e t a i l s  of t h e s e  f i n d i n g s  w i l l  be  d i s c u s s e d  i n  t h e  f o l l o w i n g  



paragraphs .  

T h r e e  s e p a r a t e  m e a s u r e s  o f  a c c u r a c y  were c a l c u l a t e d  f r o m  

bone s h a p e  c o m p a r i s o n s .  T h e s e  w e r e  mean d i f f e r e n c e ,  s t a n d a r d  

d e v i a t i o n  o f  t h e  mean, a n d  RMS d i f f e r e n c e .  None of  t h e s e  

measures  can  be c o n s i d e r e d  t o  d e s c r i b e  p r e c i s e l y  t h e  d i f f e r e n c e  

i n  s i z e  a n d  s h a p e  o f  t h e  bones.  However,  i n  g e n e r a l  t h e  mean 

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

o v e r a l l  s i z e  between two bones, w h i l e  t h e  s t a n d a r d  d e v i a t i o n  is 

i n d i c a t i v e  o f  d i f f e r e n c e  i n  shape .  The  RMS d i f f e r e n c e  i s  

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

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

w i l l  a l s o  d e t e c t  nonhomogeneous  s i z e  d i f f e r e n c e s  b e t w e e n  

d i f f e r e n t  s e c t i o n s  o f  t h e  bone  w h i c h  would  n o t  b e  d e t e c t e d  by 

compos i t e  mean d i f f e r e n c e  and s t a n d a r d  d e v i a t i o n  c a l c u l a t e d  f o r  

t h e  e n t i r e  bone. To a p p r e c i a t e  t h e  n a t u r e  of nonhomogeneous s i z e  

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

c o m p a r i s o n s  g e n e r a t e d  i n  f i g u r e s  22 t o  29 and  a p p e n d i c e s  I and  

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

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

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

A l i g n m e n t  e r r o r s  were m i n i m i z e d  by a n  i t e r a t i v e  a l i g n m e n t  

p r o c e s s  a s  d e s c r i b e d  i n  t h e  methods s e c t i o n .  

T h e  r e f e r e n c e  b o n e  s h a p e s  w e r e  a r b i t r a r y  s h a p e s .  By 

c o i n c i d e n c e ,  t h e y  were n o t  much d i f f e r e n t  t h a n  t h e  amputee bone 



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

between t h e  r e f e rence  bone shapes  and t h e  amputee bone shapes. 

The s i z e  of t h e  r e f e rence  shape has  no e f f e c t  on t h e  outcome of 

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

appropr ia te .  For example, i f  t h e  t i b i a  r e f e rence  shape was t w i c e  

t h e  s i z e  it a c t u a l l y  was, and s e p a r a t i o n  between t h e  r e f e rence  

p o i n t s  expanded by t h e  same p r o p o r t i o n ,  t h e n  t h e  s c a l i n g  

procedures  would gene ra t e  t h e  same t i b i a  shapes  as were produced 

i n  t h i s  p ro j ec t .  Improvement from t h e  r e f e rence  shapes would be 

s u b s t a n t i a l l y  b e t t e r  than a s  observed. 

Wi th  r e s p e c t  t o  t h e  measured  d i f f e r e n c e s  be tween  t h e  

r e f e rence  and amputee bone shapes, s c a l i n g  by uniform d i l a t i o n  

was expected t o  reduce t h e  mean and RMS r a d i a l  d i f f e r e n c e s  by 

s i m i l a r  amounts. Of t h e  28 uniform d i l a t i o n  s c a l i n g s  t h e r e  were 

19 improvements i n  t h e  mean d i f f e r ence .  S c a l i n g  of t h e  p a t e l l a  . 
t o  i t s  m e d i a l - l a t e r a l  (ML) p ropor t ions  was t h e  most s u c c e s s f u l ;  

t h e  mean r a d i a l  d i f f e r e n c e  was r educed  i n  a l l  6 s u b j e c t s .  The 

femur  was t h e  l e a s t  e f f e c t i v e  w i t h  o n l y  2  improvemen t s  i n  t h e  

mean d i f f e r ence .  

These  r e s u l t s  r e f l e c t  t h e  r e l a t i v e  nonhomogeni ty  of t h e  

bones.  The shape  d i f f e r e n c e s  found  be tween  p a t e l l a e  a r e  l e s s  

t h a n  t h e  d i f f e r e n c e s  found  be tween  femurs .  T h e r e f o r e ,  one 

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

t h e  femur. The t o t a l  RMS d i f f e r e n c e  of t h e  r e f e rence  t o  amputee 

bone c o m p a r i s o n s  r e f l e c t  t h i s  w i t h  RMS d i f f e r e n c e s  of 2.42 m m  



and 4.92 mm r e s p e c t i v e l y  f o r  t h e  p a t e l l a  and femur. 

The ML r e f e rence  p o i n t s  on t h e  p a t e l l a  were more a c c e s s i b l e  

than t h e  p rox ima l -d i s t a l  (PD) r e f e rence  po in t s .  I t  was expected 

t h a t  p a l p a t i o n  e r r o r  would be l e s s  f o r  t h e  ML r e f e rence  p o i n t s  

and t h e r e f o r e ,  ML s c a l i n g  would be more accura te .  Th i s  proved t o  

be t r u e  f o r  5 of t h e  6 amputees. 

The p r o p o r t i o n s  f o r  un i fo rm d i l a t i o n  of t h e  t i b i a  and 

f i b u l a  were der ived  from re fe rence  p o i n t s  pos i t i oned  a long t h e  

l o n g i t u d i n a l  a x i s  of t h e  bone. Only 5 0  p e r c e n t  of t h e  s c a l i n g s  

r e s u l t e d  i n  s i z e  improvements .  T h i s  i s  t o  be e x p e c t e d  when 

c o n s i d e r i n g  t h a t  bone d i a m e t e r  i s  n o t  d e p e n d e n t  on l e n g t h .  I t  

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

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

t r a n s v e r s e  plane. This  is probably t r u e  f o r  any one s e c t i o n ,  bu t  

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

t r a n s v e r s e  p r o p o r t i o n s  would n o t  be  r e f l e c t e d  i n  t h e  s c a l i n g  

procedure. Hence, s u b s t a n t i a l  l e n g t h  s c a l i n g  e r r o r s  could occur. 

The  RMS v a l u e s  w e r e  r e d u c e d  i n  1 7  of  t h e  2 8  u n i f o r m  

d i l a t i o n  s c a l i n g s .  Shape changes  do n o t  o c c u r  w i t h  un i fo rm 

d i l a t i o n .  But, t h e  mean and RMS d i f f e r e n c e  va lues  a r e  dependent 

on how w e l l  bones  a r e  a l i g n e d  d u r i n g  t h e  compar i son  p r o c e s s ,  

( s e e  f i g u r e  13) .  The c h a n g e s  i n  RMS d i f f e r e n c e s  a r e  a t t r i b u t e d  

t o  s i z e  c h a n g e s  w i t h  t h e  e x c e p t i o n  of a l i g n m e n t  e r r o r .  The 

remaining RMS e r r o r  w i l l  then tend t o  r e f l e c t  t h e  a c t u a l  shape 

d i f f e r e n c e  between t h e  bones. 

Length comparisons were not  made using t h e  c r o s s  s e c t i o n a l  

data.  I t  was a t tempted,  but  t h e  r e s u l t s  were ex t remely  var iab le .  



T h i s  was  d u e  t o  t h e  c r o s s  s e c t i o n  d a t a  f o r m a t .  The g a p  b e t w e e n  

CT s l i c e s  was  4 mm. W i t h  a  g a p  a t  e a c h  e n d  t h e  CT bone c o u l d  

a p p e a r  t o  b e  up t o  8 m m  s h o r t  o f  a c t u a l  s i z e .  When i n t e r p o l a t i n g  

c r o s s  s e c t i o n s  a d d i t i o n a l  l e n g t h  could  be  l o s t  depending on t h e  

i n t e r v a l  of t h e  c r o s s  s e c t i o n s  be ing  i n t e r p o l a t e d .  

Or thogonal  s c a l i n g  was i n  d i f f e r e n t  p r o p o r t i o n s  i n  e i t h e r  2 

o r  t h r e e  o r t h o g o n a l  axes  depending on t h e  bone type. S i n c e  each  

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

i m p r o v e m e n t  i n  f i t  o v e r  u n i f o r m  d i l a t i o n .  T h i s  o c c u r r e d  i n  8 

mean d i f f e r e n c e s  and 1 0  RMS d i f f e r e n c e s ,  o f  t h e  22  o r t h o g o n a l  

s c a l i n g s .  S i z e  was o n l y  b e t t e r  t h a n  t h e  u n s c a l e d  r e f e r e n c e  shape  

i n  1 0  c a s e s  ( a s  m e a s u r e d  by mean d i f f e r e n c e ) ,  a n d  o v e r a l l  

a c c u r a c y  (RMS d i f f e r e n c e )  i n  12 cases .  

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

o f  o r t h o g o n a l  s c a l i n g  f o r  a l l  t h e  b o n e s  e x c e p t  t h e  p a t e l l a .  

E x a m i n a t i o n  o f  f i g u r e s  22  t o  25 r e v e a l s  t h a t  t h e  t i b i a ,  f i b u l a  . 
and femur have nonhomogeneous shape and s i z e  d i f f e r e n c e s  o t h e r  

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

f i g u r e  23 shows d i f f e r e n c e s  i n  t h e  mean and s t a n d a r d  d e v i a t i o n  

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

can  n o t  be accounted  f o r  by o r t h o g o n a l  s c a l i n g .  G e n e r a l l y ,  t h e r e  

was  g r e a t e r  v a r i a b i l i t y  i n  t h e  p r o x i m a l  end  r a t h e r  t h a n  t h e  

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

a p p e n d i x  I. T h e  s h a f t  p o r t i o n  o f  t h e  t i b i a  d i d  n o t  v a r y  

s u b s t a n t i a l l y  f rom t h e  s t a n d a r d  t i b i a .  On some t h e  c r e s t  was 

e x a g g e r a t e d  more t h a n  o t h e r s ,  b u t  w i t h  t h e  e x c e p t i o n  of s u b j e c t  



FD who had a  c a l c i f i c a t i o n  on t h e  p o s t e r i o r  p o r t i o n  of t h e  

s h a f t ,  t h e  m a j o r i t y  of t h e  s h a f t s  were  q u i t e  s i m i l a r .  On t h e  

o t h e r  hand t h e  t i b i a l  condyles  v a r i e d  cons iderab ly  i n  s i z e  and 

shape. There were a l s o  v a r i a t i o n s  i n  r o t a t i o n  of t h e  t i b i a  about  

i t s  long a x i s  where t h e  condyles were a t  a  d i f f e r e n t  o r i e n t a t i o n  

than  t h e  s h a f t ,  ( s u b j e c t  EH i n  p a r t i c u l a r ) .  

S i m i l a r  nonhomogenities e x i s t e d  f o r  t h e  f i b u l a  and femur a s  

d i d  f o r  t h e  t i b i a ,  ( f i g u r e s  2 4 ,  26 and a p p e n d i x  I). Because  of 

t h e  l ack  of s u f f i c i e n t  pa lpab le  p o i n t s  on t h e  amputated f i b u l a ,  

it was s c a l e d  or thogona l ly  and nonorthogonl ly  by t i b i a l  s c a l i n g  

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

parameters  t o  f i b u l a r  uniform d i l a t i o n  t h e  mean d i f f e r e n c e s  were 

l e s s  by c l o s e  t o  S O % ,  whi l e  t h e  RMS d i f f e r e n c e s  were increased  

o n l y  s l i g h t l y .  The f u n d a m e n t a l  d i f f e r e n c e s  be tween  t h e s e  

techniques  is t h a t  t h e  procedures  us ing t i b i a l  parameters  s c a l e  

i n  t h e  t r a n s v e r s e  p lane  according t o  p ropor t ions  de r ived  i n  t h e  

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

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

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

d i ame te r  i n c r e a s e  d i f f e r .  Th i s  would g i v e  t h e  observed r e s u l t  of 

a decreased  mean d i f f e r e n c e  but  no t  an accompanying decrease  i n  

RMS d i f f e r e n c e .  

Nonorthogonal s c a l i n g  is  a l s o  a t  d i f f e r e n t  p ropor t ions  i n  3 

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

r e f e r e n c e  p o i n t s  which a r e  no t  n e c e s s a r i l y  l o c a t e d  or thogonal ly .  

When t h e  axes  of t h e  r e f e rence  p o i n t s  from t h e  r e f e rence  shape 



and t h e  amputee  do n o t  match ,  s h e a r i n g  of t h e  bone o c c u r s .  A t  

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

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

But ,  t h i s  was o n l y  t r u e  i n  6 o u t  o f  18 c a s e s  f o r  t h e  mean 

d i f f e r e n c e  and only i n  3 c a s e s  f o r  RMS d i f f e r ences .  

Because  of i t s  s h e a r i n g  a c t i o n ,  n o n o r t h o g o n a l  s c a l i n g  i s  

more s e n s i t i v e  t o  r e f e rence  p o i n t  measurement e r r o r  than uniform 

d i l a t i o n  o r  o r t h o g o n a l  s c a l i n g .  T a b l e  3 i n d i c a t e s  a  r e f e r e n c e  

p o i n t  measurement  v a r i a b i l i t y  i n  t h e  o r d e r  of * 4 m m  w i t h  95 

percen t  confidence. P a l p a t i o n  and i n s t r u m e n t a t i o n  v a r i a b i l i t y ,  

and movement of t h e  s u b j e c t  dur ing  t h e  measurement sequence a l l  

c o n t r i b u t e  t o  t h i s  e r ro r .  

The r e f e rence  p o i n t s  used t o  d e r i v e  t h e  s c a l i n g  f a c t o r  f o r  

t h e  a n t e r i o r - p o s t e r i o r  (AP) d i r e c t i o n  of t h e  t i b i a  and femur d i d  

no t  span t h e  t o t a l  depth  of t h e  bones. The most p o s t e r i o r  p o i n t s  

t h a t  were a v a i l a b l e  were t h e  p o s t e r i o r  a spec t  of t h e  medial  and 

l a t e r a l  j o i n t  spaces .  A s  a  r e s u l t ,  s i z e  d i f f e r e n c e s  i n  t h e  . 
p o s t e r i o r  p o r t i o n  o f  t h e  b o n e  w e r e  n o t  r e p r e s e n t e d .  The 

r e f e r e n c e  p o i n t s  found t o  y i e l d  t h e  b e s t  r e s u l t s  by Lew and 

Lewis, ( l977) ,  were t h o s e  which spanned t h e  c r i t i c a l  d imensions  

of t h e  bone. T h i s  p o s e s  some p r o b l e m s  i n  t h e  i n t a c t  l i m b  where  

t i s s u e s  o t h e r  t h a n  bone c a n  i n t e r f e r e  w i t h  t h e  p a l p a t i o n  of 

l andmarks .  The s e l e c t i o n  of  r e f e r e n c e  p o i n t s  was based  on 

a c c e s s i b i l t y  and t h e  presence of c h a r a c t e r i s t i c s  t h a t  could be 

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

r e t r o s p e c t  it may be more a p p r o p r i a t e  t o  measure l e s s  r e l i a b l e  

but  more p o s t e r i o r  points .  



Any procedure  t h a t  accounts  f o r  t h e  nonhomogenity of bones 

s h o u l d  r e d u c e  t h e  d i f f e r e n c e s  i n  s h a p e  and s i z e .  T h i s  was t h e  

o b j e c t i v e  of t h e  nonhomogeneous s c a l i n g  procedure f o r  t h e  t i b i a .  

Nonhomogeneous s c a l i n g  always fol lowed nonorthogonal sca l ing .  I t  

d i d  improve t h e  mean d i f f e r e n c e  from nonorthogonal s c a l i n g  i n  4 

of t h e  6 s u b j e c t s  and t h e  RMS d i f f e r e n c e  i n  3.  

The o b j e c t i v e  of t h i s  s c a l i n g  technique was t o  account f o r  

bends  i n  t h e  t i b i a  t h r o u g h  k e e p i n g  t r a c k  of t h e  c u r v e  of t h e  

t i b i a 1  c r e s t .  U n f o r t u n a t e l y ,  it p e r c e i v e d  t a p e r i n g  t i b i a  t o  be 

bend ing  and i n c r e a s e d  t h e i r  bend. An improved  t e c h n i q u e  would 

t r a c k  both t h e  a n t e r i o r  and pos te r io -media l  c r e s t s .  

E x a m i n a t i o n  of t h e  d a t a  a c q u i s i t i o n  e r r o r s  i n d i c a t e  a  4.9 

percen t  r educ t ion  of s i z e  i n  t h e  d a t a  der ived  from t h e  CT scans. 

The c a u s e  of t h i s  r e d u c t i o n  i s  unknown. One p o s s i b l e  s o u r c e  i s  

an i n c o r r e c t  c a l i b r a t i o n  f a c t o r  d u r i n g  d i g i t i z i n g  of t h e  C T .  

s cans .  Checking  t h e  c a l i b r a t i o n  and a l i g n m e n t  j i g  e l i m i n a t e d  

t h i s  a s  a  major c o n t r i b u t e r .  The g r e a t e s t  va r i ance  of t h e  tubes  

t h a t  s e r v e  a s  c a l i b r a t i o n  endpoin ts  would account f o r ,  a t  most, 

a  1 pe rcen t  e r r o r .  Other p o s s i b i l i t e s  were so f tware  problems i n  

t h e  d i g i t i z i n g  program o r  an  i n a p p r o p r i a t e  c o n t r a s t  on t h e  CT 

scanning f i l m  g e n e r a t i o n  equipment. With changes i n  t h e  c o n t r a s t  

i n  t h e  CT image, under ope ra to r  con t ro l ,  t h e  d iameter  of o b j e c t s  

change. 

I f  t h e  CT s i z e  r educ t ion  was homogeneous, it would no t  have 

an  e f f e c t  on t h e  r e s u l t s  of t h i s  s t udy .  A l l  t h e  s h a p e s  would be  



r educed  by t h e  same p r o p o r t i o n .  I f  t h e  a b s o l u t e  d i m e n s i o n s  of 

t h e  r econs t ruc t ed  shape were impor tan t ,  a s  would be t h e  ca se  i n  

a p p l i c a t i o n  of t h e  developed technique i n  Computer Aided Socket  

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

compensation made f o r  it. 

An o b j e c t i v e  of  t h i s  p r o j e c t  was t o  a c h i e v e  a  s c a l i n g  

a c c u r a c y  b e t t e r  t h a n  p l u s  o r  minus  2 mm i n  bone r a d i u s .  Mean 

d i f f e r e n c e s  were  w i t h i n  2 m m  f o r  57 of t h e  72 s c a l e d  bone 

shapes. Thus t h e  s i z e  of t h e  m a j o r i t y  of bones was w i t h i n  2 mm. 

But ,  even  t h o u g h  t h e  mean d i f f e r e n c e  f o r  two bones  may be t h e  

same, t h e i r  s h a p e s  may v a r y  t o  s u c h  a n  e x t e n t  t h a t  t h e i r  r a d i i  

a r e  v a s t l y  d i f f e r e n t .  S i n c e  RMS d i f f e r e n c e s  i n c l u d e  s i z e  and 

shape c h a r a c t e r i s t i c s  of t h e  bones they a r e  b e t t e r  i n d i c a t o r s  of 

s c a l i n g  accuracy. The combined RMS e r r o r s  of t h e  most a c c u r a t e  

s c a l i n g  t echn iques  f o r  each bone were: 

t i b i a  - 3.44 mm f i b u l a  - 1.91 mm 

p a t e l l a  - 1.47 mm femur - 4.08 mm 

These  r e p r e s e n t  a n  e r r o r  r a n g e  g r e a t e r  t h a n  p l u s  o r  minus  2 m m .  

These r e s u l t s  d i f f e r  from those  r epo r t ed  by Lew and Lewis, 

(1977) .  They found  t h a t  n o n o r t h o g o n a l  s c a l i n g  was t h e  most  

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

l a t e r  s tudy,  Lewis e t  a 1  (1980) used more than  one nonorthogonal 

t r a n s f o r m a t i o n  f o r  d i f f e r e n t  p o r t i o n s  of t h e  bone and found  

s c a l i n g  t o  be enhanced s l i g h t l y .  

Lew and Lewis used e x t r a c t e d  femurs and hence p a l p a t i o n  and 

s u b j e c t  movement e r r o r s  would not  be present .  Both t h e s e  e r r o r  



s o u r c e s  a r e  f a c t o r s  t o  which nonor thogonal  s c a l i n g  a c c u r a c y  i s  

e x t r e m e l y  s u c c e p t a b l e .  L e w i s  e t  a 1  were a l s o  a b l e  t o  c h o o s e  

r e f e r e n c e  p o i n t s  t h a t  would n o r m a l l y  be  h idden i n  v i v o  by s o f t  

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

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

t e t r a h e d r o n ;  a  c o n f i g u r a t i o n  t h e y  d e s c r i b e  a s  op t ima l .  

The b o n e s  s h o w i n g  t h e  g r e a t e s t  s i z e  d i f f e r e n c e s  f r o m  t h e  

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

nonhomogeneous shape and s i z e  d i f f e r e n c e s  a l o n g  t h e  a x i s  of t h e  

bone ,  ( f o r  e x a m p l e  s e e  f i g u r e  22,  s u b j e c t s  FD a n d  D L ) .  Thus ,  

a l t h o u g h  s c a l i n g  p r o c e d u r e s  improved t h e  accuracy  i n  t h e  p a r t  of 

t h e  bone from which t h e  s c a l i n g  measures  were t a k e n  ( f o r  example 

t h e  t i b i a 1  c o n d y l e s ) ,  s c a l i n g  m i g h t  r e s u l t  i n  g r e a t e r  e r r o r s  

o c c u r r i n g  i n  d i f f e r e n t  s e c t i o n s  of t h e  bone. 

The absence  of improvement of s c a l e d  shapes  over  unsca led  

shapes  d e r i v e s  from t h r e e  s o u r c e s :  . 
a )  The s t u d y  showed nonhomogeneous  s h a p e  d i f f e r e n c e s  t o  be  

g r e a t e r  t h a n  expec ted ,  p a r t i c u l a r l y  f o r  t h e  t i b i a  and femur. 

I t  i s  n o t  p o s s i b l e  f o r  homogeneous  s c a l i n g  t e c h n i q u e s  t o  

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

nonhomogeneous  t e c h n i q u e  t h a t  was t r i e d  f o r  t h e  t i b i a  

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

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

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

e r r o r  f u r t h e r .  

b)  The r e f e r e n c e  shape provided a  much b e t t e r  s i z e  compar ison 



than was expected. There was l i t t l e  room f o r  improvement i n  

s i z e  by s c a l i n g .  The b i e p i c o n d u l a r  knee b r e a d t h  of t h e  

r e f e r e n c e  femur was midrange of t h a t  of t h e  amputees. Also 

t h e  range of amputee b iep icondular  b r e a d t h s  was only  35% of 

t h e  range found by Breackey (1973). They only represen ted  a 

smal l  segment of t h e  p o s s i b l e  range of l imb s i ze s .  

c )  R e f e r e n c e  p o i n t  measurement  v a r i a b i l i t y  was g r e a t e r  t h a n  

2mm, ( f i g u r e  21).  A p i l o t  s t u d y ,  (Cooper 1 9 8 2 ) ,  showed t h a t  

s c a l i n g  e r r o r s  a r e  of t h e  same magnitude a s  r e f e rence  p o i n t  

measurement  e r r o r s .  The v a r i a b i l i t y  of r e f e r e n c e  p o i n t s  

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

o b j e c t i v e  of 2mm. 

Both measurement e r r o r  and r e f e rence  po in t  s e l e c t i o n  p l ay  

an impor tan t  r o l e  i n  t h e  accuracy of t h e  s c a l i n g  procedures  used 

i n  t h i s  p r o j e c t .  But ,  t h e  bones  t h a t  were  s t u d i e d  do e x h i b i t  

cons ide rab le  nonhomogenity i n  shape. I f  those  shape d i f f e r e n c e s  

a r e  c a l c u l a t e d ,  t h e n  t h e  r e f e rence  p o i n t s  and s c a l i n g  a lgo r i t hm 

can t a r g e t  t hose  a r e a s  and account f o r  t h e  shape d i sc repanc ie s .  

Hopefully, t h i s  t h e s i s  has shed some l i g h t  on t h e  nonhomogeneous 

c h a r a c t e r i s t i c s  o f  bone shapes. 

The a r e a s  o f  t h e  bone t h a t  a r e  most  c r i t i c a l  i n  t e r m s  of 

socke t  des ign ,  a r e  t h o s e  a r e a s  t h a t  a r e  near t h e  s u r f a c e  of t h e  

l imb.  I n  a r e a s  w h e r e  t h e  bone i s  c o v e r e d  by s o f t  t i s s u e s  t h e  

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

t h e  c r i t i c a l  a r e a s  o f  t h e  bone s u r f a c e r  t h e n  it i s  l i k e l y  t h a t  

t he se  a r e a s  would be reproduced wi th  a g r e a t e r  accuracy than t h e  

bone shapes  a s  a whole. 



CONCLUSIONS 

T h i s  p r o j e c t  had  a  s u b s t a n t i a l  d e v e l o p m e n t  componen t .  A 

t e c h n i q u e  f o r  3 d i m e n s i o n a l  r e c o n s t r u c t i o n s  u t i l i z i n g  

C o m p u t e r i z e d  Tomography was  d e v e l o p e d ,  a s  w e l l  a s  4 m a j o r  

computer programs:  

3-D r e c o n s t r u c t i o n  from CT s c a n s ;  

shape  s c a l i n g ;  

3-D shape  comparison p r o c e d u r e s  w i t h  g r a p h i c a l  r e p r e s e n t a t i o n ;  

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

m a n i p u l a t i o n  and h idden l i n e  p rocedures .  

The s t a n d a r d  r e f e r e n c e  shape  m e t  t h e  s t a t e d  o b j e c t i v e  of 

l e s s  t h a n  2mm d i f f e r e n c e  when c o m p a r e d  t o  4 of  t h e  a m p u t e e s t  

t i b i a e ,  f i b u l a e  and p a t e l l a e .  

The s c a l i n g  p r o c e d u r e s  developed and t e s t e d  i n  t h i s  p r o j e c t  . 
d i d  n o t  c o n s i s t e n t l y  g e n e r a t e  bone  s h a p e s  t h a t  w e r e  more  

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

b e  d u e  t o  3 f a c t o r s :  c o n s i d e r a b l e  n o n h o m o g e n e o u s  s h a p e  

d i f f e r e n c e s  b e t w e e n  b o n e s  o f  t h e  same t y p e ;  d i f f i c u l t y  i n  

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

d i f f e r e n c e s  of s i z e  between t h e  r e f e r e n c e  and amputee bones. 

The m o s t  c o n s i s t e n t  i m p r o v e m e n t  i n  a c c u r a c y  a c h i e v e d  by 

s c a l i n g  p r o c e d u r e s  was f o r  t h e  p a t e l l a  which a l s o  demons t ra ted  

t h e  l e a s t  d e g r e e  of nonhomogenity between bones. 



Some o f  t h e  nonhomogeneous  f e a t u r e s  o f  t h e  b o n e s  w e r e  

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

n a t u r e  t h a t  s c a l e  i n d i v i d u a l  p o r t i o n s  of t h e  bone c o u l d  accoun t  

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

t e c h n i q u e s  t h a t  were  used. 

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

o b j e c t i v e  o f  2mm. The t i b i a  a n d  f e m u r  p r o c e d u r e s  r e s u l t e d  i n  

e r r o r s  o f  2  t o  5mm. W h e t h e r  t h i s  a c c u r a c y  i s  s u f f i c i e n t  c a n n o t  

be  judged u n t i l  t h e  s c a l i n g  p r o c e d u r e s  a r e  i n c o r p o r a t e d  i n t o  t h e  

CAD sys tem and t e s t e d  i n  c l i n i c a l  t r i a l s .  



APPENDIX I 

Bone shape v a r i a b i l i t y  comparison p l o t s ,  

The comparison p l o t s  f o r  22 bones compared t o  t h e  r e f e rence  

bone s h a p e s  f o l l o w .  They a r e  i n  t h e  o r d e r  of t i b i a ,  f i b u l a ,  

p a t e l l a  then  femur. 

Each p l o t  h a s  3 s e c t i o n s .  On t h e  l e f t  a r e  t h e  means and 

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

s e c t i o n s  s t a r t  a t  t h e  bo t tom of t h e  page  g o i n g  t o  d i s t a l  c r o s s  

s e c t i o n s  a t  t h e  t o p  of t h e  page. 

The c e n t r e  s e c t i o n  c o n t a i n s  a  map of t h e  d i f f e r e n c e s  

be tween  r a d i i ,  The map s t a r t s  a t  355 d e g r e e s  on t h e  l e f t  and 

g o e s  t o  0 d e g r e e s  on t h e  r i g h t .  The d i s p l a c e m e n t  on t h e  map i s  

r e l a t i v e  t o  t h e  d i f f e r e n c e  be tween  t h e  r a d i i  of t h e  2 bone 

shapes being compared. The base l ine ,  o r  ze ro  l e v e l  is  i n d i c a t e d  

by t h e  s t r a i g h t  b lue  l i n e ,  The mean d i f f e r e n c e  and its s tandard  

d e v i a t i o n  a r e  g iven  a t  t h e  bottom of t h e  page. 
L 

The c r o s s  s e c t i o n s  of t h e  two bones a r e  superimposed i n  t h e  

r i g h t  hand s e c t i o n ,  The xy o r i g i n  i s  i n d i c a t e d  by an ' + I ,  w i t h  

t h e  r ad i an  a t  0 degrees  ind ica ted .  



Appendix  I 

L i s t  o f  F i g u r e s  

Amputee b o n e  CT s c a n s  verses r e f e r e n c e  bone  s h a p e s  

T i b i a  
J D  
EH 
BW 
GS 
FD 
DL 

F i b u l a  
J D  
EH 
BW 
G S  

P a t e l l a  
J D  
EH 
BW 
GS 
FD 
DL 

Femur 
J D  
EH 
BW 
GS 
FD 
DL 
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APPENDIX I1 

Comparison p l o t s  f o r  the  s c a l i n g  procedures  g iv ing  t h e  
b e s t  r e s u l t s  f o r  each bone. 

The c o m p a r i s o n  p l o t s  f o r  22 s c a l e d  bones  compared t o  t h e  

Compute r i zed  Tomography bone s h a p e s  f o l l o w .  They a r e  i n  t h e  

order  of t i b i a ,  f i b u l a ,  p a t e l l a  then  femur. 

Each p l o t  h a s  3 s e c t i o n s .  On t h e  l e f t  a r e  t h e  means and 

s t a n d a r d  d e v i a t i o n s  f o r  each  c r o s s  s e c t i o n .  P r o x i m a l  c r o s s  

s e c t i o n s  s t a r t  a t  t h e  bo t tom of t h e  page g o i n g  t o  d i s t a l  c r o s s  

s e c t i o n s  a t  t h e  t o p  of t h e  page. 

The c e n t r e  s e c t i o n  c o n t a i n s  a  map of  t h e  d i f f e r e n c e s  

be tween  r a d i i .  The map s t a r t s  a t  355 d e g r e e s  on t h e  l e f t  and 

g o e s  t o  0 d e g r e e s  on t h e  r i g h t .  The d i s p l a c e m e n t  on t h e  map i s  

r e l a t i v e  t o  t h e  d i f f e r e n c e  be tween  t h e  r a d i i  of t h e  2 bone 

shapes  being compared. The base l ine ,  o r  ze ro  l e v e l  is i n d i c a t e d  

by the  s t r a i g h t  b lue  l i n e .  The mean d i f f e r e n c e  and i t s  s tandard  

d e v i a t i o n  a r e  given a t  t h e  bottom of t h e  page. 

The c r o s s  s e c t i o n s  of t h e  two bones a r e  superimposed i n  theb 

r i g h t  hand s e c t i o n .  The xy o r i g i n  i s  i n d i c a t e d  by an ' + I ,  w i t h  

t h e  r ad i an  a t  0 degrees  ind ica ted .  
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L i s t  o f  F igures  

Amputee bone CT s c a n s  v e r s e s  s c a l e d  bone shapes  

T i b i a  
JD 
EH 
BW 
GS 
FD 
DL 

F ibu la  
JD 133 
EH 134 
BW 135 
GS 136 

P a t e l l a  
JD 
EH 
BW 
GS 
FD 
DL 

Femur 
JD 
EH 
BW 
GS 
FD 
DL 
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Appendix f 11 

Bone Shape Cornprison Algorithm 

T a l c u l a t e  the c e n t r a l  a x i s  of shape #I 
by l e a s t  squares  f i t  of t he  cen te r s  of 

a l l  i t s  c ros s  s e c t i o n s  
J 

I 

Transform the  coordinate  system t o  pu 
the  z a x i s  on the new c e n t r a l  a x i s  

1 Data i n t e r p o l a t i o n  and smoothing 1 
I + 

L ~ i s ~ l a ~  shape #I and the  coord ian te  axes 
I Move shape #1 with 4-7 

\ r e spec t  t o  the  
coor d i m  t e  a x i s  / 

by l e a s t  squares  f i t  of the c e n t e r s  of 

ransform the coordinate  system t o  put  
t h e  z a x i s  on t h e  new c e n t r a l  a x i s  

1 



[ Data i n t e r p o l a t i o n  and smoothing 

\ Display shape #2 superimposed over  
shape fl and t h e  coord ian te  axes  / 

Move shape #2 with  r e s p e c t  t o  
shave #1 and t h e  coord ina te  axes  

I Data I n t e r m l a t i o n  and smoothinn I 

[compare t he  r a d i i  of shapes # l  and #2 1 
I 

\Display shape 12 superimposed over  / \ shape # l  and t h e  coord ian te  axes / 
I 

Write  t r ans • ’  ormation and comparison 
da t a  t o  a f i l e  

I 



\ S e l e c t  the shape comparison t o  view/ 

I 

cross  sect ions  of shapes #1 and #2 



Data Interpolat ion and Smoothing 

START 0 
t o  5 degree increments 
about the long a x i s  

( l i n e a r  inter  p l a t i o n )  

w 
Interpolate  cross  s ec t ions  

t o  7 mm increment along 
the  long a x i s  

(cubic polynimial interpolat ion)  

cross  s ec t ion  
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