
I 1 

AFRICAN JOURNAL OF 
MEDICINE*? * 

and medical sciences 
VOLUME 31, NO. 4 DECEMBER, 2002 



Mr ./ Med. wed Sci (2002)31. 301-30? 

I he mcchano-biology of the epiphysis of the long bones as revealed by 
photoelastic models 

n ^ O O A O n i , R T a l i c r a n d C M o r r i s o n 4 

Department of Orthopaedic Surgery. The Glenfield Hospital and \Department of Engineering. 
University of Leicester, Leicester, UK. 

S u m m a r y 

Stress con tou r s h a v e b e e n g e n e r a t e d in pho toe las t i c m o d e l s 
s imulat ing ca r t i l ag inous a n d b o n y ep iphyses . Accord ing to the 
findings, the s e c o n d a r y cen t r e o f oss i f i ca t ion is f o rmed in a reas 
of the car t i laginous ep iphys i s s h o w n to have reduced mechanical 
stress. The b o n y e p i p h y s i s a p p e a r s to h a v e been deve loped as a 
more m e c h a n i c a l l y e f f i c i en t s t ruc ture . 
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R e s u m e 

D e s d e c o u p c s d ' e f f o r t o n t c t e p r o d u i t e s d a n s les m o d e l c s 
pho toe las t i c s i m u l a n t les e p i p h y s e s ca r t i l ag incux ct o s s c u x . 
Scion les resultats, le cent re scconda i rc dc I 'ossif icat ion est forme 
dans les sec teu r s d e P e p i p h y s i s ca r t i l ag incux mon t re pour avoir 
I ef for t m e c a n i q u e redui t . L ' c p i p h y s i s o s s c u x s c m b l c avoir etc 
deve loppe c o m m e s t r u c t u r e p l u s m c c a n i q u c m e n t e f f icace . 

I n t r o d u c t i o n 
The ep iphys i s o f the l o n g b o n e s ex i s t s in t w o fo rms ; namely , 
ca r t i l ag inous a n d b o n y . In e m b r y o n i c and ear ly post-natal life, 
it is m a d e u p o f a so l id m a s s of c a r t i l a g c [1]. T h i s is la ter 
c o n v e n e d into t h e b o n y e p i p h y s i s w h e n its midsec t ion b reaks 
d o w n , b e c o m e s vascular i scd and is then replaced with bone [2,3]. 
Th i s is ca l led the s e c o n d a r y cen t r e o f oss i f ica t ion d e v e l o p i n g 
a f t e r the p r i m a r y c e n t r e f r o m w h i c h m u c h o f the bone oss i f ies . 
T h e bony ep iphys i s h a s a ca r t i l ag inous shell o f wh ich the growth 
p la te o r phys i s is a par t , an i nne r l in ing of bone and a core m a d e 
u p o f m a r r o w e l e m e n t s . T h e s t i m u l u s c a u s i n g the in te rna l 
r e m o d e l l i n g o f the ca r t i l ag inous ep iphys i s is not k n o w n with 
a n y ce r t a in ty . T h e p o s s i b i l i t y that it c o u l d be a m e c h a n i c a l 
s t imu lus h a s been inves t iga ted in this s t u d y us ing photoe las t ic 
m o d e l s . 

T h e v e l o c i t y o f l igh t t h r o u g h a t r a n s p a r e n t b o d y 
d e p e n d s upon the s t ress level in that body . Th i s is the bas is o f 
the p h o t o e l a s t i c p h e n o m e n o n . T h i s p h e n o m e n o n m a y b e 
obse rved and q u a n t i f i e d u s i n g an op t ica l i n s t rumen t ca l led a 
polar iscope. F r o m such o b s e r v a t i o n s , it is poss ib le to d e d u c e 
the stress state o f a t ransparen t b o d y [4J. T h e polar i scope consis ts 
essent ia l ly o f a light s o u r c e a n d filter, a po la r i se r wh ich r ende r s 
the incident light p l a n e - p o l a r i s e d and a s econd po la r i se r ca l led 
the ana lyser . T h e p h o t o e l a s t i c s p e c i m e n or m o d e l is p l a c e d 
be tween the po la r i se r a n d the a n a l y s e r a n d v i e w e d th rough the 
analyser . 

G c b h a r d t [5] a n d P a u w e l s [6] u sed a p h o t o e l a s t i c 
m o d e l to e x a m i n e the r e l a t ionsh ip b e t w e e n s t resses wi th in the 
c h o n d r o c p i p h y s i s and fo rma t ion o f the s e c o n d a r y centre . T h e 
m o d e l w a s p u s h e d into w e d g e - s h a p e d g r i p s s i m u l a t i n g the 
d i aphysea l tube (F igure l a & lb ) . G c b h a r d t (1911) [5] app l i ed 
load at var ious po in t s on the m o d e l to genera te 

t ra jector ies . These trajectories crossed in the central zone and 
he regarded this zone as area of greatest accumulat ion of stress, 
wh ich induced bone to form. Pauwels (1980) [6] by contrast 
pressed a c o n f o r m i n g contact surface against the model . He 
obse rved an area o f low stresses just be low the central zone and 
concluded that this was confirmatory evidence that the secondary 
ccnt rc is formed in areas of increased hydrostat ic pressure. 

a) Gcbhard t model 

Fig. l a : 
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b) P a u w o l mode l 

Fig . l b : 
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M a t e r i a l s a n d m e t h o d s 
T h e m o d e l s u s e d by G e b h a r d t ( 1911 ) and P a u w c l s ( 1 9 8 0 ) d o 
no t a c c u r a t e l y r e f l ec t the fac t that the c h o n d r o c p i p h y s i s is 
d i rec t ly c o n t i n u o u s wi th the d iaphysea l tube. T h i s overs igh t has 
b e e n cor rec ted in this s tudy. T h e mode l in the p resen t s tudy 
(F igure l c ) w a s shaped like the head of a meta ta r sa l b o n e w i th 
a 2 c m length of ' d i aphysea l co r t ex ' a t t ached . T h e s i ze o f the 
m o d e l w a s arbi t rar i ly chosen so that d is t inc t ive s t ress c o n t o u r s 
cou ld be eas i ly genera ted at re la t ively low loads . T w o 10cm 
long and 10cm w i d e mode l of the car t i l ag inous ep iphys i s w e r e 
m a d e f r o m an 8 m m thick sheet o f Ara ld i te C T 2 0 0 0 wi th a 
f r i nge order co-e f f i c ien t of 10.5x 10'* N / m / f r i n g c . M o d e l CE or 
solid model w a s a p l a i n s h e e t d e s i g n e d t o s i m u l a t e t h e 
chondrocp iphys i s . Mode l BE or hollow model had a c i rcu la r 
cut out m a d e in its midd le to s imulate the b o n y ep iphys i s . 

T h e mode l s were mounted into a po la r i scope and a 
load o f 250 N c w t o n s w a s applied u n i f o r m l y ove r the top or 
' a r t i cu la r ' end . T h e stress contours genera ted w e r e r ecorded 
us ing a s tandard 3 5 m m camera . The epiphysis w a s treated like 
an arch s tructure. Areas of interest (Figure Ic) in the haunch 
(A, B) and the centre (C) were def ined a long the t ransverse ax is 
of the model . A fourth area of interest was de f ined in the span 
(D) a long the vertical axis. The f r inge orders in these areas w e r e 
noted and the max imum shear stresses were calculated according 
to the stress-optic law [7] where , 

T = En 
m a x 

2t 
F= fr inge order co-cfficicnt, n= number o f f r inges and 
t= thickness. 

React ion fr inges observed at loading points (ie keystone) and 
support points (ic footlings) were excluded f rom the analysis. 

Resu l t s 
Stress contours generated in Model CE arc shown in Figure 2. 
There is an area of uniform low shear stresses ( fr inge order 0) at 
the centre of the model similar to that observed by Pauwels 
(1980). There are fringe orders of 2* at areas of interest A and 
B respectively and at D the fringe order is 2 

Fig. 2: Fringe patterns in pliotoelastic ModeI CE 

The stress contours generated in Mode! BE are very 
different as shown in Figure 3. There is an area of high stresses 
surrounding the cut out. A zero order is located at the centre of 
each haunch, A and B. At either side of A, the fringe orders are 
3 and 3 respectively while at either side of B the fringe orders 
are 6 and 4* respectively. 

Fig. 3 : f-'rwgc patterns in photoclastn. Model tiL 

T h e m a x i m u m s h e a r s t resses calculated fo l lowing the 
high load e x p e r i m e n t s a re s h o w n in T a b l e 1. 

T a b l e I : M a x i m u m s h e a r s t r e s se s (N/nv 2 ) 

Sol id F r i n g e Hol low Fringe 
mode l CE o r d e r no. mode l BE order no. 

Haunch (A) 21 x 1 0 ' 2 .5 63 x 10 ' 6 
Haunch (B) 21 x 10-' 2 .5 4 7 x 10"' 4 .5 
Cent re (C) - -

Span (D) 21 x 1 0 ' 2 21 x 1 0 ' 2 

Discuss ion 
T w o intr iguing poss ibi l i t ies ar ise f r o m this s tudy. First , the low 
stress areas at the cen t re of the m o d e l CE co inc ide with the 
centre of the car t i lag inous ep iphys i s w h e r e the secondary centre 
would eventual ly deve lop as s h o w n in the histological section 
in Figure 4. This would sugges t that bony t ransformat ion in the 
cart i laginous ep iphys is took p lace in the areas of low stresses 
(6). The biological m e c h a n i s m involved could be a t rophy and 
reactive os teogenesis . A c c o r d i n g to the W o l f f law [8], the areas 
of low stresses would a t rophy as a result o f d isuse and they 
would subsequent ly d is in tegra te [9]. The necrot ic cart i lage can 
only be removed by neovascuiar i sa t ion since cart i lage docs not 
contain macrophages or s imilar scavenging cells (3J. Osteoblasts 
would accompany the invading blood vessels and bone would 
be fo rmed as a by-product . A n al ternat ive mechan i sm is that 
proposed by Perren and Cordey (1980) [ 10J who demonst ra ted 
that bone formation could be induced by low strains. In this 
scenario, low stresses in the centre of the chondrocp iphys i s 
would cause low interstitial strains and subsequently osteoblastic 
transformation of the cart i lage cells. 

Second, the removal of material f rom the centre o f 
t he m o d e l BE is a c c o m p a n i e d by t he d e v e l o p m e n t o f 
comparat ively higher stresses on the inner and the outer layers 
of the resultant ring (Table I). T o cope with this, in the epiphysis, 
the inner layers would appear to be reinforced with bone and 
with hypertrophic cells whi le the outer layers are reinforced 
with increased cel lulari ty (Figure 4). Furthermore, the new 
structure looks remarkably like an arch. The structural function 
ot an arch is to convert axial loads into lateral ones (Figure 5). 
The lateral loads thus created then run round the ring of the 
arch and are reacted in the long bone by the diaphyseal cortical 
abutments. The mutual pressure generated between the elements 
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Fig. 4: riuitoinurogniph showing a hum epiphysis 

Fig . 5 : The < on vers ion oj axial into lateral loads by the bony 
epiphysis. 

of this a rch w o u l d inc rease the s t rength of the ep iphys i s several 
h u n d r e d fo lds . It is p r e s u m a b l y by these m e a n s that the long 
b o n e s a r c a b l e t o c o p e w i t h t h e i n c r e a s e in w e i g h t a s the 
individual g rows . Also , an arch is an inherent ly stable structure. 

wh ich is not undu ly sensi t ive to m o v e m e n t , d i s to r t ion or to 
eccentr ic l oad ing [ I I ] . The span of an arch shares a p ropor t ion 
of the load. T h e span re in forces the arch and k e e p s the arch 
e n d s ( impos t s ) f r o m spreading apart . The phys i s is the ' s p a n ' of 
the epiphyseal ' a r c h ' and it pe r fo rms a mechanica l func t ion [12]. 
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