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F I N I T E E L T M E N T S I M U L A T I 0 N 0 F T H E I N T R A M Y 0 C A R D I A L C 0 R 0 N A R Y C I R C U L A T I O N

Jacques M.  Huyghe* ,  Cees l ^ l '  0omenso '  D ick  H '  van  Campeno '  Theo Ar ts* '  R 'M '  Heethaar

*  D e p t .  o f  B i o p h y s i c s ,  U n i v '  o f . L i m b u r g '  M a a s t r i c h t '  T h e  N e t h e r l a n d s

o  D e p t . , o f  M e c h .  á l g ' . ,  f i r a h o v e n  U n i v . .  o f  Í ó c n n . ,  E i n d h o v e n ,  T h e  N e t h e r l a n d s
' - D e p t o t ó ï Ë * " a . Ë n ï l ' i * . . t " U n i v . , - E n s c É e d e , T h e l l e t h e r l a n d s

Ab s t  rac t

A  ser ies  o f  tv lo  ax isymmet r ic  f in i te  e lement  mode ls '

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

deformat ion  mode l  ano a  per fus . ion  mode. l '  The de-

ïà*u l ión  toa" t  computes  var i  a t . i  ons  o f  .s t ress  '

s t ra i  n  and i  n t ramyocard i  a1  pressure  dur i  ng  the

; ; i l i ; .  ï y . r " r  T h e "  i n i r a m y o c a r d i a l  p r e s s u r e  f i e l d

cnmnuted bv  the  oerormat ibn  mode l  i s  subs t i tu ted

I ï  ï ï ' . ^ , t ' . tascu ta .  p ressure  in  a  coronary-  per fu -

, ion  toá . i -  Computed s t ra in ' .p ress-ure  and- f low are

:;; . ; ;-  wit í  á*p"t l*ental r lata from the I i tera-

tu re .

I  n t roduc t  i  on

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

ï in i tu  
" rement  

method fo r  s t ress  and s t ra in  ana-
j ; ; i ; ' . i  i n á  m v o c a r a i a l  w a l l '  T h e . m e t h o d . c a n  a l s o

b Ë " ; ; . à  t o  s i m ' i r a t e  t h e  c o r o n a r y  c i r c u l a t i o n '

The de format ion  mode. l

END END END END
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ár . " r tàà- to  represent  tná  te t t  ver t r i -cu la r  wa l l '

ï i " "  ï " " * . i " "  i  t  der ived  f rom mul  t i  p l  anar  X- ray

i . r .o ï .oh l i ia ta  supp l ied  by  the  b iodvnamics  group

; ;  ; ; ; - í ' ; " "  c l i n i c -  R o c h e s t á r ,  M i n n e s o t a '  A  c o n t i -

; ; . ; ; ' i i ï ' . ;  ung i .  
'd i t r t ibu t ion  

aross  the  wa l  l  i s

c h o s e n  a c c o r d i n g  t o  S t r e e t e r  - e t  a l ' 1 ' . A  r a d i a l '

ix;; ï".r i ' ; . .r*:r. . .ni iui  oi spt acement i  s computed

F i q .  1 .  F . E . - m e s h  o f  t h e  d e f o r m a t i o n
d i f f e r e n t  t i m e s  d u r i n g  t h e
(  cont  i  nuous  I  i  ne)  , .  and i  n

s t a t e  ( d o t t e d  I  i n e ) .

F i o .  2 .  T r a n s m u r a l  c o u r s e  o f  p r i n c i  p a 1  f i n i t e

s t r a i n s  a t  t h e  e q u a t o r '

fo r  each o f  the  117 nodes '  The c i rcumferent ia l

à ï t p f u i . * " n t  a l l o w s  t h e  v e n t r i c l e  t o  t w i s t  a b o u t

; i ; ' ; f i ; ; i ; y  ax is . -  For  the  corner  nodes  we compute

i n  a d a i t i o À  t h e  l o c a l  i n t r a m y o c a r d í a l  . p r e s s u r e '
i i ; .  

" ; ; ; ; ;  
i s  m o d e l l e d  a s  a  s p o n s v  m a t e r i a l  ( =

i ; ; -p ; ; ; ; . tá r ia t  )  sa tura ted  w i th  coronarv  b lood:

. . á i ! i . i É r i i o n  o f  
' c o i o n á r v  

b l o o d  w i t h i n . ' t h e  w a l l

; ; " ; ; ; t i b l ; .  E x c h a n s e  o f  
- b l o o d  

b e t w e e n  t h e  i n t r a -

rvoó i i J lu r  coronary  bed and the  la rge . ,ep icard ia l

c o r o n a r y  v e s s e l s  r s  ó ó s s i n l e  a s  w e l l '  N o  b l o o d  i s

a l  I  owed to  c ross  rne 'Ànàocara i  a l  sur face . '  No d i  s -

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

mode.l  at four
c a r d i a c  c Y c l e
the  re fe rence

n
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ta r  compar tments ,  nor  be tween in t ravascu. la r  andex t ravascu la r  space.  The pass . ive  p .óp .ÀË o f  themyocard ia l  t i ssue are  descr ibed t j v  àn  ár iÈot rop ic
quas i , - l  ihear  v iscoe1 as t - i c  law.  Th"e  par imeters  o fthe  law are  der ived  f rom exper imenta l  da ta  o f
s e v e r a l  a u t h o r s 2 , 3 , 4 .  A  t i m e ,  s t r a . i n  a n d  s t r a i n
ra te  dependent  cont rac t i le  f iber  s t ress  is  s r roer_
ippg: .d  ,on  the  pa .ss ive  s t ress  dur ing  th "  ;y ; ;á i ; ;phase.  The downst ream boundary  cor ia i t ion  ls  de
scr ibed by  a  l inear  4  e lement  mode l  o f  the  per . i_
fe ra l  c i rcu la t ion  bor rowed f rom Westerho f  e t  a . l .5 .
T r a n s m u r a l  e q u a t o r i a l  d i  s t r i b u t . i o n  o f  s t À i n  a n ain t ramyocard ia l  p ressure  are  cons is ten t  w l th  exoe_
r i m e n t a l  d a t a  f r o m  t h e  l i t e r a t u r e 6 , 7 , B , 9  1 t i g . 2 1 .

+ nil'4r

o nllulr

r  n lMr

pLV=o

V E I N S , ,

F i g .  5 .  ï h e  f i n i t e  e l e m e n t  m e s h  o f  t h e
mode l  .

F i 9 .  4 .  M o d e l  r e s u l t  o f  s u b e n d o c a r d i a l  i n t r a m y o _
c a r d i a l  p r e s s u r e  d u r i n g  a  

. l e f t  
v e n t r i c u i a r

cont rac t ion  a t  pLV=O ( two-phase s . imu l  a_t t o n ) .

( B )

I M
Pmax

o L V
m a x

' o o
o o ++
+ +  a  a

ENDO EPI

F i g . 3 .  T r a n s m u r a l  e q u a t o r i a l  d i s t r i b u t i o n  o f
i  n t ramyocard ia l  p ressure .

l . lhen  the  mode l  i s  ass igned a  spongy na ture  ( two_
p h a s e  b e h a v i o u r ) ,  t h e - s u b e n d o c a r d i á i  t i i i r "  p . e s _
S y r e  i s  a , l n o s t  - e q u a 1  t o  t h e  i n i r a v e - n ï r i c u t  a rp r e s s u r e  ( f i S . 3 ) .  H o w e v e r ,  w h e n  t h à  m a t e r i a l
p r o p e r t i e s  a r e  s w i t c h e d  t o .  i n c o m p r e s s i b i l i t y  ( n oredi stribution of coronary ut ooà- riitnii, ' i i, l, ;át i ) Ithe  subendocard ia l  t i ssuà p . . r r r . .  i s  

- ià rno  
toe x c e e d  i n t r a v e n t r i c u l . a r  p r e s s u r e  s i g n i f . i c a n t l y .

] l l :  : : r l l  sussests - tha.r  
' intrac;. ; ; t  'b1ood 

maypray  an  rmpor tan t  ro le  i n  reduc ing  subendoca rd ia l
t i s sue .p ressu re  i n  t he  i n  v i vo  u . i t " l l i . .  

-F ina l l y

when the model  undergoes a systo l ic  cántract ion
wi thout  generat ing pressure in  the in t raventr icu_
l9 f ^ - cau t t y ,  . t he .  sys to l . i c  subendoca rd ia l  t i s suepressure is  about  as h igh as in  a no"ra l  card iáócyc le  whe the r  t he  ven t r i c l e  . i s  moàe l i . á -u ,  u  . *o_phase .  ma te r i a l  ( f i s .  a )  o r  as  ; ; - ; ; ; ; r ; ; . ss ib temateri a l

FN
,ffiW

VENULES'/./per fus ion  mode l

The per fus ion  mode l  i s  an  ax isymmet r ic
the  f in i te  e lement  mode l  d . i scu ised in
n i o n  p a p e r .  T h e  f i n i t e  e l e m e n t  , À i n  i i

v e r s i o n  o f
the  compa-

o b t a i n e d  b y

I N C O M P R E S S I B L E
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e x t e n d i n g  t h e  m e s h  o f  f i g .  1  i n  a  h y p e r d i m e n s i o n

í f i q .  5 ) .  E a c h  l a y e r  o f  2 7  e l e m e n t s  r e p r e s e n t s  o n e

mic iovascu la r  compar tment .  The conductance param-

eters  o f  each compar tment  a re  eva l  ua ted  on  the

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

met ry  o f  the  coronary  t ree  and exper imenta l  da ta

f rom the  l i te ra tu re  o f  in t racoronary  b lood pres-

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

á i t r i u r t . a  t o  t h e  v e s s e l  w a l l s  ( f i g .  6 ) .  T h e  i n -

i ramyocard ia l  p ressure  f ie ld  computed by  the  de-
fo rmát ion  mode l  i s  subs t i tu ted  as  an  ex t ravascu la r
D r e s s u r e .  A t  t h e  e p i c a r d i a l  s u r f a c e  a r t e r i a l  c o r o -

nary  p ressure  is  se t  to  11  kPa and venous coronary
ore isure  is  se t  to  0 .5  kPa.  The coronary  p ressure

ïs  computed every  5  ms fo r  every  node.  H igh  sys-

to l i c  endocard ia l  coronary  p ressures  are  computed
f o r  a l l  t h e  c o m p a r t m e n t s ,  w h i l e  d u r i n g  d i a s t o l e
most  o f  the  coronary  p ressure  drop  occurs  in  the

ar te r i  o l  es  (  f i  g .  7  )  .

F i g .  7 .  T r a n s m u r a l  c o r o n a r Y  b l o o d
b u t i o n  i n  s e c t i o n  c t - c r  o f
cu l  a r  mode l  .
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F i g .  6 .  N o n - l  i n e a r  c o m P l  i a n c e  o f

to ry  compar tments .n D :  c u r r e n t  b l o o d  v o l

parameter ,  ND:
un i  t  a r te r i  o -

venous paramerer ,  pTM,  t runs*ura l  p ressure
d r o o  a c r o s s  t h e  v e s s e l  w a l l .  T h e  v a l u e  o f

t ' tb i  s di f ferent for each f i  n i te el ement

l a y e r  a n d  i s  c h o s e n  a c c o r d i n g  t o  S p a a n l 0 .

The h iqh  sys to l  i c  t ransmura l  p ressure  grad  Íen t
r e s u l t s  i n '  a  s i g n i f i c a n t  r e d u c t i o n  o f  a r t e r i a l
c o r o n a r y  f l o w  a n d  a  s i g n i f i c a n t  i n c r e a s e - o f  v e n o u s
c o r o n a i y  f l o w  d u r i n g  s y s t o l e  ( f i g .  B ) .  T h e s e
s t rong a i te ra t ion  o f  coronary  f low dur ing  sys to l i c
cont rác t ion  are  pred ic ted  by  the  mode l  no t  on ly
fo r  the  normaj  card iac  cyc le  bu t  a lso  dur ing  con-

t r a c t i o n  o f  a n  u n l o a d e d  v e n t r i c l e  ( l e f t  v e n t r i c u -
1 a r  p r e s s u r e  =  0 ) .  T h e  p o o r  - s e n s i t i v i t y  o f  t h e
sys to l i c  reduc t ion  o f  a r te r ia l  coronary  f low to
t -he  sys to l i c  in t ravent r i cu la r  p ressure  is  cons is -

ten t  w i th  unpub l  i  shed exper imenta l  da ta  o f  R '
K r a m s  a n d  N .  ï , l e s t e r h o f  (  F r e e  u n  i  v e r s  i  t y  '
A,msterdam) .

ume per  uni t  ar ter iovenous
i  n i  t i  a l  b l  ood vol  ume Per

Fig .  8 .  To ta l  coronarY
p e r f u s i o n  m o d e l .

- TOIAI ARTERIAL CoR0MRY FLoW

__ - .IITAL VENOUS CORONARY FLOW
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Fig .  9  shows the  ar te r ia l  coronary  f low pat te rn  a t
end-d ias to l  e  fo r  the  normal  cJ rd iac  byc l  e  and
a f t e r  o c c l u s i o n .  T h e  t o p  p a n e l  p e r t a i n i  t o  t h e
b a s a l  c o n d i t i o n :  a r t e r i a l  b l o o d  f l o w s  t h e n  f r o m
t h e  e p i c a r d i a l  s u r f a c e  i n t o  t h e  w a l l .  ï h e  b o t t o m
p a n e l  p e r t a i n s  t o  t h e  s i t u a t . i o n  a f t e r  o c c l u s i o n .
I l  ! h l r  c a s e  s i g n i f i c a n t  c o l l a t e r a l  f l o w  i s  n r p _
d i c t e d  a - 1 o n g  t h e  e p i c a r d i a l  p l e x u s  f r o m ' i n . - f , á à i _
t n y  m u s c l e  t o  t h e  i s c h a e m i c  m u s c l e .

F i g .  9 .  R a d i a l  a n d  a x i a l  c o r o n a r y  f l o w  c o m p o n e n t
i n  t h e  b a s a l  s i t u a t i o n  ( t o p )  a n d  a f t e r
o c c l u s i o n  ( b o t t o m ) .  T h e  r a d i a l  c o m p a r t m e n t' i s  p o s i t i v e  i n  t h e  d i r e c t i o n  p o i n t i n g  a w a y
f r o m  t h e  s y m m e t r y  a x i s  ( o n . É h i s  p . i è t u r e :
f rom r igh t  to  le f t )  and the  ax ia i  compo_
nent  i s  pos . i t i ve  f rom apex  to  base.

C o n c l  u s i o n

T h e  f i n i t e  e l e m e n t  m e t h o d  o p e n s  n e w  p o s s i b i l i t i e s
t o  t h e  m o d e l  I  i n g  o f  t h e  c o r o n a r y  c i r c u l  a t i o n .
A l t h o u g h  a  g r e a t  d e a l  o f  u n c e r t a i n t y  r e m a i n s  c o n _
cern ing  the  cho ice  o f  the  parameter i ,  we can show
t h a t  t h e  m o d e l  i s  a b l e  t o  r e f l e c t  t e n d e n c i e s  w h i c h
a r e  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t .
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