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An e lec t r i ca l  model  of the a r t e r i a l  pa r t  of the human v a s c u l a r  s y s t e m  is proposed.  This  
model is used  to invest igate  the impedance,  the shape of the p r e s s u r e  and flow waves ,  and the 
s ta t ic  c h a r a c t e r i s t i c s  of the v a s c u l a r  s y s t e m  under  no rma l  conditions and in the case  of a r t i -  
f ic ia l  c i rcula t ion.  In o r d e r  to s imula te  the ACA pump, the p rob lem of the q u a s i - o n e - d i m e n -  
sional flow of a v i scous  fluid in a tube with wave - type  va r i a t i on  of the rad ius  is cons idered .  
A compar i son  of the r e su l t s  with the r e s u l t s  of d i r ec t  m e a s u r e m e n t s  in man shows that  they  
a r e  in qual i ta t ive  and quanti ta t ive ag reemen t .  Simulation a l so  r e v e a l s  ce r t a in  c h a r a c t e r i s t i c s  
of  pu l se -wave  propagat ion  in a r t i f i c i a l  c i rcula t ion.  An explanation of the e f fec ts  o b s e r v e d  is 
proposed ,  and the i r  poss ib le  influence on the ac t iv i ty  of the o r g a n i s m  is d i scussed .  

§ 1. M o d e l  E q u a t i o n s  

In model ing segmen t s  of  the a r t e r i e s  we used  the analogy between the e l ec t r i c a l  p r o c e s s e s  in a long 
cable and the quas i -one -d imens iona l  equat ions of  motion of a v i scous  fluid in an e las t ic  tube. tn der iv ing 
the t e l eg raph  equations f r o m  the N a v i e r - S t o k e s  equat ions and the equations of shetI  t heo ry  it is  n e c e s s a r y  
to  make  a s e r i e s  of a s sumpt ions ,  such as  the assumpt ion  that  the flow is  a x i s y m m e t r i c  and the rad ius  of the 
v e s s e l  smal l  a s  c o m p a r e d  with the tength of the pulse wave,  etc.  The val id i ty  of these  a s sumpt ions  was 
d i scussed  in [1], where  it is  a l so  poss ib le  to find a der iva t ion  of the t e legraph  equations f r o m  the equat ions 
of mechanics .  The blood flow in an a r t e r i a l  segment  has been desc r ibed  by the s y s t e m  

p Og 8z~Ft ap Og . OF ^ OF 3rwF Op (1) 
F i)t ~--F-Tg+ff~-x =0; ~)--x-+-O~ =°;  0 / - - =  2Eh at' ' 

where  g, p, p, ~,  F, rw,  h, E a r e  the flow ra t e ,  p r e s s u r e ,  densi ty,  and v i s c o s i t y  of  the blood, the c r o s s -  
sect ional  a r e a  and rad ius  of the ve s se l ,  and the th ickness  and Young~s modulus of the ve s se l  wall,  r e s p e c -  
t ively;  z and t a r e  the axial  coordinate  and t ime .  in o r d e r  fu r the r  m s imp l i fy  Eqs.  (1), we r ep l ace  the p a r -  
t ia l  de r iva t ives  with r e s p e c t  to x by the finite d i f f e rences  of the va lues  at  the ends of the segment :  

8~l 3Frw! 
PlF g(t)  +"--F-U-g(t) + p(t) -po ( t )  =0; g( t ) - -go( t )  + ~ p ( / ) = 0 .  (2) 

Here  go and P0 a r e  the flow r a t e  and p r e s s u r e  in the inlet sect ion;  g and p a r e  the s a m e  v a r i a b l e s  at  the 
segment  outlet.  The o r d e r  of approx imat ion  of s y s t e m  (1) by  s y s t e m  (2) is equal  to l /~ ,  where  l is the 
length of the s egmen t  and k is  the pulse-wavelength .  Clear ly ,  even fo r  s egmen t s  s e v e r a l  t e a s  of  cen t i -  
m e t e r s  long, the a c c u r a c y  of approx imat ion  is good enough, and, consequently,  the cons t ruc t ion  of models  
containing hundreds of shor t  s egmen t s  is not a lways  justif ied.  In o r d e r  to desc r ibe  organic  c i rcula t ion,  we 
used  the equation RC150 (t) +P0(t ) -Pv =RCR0g0(t) + (R +R0)g0(t), where  Pv is the venous p r e s s u r e ,  which is 
a s s u m e d  constant;  C is the e las t i c i ty  of the v a s c u l a r  sy s t em of the organ;  R 0 is the r e s i s t a n c e  of the smal l  
a r t e r i e s ;  R is the r e s i s t a n c e  of the a r t e r i o l e s ,  cap i l l a r i e s ,  and venules .  In o r d e r  to desc r ibe  the flow of 
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Fig. 1. Block d i ag ram of model  (a), bas ic  c i r cu i t s  of  a r t e r i a l  
s egment  (b; notation s a m e  a s  in Table  2), p e r i p h e r a l  segment  (c; 
notation s a m e  as  in Table 3), and ACA analog (d}. 

Fig. 2. Frequency  dependence of absolute value of d imens ion less  
impedance.  ( ) model  in r eg ime  A; ( - - - )  model in r eg ime  
B; ( . . . . .  ) model  of  [3]; (©) m e a s u r e m e n t s  in man [4]. Total  
p e r i p h e r a l  r e s i s t a n c e  in r eg ime  A - R p e  r =1.4" 10 8 kgf" m -4" 
s e c  - 1 .  
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Fig. 3. P r e s s u r e -  (a) and f low- 
(b) wave ampl i tudes  m e a s u r e d  
on the model  in r e g i m e  B in a r  
a r t e r i a l  s egmen t s  2, 4, 6, and8.  

blood in the r o l l e r - t y p e  ACA pump we used the f i r s t  two equations of 
s y s t e m  (1), F being a s s u m e d  to be a given function of x and t: 

F(x, t)=Fo[ l+~cos2---~ (v t -x )  ]; (3) 

~-, A, and v a r e  the c o m p r e s s i o n  factor ,  the length of the working s e c -  
tion of the pump,  and the r o l l e r  speed.  Substituting (3) in the second 
equation of s y s t e m  (1) and integrat ing,  we obtain 

aF(m 
g(x, t) = J dvl+g(0, t); Ot 

o 

g(0, t) =g(A, t) =go(0 ,  
(4) 

We now subst i tute  (4) in the f i r s t  equation of (1) and integrate  with r e s -  
pect  to x f r o m  0 to A. Af te r  ce r t a in  manipulat ions,  we obtain the final 
equation of the pump: 

9AFo-' (1 _vz)-V,go (t) +8nlaAFo-2 (1 _~2) -,l,go(t) +p(t) -po(t) = 

=8nA~t~2Fo_l ( l _~2)_v~+ 2nv~( l _z2) _v.{p2v2+[4ApFo_l ( l_~2) ]2} ,/, si n i 2nvt -~ t--A--' ~° l "  

§ 2 .  L a y o u t  a n d  C o n s t r u c t i o n  o f  t h e  M o d e l  

A block d i ag ram of the model  and c i rcu i t  d i ag rams  of its pa r t s  a r e  shown in Fig. 1. In making the 
model  we used c o m m e r c i a l  r e s i s t o r s  and capac i to rs .  The inductances and r e s i s t a n c e s  of l e s s  than 10 
were  made by hand. Fo r  the r e s i s t a n c e s  the deviation f r o m  nominal  was not more  than 2% and for  the r e -  
a c t aaces ,  not m o r e  than 10%. 

Convers ion f r o m  mechanica l  to e l ec t r i ca l  quant i t ies  and vice  v e r s a  was based  on the data given in 
Table  1. The Young's  modulus  of  the v e s s e l  wall  was  a s sumed  to be 4" 105 kgf.  m -2, the v i scos i ty  of the 
blood 3 • 10 -3 kgf .  m -1 . sec  -1, and i ts  densi ty 1.05" 103 kgf- m -3. The radi i  of the segments ,  the i r  lengths,  
and the va lues  of  the flow fr ict ion,  the e las t ic i ty ,  and the iner t ia  of the blood for  these  segments ,  toge ther  
with the cor]responding data for  thepump,  ca lcula ted  f rom the exp re s s ions  R =81r~ Z/F2r C=3FrwZ/2Eh;  L = 
pl/F, a r e  given in Table  2. The p e r i p h e r a l  r e s i s t a n c e  of the o rgans  was ca lcula ted  s ta r t ing  f r o m  data on 
the mean  r a t e  of flow through the organ,  and the i r  e las t i c i ty  was  assumed ,  as  in [2], to be p r o p o ~ i o n a l  to 
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TABLE i. 

Quantity 
Units 

hydrodynamic 

Time 1 sec, 
Frequency I Hz 
Capacity 1 mS . 
Flow 1 m3. sec "~ 
Pressure ] i mm Hg = 1.33. I0 z kgf, m -l, 

s e e "  2 

Resistance 1 kgf. m-4. sec-I 
Elasticity 1 kgf -1 • m4. sec z 
Inertia 1 kgf. m -4- 

etec trical 

10 -4 sec 
10 4 Hz 
10 -2 C 
10 ~ k 
lO-i V 

7,5. I0 -6 
1,33 F 
7,5- 10 - '° g-force 

T A B L E  2 

Vessel t * 10 ~ m kg. m -4 L. m ~ 
• sec ' l  kgf. m'4 

r~o " 10~ I l l  

Ascending aorta 1,40 
Arch of aorta 1.00 
Thoracic aorta 0,75 
Abdominal aorta I 0,62 

2 0,59 
3 0,55 

Iliac artery 0,36 
Femoral artery 0,28 
Innominate artery 0,62 
Left braehioeephalic artery 0,40 
ACA 0,77 

5,5 
4,0 
20,0 
5,3 
53 
5,3 
6,0 

40,0 
3,4 

11~0 
95,0 

0,15 
0,25 
4,10 
2,80 
2,80 
4,50 

33,00 
390,00 

2,80 
47,00 
31,00 

2,t 
t,1 

10,1 
4,7 
5,3 
6,0 

t2,0 
110,0 

3,0 
21.0 
72,0 

C • I 0 - "  

kgf "t . m4. ~ec 2 

119,0 
52,0 

149,0 
20,0 
18,0 
16,0 
6,9 

15,0 
t3.0 
12.0 

the  v o l u m e  o f  b lood  in t h e m ,  u s i n g  a p r o p o r t i o n a l i t y  f a c t o r  of 0.3 kgf  o m -1 • s e c  -2. An e x c e p t i o n  was  made  
fo r  t h e  v e s s e l s  of  the  b r a i n ,  w h i c h  a r e  a l m o s t  i n c a p a b l e  o f  e x p a n d i n g  u n d e r  p r e s s u r e .  The  e l a s t i c i t y  of  t he  
o r g a n s ,  t h e i r  h y d r a u l i c  r e s i s t a n c e ,  and  the  r e s i s t a n c e  of  the  p o r t a l  v e i n s  a r e  g iven  in T a b l e  3. In t he  e a s e  
o f  the  a r t i f i c i a l  c i r c u l a t i o n  s i m u l a t o r  we  t ook  into  accoun t  the  r e s i s t a n c e  of  the  oxygena£or ,  supp ly  t u b e s ,  
and cannu la .  

§ 3 .  R e s u l t s  o f  S i m u l a t i o n  

S i m u l a t i o n  w a s  c a r r i e d  out  in two d i f f e r e n t  r e g i m e s .  The  f i r s t  ( r e g i m e  A) s i m u l a t e d  the  n o r m a l  f u n c -  
t i o n i n g  of  the  c i r c u l a t o r y  s y s t e m .  In t h i s  c a s e  the  g e n e r a t o r  s i g n a l  was  s u p p l i e d  to the  a s c e n d i n g  a o r t a  
( s e g m e n t  1 in F ig .  1); the  p a r t  of the  v a l v e  w a s  p l a y e d  by  a s e m i c o n d u c t o r  d iode .  In the  s e c o n d  c a s e  ( r e -  
g i m e  B) a r t i f i c i a l  c i r c u l a t i o n  was  s i m u l a t e d .  T h e  s i g n a l  was  s u p p l i e d  to be  f e m o r a l  a r t e r y  ( s e g m e n t  8), the  
g e n e r a t o r  w a s  c o n n e c t e d  to  the  ACA a n a l o g ,  a n d  the  m o d e l  was  m o d i f i e d  a s  d e s c r i b e d  above .  

Impedance. .  We m e a s u r e d  the  d e p e n d e n c e  of  t he  i m p e d a n c e  on the  f r e q u e n c y  of  the  s i n u s o i ~ a l  s igna l ,  
The  r e s u l t s  f o r  r e g i m e  A a r e  shown in F ig .  2 t o g e t h e r  wi th  the  r e s u l t s  fo r  the  m o d e l  d e s c r i b e d  in [3] and  
the  r e s u l t s  of  d i r e c t  m e a s u r e m e n t s  in m a n  [4] o b t a i n e d  by  d i v i d i n g  the  c o r r e s p o n d i n g  p r e s s u r e  h a r m o n i c s  
b y  the f l o w - r a t e  h a r m o n i c s .  A c c o r d i n g l y ,  t h e r e  a r e  d i r e c t  m e a s u r e m e n t s  on ly  f o r  f r e q u e n c i e s  t h a t  a r e  
m u l t i p l e s  of  the  p u l s e  r a t e .  It i s  c l e a r  f r o m  t h e s e  g r a p h s  t ha t  the  i m p e d a n c e  m e a s u r e d  on the  p r o p o s e d  
m o d e l  i s  c l o s e r  to  t he  a c t u a l  i m p e d a n c e  than  in the  e a s e  of  the  m o r e  d e t a i l e d  m o d e l  of  [3]: in t he  l a t t e r  the  
c o m p l i a n c e  of  the  o r g a n s  w a s  d i s r e g a r d e d ,  so  tha t  t he  i m p e d a n c e  o s c i l l a t e s  m o r e  r a p i d l y  t han  in fac t  i t  
shou ld .  The  d i s c r e p a n c i e s  b e t w e e n  the a c t u a l  i m p e d a n c e  and the  r e s u l t s  of  the  s i m u l a t i o n  a t  high f r e q u e n -  
c i e s  a r e  e v i d e n t l y  a s s o c i a t e d  wi th  the  i n e r t i a  and  v i s c o u s  p r o p e r t i e s  of  the  v e s s e l  wa l l ,  wh ich  w e r e  not  
t a k e n  in to  a c c o u n t  in  the  mode l .  H o w e v e r ,  f o r  t he  f i r s t  a n d  f u n d a m e u t a !  h a r m o n i c s  o f  the  h e a r t  the  m o d e l  
r e p r o d u c e s  the  a c t u a l  i m p e d a n c e  qu i t e  wet1. 

The  f r e q u e n c y  d e p e n d e n c e  of  the  i m p e d a n c e  fo r  r e g i m e  B i s  a l s o  shown in F ig .  2. The  s h a r p  i n -  
c r e a s e  in i m p e d a n c e  i s  a s s o c i a t e d  with  the  f ac t  t h a t  t he  f e m o r a l  a r t e r y  i s  s m a l l e r  and  s t i f f e r  t han  the  a o r t a ,  

The  t o t a l  f low f r i c t i o n  in r e g i m e  B i s  a p p r o x i m a t e l y  t w i c e  a s  g r e a t  a s  in r e g i m e  A. T h i s  i s  due ,  
f i r s t l y ,  to  t h e  i n t r o d u c t i o n  of  a d d i t i o n a l  r e s i s t a n c e s  ( o x y g e n a t o r ,  c annu la ,  i n c r e a s e  in t he  r e s i s t a n c e  of  t he  
f e m o r a l  a r t e r y  owing to  f low t u r b u l e n c e )  and,  s e c o n d l y ,  to  the  func t iona l  m o d i f i c a t i o n  of  the  m o d e l  ( s igna l  
s u p p l i e d  to  the  f e m o r a l  a r t e r y ) .  
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TABLE 3 

Organ, limb, 
vessel  

Heart 
Brain 1 

2 
RiKht arm 
LdIt arm 
Neck 
Liver 
Ventricle (spleen) 

Intestine I 
2 

Kidneys 
Leg | 

2 
Portal vein ' 

2 

1o* kgf. m'% m-~' kgf "1" 
SeC-I  ITI 4 . s e e  2 

24,00 6,8 
2O,OO 
2O,OO 100,0 
20,CO 
23,00 100.0 
45,00 84,0 
18,40 21,0 
13,80 230,0 

7,70 I50,0 
37,50 60,0 
6,I0 100,0 

42,80 60,0 
19,60 260,0 
0,12 
O.4O 

Wave Propagat ion.  Fo r  r eg ime  B the shapes  of the p r e s -  
sure  and flow waves  in the ascending,  thorac ic ,  and abdominal  
a o r t a  and in the f e m o r a l  a r t e r y  a r e  shown in Fig. 3. Here  it  is 
poss ib le  to obse rve  the effect ,  known in physiology,  of a pe r iphe ra l  
i nc rease  in p r e s s u r e - w a v e  ampli tude and dec rea se  in f low-wave 
ampli tude,  This  effect  was  d i scussed  in [3], where  the i nc rea se  
in p r e s s u r e  ampli tude was a t t r ibu ted  to i n t e r f e rence  of the p r i -  
m a r y  and r e f l ec t ed  waves ,  and the dec r ea se  in f low- ra te  a m p l i -  
tude to r ami f i ca t ion  of the flow. 

In r e g i m e  B the p r e s s u r e - w a v e  ampli tude fell  sha rp ly  in the 
f e m o r a l  a r t e r y  as  c o m p a r e d  with the s t a r t i ng  value  produced by 
the pump, but in the ao r t a  r ema ined  a lmos t  constant.  The flow 
ampl i tude d e c r e a s e d  with dis tance f rom the f e m o r a l  a r t e r y ,  but the 
r a t io  of  th is  ampl i tude to the mean flow ra te  ac tua l ly  increased.  
I f  it is r eca l l ed  that  in r e g i m e  A this  r a t io  dec reased ,  then the 
cons idera t ions  advanced by the au thors  of [3] a r e  insufficient to 
explain the wave propagat ion  in the model.  

A poss ib le  explanat ion of  the e f fec ts  a s soc ia t ed  with wave propagat ion  is the influence of the d e c r e a s e  
in the rad ius  of  the ao r t a ,  which in the model  was taken into account  "in s teps ,  w In [5] flow in a s lowly 
t ape r ing  v e s s e l  was inves t igated by  the s m a l l - p a r a m e t e r  method. The nature of the solution obtained by the 
au thors  makes  it poss ib le  to a t t r ibu te  the model e f fec ts  to the var ia t ion  in the mean rad ius  of the ao r t a  f r o m  
the hea r t  toward  the pe r iphe ry .  

C O N C L U S I O N S  

1. By taking into account  the e las t i c i ty  of the v a s c u l a r  s y s t e m  of the internal  o rgans  it is  poss ib le  to 
s imula te  the impedance with high a c c u r a c y  on a quite s imple  model. 

2. Pe r fus ion  through the f e m o r a l  a r t e r y  sharp ly  i n c r e a s e s  the r e s i s t ance  and espec ia l ly  the reac tance  
because  of the changed dis t r ibut ion of the blood flow in the v a s c u l a r  sys tem.  

3. The change in the ampl i tudes  of the p r e s s u r e  and flow pulse waves  toward  the p e r i p h e r y  is  p r i -  
m a r i l y  a s s o c i a t e d  with the change in v e s s e l  geomet ry ,  not with wave ref lect ion.  

4. A whole s e r i e s  of f ac to r s ,  such as  an inc rease  in total  impedance,  the change in wave ampli tude 
along the aor ta ,  the a l m o s t  total  absence  of h igh-f requency harmonics ,  leads  to a dec rea se  in p r e s s u r e  
pulsat ion in the case  of per fus lon  through the f e m o r a l  a r t e r y .  Clear ly ,  the dec rea se  in pulsat ion ampli tude 
should, in i ts  turn ,  a f fec t  the nonlinear  component  of  the ca ro t id  s inus ref lex.  

5. Reve r s ing  the blood flow in the f e m o r a l  a r t e r y  and the ao r t a  leads  to a dec r ea se  in the mean 
a r t e r i a l  p r e s s u r e  (up to 10%) in the head and upper  l imbs  as  c o m p a r e d  with the o ther  p a r t s  of  the body, 
which c l e a r l y  can a l so  have an unfavorable  effect  on the ac t iv i ty  of the o rgan i sm.  
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