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By ABItAI-tAtvl NOORDERGBAAF, PIETEB D. VEBDOUW AND HERMAN B. K. BOONI 

T H E  USE O F  computers  in the  s tudy of the normal  and  a b n o r m a l  circula- 
tory system in h u m a n s  has been  in t roduced  in several  ways  and for very 

different  reasons. 
One  reason was to create  the poss ib i l i ty  of h a n d l i n g  vast quant i t ies  of data  

in a r easonab ly  short  t ime, as is done  at present  in eva lua t ing  electro- and  
vectorcardiograms,  a or to hand le  mu l t i d imens iona l  in format ion  to ,arrive 
qu ick ly  at the most p r o b a b l e  diagnosis  by  tak ing  into account  m a n y  aspects 
concern ing  each pat ient ,  such as the e lec t rocardiogram,  phonocardioocrram, 
b lood  pressures,  t empera ture ,  age, etc. "'-'~ For  such purposes  only digi ta l  com- 
puters  are used  at the present  t ime.  

Another  reason for using computers  is for solving compl ica ted  equa t ions  or 
for eva lua t ing  systems that  are descr ibed  by  m a n y  equat ions  wi th  m a n y  un-  
knowns,  whe re  solution by  h a n d  would  requi re  too m u c h  time. Such p rob lems  
can,  in m a n y  cases, be solved successful ly  by  p r o g r a m m i n g  the p rob lem on 
a genera l  purpose  or specia l  pu rpose  analog computer ,  w h i c h  then  acts as 
a mode l  of the  system u n d e r  invest igat ion,  Jn  some cases d igi ta l  computa t ion  
is preferred,  whi le  somet imes  mixed  compu te r  usage  m a y  be  advantageous .  

In the s tudy  of the circulatory system, the  digital ,  t he  analog,  a n d  the  
mixed  approach  are used. Examples  of such s tudies  are the  inves t iga t ion  of 
the pu l se  wave  veloci ty  in inf ini te ly  long tubes, 4 the s tudy  of regula tory  mecha-  
nisms,  :'.~ the de t e rmin t ion  of ar ter ial  wall  proper t ies .  7 

In this paper ,  the d e v e l o p m e n t  of a specia l  purpose  ana log  compu te r  for 
the  s tudy  of h u m a n  h e m o d y n a m i e s  wi l l  be  desc r ibed  and  the reason for  its 
d e v e l o p m e n t  wil l  be  set  ior th .  

NgEo Fo~ A C o x r ~  

Several  years  ago the  a t t empt  was  m a d e  to find a quan t i t a t ive  in terpre ta t ion 
for  the ul t ra- low f r equency  d i sp lacement ,  velocity,  and  accelera t ion ( force)  
ba l l i s toca rd iograms  recorded  in the  head-foot  direction.  The  quant i t i es  re- 
corded here  represen t  the d i sp lacement ,  vdoc i ty ,  and  accelera t ion  of the in-  
te rnal  center  of gravi ty  of the subject ,  i.e., wi th  respect  to the  subject 's  own 
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Fig.  l . - - A v e r a g e  ~ormal exper imenta l  ul t ra- low f r equency  disp]aee]nent  ( D ) .  

vetocitv (V) ,  and  aeee lera t ion  (A)  bal l is toeardiograms.  (F rom a pape r  bv Sear- 
l)orough et  al., Am. J. Cardiol.S; courtesy of the  authors  and  the publ i sher . )  
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Fig. 1 (cont 'd).--Composite drawing o f  the predicted ultra-low frequency ballis- 

toeardiograms. Other cardiac phenomena are given for easy time reference. 

body  f rame.  D i sca rd ing  mot ion caused  b y  brea th ing ,  the in ternal  center  of 
gravi ty  of the subject  changes  almost  per iod ica l ly  by  the chang ing  d is t r ibut ion  
of b lood  over the  hear t  chamber s  and  the  la rge  vessels. 

Short/y ,after the onset  of systole, when  blood is dr iven  first h e a d w a r d  out  
of the hear t  to d i s tend  the  great  vessels, the in te rna l  center  of gravi ty  of 
blood, and  thus of the who le  body,  moves h e a d w a r d  in the body.  Later,  as the 
pulse  wave  spreads  per iphera l ly ,  blood accumula tes  at a greater  d i s tance  x~rom 
tile hear t  in the  more  pe r iphe ra l  vessels, suda tha t  the center  of gravity" moves  
footward in the body.  But  i f  the body  is f ree  to move  ]ongitudin, 'd]); as i t  
near ly  is in the f r equency  range  of interest  when  a ba l l i s tocard iograph  of 
ul t ra- low natura l  f r e q u e n c y  is used, the center  of grav i ty  of body,  blood, and  
suppor t  does not  move  in space; i t  is the b o d y  that  moves first footward  and  
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Fig. 2 . - - T h e  hea-, T lines represent  
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the filling and emptying  of the 
heart  and of its mot ionJ  1 Instant  
zero indicates the  opening of the 
aortic and pu lmonary  va]ves. (Cir- 
colatio~h courtesy of t]~e American 
Hear t  Association. ) 
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then h e a d w a r d  dur ing  the  card iac  cycle. Average  normal  lecords  of this mo- 
tion are r ep roduced  in the  first par t  of figure 1. s 

Obvious ly  the dis t r ibut ion of blood changes wi th in  the  b o d y  wi th  each 
bea t  of the heart ,  b u t  the  d m n g e s  in filling of  the ]mart chambers ,  the arteric's 
and  the  veins do not occur at  the same t ime nor do they  have the  same sign. 
Even  the  change  in filling of the arteries does not  occur s imul taneously  be- 
cause of the  finite pulse  wave  velocity. In order  to take t ime (phase )  differences 
be tween  dis tent ions at  var ious sites in the ar ter ial  trees into account ,  the  
larger  arteries of both  arterial  trees were  subdiv ided  into small segments  (115 
in to ta l ) .  The  mass of blood above the diastolic level of each segment  the 
excess m a s s - - w a s  then  calculated as a funct ion of timc wi th  intervals  of 20 
mil l iseconds for all of the  115 segments.  Mul t ip l ica t ion of these excess nmsses 
by  the appropr ia te  d i s tance  to a reference p]ane passed arbi t rar i ly  th rough  the 
center  of bo th  ventr icles  and  pe rpend icu la r  to the longi tudinal  axis of the  
body  and summat ion  of the  results,  gives an es t imate  of the  expected  longi tud-  
inal d i sp lacement  of the  center  of grav i ty  as far as caused by the events inside 
the  ventr ic le  and the la rger  arteries, -"-~" Later ,  this work was expanded  so as to 
inc lude  the  contr ibut ion of cardiac  filling, atrial contract ion and  the  m o v e m e n t  
of the  hear t  itself, x~ Figure  2 shows the  final results for d isp lacement ,  velocity,  
and  accelerat ion,  the  la t ter  two being calcula ted  from the first. A compilat ion 
of the calcula ted bal l i s tocardiograms is shown in the  second pa r t  of  figure 1. 
F rom these results it  m a y  b e  concluded that  the change  in d is t r ibut ion of 
blood in the  hear t  and  the large arteries accounts  for the average  normal  ex- 
per imenta l  results.  

Using the  same m e t h o d  of approach  it p roved  possible to ca lcula te  p le thys-  
mograms  of both  extremit ies  and central  sections of  the body.  ~-" Theso  results 
give a quan t i t a t i ve  in te rpre ta t ion  of the g rea te r  par t  of the  wel l -known 
p le thysmograms  of the extremities.  

F inal ly ,  ano ther  q u a n t i t y  of  interest ,  namely  the Ieft ven t r icu la r  ejection 
curve  and thus the stroke volume,  was ca lcula ted  in absolute  value  from the  
same  data.  Th e  compu ted  stroke voh~me was 80 ce. and  tim ejection e~rve 
itself showed the  ear ly outflow peak and  a small r e t rograde  flow, which  arc 
found exper imenta l ly  using modern  flowmeters.  Iz.14 

Tlaese results were  der ived  via l eng thy  calculat ions using slide rule  and 
desk calculator.  Nevertheless ,  they  consi t i tute  only a single evaluat ion of a 
n u m b e r  of aspects  of the average  normal  h u m a n  c i rcula tory  system. To  work  
ou t  similar  results  in the same  way  for different  situations,  especial ly  for ab- 
normal  condit ions,  is a ra ther  unat t rac t ive ,  if no t  impossible  task. However ,  
the results,  in quan t i t a t ive  terms, seem to be  sufficiently promis ing  to devise 
( a )  a faster  me thod  of comput ing,  ( b )  requi r ing  fewer  simplifications of the 
circulator), " system and  (c) inc luding more  quant i t ies  of interest ,  if possible.  

D.F~IGN OF A CO31P~HER 

The  above  descr ibed calculat ions could, of course,  be  p r o g r a m m e d  on a 
digital computer .  This  would  cer ta in ly  speed np the computa t ions  as desfred, 
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but  would,  in the same  iorm,  not e l imina te  any  of the s implif icat ions tha t  
were  in t roduced.  The  ma in  simplif icat ion that  should  be  r emoved  at this s tage 
is that the pulse  pressures at the various sites in the arter ial  trees were  take~ 
from the l i tera ture  ins tead of be ing  de t e rmined  only by  the chosen si tuation 
of ana tomy  of the vasculature,  b y  the elastic propert ies  of the arteries and  by  
the proper t ies  of the heart.  To program this p rob lem requi res  a very  large  
digi tal  computer ,  making  the cost run  high,  and  even then  it  is ha rd  to ac- 
count  for non-l ineari t ies  such as the p resence  of valves. (A p rogram is present-  
ly be ing  deve loped3  ~) A m a t h e m a t i c a l  t r ea tment  of the  events in  the circula- 
tory system taking into account  the actual  b o u n d a r y  condit ions wil l  p r o b a b l y  
be b e y o n d  the r ange  of possibi l i t ies  for at  least  some t ime to come, a l though  
such a t rea tment  to solve special  p rob lems  conf ined to par ts  of the system has  
been  very fr t | i t fut3 6-~ 

W h a t  is needed  is obviously  a phys ica l  ana log  ra ther  than  a m a t h e m a t i c a l  
one. T h e n  the quest ion arises whe the r  erie shou ld  :prefer a h y d r o d y n a m i c  
model  to an electr ic one. H y d r o d y n a m i c  models  have  been  constructed 2°,-°~ 
bu t  m e e t  wi th  cons iderable  technical  difficulties s ince i t  is difficult  to obta in  
tubes wi th  a given modu lus  of elastiei~,,  radius  and  wall- thickness.  More- 
over, it  is not  easy to adap t  such a model  to pre-set  changes.  On  the other  
hand ,  h y d r o d y n a m i c  analogs have  some features,  such as the s leeve effect, 
which  electrical  models  do not process automat ical ly .  On  the basis  of these 
considerat ions  we dec ided  to try to develop an electr ic  ana log  computer ,  there- 
by in t roducing  the possibi l i ty  of ad jus tmen t  as an a t t ract ive  feature.  

An  etectric analog that  s imula tes  the  circulatory system shouId have  electr ical  
equiva len ts  of the atria and  ventr icles  and  of the sys temic  and  p u l m o n a r y  
trees. Each  of these sections should be  represen ted  to a sufficient accuracy.  
An essential  difficulty in such  a set-up is the lack of in format ion  as to the  
m a n n e r  of operat ion of the normal  swstem. To ment ion  a few points:  Does a 
ventr ic le  act  as a pressure or as a flo~ source? To w h a t  extent  are  the elastic 
propert ies  of the arterial  walls nonl inear?  Is the  re la t ionship  be tween  flow 
and  pressure  differences a long the pe r iphe ry  a l inear  one? W h a t  is the relat ion- 
ship  be tween  pressure  gradier~t and flow in centra l  veins? V~e therefore  de- 
c ided  to bu i ld  the compute r  gradual ly ,  i.e., to r emove  s implif icat ions and  
l imitat ions one b y  one. It is hoped  that  s u c h  It procedure  v, qll aid in the quant i -  
~tative evaluatio** of a var ie ty  of p h e n o m e n a  tha t  are be l i eved  to occur in the 
circulatory system. 

This  paper  wilt deal  only with the der ivat ion  of an electr ic  analog of the  
lef t  ventr ic le  and of the sys temic  arter ial  tree, bo th  in  a s imple  form and, for  
the present,  wi thou t  regula tory  mechan isms .  

T u r n i n g  to the derivatiol~ of an electrical  equ iva len t  of  the sys temic  ar ter ial  
system, one must  de te rmine  how such a tree of  d i s tens ib le  tubes  can be  
t ranslated.  This  is possible  by  compar ing  pressure-flow re la t ionships  in a 
segment  of d is tens ib le  tub ing  wi th  the te legraph  equat ions  wh ich  descr ibe  
t ransmission of an electr ical  pulse  through a uni form cable.  The  pres- 
sure drop per  length  in a tube  wi th  constant  cross-sectional area and  homo- 
geneous  and  isotropic wall  material  is given by  the ( r e d u c e d )  Navier-Stokes 
equat ion  (la) 
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8 p  p 8 I  
- -  t W "  q 

8x S 3 t  
(la) 

p = p r e s s u r e ,  

I --  f low 
t = t ime  
p = dens i t y  of  b lood  
S -- ~r  z ----- c ross - sec t iona l  a r e a  of  the  t u b e  w i t h  in t e rna l  r a d i u s  r 

Vv" -- r e s i s t ance  p e r  lengtla 
x = axial  coo rd ina t e .  

T h e  c h a n g e  in f low p e r  l e n g t h  in s u c h  a s e g m e n t  of  t u b i n g  is g i v e n  b y  t h e  
c o n t i n u i t y  e q u a t / o n  (lb) 

3 I  dS 8p  
= I)G" "4- ( l b )  

3x d p  3 t  

w h e r e  G '  = l e a k a g e  p e r  l eng th ,  a c c o u n t i n g  for  out t tow t h r o u g h  smal l  
b r a n c h e s  

dS  
d i s tens ib i l i ty  of t h e  t ube .  ap 

T h e  t e l e g r a p h  e q u a t i o n s  d e s c r i b e  the  c h a n g e  in vo l t a ge  a n d  in c u r r e n t  p e r  
l e n g t h  in a u n i f o r m  c a b ] e  

8 V  8i 
iR" + L" ~ -  (2a) 

8x  8 t  

w h e r e  

8i  

Z;x 
V = vo l t age  

i - -  c t l r r e n t  

R'  = r e s i s t ance  p e r  l en g t h  
L '  = i n d u c t a n c e  p e r  l e n g t h  
C '  = c a p a c i t a n c e  p e r  l e n g t h  

1 / R q  --  l e a k a g e  p e r  l e n g t h  

v 8v  
+ C" (2b) 

Y~I" 8 t  

( t h e  p r i m e  is u sed  to d e n o t e  q u a n t i t i e s  de f ined  p e r  l e ng t h  ) 
E q u a t i o n s  (la) a n d  (lb) a re  a n a l o g o u s  to e q u a t i o n s  (2a) a n d  (2b) in botlLa 
this a n d  t h e  r e v e r s e d  o rde r .  T h u s ,  t he  e q u i v a l e n t  pa i r s  a re  (Ja)-(2a) a n d  
( lb)-(2b) ( m a s s - i n d u c t a n c e  a n a l o g y )  or  (la)-(2b) a n d  (lb)-(2a) (mas s -  
c a p a c i t a n c e  a n a l o g ) , ) ,  F o r  r ea sons  of  c o n v e n i e n c e  w e  h a v e  chosen  to u s e  the  
m a s s - i n d u c t a n c e  a n a l o g y .  2z T h e  h y d r o d y n a m i c  quan t i t i e s  a re  then  " ' t rans la ted"  
into  e lec t r ica l  q u a n t i t i e s  a c c o r d i n g  to e q u a t i o n s  (la)-(2a) a n d  (lb)-(2b).  

p r e s s u r e  p ~ v o l t a g e  V 
f low I c u r r e n t  i 

r e s i s t ance  p e r  l e n g t h  "~V" - -  r e s i s t a n c e  p e r  l e n g t h  R '  
i n e r t a n e e  p /S  - -  i n d u c t a n c e  p e r  l e ng t h  L" 
d i s tens ib i l i ty  d S / d p  . c a p a c i t a n c e  p e r  l e ng t h  C '  

l e a k a g e  p e r  l e n g t h  G" c o n d u c t i v i t y  p e r  lengtJl  1/1R'~ 
An a d d i t i o n a l  e q u i v a l e n t  q u a n t i t y  is 

v o l u m e  ( = f I d t )  ..... ~eharge Q ( = f i d t )  
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For the present  it is assumed that  inertial and viscous effects do not interact  
(no sleeve effect) (eq. ( l a ) ) .  In addition it is assumed that  Poiseuille's law 
holds. Then XV' can be wri t ten as 

8rcr t 
W" ~ (3) 

sz 

where n = viscosity of blood. 
~re can express dS /dp  in the anatomical and elastic properties o£ the tube zz by 

where E : 

dS 3S (a -4- 1)e 

dp E ( ~ +  t)  

Young modulus of the wall material  that  is 
isotro_pic. 

(4) 

assumed to be 

a = ratio between radius and wall-thickness. 
The  electrical analogy derived above can be constructed in different w a y s .  

In the first place, operational amplifiers could be used, and secondly, a passive 
line could be built. For  reasons of simplicity and expenses we have chosen to 
construct a passive delay line for the arterial trees. -~4 A segment  of ar tery of 
length z~ x is then represented as in figure 3. ~4 

For the actual construction a question that  remains to be  answexed is what  
length of artery may be lumped as indicated in figure 3, without  appreciably 
affecting the results, a point  of discussion already raised by  Landes. °-s Two 
extreme solutions are clearly inadequate.  If  one lumps an entire vaseular 
tree, i.e., represents it by a single equivalent  segment as in figure 3, then the 
pulse wave will Iack a suitable electrical counterpart .  The other  extreme 
would be to use an infinite number  of segments in series, as in figure 3. TbSs, 
however,  would preclude actual construction of such a model. 

To find a practical compromise, a few studies were done of eases so chosen 
that the actual answers could be derived with the aid of formulas. These re- 
suits could then be compared with the results obtained experimental ly from 
the electrical circuitry. 2s,24,'-'6 

The  ampli tude of the "ballistocardiogram" was calculated as a function of 
f requency for the case of a single uniform artery with a homogeneous and 
isotropic wall with sinusoidal input  flow at one end and dosed  at the other. 
The leakage through the wall was chosen as 5 liters per  minute.  The result  
written in equivalent  electrical s)nnbo]s reads 

R L 

Fig. 3.~Eleetrical analog of a segment of artery of length ~x.  
between R, L, Rx, and C in the i~gure and R', L', IRI, and C' in eq. 
L'Ax, R ---~ R'Ax, RI = Rj'/L~x, and C -~ C'/kx. 

The relation 
(2) is: L = 
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2rrreI (R"-" q- ~eL'-~)~/4 (C'Z q- .,~C'2)a/a ee~ ~ q- 2e~' cos al + 1 

in w h i c h  Ix,.l = a m p l i t u d e  of  the  d i s p l a c e m e n t  b a l ] i s t o c a r d i o g r a r n  
V.~ -- s t r o k e  v o l u m e  

o, --  2,ff  
f = f r e q u e n c y  

L 2 J 

[ R ' G '  --  ., '- 'L'C' + 1/~[(R,,, + e~L,.O)(G,~ + . , C , ~ ) ] ~ ]  ~:- 
f ~ =  2 

1 -- t o t a l  l e n g t h  o f  t u b e  r e p r e s e n t i n g  an  a r t e ry ,  
T h e  n u m e r i c a l  va lue s  fo r  R' ,  L ' ,  a n d  C '  w e r e  t a k e n  for  a h u m a n  t h o r a c i c  a o r t a  
a t  a m e a n  p r e s s u r e  of  a r o u n d  100 ram.  H g .  ea.-"~,'-'~ 
R '  ---- 0.12 g. cm.  -'~ sec. -1  
L" -~ 0.37 g. cm.  - a  
C '  = 12.5 I 0 - "  g . - ' c e ,  see. -~ 
G '  = 8.1 1 0 - "  g . - ~ c e ,  see.  
1 ---- 7 0 c m .  

F i g u r e  4 s h o w s  t h e  c a l c u l a t e d  a m p l i t u d e  of  t h e  d i s p l a c e m e n t  b a l l i s t o c a r d i o -  
gTam as a f u l l y  d r a w n  l ine.  N e x t  t h e  s a m e  q u a n t i t y  w a s  s e c u r e d  e x p e r i m e n t a l l y  
f r o m  an  e l ec t r i c  m o d e ]  in  w h i c h  l u m p i n g  w a s  d i f f e r e n t  in  v a r i o u s  e x p e r i m e n t s .  
T h e  70 cm. o f  a r t e r y  w a s  c o n s t r u c t e d  as  a s i n g l e  s e g m e n t  as in  f i gu re  3, as  

,4 

.3  

l Ix~cj ( cm-2) 
v s 

.2  

. I  

c t s  

o 
0 0 5  0.1 Q 2  Q 3  Q 5  1 2 3 5 10 

Fig. 4 . ~ T h e  rat io be tween  the  amp l i t ude  of  the d i sp lacement  bal l i s toeardiogram 
(Ix~l) and  the  s t roke vo lume  (Vs) as a funct ion  of  f requency  for  a thoracic  aor ta  
70  era. in lengtla ( theore t ica l :  futlv d rawn;  exT~erimental from a de lay  line consist ing 
of 20 segments  in series: broken l ine) .  
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- O , 6  
¢1 

13=1" 

-O,4 -0 ,2  0 

b 

2 , ,  4 ,, *4¢. ( . / ' )  

3 5  

- - 0 , 6  

l 
- - o , 8  

- - 1 , 0  

Fig. 5 . ~ T h e  ratio between the p ressme  amp | i lude  70 cm. away fi'om the inlet 
of an infinitely long tube m~d the pressure ampl i tude at the inlet (VT0/Vo). The 
comple~ ratio VTo/V . is written as a d- jb. The result calculated directly from the 
hemodynamieal  situation (infillite number  of segments) is given by x. The results 
eompttted for the e]ectrieaI analogy are/plotted for n -~ I to 5. 

two such  segments ,  a n d  as 5, 10, a n d  20 of s u c h  s e g m e n t s  in series,  in e a c h  
case w i t h  d i f f e ren t  n u m e r i c a l  va lues  for  R, L,  C, and  R1 a c c o r d i n g  to R = 
1R" & x, L = L '  Lx x, C = C '  A x, a n d  R~ = R a ' / ~  x in  wbdeh /k x is the  
l eng th  of vessel  tha t  is l u m p e d .  T h e  resul ts  o b t a i n e d  in  the  case  w h e r e  20 
equa l  s e g m e n t s  we re  used, i.e., 3.5 cm.  of  a r t e ry  l u m p e d ,  a re  also g i v e n  in  
f igure  4 ( b r o k e n  l i n e ) .  W i t h  s u c h  a f ine s u b d i v i s i o n  the re  is exce l l en t  agree-  
m e n t  excep t  for  t he  h e i g h t  of  the  r e s o n a n c e  peak .  In  eases w i t h  less consp icuous  
r e sonance  peaks ,  a c o n s i d e r a b l y  c r u d e r  s u b d i v i s i o n  m a y  b e  adequa t e .  A s imi l a r  
-conclusion for a ca the t e r  was  r e a c h e d  b y  Van  B r u m m e l e n  '-'~ w h e n ,  u s i n g  
d i f fe ren t  constants ,  he  f o u n d  t ha t  l u m p i n g  of 10 cm. gave  resul ts  ve ry  close 
to t h e  aetxlaI answer .  

A d i f f e ren t  test  was  ca r r i ed  ou t  on an inf in i te ly  long  t ube  of  the  s a m e  size 
and  e las t ic  p rope r t i e s  b u t  w i t h o u t  l e a k a g e  ( G '  = 0) .  In  the  first p l a c e  a cat- 
cu la t ion  was  m a d e  of t he  rat io b e t w e e n  the  p r e s su re  a m p l i t u d e  at  a d i s t a n c e  
of 70 cm. f rom the  in le t  and  the  i n p u t  p ressu re  a m p l i t u d e  for  a f r e q u e n c y  of 
g cps. Next ,  w i th  the  a id  of a d ig i ta l  compu te r ,  this  s a m e  ra t io  was  c a l c u l a t e d  
ha the  e lec t r ica l  case  for a v a r i a b l e  deg ree  of  l u m p i n g .  T h e  l eng th  of  t im 
l u m p e d  s e g m e n t s  was  7 0 / n  cm., w i th  n = 1, 2, 3, 4, 5, 10, 20, etc., u p  to I00.  
T h e  resu l t s  have  been  p lo t t ed  in  f igure 5 and  s h o w  tha t  a good  a g r e e m e n t  be-  
tween  the  two types  of resul ts  is a l r e a d y  o b t a i n e d  w h e n  the  s e g m e n t  lengt t t  
e q u a l s  17 era. 

A l t h o u g h  the  ques t ion  as to w h a t  ex ten t  l u m p i n g  is p e r m i t t e d  wi l l  r e q u i r e  
f izr ther  s tudy,  the  conch l s ion  seems  jus t i f ied  tha t  for  a r e a s o n a b l e  e lec t r ica l  
".malogy of the  va scu l a r  trees, m a n y  e lec t r ica l  c i rcui t s  s h o u l d  b e  u sed  in series.  
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V e n t  t i c  le  a o r t i c  b ranches  

Fu n ~ t i o n  "-. 

G e n e ~ ¢ o r  

Fig. G.~Outline of the electric model of the systemic circulatory system. 

Adequate  pulse transmission cannot be obtained by representing the systemic 
arterial tree by, e.g,, 10 lumped segments. "~Ve have chosen segment lengths 
to be lumped in our delay line equai to a distal~ce covered by the pulse wave 
in 10 milliseconds, a time short compared to the propagat ion time of the 
pulse wave. Thus, the length of a lumped segment is 6 cm. in an artery where  
the pulse wave velocity equals 6 m/see. Sometimes it is even shorter where that  
happened  to fit conveniently with the anatomy of the systemic arterial tree. 
This is in order to comply with both mathematical  and anatomical requirements.  

S~T-UI" O> " ANALOC Co.x~Pu'rEn 
The computer  in so far as it is complete at present is outlined in figure 6. 

The left ventricle is represented by a ftmction generator,  a periodic voltage 
source with an output  impedance of less than 1 o_. The  output  voltage of the 
ftmetion generator  as a function of time can be adjusted at will by  adding 
20 step functions. For  each step function the ampl i tude can be adjusted con- 
tinuously between + 3 0  Volt and ~30  Volt. In addition, the moment  at which 
each voltage step occurs can be chosen anywhere  in the cycle. The sum of 
the 20 steps in voltage is fed into a filter to obtain a smooth output  voltage. 
This voltage can easily be  adjusted to simulate any  desired ventricular pres- 
sure c u r v e .  

In  addit ion to the possibility of shaping the function generator output, its 
repetit ion rate can be varied independently.  

The  delay line, represent ing the arterial tree, is built  in accordance with  
the conclusions arrived at above. The numerical  values of all elements are 
listed in table 1, -~z,-~s together with the anatomical da ta  used in their ca/cula- 
t_ion. The same value for the Young modulus of the wall material, x~z, E = 4.0 
106 g. cm. -~ see.--", was assumed throughout  the systemic tree. -°z The opera- 
tion f requency is a thousand times as high as the tea] one to get  L and C 
values in a convenient  range. The  anatomy of the delay line itself is shoven 
in figure 7. ~s 

In between the function generator and the delay line, three diodes in 
parallel ( type  OY 5062) were placed so as to simulate the aortic valves. 

The  delay line is terminated by  resistors represent ing the  peripheral  re- 
sistance. Thei r  normal values were  derived from the l i terature and are in- 
dicated in figure 7 (in k f~). 

F rom this computer  one can record the following equivalent  quanti/'ies: 
ventricular pressure, local arterial pressure, ventr ieular  ejection flow, local 
arterial t/ow, and stroke volume. As yet  only ventr icular  pressure, hear t  r a t e  

and local per ipheral  resistance are easily adiustable. Any  other change has 
to be introduced by  replacing one or more elements. 
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T a b l e  1 
D 

I n d  i e a t  t~s L e n g t h  Crops- 
t h a t  t h e  N o t a t i o n  o f  I n t e r n a l  s e c t i o n a l  
S ~ m e n t  o f  S e g m e n t  R a d i u s  . A r e a  
I s  P a i r e d  S ¢ w a i e n t  ( c m . )  ( e r a . )  {era .  : )  

W a l l -  
t h i c k n e s s  
(era.) L ) 10 -~ ]Hi I 0  -u F 

2 a  
2b  
3 a  

3 b  
4v. 
4 b  
4e  
5 a  
5 b  
5c 

D Ga 
D 7a  
D 7b  
D 8a  
D 8 b  
D 8e 
D 9a 
D 9 b  
D 9c 
D Dd 
D 9 e  
D l 0 a  
D 10b  
D 1 0 c  
D 1 l a  
D l i b  
D l l e  
D l i d  
D l l e  
D 12a 
D 12b 
D 12c 
D 12d 
D 12e 

T4a 
i)  14b  
D 15n 
O 15b  
D t 6 a  
D 16 b 
D l 6c 
D 16d 
D t 7 a  
D 1 7 b  
D 17c 
D I 7 d  
D I S a  
I) 1 8 b  
t )  18c 
l )  1 ~(1 
D 19n 
I) 1 9 b  

2 0 a  
2 1 a  
2 2 a  
23a  

i} 2 4 a  
25ALL 
2r, lh~ 
2*;A,~ 
2 6 A  h 
2t iAe  
2 6 A d  
261%t 
261i l r  
2 6 I f c  

I)  27u 
D 271, 

~ x  r S 
2.0  1.44 6.51 
2 .0  1.44 6.51 
2.0 1 .17 4 .30  
3.9 1 .17 4~30 
5.2 0 .98  3 .02 
5 .2  0 .98 3.02 
5.2 0mS 3.02 
5.3  0.85 2 .27 
5~3 0.85 2 .27  
5 .3  0.85 2 .27  
5 .8  0.52 0 .85 
5.8 0.41 0 .53  
2 .5  0.41 0 .53  
6.3 0 .29  0 .26  
6.3 0 .29  0 .26  
I A! 0 .29  0 ,26  
6.1 0.34 0 .36  
6.1 0.34 0 .36 
6A 0.34 0 .36  
6,1 0 .34  0 . 3 6  
7.1 0.34 0 .36  
6.3 0 .28  0 .25 
6.3 0 .28  0 .25  
6.:~ 0 .28  0 .25  
6.7 0 .20  0 .126 
6.7 0 .20  0A 26 
6.7 0 .20  0 .126  
6.7 0 .20  0 A 2 6  
5~3 0 .20  0 .126  
7.5 0 .13  0 .053  
7 .5  0 .13  0 .053  
7.5 0 . t 3  0 .053  
7.5 0 .13 0 .053  
4 . 3  0 . 1 3  0.05.~ 
3.4 0.62 1.21 
3.4  0 .43  0 .58  
6 .8  0.4:~ 0 .58  
6.1 0.34 0 .36  
5~6 0.34 0 .36 
6 .3  0 .27  0 .23  
6 .3  0~27 0 .23  
6J~ 0.27 0 .23 
4.6 0 .27  0 .23  
6~7 0 .20  0 .13  
6.7 0 .20  0 , I 3  
6.7 0.20 0.13 
3.7 0.20 0.1~ 
7.1 0 .16  0 .08  
7.1 0 .16 0 .08  
7.1 0 .16  0 .08 
2.2 0.16 0.08 
7 .9  O. 11 0.04 
4.3 0.11 0.0,t 
L 0  0 .39  0 .48  
7 . I  0 .18  0 . I 0  
6 .3  0 .27 0.2:¢ 
6.6 0.23 0 . I 7  
:¢.2 0.26 0.21 
5.9 0.43 0.58 
5 ,0  0 .16  0 .08  
5,:~ 0 . a9  0 .48  
5.9 0,39 0.4~ 
5.~J 0 . 3 9  0 . 4 8  
:LI 0 .39  0 .48  
5.9 0 ,39  0 .48  
5.9 (L39 0 .48  
5.9 o.3;~ 0 . 4 s  
7.1 0d~:  0AO 
7 .7  0.1~ ¢LIO 

r, R L C 
0 A 5 8  9 . ]  I 0 .0415  0.33 51.9  
0A 58 9.11 0~0415 0 .33 51 .9  
0A 34 ~.73 0 .090 0 .49  33.2  
0 . I  34 8J73 0 .185 0 .96 64 .4  
0 .117 8.40 0.50 1 .83  58.5  
0 .117 8.40 0 .50  1 .83 58~5 
0.]  17 8.40 0.50 1 .83  58 .5  
9 .105 8.05 0.91 2 .48 43 .2  
0 .105 8 .05 0.91 2 .48  43.2  
0A 05 8 .05 0.91 2~48 43 .2  
0 .076 6 .89 ~.06 7.23 15.6 
0 .066  6 . 2 l  ] 8 .2  l 1.5 8 .92  
0 .066  6.21 7.83 5 .0  3 .86 
0 .056 5 . t  8 82.0 25 .0  4.1:3 
0 .056  5 .18 82.0  25 .0  4 .13 
0 .056  5 .18  24 .7  7.75 1.24 
0 .060  5 .67  40 .7  18.0  5 .95 
0 .060  5 .67 40.7 18.0  5.95 
0 .060 5 .67 4~:7 1 8 . 0  5 . 9 5  
0.01~0 5 . 6 7  4 0 8  1 S . 0  5.95 
0 .060  5 .67 47.5 20 .9  6 .~2 
0 .054 5 .19  88.7 26.7  3 .9~ 
0.054 5 .19  88.7 26.7  3 .99 
0 .054 5 .19  88~7 26.7  3 .99 
0 .048  4 .17 :¢73. 55 .9  1.87 
0 .048 4.17 373.  55 .9  1.87 
0 .048  4 . I 7  373 .  55 .9  1.87 
0.04t~ 4.17 373.  55 .9  1.87 
0 ,04~  4.17 294.  44.2 1.48 
0.041 3.17 2350.  149.  0 .715 
0.041 3.17 2350 .  149 .  0 . 7 t 5  
0.1)41 3 .17 2350 .  149.  0 .715  
0.041 3 .17 2350.  149.  0 .715 
0.041 3 .17 1350, 85 .0  0 .410  
0.085 7 .29  2 .05  2 .98  13.6 
0 .065 6 .32 8 .90  6.21 5 .80  
0A~68 6.32 17.6 12.4 1 I .G 
0-060 5 .67 40.7 I 8 .0  5 .95  
0 .060  5 .67  37.4 16.5 5 .46  
0 .053 5 .09 I 0 5 .  29 .0  3.61 
|)A15:¢ 5.09 105.  29 .0  3.61 
0 .~53 5 .09 105,  29 .0  3.61 
0 .053  5 .09  75.5 21 .2  2 .64 
0 .045  4 .17 373 .  55 .9  1 ~87 
0 .048  4.17 373 .  55 .9  1.87 
0 .048  4.17 373 .  55 .9  1.87 
0 .048  4.17 205 .  30 .8  1 .03  
0 .043  3 .72 976 .  9 4 . I  L I  3 
0 .043  3~72 976 .  94.1 1.13 
0 .043 3 .72  976.  94.1 1.13 
0.042, 3.72 303 .  29 ,2  0 ,349 
0.O40 2 .75 4340 .  218.  0 .488  
0 .040  2 .75 2360.  I 19. 0 .266  
0.064 6 ,09 3 .82  2.21 1.37 
{) .045 3 , ~ 9  6 2 5 .  7 5 , 3  1 .45  
0 .053  5 .09  ! 05.  2 9 . 0  3 .6 I  
0 .050  4 .60  201 .  41 .2  2 .58  
0 .053  4.91 63.9  16.2  1 ,62 
0 .068 6 .32  15.4 10 .8  I 0.1 
0.04:~ 3 .72  687.  66 .3  0.792 
o .064  6 .09  22 .5  13.0 ~. 10 
0, o64 6 .00  22.5  13.0 8 .10  
o , o c  4 6 , 0 9  22.5  1 3 , 0  8 , 1 0  
0.064 G.0D l 1.8 6 .85 4.2t; 
0~064 6.0~J 22.5  13.0 8 .10  
0 .064 6 .09  22.5  ! 3.0 ~. ! 0 
O,064 6.0,q 22.5  | 3 .0  N~ | 0 
0 .046 3.Dl 625 ,  74.6  1.46 
O,04~1 :Lit! 67x .  V0.8 I .SN 
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In  a d d i t i o n  to t h e  q u a n t i t i e s  t h a t  can  be  r eco rded ,  ex tens ions  vcere bu i l t  
to  m a k e  poss ib le  r e c o r d i n g  of b a l l i s t o c a r d i o g r a m  a n d  p l e t h y s m o g r a m s .  T h e  
m e t h o d  of  d e r i v i n g  these  q u a n t i t i e s  is g iven  in  f igure  8. 2s Sh:tee t he  e q u i v a l e n t  
o f  the  v o l u m e  of  b l o o d  c o n t a i n e d  by  a s e g m e n t  of  a r t e ry  is g iven  b y  the  
c h a r g e  Q on t he  c o n d e n s e r  in the  e q u i v a l e n t  e lec t r i ca l  s e g m e n t ,  the  v o l u m e  of  
an  a r t e r y  is, in t h e  mode l ,  d e t e r m i n e d  by  the  sum of the  c h a r g e s  on the  corre-  
s p o n d i n g  condense r s ,  T h e  c h a n g e  in v o l u m e  as a f u n c t i o n  of  t ime  is thus  
g i v e n  b y  t h e  c h a n g e  in t h e  sum of  the  d~arges  as a f u n c t i o n  of  t ime  ( z h Q l ( t )  ). 
T h e r e f o r e ,  we  m a y  w r i t e  for  the  p t e t h y s m o g r a m  a m p l i t u d e :  

P1CG anapl ~--- ~ Z~x Q~(t) 
t 

w e  find 

Substituting z~Qi "- Cl g~v~ 

(o) 

(D 

PICG arnpl = ~ C ~ V i ( t )  (8) 
t 

In o t h e r  words ,  the  a m p l i t u d e  of  the  p | e t h y s m o g r a m  is f o u n d  f r o m  s u m m a t i o n  
of  t h e  vo l t ages  ( V f ( t ) )  on  the  c o n d e n s e r s  w e i g h t e d  w i th  fac tors  p r o p o r t i o n a l  
to t he  va lues  of  t he  condense r s ,  

:For t h e  c i r cu i t ry  of  f igure  8 it  ho lds  

/kVt(t)  
V~,~c~(t) = kpRp ~ (9) 

I k~ Rpl 

1 
kpRL~ f = , (10) 

Ct 

1 
< < (11) 

Rl~ i l:{p 

in w h i c h  

a n d  k ,  is a c o n s t a n t  still to be  chosen .  

E q u a t i o n  ( 9 )  r equ i r e s  
I 

| 

Table  I ,  legend. Numerical  values of the elements of the  delav line together 
with the anatomical data  from which they were calculated. ~[n the calculation of 
C the same value of E was used througl(out:  E -- 4.0 10 ~ g e m .  -1  see. --°. The  
segment  notation is identical  to that  in figure 7. Consecutive segments of the 

• • O "  r same arte D are distine, uished b~ small letters following the number  of the arter¢, 
Capitals following the n u m b e r ' o f  an ar tery s t a n d  for superior or ]eft .  (A) and  
inferior or right (B) ,  The  frequency multiI~Iieation factor I0  "~ is accounted for in 
tile columns giving L and C. 

The key to the number  of the arteries is: 
2. aorta ascendens 
3. arcus aortae 
4. aorta thoraealis 
5. aorta abdominal is  
6, A. i]iaca communLs 
7. A. iliaca cxterna 
8, A. profundis fcmor/s 
9. A, femoralis 

10, A. poplitea 

11, A. tibialis posterior 
I2. A. tibialis anterior 
13. A. anonyma 
14. A, subclavia 
15, A. axillaris 
16. A. brachiaIis 
17. A. uInaris 
18. A. radialis 
19. A, interossea volaris 

20. A. coelica 
21. A. gastrica sinistra 
22. A. lienalis 
23. A, hepat ica 
24, A, renal~s 
25A. A, mesenterica sup. 
25B. A. mesenterica inf. 
26. A. carotis eommunls 
27, A. vertebralis. 
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V p [ C G ' r -  ........... _ ~  : . - -  : :  : 

RD R I I I 

Rh Cl 

F i g .  8 . - - T h e  method used to record 

...................... ; 7 - i i  . . . . .  T . . . . . . .  

LI*1 L 

-__-__ Cl ' l  T 

n and ballistoeardiogram. 
The ampl i tude  of the ple thysmogram can lye ea |eulated from the measured voltage 
Vpmo using eq. (9 ) ,  that  of the displacement  baltistoeardiogram from the measured 
voltage Vjtca using eq. ( I 3 ) .  

to be  va l id .  Th i s  r e q u i r e m e n t ,  eq.  ( 2 0 ) ,  and  the  a d d i t i o n a l  r e q u i r e m e n t  t ha t  
the  capac i t o r s  m a y  no t  b e  l o a d e d  a p p r e c i a b l y  by  the  res is tors  I/p,, m a k e  pos-  
s ib le  s u i t a b l e  c h o i c e  of  R,t, kp, a n d  R ,  S ince  eqs. (8 )  a n d  ( 1 0 )  are  o f  t he  
s ame  fo rm,  the  a m p l i t u d e  o f  t h e  p l e t h y s m o g r a m  can  easily, be  c a l c u l a t e d  
f rom V~,mo. 

In  m u c h  the  same  w a y  the  m n p l i t u d e  of  the  d i s p l a c e m e n t  b a l l i s t o e a r d i o g r a m  
can  be  s ecu red  f rom the  d e l a y  l ine.  W e  find, a p p l y i n g  eq. (8 )  a n d  t h e  def in i -  
t ion of  a c e n t e r  of  g r a v i t y  

BeG ampl ( t )  ~--- 6' ~ YiCi ~h,'%'i(t) (12) 
1 

w h e r e  y~ = d i s t a n c e  to a r e f e r e n c e  p l a n e  p e r p e n d i c u l a r  to  the  l o n g i t u d i n a l  
axis of  t h e  b o d y .  

F r o m  f igure  8, 

in w h i c h  

&Vi( t )  
rue  a( t  ) = k,,rt~, X ( lay 

k b R~,~ 

1 
k,, R m --- . . . . . .  (14) 

pyIC~ 

F r o m  eq.  ( 1 4 )  a n d  a n a l o g o u s  r e q u i r e m e n t s  as d e s c r i b e d  for  o b t a i n i n g  t h e  
p l e t h y s m o g r a m ,  the  va lues  o f  Ilb~, k,,  a n d  Bb can  b e  d e t e r m i n e d ,  t hus  m a k -  
ing  pos s ib l e  t h e  ca l cu l a t i on  of  t he  a m p l i t u d e  of  the  d i s p l a c e m e n t  ba l l i s to -  
c a r d i o g r a m  f rom Vx~co. 

T i m  c a l c u l a t i o n  of  the  h e m o d y n a m i e  quan t i t i e s  in abso]u te  v a h t e  f r o m  t h e  
e lec t r i ca l  q u a n t i t i e s  m a y  be  d o n e  us ing  the  f o l l o w i n g  convers ions ,  in w h i c h  
a a n d  b m a y  be  chosen  a rb i t r a r i ly .  "-'~ 

(elect rical) (hemorhjnamic)  
b Volt ,---, a ram. Hg 
1 Ohm ,-- 1 g. cm. -4  sec -1 

Fig. 7 . - -Armtomv of the delay line. Each box represents a segment of artery. 
The  segment notation (top one in each box) is the  same as in table 1. Peripheral  
resistances are denoted in kilo Ohms. The values of the leakage resistors Ilttt.e2 
are: in between the wflues mad segment 2a:  32.4 k9_ (coronary arteries),  in each 
of the segments 3b -- 4e: 217 kQ (intercoslals) .  In all other segments there is 
Do II~. Tile calculated total leakage resistance equals 1630f2, 
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a 
1 mA ,-~ 1.33 ~ cc. see - t  

b 

1 . 3 3  a 
I V~jca ~ 10e cc. 

k~B~ b 

1.33 a 
1 Vl~c6 ~.~ 10 o g. era. 

khR~, b 

10 a cps ~ i cps 

IRES~rLTS 

S o m e  p r e l i m i n a r y  resu l t s  o b t a i n e d  f rom the  d e s c r i b e d  c o m p u t e r  a r e  r e p r o -  
d u c e d  in f igures  9 - t 6 .  T h e s e  resu l t s  will  be  d e s c r i b e d  brief ly,  u s / n g  t he  
e q u i v a l e n t  h e m o d y n a m i c  n o m e n c l a t u r e .  A v e n t r i c u l a r  p r e s s u r e  p u l s e  w a s  
chosen  as a n  a v e r a g e  n o r m a l  one.  All o t h e r  q u a n t i t i e s  t h a t  can  b e  r e c o r d e d  
a r e  t h e n  de f ined  b y  this  i n p u t  func t ion  a n d  t h e  p rope r t i e s  o f  t h e  sy s t emic  
v a s c u l a r  tree.  A b s o l u t e  va lues  a r e  g iven  in t h e  l egends .  

F i g u r e  9 s h o w s  s i m u l t a n e o u s  t r ac ings  of  t he  chosen  v e n t r i c u l a r  p r e s s u r e  
a n d  of  t he  p r e s s u r e  in t he  roo t  of  tlae ao r ta ,  w h i l e  f igures  I 0  a n d  11 s h o w  
p r e s s u r e  r e c o r d i n g s  a t  d i f fe ren t  sites. T h e  w e l l - k n o w n  phys io log ic  p h e n o m e n o n  
t h a t  the  p u l s e  p r e s s u r e  i nc rease s  in the  d is ta l  d i rec t ion  is also f o u n d  in  t he  
c o m p u t e r ,  t h o u g h  in a s o m e w h a t  o v e r e m p h a s i z e d  fash ion .  In  add i t i on ,  t h e  
p u l s e  w a v e  ve loc i ty  in va r ious  pa r t s  o f  t h e  sy s t e m i c  t ree  can  b e  d e t e r m i n e d  
f rom t h e s e  r ecords .  S i m u l t a n e o u s  r e c o r d i n g s  of  the  p r e s s u r e  in  t h e  ao r t i c  
roo t  a n d  t h e  e jec t ion  f low a re  r e p r o d u c e d  in f igure  t2 .  R e t r o g r a d e  f low is 

Fig.  9 . - -S imul taneous  tracings of ventricular pressure ( t h e  steep upstroke runs 
from 0 to 120 ram. H g )  and pressure in the root of the. aorta ( 209 / 73  man. H g ) .  
Hea r t  rate  in this and  following figures 75/rain.  

Fig. 10 . - -Pressures  in the root of the aorta ( top)  (109 /73  ram. H g )  and at  the  
distal end of the abdominal  aorta (137 /69  ram. Hg)  (bot tom) taken simultaneously. 
Note tha t  the abdominal  pressure pulse is delayed (pulse wave  velocity 5_1 m/ see . )  
and shows a larger  ampli tude.  Sensitivity the  same for both records, lines for zero 
pressure are different. 

Fig.  l l . - - V e n t r i e u l a r  pressure ( 1 2 0 / 0  mm. Hg)  together  with the  pressure 
pulse a t  the wrist ( 1 5 3 / 4 8  ram. H g ) .  "The same line for zero pressure is valid for 
both records. 

Fig.  l f l . - -S imuI taneous  tracings of the pressure in the root of the  aor ta  (109/7"3 
ram. Hg)  and  t heven t r i eu l a r  ej'eetion curve. Peak flow: 630 ee./see.;  stroke volume 
8 8  ec.  

Fig. 1 3 . - - T o p :  F low in a braehial  artery.  The  horizontal line indicates zero flow. 
Positive peak ampl i tude  7i  ee./sec. Bottom: Forearm plethysmograrn.  Max. peak-  
peak  anaplitude 1.6 ce. 

Fig.  1 4 . - - F r o m  top to bot tom: Displacement,  velocity, and acceleration ballisto- 
cardiograms.  Max. systolic peak-peak amplih,des t 30 /~, 1.7 mm. / sec . ,  and 5.4 rag., 
respectively. 

Fig.  15e- -From top to bot tom: Contribution to tJae displacement  ballistocardio- 
gram by  all larger  arteries caudal  to the ventricle, distal to the ventricle, and  
caudal  plus distal. Sensitiv/tv same for the  three tracings. Bottom curve is same 
as top curve in figure 14. 
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Fig. I6.~(To13):  Left ventrieular e}eetion curves and (bottom) acceleration 
ballistoeardiograms m a "'normal" case (left) witt, an earh" maximum m the flow 
curve and an "abnol-mal'" ease (right) with a later maximum in the flow curve. 
The amplitudes of the first negative and positive peak become smaller when e~ee- 
tion is sIower, while the second negative peak increases in amplitude. :~z 

zero, s ince the construction of the valves does not provide  for the possibi l i ty  
of such flOW. ";+ 

The  oscil latory na tu re  of the flow in the b raeh ia l  ar tery is g iven in figure 
13 ( top ) .  whi le  the lower  curve shows a forearm p le thysmogram.  D u e  to 
the fact  that  the compute r  produces  per iphera l  pulse  pressures  of too la rge  
an ampl i tude ,  the per iod ic  change  in volume of a forearm as recorded  from 
the computer  is rough ly  twice  that  found  in  normal  man.  r-' 

F igu re  14 depicts  ( f rom top to bo t tom)  the d isp lacement ,  velocity,  and  ac- 
celerat ion ba l l i s toeard iograms as recorded  f ram the  compute r  wh ich  compare  
favorably ,  both  wi th  respect  to a m p l i t u d e  and shape,  to the ba l l i s toeard iograms 
in figure 1. An example  of an expe r imen t  that  can ha rd ly  be  carr ied out 
in h u m a n s  is g iven  in figure 15, w h i c h  shows how the d i sp l acemen t  ball isto- 
card iogram (bo t tom curve)  is composed of contr ibut ions  from the change  in 
fill ing of the larger arteries h e a d w a r d  ( top)  and  footward ( m i d d l e )  of the 
]eft ventricle.  

To wha t  extent  the accelerat ion ba l l i s tocard iogram is changed  b y  a change  
in ven t r icu la r  ejection pa t te rn  fi 'om m a x i m u m  flow earl)" in systole to maxi-  
m u m  flow in the m i d d l e  of systole, bu t  w i th  the same stroke volume,  can be  
seen in figure 16. This  resul t  confirms Starr's f indings in cadaver  exper iments ,  
in which  he  s imula ted  vent r ieu la r  systole, an An essential  difference be tween  
the exper iments  is that  the s imula ted  systoles in cadavers  were  nonper iodie ,  
wi th  long intervals  in be tween,  wh i l e  the compute r  s imula tes  pe r iod ic  beats  
wi th  a normal  rate of 75 /minu te .  

D~sc~ss,ox 

The  electrical  mode l  of the circulato D, system descr ibed  in this p a p e r  has  
fewer  l imita t ions  than the m a t h e m a t i c a l  mode l  used previous ly  to find a quant i -  
ta t ive in te rpre ta t ion  of the normal  ]ongi tudina l  ba l l i s toeard iogram.  In the  
latter, all calculat ions were  based  upon local d is tens ibi l i ty  and average  pres-  
sure curves taken fi'om the l i terature.  In the electr ical  a n a l o g ~ s t i l l  l imi ted  
to left  ventr icle  and  sys temic  ar ter ia l  t r e e - - o n l y  smal l  segments  of arteries 
are l umped  so that  there  is an electrical  equ iva len t  of pu l se  wave  veIocit T, 
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which is different from one place to another. This allows recording of pres- 
sure curves at  a great  many  sites and eliminates the necessity of int roducing 
pressure curves as independen t  information, as was required for the mathemat i -  
cal mode]. 

A sufficient number  of arteries has been included in the computer  to simu- 
late the widening of the arterial tree in the distal direction. The  phenomenon 
tha t  the computer  overemphasizes the increase in pulse 'pressure  in the distal 
direction has not  yet  been interpreted.  

Several simplifications and assumptions had to be introduced. Solutions 
have been obtained to remove a few of these3 D Two of them are: il~troduetion 
of re t rograde  flow through the aortic valves, and representat ion of the effect 
of interaction between viscous and inertial effects ( t rea ted  separately in 
eq. ( l a )  with different flow profiles ). Fur the r  development  will be requi red  
to remove the others. 

A new model  is under  construction which, among other things, will allow 
easier ad~ustability of the propert ies of the analog to those of the arterial 
tree. This is necessary to make possible a more thorough stud)" of the human  
circulatory system "*° covering physiologic as well as pathologic aspects, which 
is hardly  possible x~dthout the use of models. "w:*4 

SU~[I~,IARY 

A brief review is given o~ a mathematical  model  of the systemic arterial  
tree that was developed to find a quant i ta t ive  interpretat ion of the human  
longitudiuat  ball istocardiogram. Derivation and description are presented of 
an electrical analog of the  left  ventricle and the systemic arterial  tree tha t  
has fewer limitations than the mathematical  model. Electrical equivalents of 
blood pressures,  blood flows, vascular impedances,  plethysmograms,  and 
ball is tocardiogram can be easily measured  as a function of time, and in 
absolute value. Samples of such results are reproduced and compared  with 
data repor ted in the li terature. 
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