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Summary 

In exposed common carotid arteries of 15 patients (36-74 years) undergoing neck 
surgery, the intra-arterial pressure (P) was recorded by means of a catheter-tip 
manometer and, at the same site, the external diameter (D) by means of a contact- 
free photoelectric device. On the average, the pulsatile diameter changes were 5.6% 
of the end-diastolic diameter at pulse pressures of about 50 mm Hg. Due to vis- 
coelasticity, the P-D diagrams exhibited hysteresis loops. Using the criterion of 
loop elimination, an iterative procedure was applied which permitted, by the use of 
an appropriate computer program, the separation of the purely elastic and the 
purely viscous components of the P-D relationships. In all eases, the purely elastic 
P-D curves markedly deviated from linearity. The tangential elastic modulus (E~) 
and the pulse wave velocity (c) calculated from these curves were normalized by 
dividing these quantities by the respective end-diastolic values and plotted against 
the normalized external diameters. During each pulse cycle, E t increased, with 
increasing diameter, by a factor between 1.2 and 3.5, while c increased by a factor 
between i.i and 1.9 with reference to the respective end-diastolic values. 

I n  t h e  l a s t  t w o  d e c a d e s ,  n u m e r o u s  i n v e s t i g a t i o n s  on  v e s s e l s  in  v i t r o  
h a v e  l e d  to  a r e a s o n a b l e  u n d e r s t a n d i n g  of t h e  m e c h a n i c a l  p r o p e r t i e s  of 
e x c i s e d  h u m a n  a n d  a n i m a l  a r t e r i e s  (for  a r e v i e w  see  [2]). I n  c o n t r a s t ,  t h e r e  
is  n o t  m u c h  i n f o r m a t i o n  o n  t h e  e l a s t i c  b e h a v i o u r  of  a r t e r i e s  in  v i v o  a n d  
w h a t  is  a v a i l a b l e  is  c o n t r a d i c t o r y .  T h e  m a i n  p r o b l e m  e n c o u n t e r e d  in  t h e  
d e t e r m i n a t i o n  of  t h e  e l a s t i c  p r o p e r t i e s  of  a r t e r i e s  in  v i v o  is u n d o u b t e d l y  
t h e  i n h e r e n t  d i f f i c u l t y  of r e c o r d i n g  t h e  c i r c u m f e r e n c e  o r  t h e  d i a m e t e r  w i t h  
a d e q u a t e  r e s o l u t i o n  a n d  f r e q u e n c y  r e s p o n s e .  M o s t  i n f o r m a t i o n  o n  a r t e r i e s  
in  v ivo  h a s  b e e n  o b t a i n e d  w i t h  g a u g e s  in  p h y s i c a l  c o n t a c t  w i t h  t h e  a r t e r i a l  
wal l .  I n  s o m e  of t h e s e  s t u d i e s  i n t e r e s t  w a s  f o c u s s e d  o n  t h e  h u m a n  c a r o t i d  
a r t e r y ,  p a r t  of  w h i c h  is s u p p l i e d  w i t h  r e c e p t o r s  a n d  n e r v e s  t h a t  p l a y  a n  

*) Prel iminary reports  were given at the  49th and the 50th Congress of the 
German  Physiological  Society, G6ttingen, March and October  1978. 

803 



546 Basic Research in Cardiology, Vol, 74, No, 5 (1979) 

i m p o r t a n t  ro l e  in  t h e  r e g u l a t i o n  of b l o o d  p r e s s u r e .  G reen f i e l d  et  al. (4) 
f o u n d  t h e  d i s t e n s i b i l i t y  of t h e  e x p o s e d  h u m a n  ca ro t i d  a r t e r y  to be  rela-  
t i v e l y  smal l ,  w h i l e  a n o n - i n v a s i v e  u l t r a s o n i c  e c h o  t e c h n i q u e  e m p l o y e d  by  
A r n d t  (1, 5) i n d i c a t e d  an  u n e x p e c t e d l y  h i g h  d i s t e n s i b i l i t y  of th i s  vesse l .  I t  
w a s  a r g u e d  (1, 2) t h a t  s u r g i c a l  e x p o s u r e  of  t h e  v e s s e l  w o u l d  r e s u l t  in  a 
m a r k e d  d e c r e a s e  in  d i s t en s ib i l i t y .  O b v i o u s l y  a g a u g e  a p p l i e d  d i r e c t l y  to an  
a r t e r y  r e p r e s e n t s  an  u n a c c e p t a b l e  l o a d  and ,  if a t t a c h e d  b y  s u t u r i n g  or  
g lu ing ,  m a y  c a u s e  s t r u c t u r a l  c h a n g e s  in  t he  v e s s e l  wal l .  B u t  t h e r e  is no  
c o n c l u s i v e  e v i d e n c e  to s u g g e s t  t h a t  t h e  m e r e  e x p o s u r e  of  an  a r t e r y  c a u s e s  
s i g n i f i c a n t  c h a n g e s  in  i ts  e l a s t i c  b e h a v i o u r .  We a re  of t h e  o p i n i o n  t h a t  t h e  
p o s s i b l e  e f f ec t s  of  t h e  e x p o s u r e  of  an  a r t e r y  on  its d i s t e n s i b i l i t y  h a v e  n o t  
y e t  b e e n  a d e q u a t e l y  c la r i f ied .  

T h e  f i rs t  a i m  of t h e  p r e s e n t  s t u d y  w a s  to  e s t a b l i s h  w h e t h e r  a n d  to  w h a t  
e x t e n t  s u r g i c a l  e x p o s u r e  of an  a r t e r y  i n f l u e n c e s  i ts  d i s t ens ib i l i t y .  F o r  th i s  
p u r p o s e ,  t h e  p u l s e  w a v e  v e l o c i t y  as a m e a s u r e  of d i s t e n s i b i l i t y  w a s  de te r -  
m i n e d  in  c a n i n e  f e m o r a l  a r t e r i e s  b e f o r e  a n d  a f t e r  s u r g i c a l  e x p o s u r e .  T h e  
s e c o n d  a i m  of th i s  s t u d y  w a s  t h e  e x p e r i m e n t a l  d e t e r m i n a t i o n  of  t h e  e l a s t i c  
p r o p e r t i e s  of t h e  h u m a n  c o m m o n  c a r o t i d  a r t e r y  on  t h e  bas i s  of  p r e s s u r e  
a n d  d i a m e t e r  t h e  l a t t e r  b e i n g  r e c o r d e d  by  m e a n s  of  a c o n t a c t - f r e e  dev ice .  

M e t h o d s  

Experiments  were performed on six dogs weighing 20-30 kg anaesthesized with 
sodium pentobarbital  (30 mg/kg). A cathetertip manometer  bearing two pressure 
sensors at a distance apart of 6 cm (Millar PC 771) was inserted into the carotid 
artery and advanced into the femoral artery. The pulse-wave velocity was deter- 
mined from the t ime interval between corresponding points located on the lower 
parts of the ascending limbs of the two pressure pulses. An initial series of pulses 
was recorded with intact skin and tissue in the femoral region. The skin was then 
opened and the femoral artery carefully freed from surrounding tissue for a length 
of about 10 cm. Immediately following this preparation a second series of pulses 
was recorded. In two of the dogs (Nos. 5 and 6 in table 1), a third recording was 
carried out after a 20-minute period during which the artery was free and not 
protected from drying. 

The studies of the pressure-diameter relationship of the human carotid artery 
were performed in a total of 15 patients (aged 36-74) undergoing neck surgery. 
During the course of the surgical procedure, the common carotid artery was 
exposed for a length of about 10 cm. A catheter-tip manometer  (Millar PC 350 A) 
was introduced through the superior thyroid artery. In 9 patients, it was possible to 
place the pressure-sensitive membrane  of the tip manometer  within the carotid 
exactly at the level of the diameter  recording. In the remaining patients, the tip 
manometer  was kept in the side branch. Recording of the diameter  of the common 
carotid artery was carried out by means of a contact-free photoelectric gauge with 
two photocells (8, 9). The two cantilevers of this instrument  were gently pressed 
against the tissue so that the carotid lay free over the photocells. The frequency 
response of this gauge was flat up to 200 Hz and the t ime lag of the signal about 0.2 
msec. The resolving power was about 1 ~tm and the sensitivities of the photocells 
were adjusted to be uniform within 4- 1% over their whole surfaces. 

The pressure and diameter traces were stored on analog magnetic tape (Bell & 
Howell  VR 3200). Analysis of the data was carried out after analog-digital-conver- 
sion (I=Iewlett Packard 5610 A), by means of a digital computer  (HP 2100 A). 
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Theory 

A s  is  s h o w n  b e l o w ,  t h e  h u m a n  c a r o t i d  a r t e r y  e x h i b i t s  a m a r k e d  n o n -  
l i n e a r  b e h a v i o u r .  F o r  t h i s  r e a s o n  i t  is  n o t  p e r m i s s i b l e  to  c a l c u l a t e  t h e  
t a n g e n t i a l  e l a s t i c  m o d u l u s  (E~ a n d  t h e  p u l s e  w a v e  v e l o c i t y  (c) f r o m  for-  
m u l a e  b a s e d  o n  F o u r i e r  a n a l y s i s .  E t a n d  c m u s t ,  t h e r e f o r e ,  b e  r e p r e s e n t e d  
in  t h e  t i m e  d o m a i n ,  r a t h e r  t h a n  in  t h e  f r e q u e n c y  d o m a i n .  We e x p r e s s  
p r e s s u r e ,  s t r e s s ,  E t a n d  c as  f u n c t i o n s  of t h e  e x t e r n a l  d i a m e t e r  w h i c h  i t se l f  
is a f u n c t i o n  of  t i m e .  

To  d e t e r m i n e  Et, w e  n e e d  t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p .  T h e  t a n g e n t i a l  
s t r e s s  of a n  a r t e r i a l  s e g m e n t  is g i v e n  b y  

ot = P ' r i / h  = Pe/(1 - e) (1) 
s u b s t i t u t i n g  e 2 = 1 - 4S/ (~D 2) 
w h e r e  P = t r a n s m u r a l  p r e s s u r e ,  ri = i n t e r n a l  r a d i u s ,  h = w a l l  t h i c k n e s s ,  D 
= e x t e r n a l  d i a m e t e r ,  a n d  S = c r o s s - s e c t i o n a l  a r e a  of t h e  wal l .  T h e  e x p r e s -  
s i o n  c o n t a i n i n g  S a n d  D is c a l c u l a t e d  f r o m  t h e  q u o t i e n t  ri /h a s s u m i n g  
i n c o m p r e s s i b i l i t y  of t h e  a r t e r i a l  w a l l  a n d  l o n g i t u d i n a l  c o n s t r a i n t  of 
a r t e r i e s  in  s i tu .  

U n d e r  t h e s e  a s s u m p t i o n s ,  S is c o n s t a n t  fo r  a g i v e n  a r t e r i a l  s e g m e n t ,  ot 
c a n  b e  e x p r e s s e d  as  a f u n c t i o n  of  I ) . i f  i t  i s  p o s s i b l e  to  d e t e r m i n e  a u n i q u e  
r e l a t i o n s h i p  b e t w e e n  p r e s s u r e  a n d  d i a m e t e r  f r o m  in  v i v o  P - D  r e c o r d i n g s .  
A l t h o u g h  t h e  o r g i n a l  p r e s s u r e - d i a m e t e r  r e l a t i o n s h i p  s h o w s  h y s t e r e s i s  d u e  
to  t h e  v i s c o e l a s t i c i t y  of  t h e  a r t e r i a l  wal l ,  a u n i q u e  r e l a t i o n s h i p  b a s e d  s o l e l y  
o n  e l a s t i c i t y ,  c a n  b e  o b t a i n e d  in  t h e  f o l l o w i n g  w a y .  T h e  p u l s a t i l e  b l o o d  
p r e s s u r e  is  i m a g i n e d  to  c o m p r i s e  t w o  p a r t s ,  t h e  e l a s t i c  p a r t  (Pc1), w h i c h  is 
r e l a t e d  to  t h e  t a n g e n t i a l  w a l l  s t r a i n  a n d  t h e  v i s c o u s  p a r t  (Pvis) w h i c h  is  
r e l a t e d  to  t h e  r a t e  of  c h a n g e  of t h e  t a n g e n t i a l  w a l l  s t r a in .  I n  eq .  (1), o n l y  t h e  
e l a s t i c  p a r t  of t h e  t r a n s m u r a l  p r e s s u r e  is c o n s i d e r e d .  W e  h a v e  r e c e n t l y  
d e s c r i b e d  a p r o c e d u r e  fo r  t h e  s e p a r a t i o n  of e l a s t i c  a n d  v i s c o u s  p a r t s  of  t h e  
p r e s s u r e  (8). I n  p r i n c i p l e  t h i s  p r o c e d u r e  c o n s i s t s  in  s u b t r a c t i n g  a t e r m  
r e l a t e d  to  t h e  r a t e  of  c h a n g e  of t h e  d i a m e t e r  f r o m  t h e  r e c o r d e d  p r e s s u r e  
(P). T h e  m a g n i t u d e  of  t h e  t e r m  is f o u n d  b y  t r i a l  a n d  e r r o r  u s i n g  as  a 
c r i t e r i o n  t h e  d i s a p p e a r a n c e  of  t h e  P - D  h y s t e r e s i s  l oop .  T h e  s u b t r a c t e d  
t e r m  is  t h e n  e q u a l  to  t h e  v i s c o u s  p a r t  (Pvi~) a n d  t h e  d i f f e r e n c e  (Pc1 = P - 
Pvis) is  e q u a l  to  t h e  e l a s t i c  p a r t  of  t h e  r e c o r d e d  p r e s s u r e .  A s  is  i l l u s t r a t e d  in  
F i g u r e  3, t h e  P d - D  r e l a t i o n s h i p  n o  l o n g e r  s h o w s  a n y  l o o p  a n d ,  t h e r e f o r e ,  
a l l o w s  u s  to  c a l c u l a t e  t h e  p u r e l y  e l a s t i c  s t r e s s  (o~ as  a u n i q u e  f u n c t i o n  of 
t h e  d i a m e t e r .  I n  e v e r y  c a s e  w e  e x a m i n e d ,  t h e s e  Pe l -D c u r v e s  of  t h e  h u m a n  
c a r o t i d  a r t e r y  e x h i b i t  a m a r k e d  n o n l i n e a r i t y .  

T h e  n o n l i n e a r  Pel -D c u r v e s  c a n  b e  a p p r o x i m a t e d  b y  a s e c o n d  d e g r e e  
p o l y n o m i a l  

P~I = A + B D + C D 2 (2) 

w h e r e  A, B, a n d  C a re  c o e f f i c i e n t s  o b t a i n e d  f r o m  t h e  P~rD  c u r v e  b y  t h e  
m e t h o d  of l e a s t  s q u a r e s .  

G e n e r a l l y ,  w e  d e f i n e  t h e  t a n g e n t i a l  e l a s t i c  m o d u l u s  as:  

E t = d ot / (du/u)  (3) 

w h e r e  u is t h e  c i r c u m f e r e n c e  r e l a t e d  to  t h e  m e a n  w a l l  l a y e r :  
u = 2 �9 ~ �9 (ri �9 re) 1/2, w i t h  ri = i n t e r n a l  r a d i u s  a n d  r e = e x t e r n a l  r a d i u s .  T h e  
r e l a t i o n  b e t w e e n  u a n d  D is g i v e n  b y  
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u 2 4 a2 r i re  ~ 2 D ( D 2  4 S )  '~ . . . . .  ~ , . (4) 

Eqs.  (1), (2), a n d  (4) i n s e r t e d  in to  eq. (3) g ive  

D3e2 [ -  2-S ~ e  ~ D 3 e4S ] ( 1  - e) 2 E t - ~ ( B + 2 C D )  + ( A + B D + C D  2) . (5) 
1 . . i  

91 

In  th is  way,  E t c an  be  c a l c u l a t e d  as a f u n c t i o n  of D. 
T h e  pu l s e  w a v e  ve loc i t y  (c) is o b t a i n e d  f rom t he  m o d i f i e d  v e r s i o n  of 

W e b e r ' s  f o r m u l a :  

C2 = __1 dPel (6) 
2 ~o du/u 

w h e r e  ~ = d e n s i t y  of b lood.  
F r o m  eq. (4) we  o b t a i n  

2S  
D 2 - 

91 dD 
d u / u  = 4 S D 

D 2 _ - -  
91 

I n s e r t i n g  this  e q u a t i o n  in to  eq. (6) gives  

(7) 

D (D 2 4S) 
�9 __ ~ dPel 

C 2 = (8) 

a n d  r e g a r d i n g  eq. (2) D(D  4S) 
c 2 7 " (B + 2 CD) 

= (9) 

) 
This  e q u a t i o n  is u s e d  for the  d e t e r m i n a t i o n  of c as a f u n c t i o n  of D. 

R e s u l t s  

As can  be  s e e n  f r o m  Tab l e  1, a c o m p a r i s o n  of the  va lues  of the  p u l s e  
w a v e  ve loc i t i es  d e t e r m i n e d  on  u n e x p o s e d  a n d  e x p o s e d  c a n i n e  f e mor a l  
a r te r ies  revea l s  o n l y  sma l l  d i f fe rences ,  all  of w h i c h  fall w i t h i n  the  r a n g e  of 
the  s t a n d a r d  dev ia t ion .  

The  m e a n  of the  e n d - d i a s t o l i c  d i a m e t e r s  of the  c o m m o n  ca ro t id  a r te r ies  
of 15 p a t i e n t s  was  8.69 ___ 1.05 ram.  T h e  m e a n  of the  re la t ive  pu l s a t i l e  
d i a m e t e r  c h a n g e s  was  5.6%, t he  m e a n  of the  p u l s e  p r e s s u r e s  was  52 
m m  Hg. I n  F i g u r e  1 t yp i ca l  t r a c i n g s  of p r e s s u r e  a n d  d i a m e t e r  r e c o r d e d  in  
the  ca ro t id  a r t e ry  of a 68-year-old  p a t i e n t  are  s h o w n .  T h e s e  r e c o r d i n g s  also 
d e m o n s t r a t e  the  s t ab i l i t y  a n d  a c c u r a c y  of the  con tac t - f r ee  p h o t o e l e c t r i c  
d i a m e t e r  r e c o r d i n g  sys t em.  This  c a n  be  s een  in  the  s low r e g i s t r a t i o n  of 
p r e s s u r e  a n d  d i a m e t e r  (right) w h e r e  the  b l ood  p r e s s u r e  c h a n g e s  of the  
s e c o n d  o rde r  a n d  h i g h e r  also g ive  r ise  to c o r r e s p o n d i n g  d i a m e t e r  changes .  
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Table 1. Comparison of pulse wave velocities determined in femoral arteries of 6 
dogs before, and 1 min. after, exposure. Values labelled (*) of dogs 5 and 6 were 
obtained 20 rain. after exposure. Values are mean • SD, number  of determinations 

in brackets. 

Dog Pulse wave velocity Pulse wave velocity Mean blood 
unexposed exposed pressure 
(cm/sec) (cm/sec) (ram Hg) 

1 1150 4- 60 (15) 1190 4- 50 (15) 175 + 9 
2 780 • 40 (15) 700 • 70 (15) 112 + 8 
3 950 • 70 (18) 1040 • 60 (15) 147 • 6 
4 1050 4- 50 (18) 1060 • 70 (18) 168 4- 10 
5 650 • 70 (8) 590 • 40 (6)* 570 _+ 30 (8) 110 + 7 
6 890 _ 70 (11) 960 • 60 (6)* 930 • 40 (8) 123 _ 6 

lOO- 

P 
[mm Hg] 

5O 
Io.6- 

D 
[ram} 

10.1 - 

F i g u r e  2 s h o w s  t h r e e  P - D  loops  t a k e n  f r o m  r e c o r d i n g s  in a 64-year -o ld  
pa t i en t .  D u r i n g  t h e  r e g i s t r a t i o n  e x t r a s y s t o l e s  c a u s e d  t h e  b l o o d  p r e s s u r e  to 
v a r y  c o n s i d e r a b l y .  I t  c an  be  s e e n  t h a t  w i t h  i n c r e a s i n g  p u l s e  p r e s s u r e  t h e  
n o n l i n e a r i t y  of t h e  P - D - r e l a t i o n  b e c o m e s  m o r e  c o n s p i c u o u s .  S u c h  non-  
l i nea r  b e h a v i o u r  w a s  a l w a y s  c l ea r ly  v i s i b l e  w h e n  the  p u l s e  p r e s s u r e  
e x c e e d e d  a b o u t  40 m m  Hg. 

As  p o i n t e d  o u t  in t h e  t h e o r e t i c a l  s ec t ion ,  for  t he  c a l c u l a t i o n  of t h e  
t a n g e n t i a l  e las t i c  m o d u l u s  a n d  t h e  p u l s e  w a v e  v e l o c i t y  w e  u s e  t h e  p u r e l y  
e l a s t i c  p r e s s u r e - d i a m e t e r  (P~rD)  r e l a t i o n s h i p  w h i c h  was  d e t e r m i n e d  for  
e a c h  e v a l u a t e d  pulse .  A n  e x a m p l e  is g i v e n  in F i g u r e  3. T h e  PeI-D c u r v e s  of 
t h e  9 p a t i e n t s  w e r e  a p p r o x i m a t e d  by  s e c o n d  d e g r e e  p o l y n o m i a l s  (eq. [2]) 
and  i n s e r t e d  in to  eq.  (5) in a c c o r d a n c e  w i t h  t h e  p r o c e d u r e  d e s c r i b e d  in t h e  
t h e o r e t i c a l  sec t ion .  S i n c e  it was  n o t  p o s s i b l e  to  m e a s u r e  t he  wal l  t h i c k n e s s  
of  t he  c a r o t i d s  of t h e  pa t i en t s ,  we  a s s u m e d  it to be  15% of t he  e x t e r n a l  
d i a m e t e r  (10). F r o m  th i s  v a l u e  the  c r o s s - s e c t i o n a l  a rea  (S) of t h e  a r te r i a l  
wa l l  was  c a l c u l a t e d .  T h e  ra t io  of t he  e l a s t i c  m o d u l i  Et/Eto as a f u n c t i o n  of 
t h e  d i a m e t e r  ra t io  D/Do is p l o t t e d  in F i g u r e  4a. T h e  su f f ix  " o "  i n d i c a t e s  t he  
r e s p e c t i v e  e n d - d i a s t o l i c  va lues .  I t  m a y  be  seen,  t h a t  Et/Eto i n c r e a s e s  w i t h i n  
t he  c o u r s e  of  a p u l s e  cyc l e  by  a f ac to r  b e t w e e n  1.2 a n d  3.5. 

I I l ~ ' t  
I sec 30 sec 

Fig. 1. Simultaneous recordings of pressure (P) and diameter  (D) at the same site in 
the left common carotid artery of a 68-year-old male patient. 
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Fig. 2. P r e s s u r e - d i a m e t e r  d i ag rams  for  the  r ight  c o m m o n  carot id  a r te ry  ob ta ined  
f rom a 64-year-old male  pat ient .  

ImmH 9] 

50. 

"",0i \\f 
I r 

I sec 

Pe~ 

Fig. 3. Left: P r e s s u r e  (P) and  d i a m e t e r  (D) of the  r igh t  c o m m o n  carot id  a r te ry  of a 36- 
year-old  male  pat ient .  Middle:  P r e s s u r e - d i a m e t e r  loop of the  pu l se  of left side. 
Right:  P r e s s u r e - d i a m e t e r  r e la t ionsh ip  of the  s a m e  pu l se  o b t a i n ed  by e l imina t ion  of 
the  loop by  m e a n s  of the  p r o c e d u r e  d e s c r i b e d  in the  text ;  Pe] = elast ic  p ressure .  
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Fig. 4. a) Norma l i zed  tangent ia l  elast ic  modu l i  (EJEto) p lo t t ed  aga ins t  t he  nor- 
mal ized  ex t e rna l  d i a m e t e r s  (D/D o) for the  c o m m o n  caro t id  ar ter ies  of 9 pa t ients .  

b) Norma l i zed  pulse  w a v e  veloci t ies  (c/co) p lo t t ed  aga ins t  t he  no rma l i zed  d i ame te r s  
for the  s a m e  carot id  arteries,  The  suff ixes  "o" ind ica te  the  end-d ias to l i c  value.  Age  
of pa t i en t s  36 to 74 years,  There  is no sy s t ema t i c  d e p e n d e n c e  of the  s lopes  of E t and  

c on age. 



Busse  et  al., Mechanical properties o f  exposed common carotid arteries 551 

T h e  ra t io  of  t h e  p u l s e  w a v e  v e l o c i t i e s  (c/co) w a s  c a l c u l a t e d  as  a f u n c t i o n  
of D / D  o b y  m e a n s  of eq.  (9) u s i n g  t h e  s a m e  p o l y n o m i a l s  as  be fo re .  A s  c a n  
be  s e e n  f r o m  F i g u r e  4b,  t h e  w a v e  v e l o c i t y  i n c r e a s e d  b y  a f a c t o r  b e t w e e n  
1.1 a n d  1.9 d u r i n g  a p u l s e  cycle .  

D i s c u s s i o n  

I t  is c l a i m e d  in  t h e  l i t e r a t u r e ,  t h a t  s u r g i c a l  e x p o s u r e  of a n  a r t e r y  
r e m o v e s  t h e  c o n s t r a i n t  of t h e  s u r r o u n d i n g  t i s s u e s  (2), so t h a t  t h e  a r t e r y  
b e c o m e s  s t i f fer .  O u r  i n v e s t i g a t i o n s  s h o w  t h a t  t h e  e x p o s u r e  of a n  a r t e r y  
d o e s  n o t  s i g n i f i c a n t l y  c h a n g e  t h e  p u l s e  w a v e  ve loc i t y .  F r o m  th i s  w e  
c o n c l u d e  t h a t  t h e  i n f l u e n c e  of s u r r o u n d i n g  t i s s u e s  on  t h e  m e c h a n i c a l  
p r o p e r t i e s  of t h e  a r t e r i a l  w a l l  is t oo  s m a l l  to  b e  m e a s u r e d  as  a c h a n g e  in  t h e  
p u l s e  w a v e  ve loc i t y .  We t h e r e f o r e  b e l i e v e  t h a t  t h e  o b j e c t i o n  to  t h e  e f fec t  
t h a t  t h e  m e c h a n i c a l  p r o p e r t i e s  d e t e r m i n e d  in  e x p o s e d  a r t e r i e s  c a n n o t  b e  
a p p l i e d  to  u n e x p o s e d  a r t e r i e s ,  is  u n f o u n d e d ,  p r o v i d e d  t h a t  s u r g i c a l  e x p o -  
s u r e  is c a r r i e d  o u t  ca re fu l ly .  

T a b l e  2 s h o w s  a s u r v e y  of t h e  p u l s a t i l e  d i a m e t e r  c h a n g e s  of  t h e  h u m a n  
c o m m o n  c a r o t i d  a r t e r y  p r e v i o u s l y  r e p o r t e d  in  t h e  l i t e r a t u r e ,  i n c l u d i n g  o u r  
o w n  r e s u l t s .  T h e  f i gu re s  o b t a i n e d  b y  G r e e n f i e l d  et  al. (4) u s i n g  a s t r a in -  
g a u g e  c a l i p e r  a r e  v e r y  s m a l l  a n d  w o u l d  i m p l y  u n r e a l i s t i c a l l y  h i g h  p u l s e  
w a v e  ve loc i t i e s .  I t  is p r o b a b l e  t h a t  t h e  c a l i p e r  w h o s e  l egs  a r e  s u t u r e d  to  t h e  
a d v e n t i t i a  r e p r e s e n t s  a m e c h a n i c a l  l o a d  o n  t h e  v e s s e l  wal l .  

T h e  r e l a t i v e  d i a m e t e r  c h a n g e s  of h u m a n  c a r o t i d  a r t e r i e s  as  d e t e r m i n e d  
w i t h  t h e  t r a n s c u t a n e o u s  u l t r a s o n i c  m e t h o d  b y  A r n d t  (1) a r e  a b o u t  3 t i m e s  
as  g rea t ,  t h o s e  d e t e r m i n e d  b y  U n g e r n - S t e r n b e r g  et  al. (7) a b o u t  t w i c e  as  
g rea t ,  as  o u r  va lue s .  T h e  d i s c r e p a n c y  b e t w e e n  t h e  r e s u l t s  o b t a i n e d  w i t h  
t h e  u l t r a s o n i c  m e t h o d  a n d  t h o s e  w e  r e c o r d e d  w i t h  t h e  p h o t o e l e c t r i c  
d e v i c e  c a n n o t  b e  e x p l a i n e d  b y  t h e  d i f f e r e n c e  in  ages  of t h e  s u b j e c t s  
e x a m i n e d .  T h i s  c a n  b e  s e e n  b y  a c o m p a r i s o n  of  t h e  s e c o n d  g r o u p  of  
p a t i e n t s  of U n g e r n - S t e r n b e r g  (Tab l e  2) w i t h  o u r  g r o u p .  A p l a u s i b l e  e x p l a -  
n a t i o n  of  t h e  h i g h  d i s t e n s i b i l i t y  f o u n d  w i t h  t h e  u l t r a s o n i c  m e t h o d  w a s  
g i v e n  b y  M o z e r s k y  (6), w h o  s h o w e d  t h a t  e v e n  m o d e r a t e  c o n t a c t  p r e s s u r e  
of t h e  t r a n s d u c e r  h e a d  r e s u l t s  in  a r e l a x a t i o n  of t h e  a r t e r i a l  wa l l  a n d ,  in  
c o n s e q u e n c e ,  in  a n  i n c r e a s e  in  d i a m e t e r  p u l s a t i o n s .  

A f u r t h e r  i m p o r t a n t  p o i n t  of i n t e r e s t  is  t h e  q u e s t i o n  of t h e  l i n e a r i t y  of 
t h e  p r e s s u r e - d i a m e t e r  r e l a t i o n s h i p .  K o b e r  a n d  A r n d t  (5) r e c o r d e d  t h e  
d i a m e t e r  c h a n g e s  of  t h e  c o m m o n  c a r o t i d  a r t e r y  in  8 c o n s c i o u s  m e n  u s i n g  
t h e  t r a n s c u t a n e o u s  u l t r a s o n i c  t e c h n i q u e  a n d  s i m u l t a n e o u s l y  t h e  p r e s s u r e  
in  t h e  b r a c h i a l  a r t e ry .  T h e  t r a n s m u r a l  p r e s s u r e  of t h e  c a r o t i d  w a s  v a r i e d  b y  
m e a n s  of a p r e s s u r e  c h a m b e r  s u r r o u n d i n g  t h e  n e c k .  F r o m  t h e i r  da t a ,  t h e  
a u t h o r s  c o n c l u d e d  tha t ,  for  t h e  c o m m o n  c a r o t i d  a r t e r y ,  t h e  r e l a t i o n s h i p  
b e t w e e n  p r e s s u r e  a n d  d i a m e t e r  is l i n e a r  in  t h e  r a n g e  f r o m  50 to 150 
m m  Hg.  I n  c o n t r a s t ,  w e  f o u n d  a m a r k e d  n o n l i n e a r i t y  of t h e  P - D  r e l a t i o n -  
s h i p  a t  al l  p u l s e  p r e s s u r e s  of m o r e  t h a n  a b o u t  40 m m  Hg.  T h i s  n o n l i n e a r i t y  
h a s  f a r - r e a c h i n g  c o n s e q u e n c e s  for  t h e  a p p l i c a b i l i t y  of F o u r i e r  a n a l y s i s  
s i n c e  t h e  F o u r i e r  c o m p o n e n t s  are,  in  c o n t r a s t  to  a l i n e a r  s y s t e m ,  n o t  
i n d e p e n d e n t  of  o n e  a n o t h e r .  F o r  e x a m p l e ,  a n y  F o u r i e r  c o m p o n e n t  of 
d i a m e t e r  is n o t  o n l y  r e l a t e d  to  t h e  c o r r e s p o n d i n g  c o m p o n e n t  of p r e s s u r e ,  
b u t  a l so  to  t h e  o t h e r  h a r m o n i c s  of p r e s s u r e .  T h i s  p r o b l e m  has  a l r e a d y  b e e n  



552 B a s l e  Research  in Cardiology,  Vol. 74, No. 5 (1979) 

0 

m ~ 

§ § § ~1 § 

0 

~.~ ~ ~ ~  

r ~  

S~ 

H 



B u s s e  et  al., Mechanical  propert ies  o f  e xposed  c o m m o n  carotid arteries 553 

d i s c u s s e d  b y  G o w  a n d  T a y l o r  (3) w i t h  r e spe c t  to t he  aor ta  a n d  the  i l iac a n d  
f e m o r a l  a r t e r i es  of the  dog. F u r t h e r m o r e ,  i n  eases  of m a r k e d  n o n l i n e a r i t y  
t he  d e t e r m i n a t i o n  of t he  c o m p l e x  t a n g e n t i a l  e las t ic  m o d u l u s  f r o m  F o u r i e r  
c o m p o n e n t s  of p r e s s u r e  a n d  d i a m e t e r  m u s t  a l s o  be  q u e s t i o n a b l e .  T h e  
s a m e  also app l i e s  to t he  c o n c e p t  of p h a s e  ve loc i ty .  F o r  th i s  r e a son ,  we  h a v e  
a v o i d e d  r e p r e s e n t i n g  ou r  r e su l t s  i n  the  f r e q u e n c y  d o m a i n  a n d  h a v e  
r e s t r i c t e d  our  da t a  to the  p u r e l y  e las t ic  p r o p e r t i e s  of the  a r t e r i a l  wal l ,  
w h i c h  are  i n d e p e n d e n t  of f r e q u e n c y .  I n  th is  way,  the  n o n l i n e a r i t y  of t he  
p r e s s u r e - d i a m e t e r  r e l a t i o n  c a n  be  t a k e n  in to  a c c o u n t  i n  t he  c a l c u l a t i o n  of 
the  e las t ic  m o d u l u s  a n d  the  p u l s e  w a v e  veloci ty .  V i s c o u s  effects,  w h i c h  
are of m i n o r  i m p o r t a n c e  as c o m p a r e d  w i th  p u r e  e las t ic i ty ,  wi l l  be  cons id -  
e red  in  f u t u r e  work .  

Z u s a m m e n f a s s u n g  

An 15 Pat ienten im Alter zwischen 36 und  74 Jahren, bei denen w~ihrend einer 
Halsoperation die A.carotis communis  freigelegt war, wurden simultan der intraar- 
terielle Karotisdruck (P) mit einem Katheterspitzenmanometer und  an derselben 
Stelle der arterielle AuBendurchmesser (D) mit  einem beriihrungsfreien photoelek- 
trischen Verfahren registriert. Die relativen Durchmesser~nderungen,  bezogen auf 
den enddiastolischen AuBendu~chmesser, betrugen im Mittel 5,6% bei Druckam- 
pl i tuden von etwa 50 mm Hg. Die durch die Viskoelastizit~t der Arterienwand 
bedingten Hystereseschleifen der pulsatorischen P-D-Beziehungen wurden mit  
Hilfe eines iterativen Verfahrens unter  Verwendung eines Digitalrechners 
eliminiert, wodurch eine Trennung  der rein elastisehen und  der rein visk6sen 
Komponenten  der P-D-Bez i ehung  erm6glicht wurde. Aus den rein elastischen 
P-D-Beziehungen wurden der tangentiale Elastizit~tsmodul und  die Puls- 
wellengeschwindigkeit  als Funkt ionen  des AuBendurchmessers berechnet und in 
normierter Form, d. h. bezogen auf den jeweiligen enddiastolischen Wert, darge- 
stellt. Mit wachsendem Durehmesser stieg der Elastizit~tsmodul w~hrend jedes 
Pulszyklus auf das 1,2- bis 3,5fache des enddiastolisehen Wertes an. Entspreehend 
nahm die Pulswellengesehwindigkeit  auf das 1,1- bis 1,9faehe des enddiastolischen 
Wertes zu. 
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