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c a r b o n  dioxide.  Th i s  is of de f in i t e  i m p o r t a n c e  in those  
cases where  CO, m a y  inf luence  g rowth ,  as for i n s t a n c e  in 
lac t ic  acid bac te r ia .  I f  desired,  effects  of CO, on  g r o w t h  
can  be  e s t ab l i shed  b y  c o m p a r i n g  para l le l  r uns  in cu l t u r e  
vessels  w i t h  a n d  w i t h o u t  a n  a d d i t i o n a l  s ide b u l b  c o n t a i n i n g  
K O H ,  respec t ive ly .  

pa r a i son  es t  possible  e n t r e  des cu l tu res  parall~les,  c ro i s san t  
so i t  en  pr6sence  soi t  en  absence  de CO,. 
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Rdsumd. L a  fiole de  cu l t u r e  d6cr i te  p e r m e t  le m e s u r a g e  
p a r  voie  t u r b i d i m ~ t r i q u e  de  la c ro issance  m i c r o b i e n n e  en  
cu l t u r e  ana6 rob i e  e t  agit6e.  Du  gaz, p r o d u i t  p a r  ta  cu l tu re ,  
p e u t  s ' 6 c h a p p e r  p a r  une  valve .  P a r  l ' a p p l i c a t i o n  a d d i t i o n -  
nelle d ' u n  b n l b e  la t6ra l  c o n t e n a n t  de  la  potasse ,  la  corn- 
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M e a s u r e m e n t  o f  B l o o d  F l o w  b y  H e a t e d  T h e r m o c o u p l e  w i t h  F e e d b a c k  C o n t r o l l e d  C u r r e n t  

The  p r inc ip le  of t h e  h e a t e d  t h e r m o c o u p l e  m e t h o d  ~ for 
reg iona l  b lood  flow m e a s u r e m e n t  is t h a t  t h e  degree  of 
h e a t  t r a n s m i s s i o n  f rom t h e  h o t  j u n c t i o n  var ies  w i t h  b lood  
flow. 

Slow response  due  to  t he  h e a t  c a p a c i t y  of b lood  a n d  
d i f f icu l ty  of c a l i b r a t i on  are  d i s a d v a n t a g e s  of th i s  m e t h o d .  
B u t  t h i s  h a s  been  widely  used  for  m e a s u r e m e n t  of b lood  
flow in va r ious  t issues,  such  as  skin,  musc le  ~, l iver  ~, kid-  
n e y  4 a n d  bone  m a r r o w  s, p a r t l y  because  (1) i t s  e l ec t rode  
is s imple  a n d  flexible,  (2) i t  c an  b e  bu r i ed  in  a n y  t i s sue  
w i t h  l i t t l e  damage ,  a n d  (3) i t  c a n  af ford  c o n t i n u o u s  re- 
co rd ing  as  well  as  s e p a r a t e  r eco rd ing  f rom closely loca ted  
spots .  

However ,  as  r epor t ed ,  t h e  c u r r e n t  r equ i r ed  to  ra ise  t h e  
t e m p e r a t u r e  of a t h e r m o c o u p l e  is k e p t  c o n s t a n t  i r respec-  
t i v e  of local  t i s sue  t e m p e r a t u r e  so t h a t  t h e  ef fec t  of local  
h e a t  a c c u m u l a t i o n  on  v a s o m o t o r  a c t i o n  * a n d  n e r v e  con-  
d u c t i o n  ve loc i ty  7 c a n n o t  be  neglec ted .  Consequen t ly ,  t he  
e r ro r  of m e a s u r e m e n t  caused  b y  such  e n v i r o n m e n t a l  
changes  c a n n o t  be  avo ided .  

In  t h e  p r e s e n t  s tudy ,  a v e r y  low DC c u r r e n t  is supp l ied  
to  t h e  h e a t e r  in  o rde r  to  min imize  such  t i s sue  reac t ions .  
F e e d b a c k  con t ro l  s y s t e m  is e m p l o y e d  for  a u t o m a t i c  regu-  
l a t i on  of t e m p e r a t u r e  d i f ference  b e t w e e n  t h e  h o t  a n d  cold 
j u n c t i o n s  to  keep  c o n s t a n t  b y  a d j u s t i n g  h e a t i n g  c u r r e n t  
d e p e n d i n g  u p o n  t h e  c h a n g e  of f low ra te .  T h e  cha rac t e r i s -  
t ics  of t h e  c o n s t a n t  c u r r e n t  (CC) h e a t i n g - m e t h o d  a n d  t h e  
se l f - ad jus t ing  c u r r e n t  (SC) h e a t i n g - m e t h o d  h a v e  b e e n  
c o m p a r e d  w i t h  r e g a r d  to  t h e i r  m a n n e r  of r e sponse  in appl i -  
ca t ion  to  a n i m a l s  a n d  t h e  l i nea r i t y  in  r e sponse  to  t h e  flow 
r a t e  c h a n g e  in mode l  e x p e r i m e n t .  

T h e  s t r u c t u r e  of t h e  e lec t rode  a n d  t h e  b lock  d i a g r a m  
of t h e  f eedback  con t r o l  s y s t e m  are  s h o w n  in F igu re  1. 
T h e  m e a s u r i n g  e l e m e n t  cons i s t s  of a c o n s t a n t a n  wire  
(0.1 m m  in  d i ame te r ,  10 m m  in  l eng th )  to  w h i c h  3 c o p p e r  
leads  (0.1 m m  in  d i a m e t e r )  a re  c o n n e c t e d  a t  i t s  m i d d l e  
(b in  F i g u r e  1) a n d  b o t h  ends  (a a n d  c in  F i g u r e  1). T h e  
h e a t e r  is a c o n s t a n t a n  wire  (0.8 m m  in l eng th)  coiled 
a r o u n d  t h e  m i d d l e  p a r t  of m e a s u r i n g  e l ement ,  a n d  is in-  
su l a t ed  o n l y  electr ical ly .  D i m e n s i o n  of  e lec t rode  shou ld  
be  a p p r o p r i a t e l y  chosen  d e p e n d i n g  u p o n  t h e  f low ra te .  
DC h e a t i n g  c u r r e n t  is in i t i a l ly  (dur ing  no  flow) supp l i ed  
to  t he  h e a t e r  so as to  keep t e m p e r a t u r e  d i f fe rence  of 
0.35 °C. D u r i n g  t h e  m e a s u r e m e n t ,  t h i s  t e m p e r a t u r e - d i f f e r -  
ence  is m a i n t a i n e d  c o n s t a n t  b y  t he  f eedback  con t ro l  
s y s t e m  as m e n t i o n e d  above .  

As t he  m a i n  pu rpose  of th i s  f eedback  con t ro l  s y s t e m  is 
to  measu re  t he  c h a n g e  of t h e  flow ra te ,  h e a t i n g  c u r r e n t  is 
fed b a c k  p r o p o r t i o n a l l y  to  t h e  c h a n g e  of a t e m p e r a t u r e -  
d i f ference  a n d  a n  increase  of th i s  c u r r e n t  is recorded.  

Loop  gain  of t he  s y s t e m  shou ld  be  ra ised  as m u c h  as pos-  
sible w i t h i n  t he  s t ab l e  r a n g e  to  r educe  t he  t e m p e r a t u r e  
offset.  The  decrease  of t e m p e r a t u r e - d i f f e r e n c e  b e t w e e n  
t h e  h o t  a n d  cold j u n c t i o n s  is also checked  u n d e r  t he  CC 
h e a t i n g - m e t h o d  appl ied  to  th i s  e lec t rode.  

F igure  2 shows a c o m p a r i s o n  of t he  CC a n d  t h e  SC 
h e a t i n g - m e t h o d s  appl ied  to t he  r ena l  co r t ex  of a dog. 
I n  t h e  SC h e a t i n g - m e t h o d  t he  rap id  decrease  of h e a t i n g  
c u r r e n t  occurs  to  c o m p e n s a t e  t he  t o t a l  inc rease  of t e m -  
pe ra tu re -d i f f e rence  caused  b y  a t e m p o r a r y  occlus ion of 
r ena l  a r t e ry .  P r o m p t e r  response  a n d  less in f luence  of t e m -  
p e r a t u r e - c h a n g e  to  t h e  t i s sue  are  o b s e r v e d  in t h e  SC 
h e a t i n g - m e t h o d  t h a n  in t h e  CC h e a t i n g - m e t h o d .  

I n  t h e  mode l  sys tem,  t h e  SC h e a t i n g - m e t h o d  g ives  
h ighe r  l i nea r i ty  a n d  app l i cab i l i t y  o v e r  wide r  r a n g e  of f low 
t h a n  t h e  CC h e a t i n g - m e t h o d  (F igure  3B). I n  t h e  CC h e a t -  
i ng -me thod ,  as t he  flow r a t e  increases,  t h e  d e c r e m e n t  of  
t e m p e r a t u r e - d i f f e r e n c e  decreases  a n d  gives a v a l u e  nea r ly  

8 

b 1 Recorder 

(A) (B) 

Fig. I. (A) Structure of the electrode and (B) block diagram of the 
feedback control system. E, the reference voltage to set the tempera- 
ture difference; a and c, both ends; b, central portion of constantaI1 
wire of measuring element; g and g', h and h" are eormected respec- 
tively during the measurement. 
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Fig.2. In vivo experiment applied to renal cortex of a dog. The 
electrode is inserted into left renal cortex and the change in the blood 
flow is observed when left renal artery is occluded temporarily. 
(A) Under the condition of constant current heating of 180 mA, the 
change in the flow rate is represented as the increase of temperature 
difference by 0.22°C with constant current heating method. (B) In~ 
case of self-adjusting current heating-method, the change in the flow 
rate is represented by a prompt drop in heating current from 180 
to 150 mA, giving less temperature change (0.02~C) to the tissue 
examined. 

p ropor t iona l  to  the  square  root  of the  flow ra te  (Figure 3A). 
The  t empera tu re -d i f f e r ence  T var ies  general ly  in ac- 

cordance  wi th  the  flow ra te  V and  the  hea t ing  cu r r en t  Z. 
A l t h o u g h  C-RNNGSJ6 et  al. s es tab l i shed  the  hyperbo l i c  
re la t ionsh ip  b e t w e e n  them,  unde r  t h e  condi t ions  above  
(in t he  s t eady  s ta te)  the i r  mu tua l  re la t ionship  can be 
shown by  an expe r imen ta l  formula  as follows: 

T = C I  2 ( 1 - - [ / ~ ) ,  

where  C is a cons tan t ,  V m is t he  flow ra te  w h e n  a t e m -  
p e r a t u r e  rise becomes  negligibly small .  As the  flow ra te  
increases  to  V f rom zero, decrease  of a t e m p e r a t u r e  dif- 
ference At in t he  CC h e a t i n g - m e t h o d  can  be given:  

a n d  c u r r e n t  increase  zli in t h e  SC h e a t i n g - m e t h o d  can  be 
g iven :  

Ai o, t / V l ~  + 3 VHV, . .  (V < V,.). 

Similar  t e n d e n c y  can  also be found  in v iew of hyperbo l i c  
or  exponen t i a l  re la t ionship .  These  fac ts  seem to expla in  
t he  e x p e r i m e n t a l  resul ts  in F igure  3. 

M e a s u r e m e n t s  w i th  t he  h o t  j unc t i on  u p s t r e a m  (b-c  
measu remen t )  give h igher  values  t h a n  those  wi th  t he  h o t  
j unc t ion  d o w n s t r e a m  (a -b  measu remen t ) ,  in e i ther  me thod ,  
p r e s u m a b l y  because  the  h e a t  of the  ho t  j unc t i on  is con- 
veyed  by  the  flow to  t he  cold junc t ion  to  raise t he  t em-  
p e r a t u r e  of the  la t ter .  

The  b r o c k e n  lines in F igure  3 r ep resen t  the  resul ts  of 
a - c  measu remen t ,  i.e. t he  di f ference b e t w e e n  a - b  and  b - c  
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Fig.3. (A) Relationship between decrease of temperature difference 
and flow rate in constaut current heating-method and (B) relationship 
between increase of heating current and flow rate in self-adjusting 
current heating-method in model experiment. The electrode is 
designed in a needle form and placed along the central axis of the 
cyhndrical glass tube (25 mm in a diameter) through which warmed 
water is perfused. The experiment should be performed with the  
whole system confined in the constant temperature of 37 °C. 
--o--:  b-c measurement, - - e ~ :  a-b measurement, . . . . .  : a-c 
measurement, a, b and c are explained in Figure 1. 

me a s u r e me n t s .  I t  shows l inear i ty  in a ce r ta in  range.  I t  
should  be no ted  t h a t  the  po la r i ty  indica tes  t he  di rect ion 
of t he  flow. 

Po la r i ty  of t he  hea t ing  c u r r e n t  should  be f ixed in view 
of Pe l t ie r  effect .  

AC c u r r e n t  h e a t i n g  is in progress .  

ZusammenJassz,ng. Eine  neue  Messme thode  fiir -I)urch- 
b l u t u n g s m e s s u n g e n  b e s t e h t  darin,  dass  se lbs tgeregel te r  
S t rom mi t  Hilfe des R t i ckkopp lungs rege lungssys t ems  fiir 
die Heizung  g e b r a u c h t  wird.  Mit dieser  Me thode  wird  der  
T e m p e r a t u r u n t e r s c h i e d  zwischen den  gehe iz ten  und  den  
geki ihl teu K o n t a k t p l a t t e n  ganz  gering und  k o n s t a n t  ge- 
ha l t en ,  so dass  der  E f f e k t  de r  lokalen W / i r me a k k u mu l a -  
t ion,  de r  bei  He izung  m i t  k o n s t a n t e m  S t r o m  e n t s t e h t ,  
a m  gepr t i t t en  Gewebe  wegfAllt. Diese Me t h o d e  h a t  eine 
h6here  Linearit/~t und  bessere  AnwendungsfXhigke i t  fiber 
wei tere  Durchb lu tungsgeb ie t e ,  u n d  sie sp r i ch t  auch  schnel-  
ler an  Ms die  fr i ihere Me thode  der  H e i z n n g  m i t  k o n s t a n -  
tern S t rom,  
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