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Computer  S imula t ion  of Oxygen  Tens ion  H i s t o g r a m s  - A Poss ib i l i ty  for Interpretat ion of Micro-  
e lectrode M e a s u r e m e n t s  ~ 

Oxygen microelect rode measu remen t s  can be pe r fo rmed  
in the  mic ros t ruc tu re  of the  t issue and oxygen tens ion  
d i s t r ibu t ion  is measured  di rec t ly  a t  t he  capi l lary and  
cellular level. Most  of the  microelec t rode  resul ts  are 
i l lus t ra ted  in form of oxygen  tens ion  f requency  dis t r ibu-  
t ions  (histograms).  Some hundreds  of oxygen tens ion  
values are measured  in a smal l  t issue vo lume and  fre- 
quency  of tile oxygen  tens ion  values  is i l lus t ra ted  as a 
func t ion  of local oxygen  tens ion  value (I{uNZE 2, LI~BBERS3, 
WHALEN and NAIR4). 

Quest ion arises as to  w h a t  e x t e n t  t he  oxygen  tens ion  
h i s tog ram is d e p e n d e n t  on the  capi l lary  a r rangement .  Are 
differences to  be found  in oxygen  tens ion  h i s tog rams  of 
capi l lary sys tems  wi th  homogeneous  and  inhomogeneous  
microcircula t ion ? H o w  is the  oxygen tens ion  h i s tog ram 
d is t r ibu ted  under  hypox ic  condi t ions  ? Answers  to  p a r t  of 
these  ques t ions  are given on the  basis of oxygen  tens ion  
h i s tograms  of homogeneous ly  per fused  con- and  counter-  
cur ren t  as well as inhomogeneous ly  per fused  capi l lary 
ne twork  sys tems.  TO obta in  an overal l  impress ion  on the  
impor t ance  and  va l id i ty  of oxygen  tens ion  h is tograms,  a 
digi tal  compu te r  s imula t ion  is pe r fo rmed  based on Fick ' s  
f i rs t  law and  the  par t ia l  different ia l  equa t ion  of diffusion. 

M e t h o d .  The m e thod  of calculat ion is based on a set  of 
a s sumpt ions  which  are necessary  for model  cons t ruc t ion  
and  der iva t ion  of different ia l  equat ions  for capillaries and 
tissue. The assumpt ions  are similar  to those  originally 
used by  I~ROGH 5. 

a) The t issue consists  of a quadra t i c  ne twork  wi th  
3 x 3 quadra t i c  capi l lary meshes.  The to ta l  t issue area has  
2 inpu t s  and 2 ou tpu t s  (arterioles and venules) (Figure 1). 
I n  t he  case of con- and coun te rcu r ren t  sys tems  the  same Po2[mmHgl 
n u m b e r  of capil laries per  uni t  of t issue vo lume and the  t 
same blood flow were used in t he  examina t ion ,  b) The 
oxygen  consumpt ion  is homogeneous  and  corresponds  to  
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t h a t  of a cube wi th  the  side leng th  of t he  capi l lary mesh  
sys tem,  c) The capi l lary n e t w o rk  as well as con- and  
coun te rcu r r en t  sys tems  are s y m m e t r i c  and  cont inue  in 
the  same way  to  inf ini ty.  Arter ioles  and  venules  are 
evenly  d i s t r ibu ted  in t he  whole  t issue,  d) The oxygen  
consumpt ion  ra te  is assumed according to  t he  Law of 
Michaelis and  Menten.  e) Capil lary cross-sect ion is 
quadra t ic ,  f) W i t h i n  the  capil laries diffusion- and  convec-  
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Fig. 1. Capillary network systems in brain tissue with 3 • 3 quadratic 
capillary meshes and 2 arterioles and 2 venules (arrows = input and 
output of blood flow). The length of the arrows reflects differences 
ill blood flow rate in the various capillaries. 

Fig. 2. Oxygen tension (P%) distribution in brain tissue during nor- \ 
moxia. For reasons of symmetry only 1/4 of the whole network can be 
seen. Dotted lines mark the capillaries. Upper part: Normal oxygen 
supply of the tissue. Input parameters of the computer program: 
AG = 4.28; A K  = 0.11 • 10-~; CH = 0.01; B N  = 4.0; B K  = 15.4; 
P~ = 90 mm Hg; Po = 34 mm Hg. Lower part: Hypoxia case with a 
low arterial oxygen tension. Input parameters of the computer pro- 
gram: AG = 8.!7; AK = 0.25 • 10-a; CH = 0.01; B N  = 5.22; B K  
2.97; P~ = 46.5 mm ttg; P. = 28.0 mm Hg. 

1 The CDC 3300 of the Computer Center, Johannes Gutenberg Uni- 
versity, Mainz, was used for calculations. 

2 K. KUNZE, Das Sauersto//druck/eld im normalen und pathologisch 
verdnderten Muskel  (Springer Berlin, Heidelberg, New York 1969). 

3 D. W. L~BB~RS, in Oxygen Trc~nsport in Blood and Tissue (Thieme, 
Stuttgart 1968), p. 724. 

4 W. J. WHALEN and P. NAIR, Am. J. Physiol. 218, 973 (1970). 
5 A. KROG~, J. Physiol., Lond. a2, 409 (1918). 
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t i o n - p r o f i l e s  a r e  n e g l e c t e d ,  g) B l o o d  f l ow  r a t e  in  d i v e r s e  
c a p i l l a r i e s  of  t h e  n e t w o r k  is c a l c u l a t e d  a c c o r d i n g  t o  
K i r c h h o f f ' s  L a w s .  I n  t h e  c a s e  of  con -  a n d  c o u n t e r c u r r e n t  
s y s t e m  b l o o d  f l ow  is a s s u m e d  to  b e  c o n s t a n t ,  h)  F i c k ' s  
f i r s t  L a w  is v a l i d  a t  c a p i l l a r y  t i s s u e  i n t e r f a c e .  D i f f u s i o n  
c o e f f i c i e n t  a s  wel l  a s  s o l u b i l i t y  c o e f f i c i e n t  a r e  a s s u m e d  t o  
be  t h e  s a m e  in  t i s s u e s  a n d  c a p i l l a r i e s ,  i) T h e  r e a c t i o n  c u r v e  
i n s i d e  t h e  c a p i l l a r i e s  is d e s c r i b e d  b y  H i l l ' s  e q u a t i o n .  

Mathemat ica l  descriptio;z o/ the model. O x y g e l l  e x c h a n g e  
p r o c e s s e s  b e t w e e n  c a p i l l a r i e s  a n d  t i s s u e  a r e  d e s c r i b e d  b y  
t h e  f o l l o w i n g  d i f f e r e n t i a l  e q u a t i o n s :  

02C 02C C 
Tissue  ~ -  + ~ - - A G  c - -+CH - - 0  

A G  a n d  C H  a r e  c o n s t a n t s  a n d  d e f i n e d  as  A G  = A 19/ 
Pa D, C H  = -PK/Pa. 

w h e r e  

~C 
Capil lary Os 

~c 
§ 

i(e) 

j(c) = cm-1/(1 -}- K p~cm) 2 . 

A K  is d e f i n e d  as :  

A K  = 100 D ~ Pa/1.34 d v c~/b m K -Pa ~ . 

Resul ts  and discussion. T h e  m e t h o d  of  s u c c e s s i v e  ove r -  
r e l a x a t i o n  w a s  u s e d  s h o w i n g  a b e t t e r  c o n v e r g e n c e  t h a n  
t h e  m e t h o d  of  s u c c e s s i v e  d i s p l a c e m e n t s  (METZGER 6, ~). T o  
o b t a i n  s t a b i l i t y  of  t h e  i t e r a t i o n  t e c h n i q u e  a r e l a x a t i o n  
p a r a m e t e r  w a s  f o u n d  b y  t r i a l  a n d  e r ro r  ( r e l a x a t i o n  p a r a -  
m e t e r :  1.25 t o  1 .82;  a c c u r a c y :  0 . 0 0 5 % ;  i t e r a t i o n  m e s h -  
w o r k :  1600 p o i n t s  p e r  c a p i l l a r y  s q u a r e ;  i t e r a t i o n  n u m b e r :  
400  s t ep s ) .  

C o m p u t e r  p r o g r a m s  w e r e  b a s e d  o n  p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n s  o f  d i f f u s i o n  a n d  c h e m i c a l  r e a c t i o n  in  t i s s u e  as  
we l l  as  p e r f u s i o n  a n d  c h e m i c a l  r e a c t i o n  in  b lood .  F o r m e r  
c a l c u l a t i o n s  o f  o t h e r  a u t h o r s  w e r e  p e r f o r m e d  for  h o m o -  
g e n e o u s l y  p e r f u s e d  con -  a n d  COUl l t e rcur ren t  s y s t e m s  
(THEWS s, RENEAU, BRIdLEV, a n d  I4~NISELY 9). I n  t h i s  p a p e r  
t h e  i n h o m o g e n e o u s l y  p e r f u s e d  c a p i l l a r y  n e t w o r k  m o d e l  
w a s  u s e d  ( F i g u r e  1) a n d  t h e  r e s u l t s  we re  c o m p a r e d  w i t h  
t h o s e  o b t a i n e d  for  c o n -  a n d  c o u n t e r c u r r e n t  s y s t e m s .  

s H. M'ETZGER, Kybernetik 6, 97 (1969). 
H. iV[ETZGER, Mathe. Biosci. 5, 143 (1969). 

8 G. THEWS, Aeta biotheor. 70, 105 (1953). 
9 D. D. RENtAl, D. F. BRULEY and M. H. KNISELY, in Chemical En- 

gineering in Medicine and Biology (Plenum Press, New York 1967). 
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Fig. 3. Frequency distribution of oxygen tension values calculated for different capillary systems: A) network system (normoxia case). 
B) network system (hypoxia case). C) concurrent system (normoxia case). D) countereurrent system (normoxia case). Figure shows the 
broad oxygen tension spectrum of the network system (A). Under hypoxia a left shift of the spectrum occurs (B). The eountercurrent 
system (D) has a typical histogram with a max imum ill the range of venous oxygen tension. Arrows indicate venous oxygen tension. In- 
put  parameters of the computer program (normoxia): AG = 3.18; A K = 0.59 • 10-3; CH = 0.01; BN = 2.83; B K  = 39.2; P ,  = 100 mm 
Hg; P~ = 34 m m  Hg. Input  parameters for hypoxia, see Figure 2. 
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Oxygen tens ion  d i s t r ibu t ions  for normoxia  and for 
hypox ia  (Pa = 46.5 m m  Hg) are d e m o n s t r a t e d  (Figure 2). 
Dur ing  resp i ra to ry  hypox i a  the  oxygen  supply  of some 
regions is not  sufficient.  F r o m  the  oxygen  tens ion  distr i-  
bu t ion  of the  d i f ferent  capi l lary sys tems  the  h i s tograms  
were derived.  Oxygen tens ion  h i s tograms  are i l lus t ra ted  
for con- and coun te rcu r ren t  as well as capi l lary ne twork  
sys tems  (Figure 3). Fur the rmore ,  in the  same figure an 
oxygen  tens ion  h i s tog ram for the  hypox ia  case is shown. 

The figures demons t r a t e  typ ica l  differences be tween  
oxygen tens ion h i s tograms  of the  d i f fe rent  capi l lary  t issue 
models:  the  concur ren t  h i s tog ram is charac ter ized  by  a 
homogeneous  oxygen  tens ion  d i s t r ibu t ion  wi th  a oxygen 
tens ion  spec t rum be tween  23 m m  Hg  and  ar ter ia l  oxygen 
tens ion value of 100 m m  Hg. Tissue poin ts  w i th  values  
below the  venous oxygen  tens ion  ar rarely seen. In  the  
range be tween  the  venous and  the  ar ter ia l  oxygen  tens ion  
the  f requency  of oxygen tens ion  values decreases more  
rap id ly  t h a n  in the  concur ren t  h is togram.  

An ex t r eme  difference exis ts  be tween  homogeneous ly  
per fused  con- or coun te rcu r ren t  sys tems  and the  inhomo-  
geneously per fused  capi l lary ne twork .  The capi l lary net -  
work has a broad  spec t rum ranging  be tween  zero m m  Hg 
and the  ar ter ia l  oxygen tens ion  of 100 m m  Hg. 

The analysis  led to  the  conclusion t h a t  the  f requen t ly  
observed low oxygen  tens ion  values  in bra in  t ens ion  
(HEIDENREICH, ERDMANN, METZGER and TH~WS I~ and 
METZGERll) migh t  be caused by  inhomogenei t ies  in cere- 
bral  blood flow. A number  of res t r ic t ions  of th is  analysis  
should be kep t  in mind  : homogene i ty  of oxygen consump-  
tion, i so t ropy  of oxygen  diffusion, equal  solubi l i ty  in all 
compar tmen t s ,  two-d imens iona l  t issue area. Never theless ,  
the  p resen t  s tudy  of oxygen tens ion  h i s tograms  help  to  
be t t e r  u n d e r s t a n d  the  expe r imen ta l  microelec t rode  
results .  This  inves t iga t ion  demons t r a t e s  the  t r e m o n d o u s  
influence of microcircula t ion and  capi l lary  a rch i tec ture  
Oil oxygen  tens ion  d is t r ibu t ion  and  h is togram.  A final  
proof  of th is  conclusion will be ob ta ined  in a s tudy  on 
th ree-d imens iona l  capi l lary a r rangements .  

Zusammen/assung .  Mit Sauers tof f -Mikroelekt roden wet -  
den die lokalen W e r t e  des Sauers tof fpar t ia ldruckes  im 
Mikrobereich der Organe gemessen und  graphisch  als H~Lu- 
f igkei t sver te i lungen (His togramme)  dargestel l t .  Theore-  
t i sch  wird  der  Einf luss  der  Kap i l l a r ano rdnung  (Gleich-, 
Gegens t romsys t em und  Kapi l la rne tzwerk)  ant  die t-I~u- 
I igkei tsver te i lung der P% "vVerte un te rsuch t .  Die fiir zwei- 

d imensionale  Modelle durchgef t ihr te  Analyse  zeigt, dass  
Unte r sch iede  in der  Durchb lu tung ,  wie sie in den einzel- 
nen Zweigen der Kap i l l a rne tzwerke  auf t re ten ,  einen star-  
ken Einf luss  auf die H i s t o g r a m m e  haben.  

H. METZGER 12 

Department  o /Phys io logy ,  Johannes  Gutenberg University,  
D-65 M a i n z  (West  Germany), 73 December 7977. 

Notations and constants: c = relative O 2 concentration or 02 partial 
pressure, x, y = coordinates in tissue, n, s = capillary coordinates. 
l = capillary length = 60 ,urn. d = capillary side length = 6 Ixm. c~ = 
oxygen solubility coefficient = 0.025 ml/ml • Arm. diffusion coeffi- 
cient = 2.10 -5 em2/see. P~ = arterial oxygen tension = 100 mm Hg. 
P~ = venous oxygen tension = 34 mm Hg. P~: = critical oxygen 
tension = 1 mm Hg. m = Hill exponent = 2.83. K = Hill constant 
-- 0.87 • 10 -3. CRb = hemoglobin concentration = 14 g%. A = me- 
tabolic rate (grey matter) = lnl/100 g x mira As = change of satu- 
ration of hemoglobin = 0.53. AG = 3.18. CH = 0.01. AK = 18 
AG•215 = 0.59;< 10 a. 

I0 j .  HEIDENREICH, W. ERDMANN, H. ~V~ETZGER and G. THEWS, Ex- 
perienfia 26, 257 (1970). 

11 H. METZGER, Verteilung des 02-Partialdruckes im Mihrobereich des 
Gehirngewebes. Polarographisehe Messung und Mathematische 
Analyse. Habilitationsschrift, Mainz 1971. 

12 Mailing address: Dr. Hermann Metzger, Rhodes Engineering Re- 
search Center, Clemson University, Clemson (South Carolina 29631, 
USA). 

T h e  I m p a i r m e n t  of the  T h e r m o r e g u l a t o r y  ' S e t - P o i n t '  of a Sheep  in the  A p p a r e n t  A b s e n c e  of A n y  
Inter ference  w i t h  the  P a t h w a y s  B e t w e e n  T e m p e r a t u r e  S e n s o r s  and T h e r m o r e g u l a t o r y  Ef fec tors  

Core t e m p e r a t u r e  of h o m e o t h e r m i c  m a m m a l s  appears  
to be regula ted  at  or near  to an inheren t  bu t  var iable  set-  
point ,  the  neurona l  na tu re  of which  remains  obscure. 
VZNDRIK I, inspired by  BAZ~TT 2, has  suggested t h a t  th is  
se t -po in t  func t ion  m a y  depend  on the  ac t i v i t y / t empera -  
ture  character is t ics  of t empera tu re - sens i t i ve  neurones  in 
the  preopt ic  area of the  anter ior  h y p o t h a l a m u s  (POAtt) ,  
and  some h y p o t h a l a m i c  neurones  have  ac t iv i ty / t empera -  
ture  relat ions which  are cons i s ten t  w i th  th is  proposal  ~. An 
a l t e rna t ive  hypothes is ,  based  on the  exis tence of t empera -  
ture- insens i t ive  neurolleS in the  P O A H  ~, is t h a t  these  ceils 
m a y  exer t  an inh ib i to ry  inf luence on the  t e m p e r a t u r e  
sensor to t he rm oregu l a to ry  effector  p a t h w a y s  5,~ thus  
crea t ing  th reshold  levels above which  hea t  loss effectors,  
and below which  hea t  p roduc t ion  effectors,  are ac t iva ted .  
(For a more  deta i led  discussion of these  ideas see BL=GH 7). 

TO s tudy  the  effects on the rmoregu la t ion  of in te rac t ions  
be tween  changes  in h y p o t h a l a m i c  t e m p e r a t u r e  (Tl, y).and 
inject ions  in to  a la teral  cerebral, vent r ic le  of pu t a t i v e  
t r a n s m i t t e r  substances ,  a mul t ip le  t h e r m o d e  assembly  was 
in t roduced  in to  the  P O A H  of sheep s. This  inev i t ab ly  
involves  some local b ra in  damage  b u t  does no t  usual ly  

impai r  t he  capac i ty  to  the rmoregula te .  One sheep was 
unable,  pos t -opera t ive ly ,  to regula te  b o d y  t e m p e r a t u r e  a t  
the  normal  level for th is  species. The observa t ions  made  
on th is  an imal  ind ica te  t h a t  the  se t -po in t  mechan i sm m a y  
be d is t inc t  f rom the  t empera tu re - senso r  to  t he rmo-  
regula tory-ef fec tor  pa thways .  

The f irs t  indica t ion  of a pos t -opera t ive  d i s tu rbance  was  
a h igh  recta l  t e m p e r a t u r e  (Tre) of 41.5~ which  could have  

1 A. J. H. VENDRIK, Ned. J. Geneesk. 703, 1 (1959). 
2 H. C. BAZETT, Physiology o/heat regulation (Ed. L. H. NEWBURGh, 

Saunders: Philadelphia 1949). 
3 M. CABANAC, J. A. J. STOLWIJK and J. D. HARDY, J. appl. PhysioL 

24, 645 (1968). 
a T. NAKAYAMA, H. T. HAMMEL, J. D. HARDY and J. S. EISENMAN, 

Am. J. Physiol. 204, 1122 (1963). 
5 N. MURAKAMI, J. A. J. STOLWIJK and J. D. HARDY, Am. J. Physiol. 

213, 1015 (1967). 
6 j.  D. HARDY, Columbia, Agrie. exp. Sta. Special Report 703 (1969). 
7 j.  BLIG~ (1972), in Essays on Temperature Regulation (Eds. J. 

BLIGH and R. E. MOORE; Amsterdam, North Holland 1972). 
8 M. MASKREY and J. BLmH, Int. J. Bioehim. Biomet. 15, 129 (1971). 


