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I t  is shown t h a t  t h e  equa t ion  of  i n e r t  gas  u p t a k e  by  a d i s t inc t  
pa ra l l e l  t issue-blood a r r a n g e m e n t  coincides,  u n d e r  c e r t a i n  condit ions,  
w i t h  two f o r m u l a t i o n s  wh ich  neglec t  t he  possible ex i s tence  of  a blood- 
s ba r r i e r .  The  f i r s t  of  these  a p p r o x i m a t i o n s  is t he  classic yon 
SchrS t t e r  equa t ion  in con t inuous  form,  whe rea s  the  second is the  em- 
p i r ica l  one f r e q u e n t l y  used  ,by c o n t e m p o r a r y  au thors .  The  condi t ion fo r  
coincidence is t h a t  t h e  p r o d u c t  of permeab. i l i ty  and  b lood- t i ssae  exchange  
su r f ace  g r e a t l y  exceed t he  r a t e  of blood flow to t he  t i ssue .  I t  is difficult 
to examine  th i s  condi t ion  a t  p r e s e n t  because  of a d e a r t h  of gas  perme-  
ab i l i ty  m e a s u r e m e n t s  and  because  a p p a r e n t l y  t h e r e  exiss no measu re -  
m e n t s  of su r f ace  and  flow on the  same  t issue.  A compi la t ion  is made  of 
such  va lues  as a re  ava i lab le ,  and  i t  is f o u n d  t h a t  on the  a s s u m p t i o n  t h a t  
gas  pe rmeab i l i t i e s  a r e  of  the  o rde r  of 1 X l f f  3 cm sec -1, the  condi t ions  
fo r  neg lec t ing  the  blood- t issue  b a r r i e r  m a y  be me t  in  m a n y  cases and  
c e r t a i n l y  not  m e t  in  m a n y  others .  I t  is  concluded t h a t  u n d e r  these  cir-  
c u m s t a n c e s  the  more  exac t  equa t ions ,  t a k i n g  into accoun t  the  b a r r i e r ,  
should  be employed,  a t  l e a s t  un t i l  p rec ise  i n d e p e n d e n t  m e a s u r e m e n t s  
j u s t i f y i n g  the  a p p r o x i m a t i o n s  become avai lable .  

In a series of papers appearing during recent years, the present 
authors (1944a, 1944b, 1944c, 1945a, 1945b; hereinafter referred to 
as I, II, III, IV, and V, respectively) have endeavored to formulate 
a quantitative theory of inert metabolite uptake, taking into account 
all factors which in the light of present knowledge seem of first-order 
importance. No attempt has been made, however, to relate this de- 
velopment to more limited expressions, derived by other authors, in 
particular, to the early and classic one of H. von SchrStter (1906). 
It seems necessary to clarify the relationship at this time because at 
least some contemporary workers have regarded their yon SchrStter- 
like expressions as conceptually different from ours. To anticipa~te 
the results of this paper, we shall say that in a "distinct parallel" 
system (IV),  when the product of permeability and surface is much 
greater than the blood flow through a tissue, then the limiting form 
of our equation is essentially identical with the von SchrStter expres- 
sion. This is a straightforward mathematical fact. Whether or not 
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192 BLOOD-TISSUE EXCHANGE 

this limiting condition is actually attained in real systems is a dis- 
tinct question, and one which only experimental measurement can 
answer. In the authors' opinion, existing data are inadequate for the 
decision, although experiments now in progress* seem very promis- 
ing. 

There are possibly three fundamentally different arrangements 
of tissues with respect to the  circulation (IV) ; of these, it will pres- 
ently be obvious that the von SchrStter treatment is applicable only 
to one, namely, what we have called "distinct parallel". It is, there- 
fore, the ~implest case of this arrangement which we shall choose in 
order to demonstrate the relationship between the two mathematical 
descriptions. In the original von SchrStter t reatment the possible dif- 
ference in solvent power between the blood and tissues was neglected, 
but this is a matter  easily corrected by dividing the tissue volume by 
a partition coefficient, a ,  which for inert gases is one or less than one. 
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FIGURE 1. Model of a simple exchange system in which t ransport  is via the 
vascular flow between the point of solute supply (e.g., the lung) and that  of 
exchange (e.g., a tissue region of volume V and homogeneous with respect .to its 
solution properties).  In the yon SchrStter case the barrie r penetration factor hS 
is neglected. 

* Experiments by Dr. Falconer Smith and his associates, aimed at the meas- 
urement of h for radioactive inert gases (plasma membrane of myxomycetes), 
are currently being conducted a t t h e  National Insti tute of Health. 
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We shall t reat ,  as usual, the  uptake of  an  inert  metaboli te  a t  
some localized region in the circulation, assuming tha t  all blood leav- 
ing this region is charged wi th  metaboli te  at  a constant  concentra- 
tion, C .  The problem will be to find the amount,  ~ ,  of this metaboli te  
within a dis tant  t issue region which is in diffusion contact  wi th  the 
blood (F igure  1). Let  us denote  by  V~ the  volume Of blood which 
flows through the t issue region in question dur ing one circulation 
time, and by  V the volume of the tissue. A f t e r  ,the manne r  of  yon 
SchrSt ter  (loc. c i t ) ,  we may  now think of the  t r ans fe r  problem in 
the  following approximate  way:  V~ cm ~ of blood pick up V~C gm of 
metaboli te  at  the uptake  region, and this amount  i s  dis t r ibuted in- 
stantaneously between blood and remaining t issue in propor t ion  to 
thei r  volumes, i.e., a f ract ion Vo/(Vo + V/a) ,  remains  in the  blood 
and a fraction, ( V / a ) / ( V o  + V/a) is allotted the tissue. The Vo cm ~ 
of blood now re tu rn  to the uptake  region and become re-saturated,  
the net  amount  picked up at this t ime being j u s t  equal to tha t  which 
it  gave up to the  tissue. The cycle is then repeated.  I t  is easy to see 
that  the amount  of metaboli te  in the t issue a f t e r  n cycles is, 

V/a ] V/,~ )2 
4~(n) -~ V~ { ( vo + v / a  / + ( Vo + V/a 

( '~ - - - -  1 - -  . 

+ .... + Vo + V/a  a Vo + V/a 

(1) 

Express ion (1) is essentially von SchrStter 's  final result. Fo r  com- 
parison with our  equations, however,  a slight t rans format ion  is de- 
sirable. I f  we think in te rms of  an equivalent continuous circulation 
rate,  R cm ~ sec -1, through ~he tissue, it is clear tha t  the volume of 
blood which has passed up to the tame t is Rt; since Vo cm ~ is the 
volume which passes per  cycle, the  number  of  cycles up to the  t ime 
t is, 

R 
n - -  .... t. (2) 

Vo 

Using (2),  we may  re-wri te  (1) as 

VC 
o ( t )  ~- ( 1 - - e  ~t) ; (3) 

{I 

k - - - - - - l o g ~  1 +  . (4) 
Vo 

This same system may be t rea ted  more accurately by  the  simul- 
taneous solution of  two differential equation ( I ,  IV) .  We :shall de- 
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n o t e  the  permeabil i ty of the blood-tissue ba r r i e r  by h ,  and the ex- 
change surface by S;  Xo will be the a v e r a g e  met~bolite concentrat ion 
along the  capillaries, x ,  the  average in the tissue, and xv, the con- 
centra t ion of" metaboli te  in the blood leaving the tissue region. Now 
xo, of course, will lie between C and Xv, its exact value depending 
on the instantaneous concentrat ion gradient  along the capillary. We 
shall take int6 account the existence of this gradient  only phenom- 
enologically, by assuming tha t  over the course of the absorption, 

xo z C - -  f (C  - -  xv)  ; f ,  constant.  (5) 

Employing expression (5), the  arterio-venous accumulation term, 
R ( C  - - x i ) ,  becomes ( R / f ) ( C  - -  Xo). In all past  papers we have 
taken f - -  1 ,  whence the coefficient of (C - -  Xo) was to be in terpreted 
as the ra te  of blood flow. I t  is clear tha t  if  o ther  values of f are  
chosen, the original equations and solutions still ~aold, provided the 
" R "  is re in terpre ted  as 1 / f  t imes the t rue  ra te  of blood flow. For  
example, if  Xo is to be the ar i thmet ic  mean of C and xv, then f - -  1 / 2 ,  
and R / f  is twice the ra te  of blood flow. 

I t  is no t  difficult in certain restr ic ted cases to set up the part ial  
differential  equations for  th is  system and so to deduce the  axial con- 
centrat ion gradient  theoretically, For  example, if z measures  dis- 
tance along a capillary axis, p measures  the radial  distance f rom the 
capillary axis,,C8 (z ,  t) is the concentrat ion of solute in the  capillary, 
Cr (p, z ,  t) iS the concentrat ion of solute in the  (assumed) homogene- 
ous tissue, D r ,  the diffusion coefficient in the tissue, and po is the ra- 
dius of the capillary, then the governing equations are: 

R rip0 2 : ~--- - - - - 2 n p o h  ( C B -  C r ) ,  
~t ~z 

8C~ 
D T V 2 C r  - -  

~t 

with the boundary  condition that,  - -  D r  (~Cr/~p)o=p,  ' : h [ C s - -  C r  (p o) ] , 

and tha t  Cr remains finite as p -~ ~ .  The advantage gained by at- 
tempt ing an exact solution of these equations may, nevertheless,::be 
illusory, because there  are  available vir tually no good measurements  
o f  the physical constants involved, and the detailed capillary geometry 
is much more complicated than  this model suggests. 

Adopting (5) w e  may  w~ite the~differential  equations of the 
System as, 

dx,o - -  R 
ctt f (C-xo)  hS(xo-- x); (6) 
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d x  
V - = hS  (xo - -  a x ) .  

dt 

The solution of equation (6) and (7) is ( I ) ,  

f 2R 
k~ -t V J  

~o(t) = KoXo = VoC 1 + k~--k~_ 

V { k2 
( t )  ~ V x  ~ - -  C 1 -]- - -  e kit 

�9 a k ~  - -  k ~  

k ~  

where,  

_( o,o) + hS 1 + 

Vof Vo V [[- -+ 1/2 Vof 

~2R 

Vo/ 
ek~t __ 

kl  - -  k_~ 

kl 

kl --/c~ 

R + 1 +  

(7) 

e ~-~ (8 )  

- -  e k~t } (9) 

( l O )  

R h S  I '/~ 

- 41Vo-- �9 

The plus or the minus sign before the second term of equation (10) 
corresponds arbi trar i ly,  to kl and k~. A comparison of (3) with (9) 
readily suggests that  the physical assumptions which jus t i fy  the  yon 
Schr5t ter  expression, (3),  are  those which would cause one of the  
two exponentials in (9) to disappear. This reduction to one expo- 
nential  could be effected by having k~ ~ k~ ; however, i t  can be shown 
tha t  this equality would require certain te rms in (10) to assume com- 
plex values, which requi rement  would be physical nonsense. The sec- 
ond, and only plausible, method is to have one of the two absolute 
values of k ,  say kl ,  be much larger  than the other, whereupon (9) 
becomes, 

V 
o ( t )  -~ - -  C(1 - -  e~t ) .  (11) 

C~ 

For  lk~[ > >  Ik~!, it is apparen t  f rom (10) that,  

R hS  aVo > >  4 ~ (12) 
+ To  I + - V -  SVoV" 

The s t ruc ture  of condition (12) suggests tha t  it can be achieved e i ther  
when R / f  > > hS  or R / f  < < h S .  To show this more  clearly, we shalt 
adopt the following notation: R / f  ~ X ;  hS  ~ Y ;  ( a Vo / V)  ~-- r;  and ~ 
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in the event  tha t  X > > Y, the  small quant i ty  Y/X  ~- 8; in the con- 
verse case, X < <  Y ,  we  have the  small quanti ty,  X / Y  ~ ~. We may  
then wri te  f rom (10),  

k ~ ( X > > Y ) - -  2V I X + Y ( I + r )  
0 

(13) 
- - X  l + 2 ( 1 - - r ) s +  ( l + r ) ~ s  , ; 

k2(X <<  Y) --  1 {X+Y(I+r)--Y(I+r) 
2Vo 

(14) 

[ V} 2(1  - - , r )  1 ~/~ . 

1 +  ( l + r )  . ~ +  ( l + r )  2 

I t  can be stated: on experimental  grounds tha t  we need not  be con- 
cerned wi th  values of r > 1 .  I t  will be noted that  the special case, 
r - -  1 ,  is a critical one in both  (13) and (14),  bu t  one which need 
not  concern us here. When r < 1 ,  it will be obvious to the  reader  
f rom an inspection of expressions (13) and (14) exactly what  nu- 
merical conditions are  being assumed in re ta ining only the  linear 
te rms (in s or  ~) in the binomial theorem expansion of  the  radical, 
yielding, 

ahS 
k2 = - - - - ,  (15) 

V 
when R/f  > >  hS, and 

k2 = - -  Vo 11 + r) ~ , when R/f  < <  hS. (16) 

I t  is clear tha t  (3) can be regarded as an approximat ion identical 
wi th  (11) provided that  we can show (4) to be essentially the same 
as (16).  Exac t  eaineidence cannot  b.e expected because of the ap- 
proximations a l ready made. Nonetheless, i t  may  be shown graphic- 
ally (Pig. 2) as well as by expansion in a Ma.cLaurin series tha t  for  
0 ~ r =< 0.6,  the  coefficient of  --R/Vo in (16) is not  appreciably  dif- 
fe ren t  f rom loge(1 + r ) .  The identi ty of (4) and (16) is thus rea- 
sonably complete for  this range of  r if  we assume, as in the past, 
tha t  the average axial concentration gradient  is such as to make 
f ~ 1. To summarize,  then, i f  in the differential  equations for  a dis- 
t inct  parallel system, (8) ,  (9) ,  it  be assumed that,  (a) there  exists 
along the absorbing blood vessel a concentrat ion gradient  of  the type  
f ---- 1 ,  (b) hS > >  R (.in such a way  as to jus t i fy  the expansion of 
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FIGURE 2. Graph to show approximate coincidence of the single exponent as 
derived in the yon SchrStter theory ( l n ( l ~ r ) )  and in the limiting case of the 
differential equation method. The coincidence in the physiologically important 
range 0 < q" < .6 is seen to depend on f (see text) ,  being best when f "-- 1,  and 
increasingly poor as f decreases from unity. 

the radical in (14) ) ,  and (c) 0 =< CWo/V <= 0.6, then the uptake as a 
funct ion of the t ime is given by von SchrStter 's  expression (3),  (4).  

In ~the absence os suitable experimental  values of  h ,  we can only 
speculate about  the plausibil i ty of the condition, R / f  < <  hS. Let us 
divide this ~nequality by VT, the tissue volume, and assume that  f ~ 1 .  
We may then fa i r ly  require that  

S 

~ -  h exceed a t  least 100 to jus t i fy  (11) and (16) .  

We have not found in the existing l i terature  simultaneous meas- 
urements  of blood flow and surface-volume ratios on any tissue. How- 
ever, it may  be seen f rom the da ta  gathered in Table 1 tha t  the ratio 
in question may  be expected to lie between the two extremes,  277 h 
and 460,000 h .  The decision regarding the validity of the  von SchrSt- 
te r  type  of approximation is thus seen to depend on accurate  values 
of the permeabil i ty  of  the  plasma membrane  to gases. Such values 
are  not  abundant.  In ear ly rough calculations we, as well as others, 
have assumed values of the  order  of 1 • 10 -5 cm sec -1. Under  these 
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circumstances i t  is clear tha t  the ratio mentioned above would be 
much less than  the requisite 100. It  is probable, however, tha t  the 
permeabilities are  larger  than  1 X 10 -o. F rom Krogh's  measurements  
we (III)  have  calculated 7 X 10 -3 and 3 X 10 -4 cm sec-: for  0.5 and 
COs respectively through the  lung barrier.  Recently, V. War t iovaara  

T A B L E  1 

B l o o d  F l o w  a n d  C a p i l l a r y  S u r f a c e  p e r  U n i t  V o l u m e  f o r  V a r i o u s  T i s s u e s  

T i s s u e  o r  O r g a n  

B l o o d  F l o w / V o l u m e  S u r f a c e / V o l u m e  
( s e c  -1)  ( a m  -1 ) 

G u i n e a  P i g  M u s c l e s  : 

( r e s t i n g )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 , 8 ,32  

( m a s s a g e )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 0 0  

( w o r k i n g )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  390, 

( m a x i m u m  c i r c u l a t i o n )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 5 0  

( g a s t r o c n e m i u s )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 8 6 - 2 5 4  

( m a s s e t e r )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : ........... :: ..... . . . . . . . . . . . .  .:...: ...... 31)4-507 

M o u s e  M u s c l e :  

g a s t r o c n e m i u s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  486-64 ,0  

m a s s e t e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  72 .6 -923  

G u i n e a  P i g  F a t  �9 

F a t  f a t  t i s s u e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 . 5  

L e a n  f a t  t i s s u e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 4 . 1  

F r o g  M u s c l e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9 0  

H o r s e  M u s c l e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  241) 

D o g  M u s c l e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  :59,1 

( 1 )  .............. 

( 1 )  .............. 

(1) . . . . . . . . . . . . . .  

(I) ............... 
(2) .............. 
(2:) ............... 

( 2 )  ............... 

( 2 )  .............. 

(3) .............. 
(3,) .............. 
(1) .............. 

( 1 )  .............. 

(1) .............. 

T h y r o i d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I)933 (4~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

K i d n e y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 5  ( 4 )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

L i v e r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  125 ,  .11)6, .117  ( r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B r a i n  .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  023  ( 4 )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I n t e s t i n e s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 1 2  ( 4 )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S p l e e n  ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  007  ( 4 )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S t o m a c h  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  t 0 4  ( 4 )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

H a n d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . ......... 00,22 ( ~ )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

The numbers in parenthesis re fer  to authorship of data:  

(1) Krogh (1936) 
(2) SjSstrand (1937) 
(3) Gersh and Still (1945) 
(4) Best a n d  Taylor  (1943) 
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(1944) has  m e a s u r e d  the  p e r m e a b i l i t y  o f  to lypel lopsis  f o r  deu te r ium,  
and  I. H o l m - J e n s e n ,  A. K r o g h  and  V. W a r t i o v a a r a  (1944)  t h a t  of  
ce r t a in  p l a n t  t i ssues  f o r  va r ious  ions ;  all of  these  va lues  a re  of  the  
o r d e r  of  1 • 10 -~ cm sec% Accep t ing  1 • 10 -~ as  a r o u n d  n u m b e r  f o r  
h ,  we  see t h a t  t he  e x t r e m e s  of  the  cr~itical r a t i o  a r e  .277 and  4 6 0 -  
va lues  which  s t r add le  100. I t  would  thus  a p p e a r  t h a t  w h e r e a s  in  cer-  
t a i n  cases the  yon  S c h r 5 t t e r  a p p r o x i m a t i o n  m i g h t  be  q u an t i t a t i v e ly  
just if iable,  in o thers  i t  would  be v e r y  p o o r  indeed.  Unt i l  t i ssue  con- 
s t an t s  can be m e a s u r e d  w i th  g r e a t e r  prec is ion ,  a p r e f e r e n c e  m u s t  be 
g iven  to the  genera l  d i f fe ren t ia l  equa t ion  f o r m u l a t i o n s  ( I -V )  wh ich  
a r e  capable  of  desc r ib ing  s i t ua t i ons  w h e r e i n  p e n e t r a t i o n  is s t r o n g ly  
l imit ing,  as  wel l  as those s i tua t ions  w h e r e  th is  is  no t  so. 

In  e m phas i z ing  the  c l ea r  pr ior . i ty  of  H.  von S c h r S t t e r  w i th  re-  
g a r d  to equa t ions  of  the  t ype  o f  (3)  and  (4 ) ,  i t  also seems oppor-  
t une  to  m e n t i o n  the  i m p o r t a n t  pape r s  of  T. Teorel l  (1937a,  1937b) 
on the  k ine t ics  of  d i s t r i bu t ion  of  i n j ec t ed  substances .  So f a r  as  
we a re  aware ,  P r o f e s s o r  Teore l l ' s  w o r k  is the  f i rs t  r a t i o n a l  a t t e m p t  
to  descr ibe  the  whole -body  d i s t r ibu t ion  process  by  m e a n s  of  an  ap-  
p r o x i m a t e  sys t em o f  d i f fe ren t ia l  equat ions .  I t  is r e g r e t t e d  t h a t  th is  
p a p e r  had  no t  come to  ou r  a t t e n t i o n  a t  the  t ime  the  p r e s e n t  w o rk  was  
begun. 

Th is  p a p e r  was  a ided in p a r t  by  a g r a n t  f r o m  the  Dr .  Wal lace  C. 
and  Clara  A. A b b o t t  Memor ia l  F u n d  of  T h e  U n i v e r s i t y  of  Chicago. 
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