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11 Multiple Indicators; 
Capillary Permeability 

Albumin 

T a w  watw 

Nhrelas oxide 

Tfre use of rnulti ple indicators with diRerent character& 
ti- constitutes a powerful tuol for dissecting the black box 
without entering it physicalliy. La circulation studies three c a b  
gories d tracer can be di-: wmulr indieaturn that remain 
in the vasculw bad even in the misroicircutation; e x t d i u f a r  
Irrdiculors (hydrophilic) that pass the capillary wall though 
w@W-filled pres, but are unable to cross the al l  membranes 
and hence are d c d  to the extradlular -; and /reefy 
dt~ustbte indimton @lipaph%) that cross all ~ e i l  membrants 
and hence are dist&uM tbughout the entire tissue. 

I n  this chapter We o~tl jne Some of the &bilities dordcd 
by thw three claw? of idcafom in studits of the transfer 
of substam between bload and tissue in M y  organs, with 
particular reference to tht -erst of capillary permeability. 

W a y  line 

11.2 Vaslsutar Indlcatom 
If the mount Q of a vascular indicator such s f 'Cr- 

IaMcd red celb is iajaztcd rapidly (= 0.5 ssc) inlo the arterial I 

i d o w  to an organ, the venous curve has its ~ h ~ ~ t i c  shape; 
it starts a h r  a delay of several seconds, rises steep& to a I 

I 
maxhurn value, then dacah more slow& toward 0. 

hiany attempts hare k n  made to explain this particular 
r a p o d e  "skew nomal" or "logslrithmic norm$' curve 
shapa In general lerms it can Ix said that the exi$terpw of a 
maximum point on the cv curve comsponding to the most 
frequent cramit h e  r, is not surprising. If thu is true then 
R. m u !  rise from 0 to q,- in the i n b v a j  0 - L. But in 
principle endless time L-. is available far washing indicator 
out id the system, hence the skewness. Otherwise expressed, 
a dispersing distribution sweeping past a fixed observer by con- 
vection will appear to that observer as a skew normal disui- 
bution simply because more time is available for dispersion 



on the downward portion as compared with the upward prtion 
of this curve. Xn the limit of intinikly fast dispersion rehtive 
to convection the downward prtian repram& compartmental 
washout. The skewnes is i n c d  by washout from "slow 
sites." 

Compartmental model 
Suppose that the mtm~ is the central circufation consist 

ing of the right side of the hart, the lung, and the I& side 
of the heart. The anatomicd arrangement s u m &  that a c b a b  
model (amwy) @-. @ -* @ k used, in which d -par€- 
ment suppiim the input to the next downstream wrnpmmmt 
with no baaMow. This model giva the r ~ u l t s  derived in Chap- 
ter 10: 

Dday lint (length L) This model represents the minimum number of pools that resulr 
in a solulio~~ campdble with the shape of a vascular ourlet 
curve. But the dehy lime i s  not reprduced. Hence the campart- 
mental model could be made to include a delay line. This device 
is a tube with plug flow and of length L in which the blood 
flows with the velocity u such that the appearance time ro is  
L/u. The time t in Eqs. [I  1. I] and [11.2] is now regarded as 

Now the curve can lx reproduced and one can by conventional 
curve analysis find the voluw for the five unknowns to, Vd,, 
Vd. Vd,, and F Noting that since F, Yd = Vdt + V 4  -+ 
Vds, and /a are rmdily obtained by other means, namely 

0 Q 
F = m ~ r o  (1)dt 

IU = read directly off curve 

Vd= Ffl-  la) 
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the task of finding a sslutim is not formidable. Yet it is of 
no we the volume wimates obtained bear no c k r  
relationship ro the act uaf volumd, The fitting by t hre axponen- 
tials and a delay line also gives tw~ much freedom, e8pacidfy 
because the tail part is "hiddm" under the recirculation. There- 
fore the accuracy of the estimates is p r .  The important check 
would be to measure wdt)  asid wa(t) experimentally and thus 
to see if they agree with tbe values predicted by the model. 

There is. nevertheless. one imwrlant aswct of the corn- , 

partmental m&el that should bc r ~ ~ ~ ~ i s  is the ca 
nary arrangement bf a wries of systems, each one feeding t 
next rind w& no backflow. I n  this terminology the 6nal ou-kt's 

1 

respwrse is the conlrolrrciofi of a 11 

[~atWJ-=gr*a  . . .*a 1i.q 

where gi, g*, . , a gn are the impulse responws of systems, 1. 
2, , , . . R. This result can be used if one injects a diffusible 
c o w r  such as "3Xe or 8sKr. Sup- the impulse rqmnse 
of 133Xe in the lung capillary was h. Then 

where fie is placed at the end kam ~nvolutbn is corn- 
mutative. Now g~ * & * g, as given by he vzwukr c ~ t m x r  
.s [wWdtA-. Hen= [ w d l A ~ = l ~ ~ t l s B ~ U C . * & .  Con- 
versely, one auld  use a ~ v ~ l u t i o ~  approach on the two 
sets of experimental data, fwd(tAv- and Iwwtll&e, to find 

Convect iodprs ion model 
Suppose that a vascuh Indimtor is injected as a bolus 

in the puhutwy artery and ourflow detection is made from 
a puhgraary win. An e a r k  appearing, more rapidly rising, 
and more m o ~ ~ n e n t i d l y  deereasing curve is obtained than 
in the e~pitFimmt in tfiF. @iag section where the right hart 
and I d €  heart w m  tr&v&. Nevmheltaq the cum is 
st i l l  subtanWp &lkmt from the delayed m o n v e n t i a l .  
This demolasfrats the failure of the thwmpartmcntal 
model. This suggests the use of a s e r i a  of compartments ta 
qmsent th lung capillaries 4 veins. As a limiting 
case we shall use an infinite Seri~s of regularly related c~mpatt- 
menk This modei is based on both mnwctlm and dkpmbn 
as e x p W  in the form of a partial differential quation. 

The convection-dispmion mod% sea the W Wx as 
a labypinth of c a p i h i e  starting from one dday l i e  (am+) 
md going to another delay line (veins). The interatp- di%- 
taaw is I0 to 100 p. At clac view a randomaess of~~mcctbns 
is ;Feen. 
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AH statistically averaged properties are assumed constant in 
the two dimensions petpndicular to x but they may vary 
smoothly in the xdirection. 

Mass balance for a volume element d V =  Adx with A 
the constant cross-sectional arm and f i t s  mean concentration, 
gives per unit area rhat 

I' 

f 
a t  av a~ -=&-- 
at a "Z [ I I .YI  

1. The right side represents the s p b i  changes of average indica- 
t tar concentration due to @ dispersion by diffusion and by 
A the random Row pattern in the capillary network, and @ con- 

1 
v a t  ion due to the forwardly directed component of capillary 

I 
Bow. We use the symbol to indicate the dispersive p r m  

d. dY *& 

+ -. 

0 1 
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. . similarity to simple Fick diffusion rn thoqh diffusion may 
be only a minor part of khe dispersion &k~ I 

For details of how to solve Eq. 11.71 . , ' I Solution of Eq. [I 1.71 giva a fmiiy ai theamtied bolus 
Perlm W-, and Chimad* I w): injection-tbw detection e u w  hat mty in nondimm- 

Ckul :  Rks, 22:273. sionai units be expressed as a p l a  of ~B(tt&]m r f f  
for various valuts of the P e c k  pmmmr 

Little work has treen &m to apply Eq. I1 1.71 t.p ~ p e r i -  
mental vmular indicatar curves. Approximate curve fin of 
the ahve  illustrated curves h dog kidney yield fi - 10. Using 
i d y  diffusible indicators of known diffusibility in tissue (and 
aswing  &at t)i = D for such indirators) and Eq. [11.8], L 
a u l d  bt tstimated and compared with anatomical atimam 
af the probable average distance from ruteri6Ie to venule. Tak- 
ing a vdue far L of 200 p = 0.02 crn and a mean transit 
time of 4 wc yietds for a vascular indieator [use Eq. ( I  1.8)] 

That is, the inrravaxular whys This rsult m y  bk compared with the diffusion d c i e n t  of 
bY Ihe rFaw mG1acuh albumin, D - cm2/sec (albumin was the v-hr tracer enou&h tb give (practically) ali the 

dbrsien dxerd. u d ,  but A would be almost the same for I&d red d s  
where D - @. The discrepancy suggests that the random -pi]- 
lary convective mqcient dominates c o m p l ~ y  over di fbbn 
for such i m h t o r q  the similarity of curve shape for red d s  
and for albumin &o k d s  ta this conclusion. 

11.3. Enbadlular Indicators, Their Volume 
of WMbutlon 

Typical extracellular indiatom are sucrose and inulin. 
They do not cross cell membranes, or more precisely expressed, 
their uptake in wlla is so slow that it wn be neglected in the 
context of the experiments considered here. 

Water is in mmt coetexk "frwiy The intravascuhr indicators, such as labeled red cells. 
diffusiMt. " labeled proteins, or h M  dextran molecute9, are or course 
~lumwandothcrmetablitescms slsoextnrccllular.Butsimilarly,inthewnturoftheupcri- 
cell membranes: they do nor Wong 
to the extracellular indicators. ments cons ided  they remain essentially intravascular (Icss 

than 1 / 1000 of albumin molacules cms the average M y  mpil- 
lary's wall in one single passage). 

A list of commonly employed extracellular indicators is 
given as Eq. 11 1.101. They are mlaliwb small and stmng/y 
hydrophilie molecu la 



Molecular weight 
, M~lecuk  (apprtzximat~) 

The txttacelluhr indicaton haw a longer mean transit 
time ithan the intravascuiar ones. And, correspondingly, their 
voluriia of distribution is larger a$ it also comprises the intamti- 
tkl space, 

Bccauw the fluid in the cxtsaccllular spca is a plasma 
ultrafiltrate one should when calculating the inmit ia l  vojuzne 
from a double indicator expcrimen~ express the flow F us the 
Jaw ~JpImmu nwt&r. k t  the pair of indicators Ire labeled aIbu- 
min and sucrose. Then, using outlet &detection after MIS in jot- 
tjon with wfiJ = c(t)/rn~; 

where both volurncs are found by rnultiplyii~g I by & 
Evidence is praenrly accumuliiting showing t h s ~  the ex- 

tracellular indicators do nor disrribute itr precisely file same 
space. The space is largest for the smallest molecules, indicating 
that sonE passages or spaces are so tinrrow as to be accessible 
only to small molecules. The experimental evidence painting 
to this condusion has come from studies of the whole M y ,  
from muscle, and from kidney. They suggest that the volume 
For small molecules is 50 to 100% larger than for big oaes. 

Where can  he excess volume available only for the small 
molecules be located? Two sites are hirig discussed: a) The 
extra vdume is the "interior" of large but l m e l y  knit macro- 
molecules in the anatomical interstitial space (such as collagen 
or hyaiuronic acid complexes). b) Thc extra volume is aeatomi- 
cnlly l m n t d  illbide the cells in arnatlelles that cornmunicare - 

Lo@tudinal tubuipr SyStkm in by means of narrow passag- with the anatomical interstitial 
skdetd m ~ 1 c  c e k  that i.r thc space. The electrolyte composition of these organelle would 
mrmpImmaric r d e u l ~ n r  of thsec cdk then k extrace11ular. 



1 1.4. Extractiorr and Transmission 

It is of fundamental importance for the anaiysis of the 
indicator curves of extraoellular indicators to recognize that 
in marly instances the passage from the blood to the interstitiurn 
is significanrly impeded by a 4arrier of w q  low prmeabiiity. 
that is, a permeability several orders of magnitude less than 
a layer of water of equal thickness. It is o h  held that the 
most permeable part of the microcirculation is the mules but 
capillaries, arterioles, and even the larger vessels are a11 perme- 
able but to a variabie degree. What we in the following sections 

. . d capihry or blood-tissue permeability is an average of total 
microv~utar  pmeability . 

WEmtd, R a d  Enm T. (19S9); Am l + How can one know that. the capillary wall constitutes a 
~ ~ , ,  i?%:i97, barrier? Direct observation of single capillaries injected with 

dye has led to this knowledge. Also, the indicator curves suggest 
the situation first pointed out by C h i d  and Enns. If one 
injects a mixture of a a u k  indicator (usually T-1824 albu- 
min) and various extracellular test indimtors such as urea, 
fructose, summe, and inulin into the arkrial inkt to skeletal 
muscle then the venous outlet cur= dl have their peak value 
pract icaUy simultartmus~; the tmt substanus however, has a 
lower peak height. This suggats that a fraction of the t a t  
molaculs ha left the vascular bed with the rernaioing fraclion 
washed out in the same way as the intravascular reference 
indicator. In the tail part, however, the test rnol~ules show 
curves that lie higher than that of the refence indicator, due 
to back-dtflsion of the indictttor molecules h m  the intersti- 
tium. 

Oudct co-tmfion cuwes 
per unit dase injected 

ReJcmnce suhctnca that 
remains inuavawular 

Tgsr substunces that 
difise inw and back 
from an intcmtitial 

. . 

F t 

If  is the pmc~icaily idellticaf shape if rhe initial c u m  
pur that suggesu that the ear& part consis& wntiul@ only 
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d rhm tor m&trlu fhat bn &yed C'n~de du wwulw kd 
,,tItm~hmt rfieir &#ugh 1h6 
* n  AdGsuirh~&oftEfbw*by~m~a~il.Iary 

, g c m b 1 t y  so lbw &at d y  a f d o n  fi is extracted a d  
'themahhgfm~ot~ I -Et=TisWmsmiW,Th&mrsaas 
tkal the unit m n s e  f u a c t b  for th tW rsolWk3 ki 
by two p a d 4  pathways, sr, That 

_ - 7 -  g , d O  - Cl - (1) lJS. 
- - 

- I 11 r. 131 
~ ~ ~ ~ I I  

In this situation -11.m is considugd to Ix the ccrn~olucion 
of the v ~ u l ~  transfer function a,, and the extravascular 
one (for that molecube) &,, Thus 

#tcar=(1--8lg~+ E n * &  
= 5 1 + B g l * &  

[I 1-14 

Eqmtion i I. 141 is he matd for mutaction and mmmis- 
$ion. h a s  a m a n  transit the % several timea that of gi 
(the interstitial vohrmt is several dm& that of the p l s m  vob 
ume of the v a h  in the lhue); asamin& that t-ha inmrsbiid 
space is w ~ P m i x a d  (@at is, = kc-" witb k = I/&), b k -  
diffusion is negii@le during the updopt portion of u C r ) ,  
for whicb i << 5 

Bus the crux of this pmbicm m u m t  be solved by c a h h -  
tions. Onc cannot a@on'sC&k thgt lhe intentitiurn d l  fnnc- 
tion as a mwndiy  Wel l -mWd a s -  i4ace the expwhmtal  

- evidence af the simh~ig d the. shapes of the arIy p~ of 
t e 1  and reference cums~kconaa wtid. This wpwimmral 
rm?t is tnest axpressed as a caWmC &tmtibn ratio 

0.2 I::., . %,,, , e&=% [ I  1.151 

Wm~licm R e  In S u m  Sam* 

- wuu 

Pk \ 

P M ~  IIW The clrl curve i p~aqt id ly  Waa~tal [praportiomli~y 
of ~tasr  land k t ) .  This is v t i b k  with a) aquarl extraction 
in v r t r i o ~  tm1@ b$li rPre d h m b a  m e  giving a gwd pstim'k 
nf what would bwe baa fhnd if no fm kJ taken place 
(equal inrwwzxdw hadm fmcrien of nbaextracted tsrt mole- 
cules and af all refewma makuitsj, and c) negiigibfe mriy 
back-difpwion. 

Accepting th- wumptions, one obtains a measurn of 
the avcragu &tm& of the ~ p i l l a r y  transits &om the 
fimmt mw to the m w  frequent one time) from the 
ar- ratio e x p d  in Eq. [ 1 1.161, and with i n m i o n  symtmk 
in & [ I  I.ITJ, 
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- 
Wmalized Outlet Cuwes of Test and Refemme lnd&tor 

Various other ways af awssing B from the updope part d 
the curves h v e  been pmpsmd. We only $ive tb a m  ratio 
methd, which mrds a Am wd&cd mem bf alI lmmits 
d l  the peak time b wifIE5k j$ the most €nqutsat C d z r )  
-it time or the a.pWn. 

It should be noted that 6ur QOfter m m  hvu k n  

for Spmc deru#&% Wd 'z#&y b r i b e d  h r  zuismhg J3 fwm iadbur s t W i  
P b w m , C W  ~ R N .  A. 1. The s t e a d y - s ~  method d & d i n  that h its initial 
& ~ d m i i ~  Maw V&* Im. prt i s  identical to rhe M w  iajmtim me&d of Chi& and 

EMls as C u r b  devdqmd By CFme, d d b d  above. After 
the initial few seconds h k i n f a  method is, however, quib mas- 
sively influenoad by hdkatar back4dTusion. 

2. The toea1 &ate ip1-u mathod of laam, whcre a 
freely diffusible rekrenc~ i&mm lX3Xe k injected l d y  
into the tiwe i~ a mixmre with the mr mokult. h rhi 
method the hterstitkd h i d  whme must be g u w d  at and 
this adss a &*&& d uncertainty to the mdmd. 

3. Th re@lw &&don m a  of S t jm wltich t a b  
advantage of !he Eiwt tht & ddmtly  low extradon r d m ~  
t b  tmmitted and w t W  moietim a n  be clearly seen as 
separate. This ms&& b correct if the injection is wid (o 
that me = 4 wd if the two fmctiom are well-separatcd. 
It has &e advantage thal no blood m p l a  are naadd. The 
methad has not yet ken  crikically evaluated. 



4. The tiguc uptake method of Oldendoir where a bolus 
is injected intmrterially, comprising a referencesubstance that 
indicates the fractional amount of bolus to +the tissue (iabeled 
water was used by Oldendorf: microspheres are more correct 
in thmry) and a ta t  molecule. After I 5  set the tissue [the 
brain was studied) was sampled, Bat is, at a time when the 
transmitted fraction d test molecula has wentially left the 
vasc~lar kl while mxmcted test molecules remain (asentially) 
in the t h e .  Far relative measurements comparing E for a 
series of test m o l e c d s  at the same experimental situatian the 
method is very useful. 

A comment an Taylor diffusi: The doub1c illdimor methosl 
is b a d  on the use of o flerencc tram to indicalc how the 
transmitted test mdecules travel. 3 u t  b u s t  the dmnce mol- 
ecule g m m l l y  i laxger thm the MI motccule, i t  has a Inww 
difusibilii~ and d- nor, theref- undergo W ~ l y  the same 
dis-n inuavasculariy as the tramirted t e s ~  r n ~ l e c u ~ ~ ~  EX- 
c q t  when very small e x t t ; l c t h  are studied with large differ- 
m w  &tween test and reference molecular size this E f f d  is 
negligible. 

In conduding this section it is emphasized that in many 
organs (e.g., liver or kidney), the capillary permeability is rela- 
tive ta the blood fiaw so bkh that for small sire: indicators 
almost all rhe motermls c r w  the capillary wall in a single 
transit. In this case the peak of the test-molecule curve is quite 
low and typically d8Iupd relative to the intravascular indica- 
tor'sqxak. In this case the intravwculsr and extwce11ular curves 
are of similar $hap if scaled by t / f  (Goresky, 1970). Another 
way of expressing the 1imitat.h of the upslape method of Crone 
is lo stress that E should not exceed 0.1 to 0.3; otherwise, 
ar ly  backdiffusion a$ we11 as differences of extraction in the 
differen? transits the methwl. However, r4r any organ 
or tissue it s h i d  in principle be possible to find a ttst molrxuie 
of a size that, dative to pwmeabilily and btad  flow, gives a 
suitably mall  and h e c  measurable capillary extraction ac- 
carding to tk dual hidimor upslope extracti~n method. 

11.5 Calculat)on 91 Capiflary Pemeabllbty P 
from Mea8umment of Extraction E and Flow F 

Consider that all capillaria of the organ are equal (single 
capillary model). Assume also that the permeability is the same 
per unit of capillary surface area throughout the length and 
that the diameter (and hence also surface a m  and flow) is 
canstant. r With the length of rhe capillary L, at a distance I from 
the entrance the relarive distance x = l/L. Consider then a 

d i d  thin disc of relative thickness dx = d l L  Mass balance of 
o G permeant indicator gives 
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I k' Mass BBl- in sgment of Thickrress dz 

In Out Out 

through through 
arterial = ul.18] 
end 
Fc(.)  = F d x + W  + f 5 d x d . x ~  

where PS is the prodwt of the perm&Wty p r  unit susfac& 
a m  P and the swfke area S. Thus PSdx is that fri3cti.m of 
the htal ~ l i t y 4 u r f ~  area product that is avdhbic 
in dx. Note that the term far fie outilux through the v d  
wall, P S x f x ) ,  concontains no twm for the o o n ~ d o ~  in the 
interstiti- hwe the wnmtration is r rssud to rcefflain m- 
W y  0 duc to dilution into the larne and f@ dl-mixed 
(by &usion) iinwdqkl spaae. 

Fbmngisig arrd dividing by dr gi~e as cEx + dx) - 
c(xl = dc that 

-=-- 
rlx 

111.14 

B~exmthl quation *ks mmunttred in Chapter 
10. Hence we tan write the d u h n  without intermediary skps 

-- c{cr)t-T= 11 4.201 

This shows hat tb w~watmtion inside the a g i h y  falls mo- 
~ ~ ~ p o n e n t h l l y  $Ilsng &e jag& of thc capillary. At the wmw 
d, that is for * = 1, the collcenmtim is 

i&&n& of the dhtane varisble x in the Aaal resdi. 
Eq. [I 1-21], of h e  praeadi analysis suggests ha g&siWy 
that Lks d t  FOUews f m  more general gmmcuiq of the 
blood-- U m g e  *on than the ECrogfr qhder* The 
'%are boa=* basis d W pwiing derivariw h dm balanm 
in the tom 

The wlqecanemtmtiwr c is here r m d  as a function 
o f ~ c ~ l ~ e X ~ ~ s ~ v a r i s s f m s = o #  
t h c " ~ ~ o h o r p m s t a k l a r v ~ ~ t o ~ = s ~  
the "'sink?' j v tnuk  or jmtvmuhr W) of the w e  
region (the game t e m i n b l w  s for the variable and ibs. h d  
value at the ''sinks'' b wed hr dmplicity of n d o m ) .  I m s W  
d a  Krogh of lncb  as the h i s  af Eq. [l 1 .Dl m e  might v i s d -  
ize a "K* s p h "  iR which the b l d  flaw Phws  radially 
outward from an arh-idur w- to c ~ a c t n w b l l y  situated 
renuIar sinks. The 4 U a r y  conncctiom b&ma m and 
sinks need twt k ~£rai#i! or wular bru &@it bs tomus (a 
bowl d spa&& 6 t h  "wum rneatbdls" d "$ink meatbrtlls" 
stuck in lure and h e ) .  In this case tbq quaniitia murriqg 
in Eq. [I 1.221 a~ to be regadd = stadstieal a- aver 



>. - .,,[i 
,; lbPl d h a c c  and nbort time hml, multiplied by m m W h  
. , >m&cients if any two variables in a probud m&wmlated either 
--3 - in space or time. Equation [11.22] is . prep&& . for integration 

by writing it as 

in which the limits of integration d rht lei? side are "mwrc~" 
(arterial) cmncmitration c. and "sink" (venous) eon~erltrarion 
ep The corresponding limits of integralion on exchange 
are O and S. The permmbility Pis  in p a r a 1  a hnction of S; 
thus P = P(SI in Eq. 11 1.231. The Aow F. howtwr, is constant 
by -sirsumption in Eq. [I t ,221 (for variable Fsee the cornpond- 
ing mmo~ic exchange tomulation in Chapttr 12). Equation 
[I 1.231 may rhus b In-ted as 

is the "exchange n avaagd" ptmFriHtf. It  will be socn 
t h 1  Eq. 111.241 is -&ally thesame as [11.21]. 

K ik tkuc cmncen- CI i8 nor 0 Qurinq the pfssage 
of solute from sou- to irph "in a single pass," the solute 
Msnce epuation kame$ 

In deriving Qcftl,&7J or [11.211 dl mc~tralinns are 
rqprW.as cons@& @ ir &at k the s6h.w Wmec Bqs. 
[11.18& 11 1.22L or 111.24 m mrded as i&tor s a y -  
statc eqwkins. This an appmb& s ina  the 
aprimtmlal situation indimtor muaimit; for .P) 

plg, with WUS injdm, ef& h&.md 40) sre dl titlisdepcn- 
deat. me jw- for s€&&&bc wluk balm= if this 
jublilldioa e x h ,  is that,W &wig 4miag the indimor W- 
& t ~ b e s p l i l h ~ W ~ ~ t ~ ~ d ~ . T h t ~ , ~ t  
L the passage of i d g a t a ~ b  mrcc  to ink .  nte slaw evente 
arc the variation with tknc of iodicalo~ bmcmtration at the 
m m  c,,(f) (he rate o i  arriwd Or the &prr& bolus), the 
wiaaion with limc of the hdhtor conmntrarion in the tissue 
c& @sue washin or wasbut) md the variati6n with time 
af the wdow mcenrration c*(r,A convollsd by ~ ( L J  and d r ) .  
T k  sbw e v ~ m  are pictured s so slow as to be temporatily 
"frozen" or unchanging w h h  the fast event is taking plaea 
The fgst W t ,  w e  of indicator rrom sour& @ &k, is 



picturd as aceusring m fat that a steady state, Q. 111.271, 
is e~thiished with the then existing values of %(tla cvfi), and 
a 

The math&mstical farmulatian of the p'eding approxi- 
mation, well known in physics;laths"adi~li~"appr~ximation, 
is to sfart from the rigorous time-depdmt S B ~ U I ~  balance in 
the v w u l a ~  truoiumc, w h i ~ h  in one dimension {Krogh cylinder) 
is 

Vascular Local Mass Balance 

Time 
= Convection PermwWity 

dedvative 

The time deriva~ivc term on the left is then -urn& negligible, 
which yields a, [11.2a and t h e w  Bq. 11 1+27]. hualion 
[11.281 is another example of the partial differentiel equath,  
ar mtinuurn, approach to fomuhting models for the interior 
of the bfack b x .  I n  Eq. 11 1-28] W n  term wglected. 
Obviausly all a~ may b betxed Tor s very general famuh- 
tian of a~ insi&Ihwbh&h m&l from the partial differen- 
tial eqwcign pint  of dew. The slow time comphhm of the 
Fasi time d w i m ,  Rq.  [ 1 1.271 m8y h &thin4 by &mtueing 

11 1.23 ism the glob1 mass bal- qmthn EtiWm- 
dent F& Eq. CI I.2&]1 *hid h daainablc by spatial in$egmibn 
from *a pA&daI di@e$e&d equation fomulatioa. Tbe rqult, 
For Sm- a mnstmt sttg fwclitlrr wum wncentmtim 
4ff) = Q = ConSrn l  is 

k - 
and Fd can IR apprrutids rts the stmdysiate volume of dis- 
tribution of the itrdiwttar. Equatih [I 1.W k the W i s  of the 
R m h  p l a w  of meamring E with corrmion (e-*q 
for bck-biMon from fhe e~travaular  wlum. 

1 The~m~m2ssi~nTbrhecompimmt W e  d&m the extraction w the fmotrd tmwapdlary 
of &La, T =  I - E Iw of tmt ind iahs  in me w a g e  through t h e  capilla~y. Thus 

use of  Eq, I11.211 gives 

This m m  that we s01ve Eq. [ I  1,311 to obtain the permea- 
bility - surfsrce area product PS a$ 



As dculated here PS bas ehe same unit as I;: It awld 
be in milblitenr of blood per minute and ptr 100 g of 
It is more reswaablc to measure PS and F in millridem ~f 
plasma wier fL c, plasma uft@iItm~e per minute (or second) 
and per 100 g {or 1 g)], In this wag m e  is pay in^ irtfmtion 
to the actual situaiiw, namely that the tnuwapdbry transport 
appears for the smaller hydrophitic (cxtradular) mdecults 
to be diffbsion through water-Llled channels traversing 
the v w l  wall, chanmls filled wirh a fluid with a Low Ponceatm- 
tion of plasma proteins. To express F and hence PS in plasm 
water units one must multiply F by (1 - Hu)--to M n  plasma 
Bow, and then multiply by the fractional water content of 
plasma (an additional correction of a few m y  lx made 
in tbc case of charged in- due to the h n n a n  qf lib 

m, C. (1%3)c d r @ W  & d r  rim). Ek~viw thus e$&rtt id~ expressed F in the same ?mi& 
38292. of flow of pIakm8 wabr sad with the total capiklary s d a c e  

arm S Wng &n~~Wat, we can as indicated by Crone we Q. 
[I 1.321 to OBI& the m o  of the capillary pmneability d two 
pcmtttnl itdhatom, 1 and 2 

where Er and & are obtained fmm the upsIqxs of two simulta- 
neously mawed Wwtor cxrfyts. AS din (XI/& = 1 For 
x =  1 it f d h o  W.br- d l  values of 6 l n  (1 -a -& 
This maw I&& in ,w&iws of high blmd flow F when the 
ewa@n is pite',sfiw?l& El 1.321 kcames 

But, is the clearance CI of pwmeztnr tracer (see Chapter 
2). Hence it COIIBWS thai PS can 9ds cem&wd a the clemnce 
u c m  the cqUiary ward1 in the w e  wh-m the flow hud k r t  
made so highrB& t k  xwterI"a# macentmIrIrm c,, d'id not mwte~iaI/y 
change f d 1  E means sn - q]. 

b u l t s  d nzmmemenl of capillary pmmability P in 
skeletal m w l e  hava skwn that P decrcasts with kcram in 
molecular size m m  tht dihsion d ~ i c n t  in water. 
This rmult is hZqm&d to indicate thal in rhjs a p  the 

. hnscapillary passage are quire narrow. 
Pmpgsnheimtr l. R, ~t d. (1951) ~ m .  J. This was the condusian alsQ roached by Pappenheher, 
WiMI 167;11 

. .  Rcakin, a d  Bomro (195 1). T h a  inemtigaton performed the 
"isogmvimetric pcnncation" esperimn t, in which the qu~nthy - 
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Eichlinb J. O., ti al. (1974): Ciwufoi. Ref ,  
35:358. 

Chinard, F. P., el  al. (1969): rim. R~rr,  
25:513- 

Partition d c i m l  of 

- . hexanol at 3 7 O  C = 10.9 

Cbinard, F. P., et aL (1971): In C e n r d  
I HernodyRamia ffnd Gap ficiraqp, 

Oiuntini, C, d. Mi- Medica. 
Italy, p, 191. 

1 1.6 Freely Diffdbb Inhaoellulw) Indlcatom 

This class of indicators cornprk lipophilic mo1ecults 
that readily dilfuse across the lipoidic dl m c m b m .  A11 gases 
Wong to this class, as does antipyrine and a number d other 
iataohble orgdc molecults. A graduml transition from l i p  
p W c  to very w h i l i c  indicators may be discerned on the 
basis of the olive owwater partition c d k i e n t .  An exceptional 
molecule is water. Although hydrophilic, it is so small that it 
c r ~  the capillary barrier by both pathways, cells and clefts 
(pores). It can be &matad that tracer water diffusion a c m  
the skeletal muscle capillary wall is only 3% via the pow 
and 97% via the dlii (Ex. 1, Chapter 11). &spite the high 
diffusibility and small size, of the water molecule, its tracer 
permmbility, although large, is not "infinitely" Large and can 
Ix "seen" in -in experiments. Thus, bolus injection of the 
amount Q tracer water (Hz 1 5 0 )  into the brain artwial inflow 
at sufllciently high b l d  Ilow exhibits a residue curve (extrmal 
gamma detection of 1.50)  with an initial "spike." Thii tesult 
suggests a transmitted fraction (1 - E) and an extracted frae 
tion E of the injected bolus mo with a permeability inkrpreta- 
tion by Eq. [11.323. 

Another suggestion d the Anite penncability of water 
comes from muItiple indicrttor experiments on kidney in which 
the seria of mormhydric alcohoh, from 1%-methanol to 14G 
hexanol were injected (bolus injection in renal artery, outflow 
detection in renal vein). Each bolus contained a '4C-aImho1, 
trisiated water (THO) and a vascular indicator (T- 1824 albu- 
min). The s u ~ i v e l y  higher aleohols a p p r e d  increasingly 
sooner than THO, which in turn appeared somewhat sooner 
than the vascuiar indicator T-1824. These raults were inter- 
preted as indicating "diffusion bypass" or dim! 'krttriolt-to- 
vcnule" diffusion of the THO and alcohol indicators through 
kidney cortical h u e .  It was interpreted that the alcohols had 
a higher diffusion d c i e n t  than THO because their lipid solu- 
bility incr- their permeability through the lipid barriers 
of the tissue cell membranes. Convmly, THO expcrienw a 
gmter rtsistance to pssagt through tht d l  membranes; r h t  
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is, the permeability of THO across the cell membrane is much 
less than that of, say, 14Ghexanol (sec Ex, 2). Similar evidtnce 
for the finiie tracer permeability of water is seen from mmpring 
the updopes of the THO and 'z5I-anintipyrine indimtor curves 
measured in dog lung. The upslope of the THO e w e  lies 
slightly above the upsbpc af the iodoaatipyrine. A smaller 
blood-tissue barrier (capillary wall andlax cdl wnll,) permabib 
ity of THO than of the lipid soluble iadmtipyrine is $ugg&tcd. 
Ouantitativt evaluation is ~ i b l e  by n generalhati-an of the 
~ a l i p e  formulas, Eq. [I 111 71 and [i 1 -3fi.  

EXERCISES 

11.1 The parand pathway model of the cagillaq wall bled-tisue 
barrier mnsists of the endohdid oells (d pshway) in pambl 
with the inrerendothet'al (p9re pathway). T- water 
crww the barrier in respa- to a blaxl-tissue d j f k a c e  of 
tmxr txmcenkracictzl. Estimate tBe division of traCCT water £lux 
betten the pre Whway and the d pstbway. Assum the 
data: 

& = free diRusion c&@ient of tracer watu in "film&" B ~ W  

oos solution = 2.4 X 10-5 cma/sec. 
P, = perro&~liiy c d k h t  of tracer watu for a cell 

membrane = 4 X lW3 dm. 
Siuriw to h 12.1: The ratio r or  racer fluxes by the two 
pathways equals the d o  of the PS products in the two patk- 
ways. Thw 

Assuming two endothelid cell membranes in k e o  give 

11.2 Mimate the pumasbility coefficient of triliatd water (THO] 
for the k i h y  C O ~ ~  cell membrane from rfrs wpGsimbatal 
deducfion 

D (Cortur. THO, 3 7 O C )  
= Ob2 D(Watea, THO, 37'0 

Assume a kidney aort id  intraotllular membrane to m e m b  
distmm of* 10 X 10-4 cm, 



D (cyropb .  THO, 3PC) = 1.5 X 10-8 cmP/sec = kyto 

! Neglm ~ ~ I u l a r  pathways for diffusions1 flux. 

An Safsllfon r/r Ex. f 1 2  k u m i n g  a As model of two mcarbtancs 

. estch of m i t y  Pm and an intervening cytoplasm of t b i m  
m a  & -- lop and @Zag the sgritg mistances give  the ovedl &tan= 

L 3 iBp C1#l in terms of the cortical diflbsion d c i e n t .  as 
t 

This result is rtasona%fc ,in wwrison with the vduc 
of Pm PHO) ih red d l  W 23'C where #% = 3 X 10-a cm/ 
SCE. 

1 t.7 Note on Dfffusion 

The Brownian motion or stmhastic model or dtfwian 
pictures a mdecule as moving with a constant s p x d  propor- 
tiond to its tempmturc, bul changing course at random h a u s e  
of cotliaions with 0th molecuks. If  the moiaule is. tagged 
in some way so as to be *able, and the xampnent  of  
i18 distance from a f i d  Mnr  is measured. the faquacy bnc- 
tim of the distribution x is fmnd to be Gaussian in shape 
with a m value of x qual to 0 and a varismc or mean 
square value 3 given by 

The proporhnahty m t a m  D (cmz/8ec) is denoted the free 
diRusion c d k i c n t  of the a r v c d  molecule in the medium 
in which i t  is  d i 5 i n e ;  

Tbe rtlaiiomhip Eq. (1 1.341 or "root umn square," difFu- 
sicm disrancc @)lt2 3 x, ta diffusion tirat r is iUustrated 
for a small rndecule in aqueous solution for which, typhUy.  
D = 1 X lo-' cd/sec. Equation [I 1.34) give  



k = l O m  t -  5 X 1P m=58 days 
*= 100 cm f = S X  18asec= 16yerrm 

Rrm diffusion time indicate why inc&q$y rapid m e c t i o n  
occurs within ( w a t n h g  motioas), ~ u t ~ ~ - ~ ~ ,  
and past (rnic&&tion) 4 s  and t h g h  the body as a 
whde (large v e d  Itow) as the dkbnce d e  r k  with growth. 
This  table shows that molsFu1ar dihsion from regions w-rth 
m r  or abgent eircubtion can constitute wry "bad si-" giving 
long t a l  on indicator wrva 

The vduc D = 1 X 1 0 - 5  u d  to ilEwtmte IEq. 
1 1.353 is typical Far a smell molaule of mlecular weight - 
lOOd in watu  at body mparaturc. DiMm mflicima in 
liqu* vary invtrsaly with the square root of the molecular 
weight fw sm%U molieeuks a d  with the 6 row  OF big moIe 
cu la  Thus litt difDtgiWl M h t  of ahuuh tmw 70,-3 
In quww dub is - Ki-7 cm2!*. & d l w 3 t s  

in living t h  am lower than i~ free dution. Allnu& it is 
thought by m e  h r  thc di ihian cdfkiutt of& d mlmk 
in d l  cytoplasm is mny or iks  of magnitude hw than in 
fe whtion, rhc praent a u h m  sham &e vhw d Krogh, 
Kety, and many orhers tbat current eviduw goin& tor diffu- 
sion &den1 d $mall moleada thmugh living, &SUC rmlud- 
ing d cytoplasm) of the order 0.2 to 0.5 of their value in 
free solutiml at tht ~WIC krnptalutt. 

Equ~ion IlJ.343 war? actually derived m q y  y c m  Wore 
its Browdm @ah &qW~ign m g i v a  I1 was o&hd 
as a solutiora of cite Rek a d  d difbshrt p- ia the 
farm d the partial d%rentkl qualion, in this cam for OW 

dimewioaal # i i h h n  

Tiigjor expamba, higher eltmm~ . n*l@bIe 

e n t t c i : n g ~ ~ ~ ~ a i t e x i G b a n g e ~  Sat dkianwxand 
tiqc t mi- X$s d€i%@w flux 

I t a v i q  the &b at $blame x + Ux llnd time r m a  equal me 
rime r k  d i n c m  of solme rnm in the S x  W t .  
Dividing by JI& giveg Eq. [ 1 1,361. The pw&d M d a l  qua- 
tiou ~onnuhtion is -lad by sspscibing initial c o ~ d i t i ~ l a  

'and Bslundary condifions om clx,Q. The Fiek p~tSa1 dikhniiat 
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equation for difwion ws-  act& formulated in analogy with 
t b  Foutnier quation for h a t  conduorim 

in which B is tmpwarure (*a and x (cmVssc) is the t b  
metric dihitity. Furthermore 

wbcre k is the t h m a l  conductivity, p the density and cp the 
spacific h a  at mistant preseuie of the medium that is conduct- 
ing the hat. For watery tissue, or aqueous mluriam, k = 10-' 
Wan sec OCp = 1 &an3 d C~ = 1 caVg O C ,  giving x = 10-3 

corzfw. Equations [I 1.341 or [I 1.351 a n  be used to 4r twtc  
k t  conduction distanoes or ti- reqectivdy. Thus the d m -  
chn titacs g i v ~ a  after Eq. [11.3q &odd be - by a 
factor of 100 for hmt, x = D = 10-3 cmZ/g#: and i- 
by a factor of LOO for a rnacromokcHk for whkh D = 
mz/scG 

I! is adtea ass& that rbc molecular mechanism of 
permdiliiy i d i i h h .  Pw this m the d y - s t a t e  d u -  
tion for onadimensimt Usign through a dab (ib bar&) 
will btgivm. Cmsi& a WWwcen two mewoh. The idi-  
tar ~ ~ l ~ c m M o n  i$ mainhed at c, in &he left -& d 
a in the right =wokoir Assume a Iaomogmoous dab and the 
gagle solvent i n b % b m & .  Tfirn h e  indimtor ,cmcmtm- 
tion juat inside tba &bat x = 0 will Be &' and just M d e  
t h e k e l a b a t x = L d i ~ q ' ,  where 

is the partition d Uw indieam Wween the dab 
d u r n  and tbt d r  *tion. The i d k s m - ~ + s # t e  
wkrdon is givm &.Q. [t 1.34 w*& W 3 t  = 0 $a the , h r  
variarion 

[Id .d3j 

The c m c w m t h ~  &&i ~ ~ ~ n t ~ ~ -  
ing into &a. 11t31j $ i v a  the di6hsid fltu; $ khmu& th 
slak &us 

Comparing Eq. [I 1.451 with the dethirtg quatiun 112.31 for 
indicator permeability giva 



Equa?iop [11.45] be put is the form of Ohm's Law by 
writing it in LC form 

wbetc P a  L dmW tht (diffLsive) w n d m o t  of the dnb 
and i% h e  ( m w )  ~ e s i s t ~ c e  of the slab. !kits rusd pdld 
cornbinrcliahs d dabs or diausion pthways m y  tw analyzed 
in the iwWfpr s c d y  state i~ mplate malogy witb direct 
current qttwotkg. Thus, shf~~ in in the hdhtur -n 
steady state me dmcribod by Eq. 11 1-48) where 

h the diffusional mistance ai the I* &b. SinziMy, d W o n  
pathways in parallel arc d e s c M  by Eq. 11 1.471 W ~ W  




