
3 Flow or Flux by Bolus Injection: 
Outlet Mixing (The Henriques- 
Hamilton Principle) 

3.1 The Experiment 

ftwiqw V. (19 13): ~ W e r f f  2kxdr. A known amaun t (dm) mo d an indimor is injecM 
5 6 - a -  as a MEus intt, a system having one or mare i&h md a single 
AdUoat. W. F., a al. (W28): Am J.  
&Bid MI% 

well mixed outlet from which we can sample. The flow Pof  
the asrim Ruid through the outkt is constant white &e ~ l n t l d  
conemhation cTf,J varies with the. The s m d  q@ty of in&- 
cator leaving the wtmn during ehe time btmd dt From 
t i rne f tohe  t i -  & b  thm 

Amwnt _ Volume d carrier 
Concentra tim leaving %id lmving 

dmw == Fdl dt. 
13. tl  

&muse the intend is so Pkat c(tf can te c a n M  a -  
Hank throughout it. Summing up individual mowts' lm*g 
the system until dl indimtar has I& yia7ds the dnm bdttmx 

F=&+&+& equation 

T ~ I N = T ~ O - U T  Tatd ammmt injwed Sum of all mounts 
* 

(Zk dm h h 3  rw 
mb = F C ~ ~ I ~ I  

Sdviag Eq. [3.Z] Tor the flow F.gives 

h PJaw= - 
A m  

F= A 13.31 
re... 

h I%p [3.2] md I3.31 the time integral is the sum af& the 
pr*W cfjl$i and therelore it r e p ~ m &  h e  W a m  under 
the outflow ~ n m n t d o n  CUFVE. 

Sum of all rectmglts ell) X dt is This is the well known indicator dila&a m&d first 
equal ta used by Hsntiques in 1913 and subseqmtIy thamugh1y a- 

clrl di = area i y d  by Hamilton and hh collahmtors in 1921 and in a w i e s  
of subsequent publiations. 
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If the indicator is a mcer for a moatnr substance w h m  
ccmmmtion in thje carrier fluid at the oulttt: ia C then the 
flux J o f  the mother s u w c e  is the product of F(flowj and 
C. Hence 

That is. ~ h c  f lux c;)n ;II.;o hc c ; i l c ~ ~ l ; i t ~ d  as the dosci;ircn :atlo: 
i t 1  t l i i f  c.;i\c: thc ;ires is  that ~ i t i ( l r r  t t ~ t  specif ic activity curvrn. 

Equation 13.41 is illso valid whcrl there ih 1x1 currier f luid 
flow I,'bur w11e11 I l le  iriicer leatcs thc systein will1 tltc r r lot l~cr  

suhstat~cc 111 a r~ t r i i ~u r i t h l c  riatic], thc spccifiu :~ctivity s(fJ. Carl- 

sidcr for cxo~nplc t hc ir l tr ;~ver~ous ~njection of t t ~ c  a l b ~ a r ~ ~ i n  tracsr 

I 
I 

h r ~ i i k C t ~ 1 ~ 1 1  hitc ~ V C  car1 write ill) cquation rh;rt 15 ar~iilogous tcj 

L S i l .  [ 3 .  I]: 111 ~ h c  short 1i111e irltCr-v;jl fro111 t to I I dr t tic ;1rr14)ullt 
of I I I ~ I C ~ L I ~ I ~  lc-ihbi~~g ih 

A r i o ~ r i  - A I I I I Sprrllic. r. 
le;i% III,~ rt~o: her \iihctal~c.c a ~ . t i v ~ t y  

I t- ;~vin~! of tr:~ccr [ I  >! 
( / f ~ l , , > , ,  - -  Jrl, vril 

I Icncc wc. can o t ) t ; ~ i ~ ~  t  hc 1-cs11lt do~ io lcd  i r ~  IJq. 13.41. J 

tTII . / jT  ,(riri,.  \ v ~ ~ l ~ t n l t  tlratlg ~ I i e  ~.oriec,>l OT n flc,us I:: 
U 

tr;ac,er arltl rnc111iu1- suhst i i~~ce ill ~ h c  sarllc riititl ;ix at t l lu  011tlc. l .  

7'11ih fli i it l Inay hih ct,r~stclcrsd thC r e ~ r r ~ r i r c ~ ~ ~ ~ ~ d .  T f ~ c  LIC.~~I-~IIICC 
C ' f  ( rn l i r l i i i ~ )  I,( r i lot l~cr. strbsti l~~cc ni;iy 1he11 tw defi i~erl as J/ 
C' whcrc (.' is  lliC co~~c.c.r i t~-at io~i  c~f  nioihcr .;uhst;lric.c ill tl lc 

rr.fCrcllc.t. i lu id I ~ ~ s r r ~ i r l g  this ~ r i t o  Eq. 1.1.41 g ~ v t -  

1)ow 
CIC;II :illce -- 

A rca 13-71 

w h q  c(t) is the coamtrauon ot wacer in the rcfcrenoe fluid. 
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- to Fin Eel, 19.31. By this we mean that the outflux Jarresponds 
to the cornplcte clkring or all 'the mother substance 

sup& we could collect tb entin wtaow of fluid at 
the outlet in one s i d e  "buck&" from time 0 to sucb time L 

. . aRtr which nur fuslher indimtor emerges. That m a n s  
balance in single tkmuktive Amaunr _ Amount 

technique injected - m v e r e d  
- - 

m lwa oPr 
mo= (fin+ 6l E *ad- 

where &, + 6 is the total amowt d Auld (anier h i d  plus 
injected volumej Itaviclg the syshm during f i t h e  sampling period 
of c sec, and t is $he a v m p  orrtIet contmtratim of indicator 
witbin &at priod. b we &dl discuss in more detail in Sec. 

I 3.7, dai$ mm Wdon E wadd a h  be detmnbed if only a 
w s h t  fmdm,  M & the total ouMow, is aol1ec:ttd in 
ibe bucket. Themfore Emay be termed the fiow9veraged coa- 
~e~1tmticm of a sin& cumulative sample from time 0 to time 
fa. 

IT rr is measured in seconds hen  P h u s e  the injecad volume Pi is much smaller than 
is the volume -* leaving the the cumdative outfhm of blood Itbe d l  perturbation m d i -  sflrern; if rismeasud in mmrss per 
ml of whole b M ,  then the unit of tion), Fr, + fi .i & and henm Eq. 13-81 d v e d  for h w  &ma 
volume br Fis ml of whole blood. approximately 

The rn Et* equals a& iinder - - The product Etn quais the area unda thr: indicator con- 
e s m d r a ~ b n  uwve Ae , - - . mtration curve &. (Thk a m  divided by ?, is actually the 

DaU 
-, t -.- .iL-y ', 

F== . . ; a  b - ..* '- 
mathematical definition of F). Hence Eq. 13- 11 can bc expressed 
in the Form of flow equals dose divided by a m  

The singIe curnuhtive aample a p p r d  outlined here  ha;^ k h d  d r  

L 
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a major limitation: it is assumed that the sampling wifl last 
until complete recovw of the blus has m u d  yet without 
recirculation of irtdicam, in a situation where we have no tx- 
perimental evidence that both of these conditions can be ful- 
filled. In circulation studies recirculation g d y  occurs long 
before complete recovery of the hlus has achievd. As 
mentioned in the case of the canstant infusion method, if a 

ly symmetrical) noninjccted system is available 
r sirnultantous sampling. then the correct E is obtained by 

f= C l l ~  - &anid [3.11] 

It. may be noted that the experimental correction For recir- 
culation 1.15 and 3.1 f ]  is based on outlet sampling from 
an assumed bihtmlly symmetrical system. This is a direel 
approach, in contrast to inl& sampling methods for recircula- 
tion correction that are indirect kmwe a convolution prwe 
dure is required to calculate the ourlet recirculatory wpm 
(see Chapter 9). It should b noted that in many rnetabokic 
systems, such as the total albumin mass in the bady, no recircu- 
lation ~ u r s .  

3.3 Contkruorsg MonHWng 

Sup- a demtitomekr is mounted on the sampling cath- 

13-91 
etcr through which b W  ia withdmwn at a mnsmt rat: The 

4 d e i ~ m e t t r  i calibmted to yield the indicator concentratlod 
 kc Iv o o a r ~ ~ l w s l y  drawn - ~ I C S  o~ i n w  ~(1). A 5-t h m t i ~ ~ ~  curve OC ~(4 V e m 6  time t k thus 
uld ~oainjectcd s y ~ m m  ataiaed. This curve agowe extrapoIati~n to mmpIek recovery 

t pius as well as elimination of the influence of rs imhtion.  Thesc 
cormtiom we based on an analysis of the downdope of the 

'kator curve. f t bm k n  shown for m y  oystcms that a monoexpen- 
& &. tid function can be wed to appmxitmte the 10- plart of 
a~ a tk downdope if recirculation k a W t .  Recirculation is there 
;d h Pcm mmgnkced as a devtatim from linearity on a e I o g a -  
G#& rithmk plot of t h ~  ErifS part of the curve (la% c plottad a-t 
drne 4. 

It is the area under the corrected c(rl curve that we must 
than 

C 
alculate. This area Ae is obtained in two &. One i n b  

ondi- grate the actual curve from h e  0 until the h e  t, From 
omes then on the curve is considered monmponentia1. ma remain- 

ing area, from 1, to infinity, is obtained as the prodact of the 
c u m  height i t  time tr (hat  is cEfr)) and the time coastant 
t ~ t ~  Thus 

t 
[3.12] 

. The integral can be obtained by phnimetry of the lincar 
curve or simply by adding together curve hei& masurd 
at sufficiently brief int& (eg., 0.5 sec), rememlxhg to 
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multiply by dt ( I /  120 min in this example). The h e  constant Succe 
I,,* equals tl,dln (2) = i1~d0.693. 111, is the time it lakes for C U ~ U  L"O"A 
the rnonmxponenrial curve to decrease to k of a given d u e ;  -4 
since k = 0.37, f~ 1- can be obtained as the time unt.il the curve 
decreases to 37% of its initial value. Ill+ is the reciprocal of 
the exponential d c i e n r  6 that is k = 1/1,,, = 0.693/r1,,. 

\ 
\ In terms of k the area under the tail pad of the curve is 
\ c0rMk ', 

\* 
Sometima it is practical to combine the continuous moni- ' 

J toring approach with the single cumulative sample approach. 
-'\ Lel the densitometer yielding the ou tIct -centration outve 

\ be mounted immediately in front of a collectio~~ syringe by 
which we take one cumulative sample at a constant rate to 
obtain F by chemical analysis. In this case the densitometer 
need not be calibrated in absolute units (the dbrat ion factor 
might depend on individual experimental conditions such as 

Whgs extrrpobating rwnmbtr to the blaod hematwrit). It is necmaty only that the demitomcter 
masure Sirr in th gpmt unia as At. deflection is proportional ta c(d: 

Note the ine~whtmcy: one -not 
Q i d l y  tompa~c fn bud& ~ t o a w r s *  
m a r &  but in &ct the rnor is zb ~ a t m ~ ~ u r v c  

r d g  
Wr, 
( b k m  
unknown 
u r i -  
lhl 
iselar) 

-1 

1 

L T x M -  dkEtioo 
dyargt$bU 

t We can aow o m  &e ratio of the mhplated a m  
b&totheaW1bwa8& 

1 bAc id, -=- 
I 5& A# 

[3.13] 
I 
ri In the w&e milt~~ted the mewmmnt  of E E i s - r -  

4,. r M  for mir&a?ha a d  for incomplcimes$ of rscovcry. 
Muftiplying by the known sampling h e  tM gives 4 =e Ek. 
I-img this into Eq. r5.131 yields the corremd and atrrrpo- 
laid a m  At 

u 
L 4 - C - 8 t * ~  b& 

7 
C 
- tbat together with Eq* [3*L2] givs *= Bow q w t k n  

T k t w ~ a n ~ l l l m t r u a d d y m h l b a r  F a  me 
oum nJ&6;rw (3.141 
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["'on-line" densitometry of dye in whole blood m~ preen1 prob- I - 
Lems of linearity wherw conventional s p e c t m p h o ~ c  and- I 

W E .  v - ysis of dye in sample of blood or p l ~ m a  together with a suitable - standard dilution avoids (wm& for) such probhw]. 

- > t  Usually a series of n samples is oo l l e~ td  at the mtJet 
4 * over suco*ssivt time intervals of equal duration At (eg., 1 =I. 

Tirus one obtains a ~lrcce~lorn of mmdatlw sampIus in the n 1 1  

b=nbl rime intefwk jiom 0 lo rime tk Consnqucatly I, = HAL The I 

ourlet ~oncentratim in the sampIes numbered 1 ,  2, . . . . n 1- 
I' 

are denoted ct, Q. . . . . G. 
The curve is drawn as a "staimisc" an semilogasitbmic 

paper and extrapolated to infinity by a line i n t e d n g  the 
middle of the step. Eat the Arsr step that I t s  on tbb rnonww 
nentid curve be step number r; the  am^ & is tlllen obtaind 
in twa parlsas 

i-r 

At = 2 f d f r h  ,, [3.1 S] 
I- 1 

I 

T h i s  indicates that the individual area ofdl the rrectan- 
glcs that comprise the area are summed up to time I, Then 
c(tJ is read off the mnilogadhmic p b t  midway Wween c, 
and CHI. 'Ilhe time constant i,,. is, as previously disc&, 
the time that it takes for the curve to decrease to 0.37 of its 
initial value cltr). Or(e can d& just take the half-time Il r g  and 

k \ then calculate i l l .  - t1~J0.693. 

3.5 Comments on the Measurement of Flow by the 
Bolus Injection Method 

It is important to consider extrapolation to infinity. A 
practi-l way of asswing the validity of extrapolation mnsists 
of checking the calculated flow with flow determined by a 
method not requiring extraplation. Usually the initial down- 
slope of the curve is empIoyed in the atrapohtion. But not 

P 

uncommonly a careful correction for the recirculation will show 
that this init iel part of the downslope is not Lhe correct exponen- 
tial to IR used for the final part of the washout p m .  The 
mor involved will probably in most cases be an undcrtstima- 
tion of the true area under 41) bust slower outwash rates 
of the tail are masked by the recirculation. In insrances with 
which the authors are familiar (Evans Blue T- 1824 in human 
btltih and in exercising human foream) an under&stimation 
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30 Bolus In&fion, hi& ~ i k i n i  . .., -, 
. ?  - -, , .%'.  

. -_ .  1 .  - - 4 .  ,;,; + . - 
; ..&,c= J{~:=;:'* - -' . . of ~pmximateiy 10% di  iht CN ires reum from using the . ' .  - - T,:. . L---. , . - . FL -?I .. - - .Gm:&ic .q -L.: .,,. :-, &nventiod rnd5 of extrapolation plotting the initial part 

,t. r= , - ru +% of the dawnslop d e(t) on semi10prithmic pager. 
..:, 5% . - The m ~ e t y  of the indi.Wc bolus at the outlet that . , < * -< .. q .,t- ,:: . 

.% 
, , . . . - we rumple from m a y  be incomplete for r m n s  other than 
-I - . Ck'? ' erqrs ia extra~~htbn m in i n ~ t i c t i n g  far drculation. we 

- I l l  4 , :  ,,:,- . ,.(<'. - 
,? . : ;. ,J7 -, +. my, h i ~ ~ @ a c e ,  k wrong b WI asmp(iOn that the indicatur 

-. - 2 wad @ lk~ ln& the system solely via the well mixed outkt L y .  :;iq:.%,e,T5 - 
. . :. - [ .  where &impMng b aada Tirat is, lases through other outlets 
,., ..- - . *  ,:-;.+<s .. . . .. . ' -, -J.$ Wdd wm a1 Sib designated as sinks (remember that all 

in a c0ns8rWti~ s ~ l m  the totd . $m &rk by Wdian consem~ivs; neither brddown nor 
rtcwcly tbrougb at1 outlets is by: . 
d d n i ~ m  lW%t - ... -4 .- :: - p pmmnbnx t:&n&n qutstracion occur inside the system), 

-.  
. 4  .:;' through wapantion through skin, lymph drainage. and so - , :,1<-1 

' 4  forth. If irl8iators ore injdcled sirnultan#lusly one indi- 
' - cator may h comphkly recavered whwas others may not. 

It is convenient in suck casa to replace ma in the dose divided 
. by a r a  equation by Bmo w b e  tlte r m e r y  R is the fraction 

of the injected amount mo I ~ L  emerges via the outlet from 
which recordings are taken. Eq. (3.3 thus may be written 

Recoveries apparently differing f m  where Fat is the Bow through that outlet and w(f) = c(r)/ 
a angteoutlet Wuld ma is the eonoenmth pr wit dose at the same Ate. The result from analytical errors in 

m d n g  c(t1 and/or ma. concentration per unit dase is a quantity s p c d y  d l  when 
comparing results for d5 f tmt  injection d- and far Wbnt 
indicators. 

Nonslationarity of systemic parameters is P R Q ~  p& 
lem. The outflow is, of course, never exacdy oanstiat. The 
act of injecting the bolus alone must disturb Fif ody h i -  
Rate the amount of fluid injected. Consefvati~fi of dl1 
bol& and for a small time interval dt, the diminat& amikisl 
is 

Integrating and M n h g  e EMW fEow Eatxading to tb dme 
divided by area canapt 

Therefore, when the flow s2tuation is vnried the doselatea ratio 
yields a weighted mean flow defined by Q. (3. i S]. 

Many authors studied the influunce of the ~~mkaciiness 
of Fin the circuiation. Consider, for example, the cardiac out- 
put. At the aortic valves blood flows only during the sy@e 
The cardiac output measured as dWarea  is found ta yield 
the correct average flow with very tittle m o r  M u s e  the car- 
diac cycle (approximate I/-) is brief relative to the mean 
transit time sf a h l u s  (10 to 15 sec). 



that 
Juan 
we 
ator 
ltltt 

Ll& 
: all 
nor 
xm), 
I so 
ndi- 
nst. 

aoa 
-m 

mb 
'1Pie 
hi- 
m1 
Junt 

The dose mo of indicator that is injected must & mea- 
sured accurably. It is trivial to m r k  that any amount m a i n -  
ing in the injection system (athem, stopcd) mw.1 not k 
included. Yet, the need to h certain abut theamount edtering 
the system does pose some pmctial problem In same cages 
it is most practi-l to fill the entire injection spmn with the 
injectak prior to injecting the bdlus and then to determine 
the volume injected VI as the weight loss of the syringe dividd 
by the specific gravity of the wlutios. 

The concentration of the injectate cr mary h d e t c r h e d  
by diluting a known volume A 6 (eg., 0.100 ml) by a known 
volume A 6 of blank carrier fluid (e.g., 10 ml) c o l l e e ~  from 
the outlet just prior b the study. Thb dilutd injeciate k ternad 
the standard and its concentration c, is measured in the .kame 

way as all the samples coIlccted during the study are rnea%urd. 
The use of a standard t h e  is diluted to about the mm indicatar 
concentration as hat of the sample tends to correct br non- 
linearity of the analytical pnmdure. The dase of indicator is 
calculated by 

When the carrier fluid is  a multiphme fluid such as bid 
it may be convenient to co idev  the dilution factor B= (A Vb + A 6 as a convettion factor for the injected votum 
y In lhb way the expimerit can be cont&md m cdrrsist 
dahe injection of 4 'lmillilitm of carrier fluid containing iadia- 
tor at owlcewdon G, w h  R = [(A K + A fir/& 53 4. This 
rn* d viewing the a~r3mt may http to clarify that the 
flow F &emirred a~ dose?- is the flow of carrier fluid 
(bad) used to make up the standard regardb of how the 
commtmtiom are actd1y nmsgfd. The point d d  in 
detail in Chapter 1, S ~ G  1.8 has been -Led h e  h u m  
of the confusioa often m u h g  wben, for example, c{t) a& 
4 are actually m e a s h  in p h m  while Fis sbmined in millili- 
ters of whob blood per unit of time. 

But the valume injected f i  must be 'fhc bolus can bg injected rapidly ar slowly and at a n -  
srnaIt stant or vnriable speed. The time and the site of injection a~e 

not imponant. All we must know is that the amount rwb has 
entered. However, in practice it is important to deliver the 
hius rapidly ard c t w  to the mixicing site in order to minitah 
recirculation problem. 

3.7 Convection and Mfhssian 

In Sec. 3.1 we derived the dose divided by area equation 
on the basis of the equations 



I 
Membrane "aumos" and ~ i n w  mis Thae emations state that the mount d tracer -in% the I 

are also bulk' t&port p i d  id 
that &er and indi&tor far tracer 

outlet boundary surface during di is given by h& amount of 

and mothec submG) move together. carrier ~Ilbhnce mu kiplied by fie amaunt of indicator per 
unit amount of carrier, Both equations hay  be temd bdk 
transport tqwtipm in that carrier and indimtar move to@&er. 
A typ id  brm of bulk transport is c o ~ ~ v d v e  flux, &at is,. 
bulk transpart by fluid Aow. 

Ln addition to the bulk traasprf diffusion may transport 
indiamr out of the q s m  without n wrrespnding CndS tmm- 
part of camer s~hhnr;e. Thi$ mwm that the mrrecl equation 
For the mount leaving in df is 

CI 

Pi& dflw5w ejqmian 
Fkk, pl\(lBiQ Pogg: ARE mHk. 945% where D (cmWec) is the diffusion d c i e n l  in the fluid and 

D+ is rbe crsrmwWng mfficient for i n t d i i i s n  of trace 
in the mother substan- and S is the cross sectjarla1 area of 
the outlet. 

Thus it is apparent that dm,, &pads not onl9 on the 
conem W m  of indi-r at the outlet but abu on h e  cawen- 
'tration gradient zt the outkt in the rlirwthn of the ffaw or 
flux. In deriving the dose divided hy area q&on the d W o n  
transport b m  was neglected. This is permissible the 
of difhsion a n d  out, as will becQm6 apparent from the anaIy- 
sis given below. 

Bucket sampIing 
Bucket sampling 
In th wwl wmpfing graduse  we mllect fluid ( r a p -  

tirely, mother suk&ame) @ it laves the ouiet. Egch s;hmple 
is mlkkd in a "bu&rstl' Q& t*, syring~, ekJ. This w u r a  
that if we mllcqW &e td#d gmlaunf dmwt of indialor laving 
the system in inW& of dl sec then 

dm,c = 
Fc 'ebukrctt (ildf 
3s bucket (@dl 

13-221 w In other wards, Wuse the bu&etr; aecurnubte all the &umt 
carrier fluid [ m t i v e l y ,  &er mother substance) in q e n -  
tiaI samples we can me the simple bulk tramport equation 
for obtaining dm,~. The m e  is true if our bucket w b t s  a 

~ u c l r ~  constant Fraction of the &uent a t r i a  ff uid. 
Two important cordusions are ma~hsd- Fim W 

of W i v e  flux at the wtlet the mncsntmtiun in the bmkef 
is not identimi to the outlet wcmc~nhtisn in the m e  dt inter- 
val. Pmke1y expressed, f r m  Fqs. L3.211 md [3.22] it can k 
seen that 
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, & nee that by intcpthi &. I3.221 wr &uin the 
d w  divided by a m  equation for flow or flux it is 

vactive mmspori m. 3,221. -on is 'thus aukmatidy 
, ' taken into m t  for flow or flux, dewnation by the Mns 

> - 
tdmique b u s e  the but&& sampling pprocasUte incluh this 
tramport and conv* it into *hat we might tenn an qm*wht 
apurmtipe tmwprt. I . < 

' * .  
. ln sirumonitoring . . 

wing, B. B. (1938): mw &i, 2kW. Suppase a conxinums1y moaitoring device such as a &mi- 
. mmtm is mounted on the outlet. The device might "look" 

amm &e stman or consist of a d e t e r  Lip sensitive to the 
irrdktor. Thus the outlet mncc~tration clt) be recorded. 
This aicmtration dacs not a h w  us to deduce the amount 
a#' WIuihr b v h g  the sphm in dr. To W i n  dmcut, a c a m  
tiod km for difidon must be applid 

'F&e magnitude of this correction, that is -nhe W v c  rote 
of dia+ be w ~WCIW. t&t E+ 1~231 ~ Q C  

the indimtor4er  a d  WM Ix written 

The dilhsion d d m t  D of an indicator m&dt of order 
mol. wt. 100 in b l d  is a p p m i d y  lom5 cmg/=. For an 
ou*w vehi ty  FJSN- J d m  a d  a f d o n a l  indicator 
cormntration &W [!&@A &&oforder 1 cm-1 the come- 
tion term in Eq. f3.241 & sf mi& #GI-* which is complctdy 

I 
n&@i@ble. For h t  @F &I gbe hliator the " d W n  4- 
&m17* fthermI m n d u @ @ ~  x density)] l a$; ! 
p ~ ~ ~ y  IWa ,dl- a d  &.&&on term might k- 
oame qpmsiable. CH eom if the o . W w  velmity Wrms 
m&ienEly low then tht m v e  term can predominate over 
the ca~vect ive  term for any indicator. 

As already mentioned, in sifu monitorin6 of c(t) d w  
n& aftw mt~ltipl idon by Fdf, yield dm*& FBmerthdw the 
correct h w  is Wried By using the am s a c  ck c{4 curve 0 

qadtss d the ralatiw magnitude d thi& &@wive -ent. 
This m y  seem surpfising. XE is derived from the equal m a  
rule p m t e d  in CbpW 4, We mn here ammat on thi 
resuk by stating tlw no\v mation is &td from the 
integral or Eq. 13.21E; #al is, for r n ~  we have 



where the net eEect of dtffusian, the irrtegrrtl QT the diffusive 
TW w n  flux (second tern on the right side) is Q This may prhaps  

4 7 be intuitively accepted; the net forward difiwive flux on the 

Corrveclive upslope part of the c(r) curve b precisely m u n t W a n d  by 
the net retrograde flux on the dawnslop, The two curves 
cbuaea(f) and eft} thus have the same arm. 

The treatment given in this ,slxtinn h a  dsmoasbrated that 
diffusion can be disregarded. For t b  m n  the su&x irl 

, ~ h . $ k d ( t f  may be dropped snd the mmsured outlet oaacenm 
tion may be denoted by cft4 regardless of whether ''in buck~t" 
or 'Yft  ~it t t"  measurement is used. 

3.8 The Sampllng Catfrefer 

In r h  QiqIe hIet-mutripIe wtlet The system analyzed in this chapter has only a single 
s-yxttm de$crit>wl in 4 h e  
Cdtthetgt Pip m1 not move. outlet. Hence we m y  sample from any site in the outlet apapertu~e 

and this sampling site (e.g., the locatinn d the tip d the Sam- 
pling: catheter) n d  not be the same tkroughout the experiment. 

The entire conduit connecting the outlet arifm to the 
"bw~ket" of collecttion will be termed fhe sampling cathetw. 
needle + cai'heter + sropcwk + nrtzIt of collecting syringe 
(or whatever else is u s d  in n particular experiment}, 

Tbe influm@e of the sampling catheter is simple to de- 
scribe in the w where we ~ U e c t  a constrtnt fraction a of 
the outflow F and where the linear velaity in the catheter 
equals that qf the outld stream (plug flow at v d d t y  Pis]. 
In this ~ a s e  the catheter sampling is prmi&!y equivdmi to 
the ''bu~k-et'' m@ling procedure outlined In 8ec. 3.7. Hence 
KWX Wsoe cdatiw to the catheter gives 

Tocal Total Tord 
amount - - amount - - amount 
passing en&iirrg leaving 
whwr catheter tathaor 

a mo = aF mnro (rld~ = aF aoPlttm lddr 1 I: u.Pq 
Thus it is apparent that the area that shouId have been meag- 
ured, that is, the! under th$ outlet's conaentmtion curve, equals - 
that at the sampling end of the oathcter regardless of haw 

I 
Ion$ it is. 

But in mast, cash we do not cslleet at the same linear 
velocity as that of the fluid leaving the outlet or%= Thus 
the local mnwntrati~n pattern in the outlet [ d t )  as well 
&/ax1 is deranged. In this situation it is mnvenient to anddm 
the catheter as part of the system. Then, prwided the cross- 
stream mixing at the original outlet also holds imrnsdiatdy 
upstream thereof, we can take this upheam site as a well- 

~ h c  sampling ca lhaa  B~V- a dtRmnt mixd i n k  to a mdli-autid subsystem where the catheter's 
cunc sbaw but A, = A,. Thc curve &apt is 
msintainrd arly in m,a- dplug hw in ,hc free end (that in the bucket] is one outlet. According ta the 
mi hutr. analysis given in Chapter 4 the equal area mIe &tes that the: 
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area under this oukt curve IS he Same- as that Lt a i~y  point 
in the outlet orifice. ' .  ' I . -. 

: , + '  . In conclusion, the &phq & & b k  no pmbietn, 
:- The only fhirly &iow @at to make k to be mre LO staft 

' ' the sampling before the indicatm f&le$ the systemic outlet 
and to continue sampling until all iadiatar hrts p m d  this 
l ~ t i o n  and until dl indk'tor in the catheter bas reached 

- , the ooliection bucket (repctively, nntil the, time Pram which 
: a valid extsapolatim onrr be. made). 

3.9 Flux and Clearance 

The preceding sections have been c o n m a d  mainly with 
Raw determination by the bolus tcchniie. But, derived in 
Sec. 3.1, the same principles apply to determination of flux 
and clearanoe. 

Thus, if the flux J of a systemic substance m u m  via a 
convective k w  F of carrier fluid, then in a bolus indicator 
exfiment 

w h r e  sll) is the stia of the concentration of indialor clr) 
nnd of the spkemic stlbhnce of interest Cat  the ouciet. 

If the hdiwtm is a tracer for a systemic subtame, Eq. 
l3.273 is obrainmd ditcctJy by the "transformatim" explained 
in Chapter 1: F- J m d  c-.  s, which cbangcs F =  mdA,  
jam J =  m d &  We caa aIao derive Eq. [3.2t] on the basis 
of the bulk-tm@wfl equation for mass balance, that is from 
h o u r  = k{&J& where JHi k the amount of mother substance 
kxvjng the system in the interval from r to r 4- dr and sft) is 
the s p d c  adi* of of ithat time intemaL Intagration 
ySds Eq. [3.2q, AS W u W  in Sae. 3.7, we are allowed to 
dwiw the .Rux qwtion as la done hare, that is, by cuwiderhg 
only bulk tmnspprt ( W r  and mother substance going to- 
gether). The indqxdmt flux of tracer due to inkrdwian 
in the wtrrier mother subrtanca d w s  nat contribute k *e total 
m a  undm the spuci3e activity cum.  

As an e~.ampb of st noncop&ve flux &w the rn- 
urcmmt of total bady dbamis &x by ,the we OF "9- 
labeled albumin inbW i n t r a v ~ l y .  The plasma spific 
activity curve s(tl is followed for 14 days by daily wmpking 

and ~ J I I I ~ I  is det-hcd usin8 conventional monaxponmtid 
I* 

extrapolation. Awuming that the specific activity QP t w  &tt- 

min at the me ourlet equals the1 in the plasma at 
- h e  permitar the use of the d d a r e a  Eq. [3.27] for dm&- 

. 4r. -- . 
d C 8 ~ ~ e  C/ (*v#C) hu bc+n d & d  f0r s &s&thk 

> .  
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substance as the ratio of the eftlux J d  w-1 to the canmntra- . .  - 
tion of the substance in a suitable referace h i d  GI (g/rnl) I 

This clearance could be determined by direct measure- 1 
rnent of the amount of systemic s u b s h e  laving the system I 
per unit time (c.g.. the urinary c r ~ t i n i n t  excretion rate) and 

' 

of the appropriate reference fluid concentration (the serum cre: 
&tinine). We could also employ an indicalnr constant infusion 
technique (such as inulin) and measure the same paramders 
in the indicator s W y  state. 

C a n  the clearance OF a systemic substance defined in Eq. 
[3.28] be determind from a bolus injection experiment? Yes, 
i t  can if the system has a single outlet b u s e  substitution of 
Eq. L3.271 into 13.281 gives 

Thus, by using the outlet fluid as derence fluid 

dadarea CI= - 
Wc derivad this quation in % 3.1 
[Eq. 3.q. It is dtrived again Lere to pUdlhJl [3-331 

show a n o t h  mode of oxphining tbi 
important relationship. As an example we may take thc urinary c h a n c e  of 

inulin or "Cr-labeled EDTA (et hylenedhmineLctmmwe, 
EDTA) as determined with p h m  as the reference fluid. The 
a r a  is the area under the plasma disappeamw curve exmpo- 
lated to infinity. Because t h m  subtanas arc e~cretcd solely 
in the kidney and because glomerular filtralion is the mode 
af excretion, the dos&over-phrna-curve area is the glomerular 
filtration rate. 

I nulin and 50-labeled EDTA da nol Just as in Ihe case 0f the flux of plasma proteins it is 
cross tubular cHthdium advanug- employ a bi or a tri eqmncstid rep mta t ion  
the glomerdw there is no tubular 
-tion and no tubular -lion. of the p b  CWW.  Thh h a  the s ~ k  pUpOW of faC&&ting 

&&tion of the a m .  In Chapter 10, where the apnentiai 
function is p m t d  in detail, it can h sem that if 

then 

I E ~ t ~ d r  = = ./a + WB 

and hence 

(For nrinary clearance the time unit is u s d y  minutes and 
t i i s  urdt must also be employed when m n i s g  a and ;B.) 
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EXERCISES 

hakgmund bas IXW subtracted. 3.1 Radioactively laheled rniaosphcm arc injcctcd in the ld atrium 
as a bolus a d  continuous sampling d blood b made from h e  
Tmoral artcry at the w m W  rak of 0.5 mVgec rbr 30 sac (1-e, 

. . +,fly?? -.  until MUS has paPsed m p l i n g  site). In a fixed coun* 
Cd iy*: 14,. - the injected a m m t  was 3 X 107 q m  and the whole Wood 
; . $  4-t'.$ci-mp conamtmthn IW cpm/ml. 

W m i ' e t k m  prhipk of L A .  -.  ; , -late cardiac output using Eq. 13- 101. Now thiak of 
L*h (I9* w--. G. '1. the experirnmt in terms of rhc bdus fractionation prindpk . -'> 

Cardiac output - TOM c b e  
How rate though n d l e  - Counts through needle 

That k the fraction d the cardiac output sampled lhmugh the 
n d l e  4 the fraction of the mkrasphtres wllected. 

In the kidneys the micrmpherep (I0 to I5 pm m diameter) 11 

are totally rehind, If Ig of homagenid kidney &we bss a 
counriag rate 066 X 106 c p ,  the b l u s  htionacion prineipIe 
to calculate rend b l d  flow- 

All rampla are w n l d  hr 200 stc 

~ 3 ~ i - l a M c d  human senrm albumin in werile d i n e  containing 
carrier albumin is injected via the fmod v& using nonlakld 
saline to ffush [he catheter. The injected amount is ddemlined 
by wcighing 0.8483 g. specific gravity 1.OSa A series oT b l d  
samples is taken from the fmoral artmy skmhg c. 5 = betbre 
and continuing aRtr the i n j d o n  with an i n t d  d 1.20 sec. 
Wh& b W  (a5 ml wr sample) k counted as well as 0.5 ml 
of a mixture d M pl ifijwak d 5 ml of whdc blank blood. 
The M e d  cwnk ;ts arxumularcd wsr 200 sec wxrc (standards 
in the first two holes): 5634Q 558687, 739, 738,730,728, 735, 
813,1#3,24St,971Q, ~3748;40131,469l4.43978.35107.24784, 
16917. 11262. 755% 5159,39W, 3241, 2974, 3389,4059. 

Plot a graph M the curve both on linear and on m i l o p  
rithmic gmph pap.  cardiac output of whok Mood 
and OF plagma (the hwnalocri t is 0.40). 

3.3 A Mus of h u l h  k injected Inttwmously (Lv.) and a plsssma 
cum is o b s d  over 5 hr that a n  bt 4 approximaled by 

where 41) is the emlctntratim as m u d  in fmiorts of in- 
jcckd &we per rnl ~f and r is mwurcd m minutcs 

Calctllatc Ctw in mumin and calculak the initid volume 
of dilution that s h w W  equal the plasma volume A h  dcohtt  
the lord volume of dilution thal is a rn- d the intmtihl 
spaoe {for this alcuIation soe Chapter 7). 


