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6 The Vglume/Flow and Mass/Flux 
Ratio of an Open System (Mean 
Transit Time). I: Constant Infusion 
Techniques 

w 6.1 The Expdment 

F, A continuous infusion of indicator is made into a swm 
wia a single convective inlet. AAer a suf f f l~bt ly  long time, 

~-)k the indicator slady state is  r a c h l I  so titat the mas of indca- 
tor inside the system, the rcgidue, is WSW a& its fld vdue 
m@). The volume of distribution d W indicator inside the 
system Vd is d&cd as in ChWr 5, Eq, [T.I]; that is, m(m) 

1 is ~midered as the product Yd c(m) where c(w), p a a l l y  
Note that in many am F (=) is tht same spk'kg, is tfie SWdy-ShtE c o n C & d ~ n  in m y  suitable fluid. 
at i n k  and outlet (d. Htre we &we b let the inflowing fluid be the d m a m  &id. 

Asmtm)=w&qthen 

A V d h t & u & B f Q f l d D d P ~  The W y  flux of indiator through the s y s ~  k 
w i t  rd@fm~ hmdt j(m) = F cfm] where F is the inflow of carrier fluid. ISiridi 
ofmm& (time). Eq. t6.11 by Fan Wh sida therefore yields 

When the idcator is a traer for a systemic (mother) 
substiwcc, the steady state spdBe activity sf-) is the same 
in the syskm as r whole as at the dsgle inlet. Hcoce, as S(Op) 
= m(w)/M 

- =  R d u e  W -  
4-1 specific activity 

[5.31 

dm) a b  qwh j(a)/J; therefore dividing on && sides or 
Eq. l6.31 by J@es 

M M-1 Mass dindicstor - = =  
3 j(-) Flux d indicator 

F-41 

This basic quation may be wribtEn dirtctly, bxmse it 
CoIIows from the identi4 khavior of tracer and mother sub 
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- if tb single inkt is cronwctiue then we can combine w. I 

. . 
-21 and E6.41 to obtain 

- 

' 1 ' 1 1 ~  ~II~~(LI-I:I~II : ~ o l u t ~ : ~ / H t ) ~  111, III.~\\,'~~II.'~ ~ r i l l i c ~  hns thc 
(~II I~CII~~~II I  of ftrr?t1. ,A l ~ l i o i ~ g l ~  I! IS ~ i o t  h t  r ~ c t  ly ~ i c r d e ~ i  fo~. (1111- 

p r ~ * \ r [ I i  p~11 pt>itA \\ t. 41;1ll 11cf-e I~ICIIII~~II f l i i j ~  I III\ r:itlo IS !hc  
h\ -s lc l~~ ' \  t? i i . r i t~  I ~ - ( I ~ I . \ ~ I  t t u ~ r  i j i )r  I ~ I I  i t~~l ic(~ lor .  Wlic*~:. ;15 111 

;,-I1 ~nztllorl, ro hc t l~ \c~ l>kc t l  in t l ~ ~ s  cllaprcr i ~ n d  i r ~  C:l~iiprur 7. 
@ d c t c r m l ~ ~ c  ! l i t  I - .CI/J r,;itic>, u e  111 c\benct. cielcr- 

Inlllc L 
I f  rhc tlon F 01' Ilutcl in 3 tuhe of vl)ll~rn(. V(f 1s plug 

llo\v- then [I icrt* I\ (>TIC* \ i ~ i , ~ l c  I I,II)V~ 1 1 1 1 1 ~  \+ IIIL 11 15 i i l \ o  1 1 1 ~  

mT:&* t5u1 ~f tr;iccr ;ltl(l t ~ l o t l i r r  vlbst;!ncu dn ~IOI ~IIIVI, tlic \ystrnl 
by I > c ~ i 1 1 ~ !  L.:II-~Ic(~ h> .I tI111d ~~I-LI~II ( T ~ I C ~  111igi)t uittr by LIII~u- 
hirjn), t1it.11 t lq lh.5 1 h;i\ 3 rnc;lning only if /.' is c ~ u r l ~ i ~ i z r ~ c l l  ;IS 

ill) cq r~~v i~ la .~ l t  t l ( ~ \ v  r~ c.l~;lr;ir~uc ( c x p ~  cbactl ill  he s;ir~ic. v o l ~ ~ m c  
ur i r t i  as the t l111r l  u a d  t;lr r ~ . l i r c . i i ~ r ~  uhc11 d c l i n i ~ l ~  I,ilj. 

If 1 ml leaves pw sec and the trawir 
time is 6 sec then, with plug flow, thr 
entire tube volume Yd hlls km 
displaced into the coilaxing bucket 
in 6 sec; that i s  

sy\icr11'3 I r l ~ . : l r l  ~ r ; t n v t  t lnlc i s n r l  whr re  Vd TI,' T t l i 5  111c 
LY~I~~IIIOTI f o ~  \ f r l~p ic  rli\ l>l:i<.rnlcr~l 01 :I f l ~ ~ i d .  h gr-ltc.l;~lr/;il!t>r~ 

I lii\ j) l \ ig I\(?\\ ~ I I : ~ I ~ ( I I ~  t t ,  ~ I I !  :irhitr:~r > \y\1e11) bc II\C*~I 
IO l>ro\th tli;it - / , ' y i ~ ~ ~ i l  b! J J  kli, LI \I!I;IC III~CI \ > \ I C T I I  

I\ct. C'h,tplc.r- 7 .  Yttc.. 7.2 i jnd 7 .  IIJ]. 
I r i t -  f I ; I I  I I 1 I I- '; ic I.' .. 

,l+,,'.ri\ IIIC IIICLIII 11-ii114t IIIII~ 15 l j y  C ( I I ~ S ~ ~ I ~ I . ~ I I ~  :Li/.! For  L~LIITI 

pic, 1c.1 .bf ;nc ;()'I g 01- ~ C I  11111 ~lh11111it) t i r 1 ~ 1  J g p c ~  d:ix 
( t ! ~  d i i ~ l y  r r t ~ d i ~ ~ . t i o ~ i  :ITI{! h r ~ ~ i ~ k c i o w i i )  q't1c11 11 I ~ L . c - ,  ;in aithr;igc 
o f  10 d:lys 1 ; ) ~  ;I "new" ~nnlccult.  10 r rach tlic h rCak~ l ( lw1~ hifc 

Thl:, cx;implt. ; ~ l \ o  \Iio\vs that IIIC III~;I~I r ~ - , l n u l  t i ~ l ~ c  i\ rhr  
titilc il: takck to rerlcrt- tl ie IT);*\\ CI. ;i~~(i i m a y  c.,>iircqucn~l! 
also hc. uallcd I , , , , , ,  

6.2 Constant Infusion and Inlet-Outlet Detection 
During Saturation or Desaturation 

1:1  rhi, ;ippr0;1ch ~ h c  ~nrlrt-:i lni- reuducjtfurr ratio 111 t l i c  

s tc i~dy  starc, ~ ) ; ( , J , ) / ~ ( - J I , )  = M/J - Vd/l< 1s obtained froni c.011- 

cu~ltrat ion riwasilrcrneli1s at bnrh tllr. itllct 3116 ttlc ~ i ~ t l c [  elf ,I 
5111gle-inlet. singlc-outlet syztrm. Thc mc:isurcn~cilts are 11iadc 

rIor.it~p ;in i~hdic.;~tor ~rt: , isir jtrr  d l ~ r ~ n ~ l ,  rvhich tlie syxtcm c ~ . \  

fro111 c>rlc ~ n d ~ c . ; ~ ~ o r  51c:irly state IO :1110thcr. Oftcn thc "iirst" 

\tc.;tdy statc is that of 0 ct,lliellrr:ltlrm ,II ~ i ~ l c t  :ind I)LII;CI a\ 

wc-II ;IS insirlc the 5ystrrn. ; ~ n d  the "scsot~cl" stcndy s t .~ i t l  is 
tl1;11 o l>~ i i~ r lc t l  :~i'trr ;I sirll ic~cnt pur~ocl of uflnslanl rnlcl concen 
tr,ttlc)n -Lh~c is the .;implc r ~ / t r r d ~ r f i t ~  csylcrimellf T h t !  n;lrror 
1Ill:~pc I x ~ / o $ , ~ ~ ~ l d r ! i i i o t l .  

- 1hr111g t11r i~ , i i t l s~c* t~ t  I lw  ~ I I ~ ~ O L I I I ~  ( I (  i ~ ~ ~ l ~ c : i ~ o r  ~~i\i(li* 1 hc 



byskai (the rcbiducj *dl a IUIIGUOH oi ullr: tnfil w i t h  G 

the rate d change dm/& being the d~~ &tween H o w  60 
and outffow rates 

llateofchmgc=~ftd-lPgfCof 
of residue inflow wtflow 16.61 

dm/& = Fh(l ) -F&ufr)  I-' 2.e c-3 v -,- 
In tegrat iq this equation betwen the two times indicating 

the two steady stam (0 md m) ykkb 
L& aide (and hemx righ side) 
h c n e  0 if the two M y  stat= are ptn = d o  1 : = (elm W ~ I  - F ~ G ~ ~ M I  (6.71 
~ t i a l .  

The lefr i d e  of this equation is the sum of all the increments 
of residue dm during the expwiment; that k, it is the final 
residue minus the initial midue. If, for simplicity, the initial 
residua is taken to be 0 then the left side i s  Cll(w), which accord- :,- . 
Ing to Eq. (6.11 equals Yd c(-) Hence Eq. l6.q kwme 

Cumrdsttivc -Ctlmulstive Cumulative - - 
residue input output 

16-81 
Vd r(m) = F''r.(t)dl- ffh, w 

- J 
. Thh impomnt equation should, we hop., be imendWy 

acceptable: The armul&ve midue is, according to the defini- 
tions, equal to the vokmt of distribution multiplied by thc 
smdy gtate i d  wnmtrertion c(m) where a s u w p t  ( i i  
ar (out) is unneasary k w e  in the steady irdd and 
outlet conmtmtions are the m e ;  the cumulative hput b 
obtained by summing (Ede~taEing) all the inputs F c ~  {rMt; the 
same applies for the cumulative output. c(m) is tht hagkt of 1 

- "  
is the ariwr Ww# them. We can rhdore rewrite 

&I. 16.81 as 

Conslant Infusion, Inlet4det 

s.1pnlioa alta mumk u k Thw it Eoklom that if we d e  the concentrations m that all 
ca=mfrrm* m~cmmtians arc divided by c(w), that is, if we plot c~,,lt)i 

c(m) and b ( t ) / c ( O O )  as fmt i~ns  d time. tbm the a m  b 
TI& arm u@mb V M a n d  M/1: It twem thex normalid curves is the v o I u m ~ ~ w  and r n d  
is mmurcd in units of time and flvx ratio of tb system for that indicam. 
m a d l y  equal8 the mwa ~ m d t  
rime 1: 

Comments on intet-outlet detwtion during sabratian 
or desaturation 
We have only to m w r e  the conantratim ratios hftJ/ 

~ ( o o )  and h t ( t ) f c ) .  Hence in this method me d m  not baa 



4th to measure absolute concentrations and the rate of infusion 
OW is therefore immaterial and n d  not be known. In this r e s p x t  

the constant infus~on or "saturation" method for measuring 
Vd/F or M/J differs from the constant infusion method for 
tneasuremen~ of tiow or flux, Stewart's method, as discussed 

5-41 in Chapter 1. We also note that the m d e l s  used are different. 
In thc saturation  tiet thud both inlet and outlet mixing is as- 

ing sumed whereas in Stewart's method only one site oC cross- 
stream mixing-at inlet, out l e~  or anywhere inside the system- 
is awumed. 

5.71 The sampling procedure uscd in the ir~let-out let detect 1011 
method must be discussed in relatiorl to the infl uerlce o f  diffu- 

111s sion processes as a~~alyzed in detail in Chapter 3 .  It will be 
nnl recalled that in a convective system, where the indicator is i 

tial carried in a fluid stream, inlet and outlet concentrations cnn 
rd - be followed in two basically different w a ~ a s  co11ection of 

dW1 fluid saniples (bucket sampling) or as in sirzr sampling at the 
o ~ n  hundary surface o f t  he outlet. Because we are conceined 
with assessing the amounts of indicator entering and leaving 

i. R] 
the system j*,(r) and joUtt1) we should in prirlciple be using 
the bucket sampling prmedure in situations where diffusive 
fluxes in the  fluid stream can txl qua~~titalively i~nportant. This 

ely conclusion is, however. not valid because (just as when calcuiat- 
ni- ing flows) the d1~1sion te~rns cancel oul: The correct version 
Ihe I 1.0 of Eq. t6.61 is namely dm/dt = jt,(rl- jOut (d, or 
in) , 
nd ~ ~ ~ / ~ I - I ; C ~ ~ ~ I ~ - D S ' ~ ~ ~ C ~ ~ / ~ X - ~ ' C ~ ~ ~ ( ~ ~ + D ~ ~ ~ ~ C ~ ~ J ~ ) X  [6.10] 

is I With constant linear velocity v=ax/(i/the two derivatives 
:he in the direction of flow are proprtio~ial ln the corrapnding 
of ' 

time derivatives. Hence, since we wish to intearate Fa. 16.101 . -  - 
- I & d &r are the inkc and wtkt from O ro =, the ~nlegrals become - DS,G,(~) and 4- 

~ s r r d i o n s l ~ .  
I DSur to , , (a ) .  For equal areas and infinity concentralions i t  fol- 

.it e lows that the d~lfusion ~ e r m s  cancel out. 

8.3 8planchnk Plasma Vd.wlte 

Tbe equilibration of saturation principle for measuring 
Y&F= a d h & g h t  can bs 4 for cafcuhting Yd if Fcatl 
be measured simultaneously by an independent method. As ' I- an example of ibis apprmch we shall d a r k  .& technique 
deveioged by Bradley and co-workem far measuring the 
splanchnic plasma volume in man. 

albumin is injected intmvenousdy as a boiw. The mcentrarion 
c M  in systemic arterial plasm as mnvenicntly sampled From the 



as &nd from blwd s ~ m p M  by a d e t e r  p M  via the 
' arm and the ri'g'ht attiurn of :be h a  into om of tRt hepatic 

veins r e p m t s  the Lputlet concentratfirm G,c(z). >,..: 
The rapid m h i q  of the indimtor in ibt inkvascular 

' p o l  (the plasmav~~umt) e J u m  that cw (1) W m s  practically 
. constant a k  approximatdy 1 min. It is for this reason that 

one can mr&&er the aperhmll as a contioum infusion pw, 
At sm4y  state Ithat is, when the -1 ~#10us mmm 
have reached the mne'canstant h d  ~(PD)], we a n  wpess 
the &-hunt of indimtor in the systern as = Yd c(w), 
Yd W g  the qlancknk pfmm wlurne. This Wibr ium is 
reached after approximately 2 h 3 min. W e  a &a obtain 

Note that tk d d d r ~ ~  is 

and rhe a w i m  

. . '2 ... Therefore, if the splanchriir! p b  flow Pis measured '- 
I 

F - + ,  " simultaneously by the bramsdphtidein (BSP) nr mrdiogrm - 
clearance m&&, Vdcan M y  & d c u 1 ~ t . d  cleamw . 
melhosS are b a d  an a cmxztmt Xtlsion ae a known m e  
j(m) of indimmn removbcl solely by the l iw.  

T4e ~ c h n i c  plasma volume as determined with the 
q u i l i b ~ o n  Whnique will indude all zapidly e x ~ M e  
a1bumh in the liar, spleen, and intestine, Especially in the 
s p h  end in the liver here are rmsm to assume that albumin 
tw%nnge- q W  freely a c m  the cspillary wd.  H m x  in these 
organs Yd a h  include tbe -piMary rtlW wee. ta 
brain and also in lung and muscfe the cap&ry prmabitity 
to protein is w low that Vd as memurbdw the same tcchnique 
is tbe intmv~ular  vdume. 

&adley and cd-wdrkers stated that the ratio Yd/F = 
s d d g h t  k tbe mean t d t  time of albumin P t b u g h  the 
splanehnir: bad; the splanchnic man transit ciare of s1,bumin 
F= YdIPis approximately 20 w in man. 

In the Kety-Schmidt inert gas inhalation methd for the 
saturation principle, the measurement of Yd/F = amheight 

I is used for calculating the flow per p m  of tissue in the human 
brain. This is possible bcausc independent information is avail- 
able for the volume of distribution per gram of tissue, A. 

A convenient but arbitrary constant conatration of an 
inert gas (e.g., nitrous oxide, argon, or radioactive krypton) 



1ia1 b l o d  as conveniently sampled from the brachial 
1 artery is the same as that going to the brain ch{l). 

Lire brain bas four main arteries. the two internal 
and the two vertebral artcrh, the system is 

a single-inlet system. The concentration in cerebral venous 
b l d  is foUowed by samples',@minad ham the mpriur end 
d the internal ju~ular vein ok om or both side of the head. 
These twb veins constitute the rnah drainage From the brain 
;tnd the inert gas saturation curves are in most c a w  almost 
supapossrblc However, because side-to-side differenas do ex- 
ist, the system is strktly speaking not a siagle-autlet system. 

way of exprwing this point is by stating that with uniIateral 
internal jugular venous sampling one mwums the bI& flow 
of that part of the brain draining to the vein from which the 
sample is taken. This is mainly that half-prt of the forebrain 
Iying to the same side (the idlateral Lemisphm]. 

At equilibrium the residue of indicator gait in 100 g OK 

- -. 

where, bibwing conventional wage, we have deiined CBF as 
the h h x i  flow through 1EIO g of brain "awragc" !issue+ 

Beatuse equilibrium has k rshed  the b d n  
rration is r&td to thatof the b l d  by the equilibrium partition 

la  cxampk cniy lwo m e  
La&.&(-) = 1Ml)tc(-) I& 125 

5"b CIF- 100- 
Wms" Pram I] and [6,12] it follows thyt 

,I ' 

KetySohmidt E q r a i h  for CbF 

area from g to infinity is  

multiplied by 

TM use of Eg. [6.121 and h a m  a h  the find quation 
p m u p ~  thd the entire& k obtained udtd il saturation 
when c~ = k t .  However, this pint is not rw&d witlain 
the expimmtal perid. One may then, rus ongudp pro- 
hy Kety d S c W t  (194% employ '$ monbtrp~1dnthl ex- 
tmpolwhm just as in the ~ u t & I T a m i 1 t o n  ENicarnr dilution 
method. But in a sulseqmmt papet Kcty and *ids propod 
that an appmaimatc statk of d i h h  quih%rium beWm brain 
a d  ccrct,fal venous blood could be m n m d  aRer 10 mla of 
sarura*; that is, dey assumed that the ratio cb-;CiB)/ 

" <kt( 10) could br! approximdy taken 10 equal the qdiibrium 
value A. Hen&? rewriting Eqs. 16.1 11, [& 121, and [6.1J1 for a 

- i t h t i o n  t h e  of 10 min givcg ',>, ,- 



3 '- .dI;.yTB;.- = '#FL . - - * '  . ,  

,?. $ 
p *( 10) = C B F - ~ ,  10 - hLtt,dt . A .  - -. 16.141 

:.- :-.Y. - - .  
, y .  - .. ,IL . ,  

IMc-( 10) .. 1Q8kUt(10) 16.151 

Kety and S c h W  10-Mn Approximation fw CBF 

~ 4 1 0 1  -A Height 
+ QS?.F  A M  [6.161 . A -  L+ .\-,P . . . jye(ri - 

- 
'Yh the titem ture one often mx the notatim CBFt-) for 

the vduc obtained by exextrapohtion d n g  Eq. [6,13] and 
CBP(l0) when using Eq. I6.16). 

It must be emphasized that Eq. [6.I6] is t h e o d d l y  
nol wrreel: At no time "Wore" Full saturation can Eq. [&15] 
be correct. The nomd value of cerebral blood flow in man 
is for CBF(m) of a p p m x h d y  45 mU1m g/mip whereas the 
CBF(10) is h u t  53 m1/100 g/min. Thus there is approzi- 
rnately a IS% overestimation of How wultinp, f m  the 10 
min rrunacion. Nevenheless, the 9 p p ~ o x i ~  is of consider- 
able value b w e  accumte extrapohition to in$nity is usualig 
not w i b k  

c x p h m t  We have in He abwe followed Kety and Schmidt's or@- 
O r w d ~  [@ 11a1 derivation quite c 1 d y .  Mahng more usc of the .canapts m a n  i&i time fof the ,tcCf 
k m  

develdped in this text w would have railed From Chap& 
f= 5 that h is not only the aquilibrium conwtrathn ratio cb+.leil 

cblopd )Stit also (by the same definition), the d u m e  ~disa&ut&n 
f is ammximntely 2 mih in r o d  
ma win8 w. per grant oJbrain tissue Hence, denoting the flow per gram 

of tissue E;cW~by fw can write 

As sbwn in %c. 62  Vd/Fis the a d e i g h t  ratio, and 
thus the find e q W n  b dirmIy obtained. The YddF ratia 
is the meam m&. t h e  L For the normal brain i is approxi- 
mately 2 m h  for having about the a m c  wh~bilit~t . 
in brain liwue WI h bl&* that is, with a h of approximately 
1.0 mug. -a it h U m ,  as J=  X / E  that the blood b w  
p r  gram bf brain is approximately 0.5 mV&J'min or 50 mlt 
100 d m i d  

The 5W g& saiura90n Lethod of Kety and kfimidt 
may be used to study AOw in ariy organ from which mixed 
venaw b W  can be coUectad and far which A can be assumed 
to be a coastant, M y d i m  and k i d ~ ~ e y  arc swh t k u a .  

6.5 Constant 1nh~lon and Residua bteotlon Dur ln~ 
Saturation or Dgsahrration 

6teMU6 dncpth by s x t d  -dng m v e m  
In this method the volume/flow br massflux ratio is 

w-toasjaLkQDdc*- dete5mined from a direct observation of the indicator steady 



?3 d initial pw~ 06 b r  plot 

Rridintwal  d a a n t  md maximal dopc 

state rnadflwx mtio n r ( ~ ) / f ( ~ } .  Thc mass of indicator in the 
system (Lkt rtsidw) may in some ma Be followed by the 
use of gammr-tmilting radioactive traces altowing external 
counting aver the organ. Because the residue detcctim must 
take all outlets into account simultaneously, the use of a direct 
method d maswing residue may be especially convenient with 
a muldpleautld system: still the system can have only one 
inbt at which the indicator infusion Is d e .  (Compare this 
to the inlet~utlct technique where a singfo-iolet, sin- 
mtlci system must k -med). 

The exmmcntal situation involvts a constant infusion 
of indicator ;ha1 is continued until complete saturation is 
reached, that is, until the steady state for the indicator is 
rcachcd. Folbwimg f his. the infusion is suddenly stopped and 
the tinre at stopping is denotd time 0 with r a p t  to d-rum- 
tim. The residue is rollowd as a function of ti= during the 
early prt d the dwaturation. lo this situation the steady state 
residue m(m) is equal to the initial reidue m(O), and the s t d y  
state indicator flux through ihc system I(=) is the initial 
of decrmx of residue -dm(O)/d/ = - ria(0). This must be true 
h u s c  during: a brief lime interval aRer the infusion h n  betn 
stoppad the mtflux continues at unllltered rate (this h e  inter- 
val is the she-C tmdt time &rough the s-. H a m  

Constant M u s h ,  Rwidue Wteelion 

11 should Lw noted that the initial slope is tka aT a linear 
plot or the m i h c  m(rl vmus time. After a short time t k  
outlet concen tralion Slarts to deertame and thcn the slope dm/ 
dt also dm-; that is* the initial constant (steepest) slope 
Is no longer seem. 

The inf ial lo* melW may also h uged in the form 
of a recurding oC the wturatian mrve as  the initial rate of 
midue awumula tian is j (a) until the time when the indimtor 
a h  starts lo  learn the s;y$lcm Q%I the exit (the shortest transit 
time). 

One continuck infusion until full saturation bas mxurred 
in order to record d m ) .  But ahis appmch k k s  pmet id  
than the desai uratioh one, becaw it may h d W t  10 Msum 
a mmpictdy coma~rt indicator infusion rake from the bginning 
a d  thmughwr the ex~tirnent. It is a i w  just to stop a con- 
stanl inhsion and then la mmd ~ h t  initial slope durhg desalu- 
ration- 

It follows from Eq. [6.18] that if we a l e  the d d u t  
curve so that all amounrs are divided by m(w) = m@); that 
is, if q e  plot m (11/m(O], then the numerical value of the initial 
slope of this curve is ~ h c  reciprocal of the V O ~ U ~ C / ~ O W  and 
m d R u x  ratio d [he system. R e y r d k  of the scaling factor 



L 

7 - - -  

7 
used, the initial (steepest) tangent intersects the abscissa at 
the system's mean transit time I: 

Comments on the residue detection during saturation 

rps 

1 P the ra3idue detection method is quite analogous to the intet- 
outkt delection method, in practice the two methods are quite 

~aial during wh& inllooing diderent. The difficulties of determining the initial tinear slope 
axsaenlmim rack  0. of the residue curve is such that to our knowledge the method 

has never been used. It is the initial, or, more preckely, steepest 
slope 0 f a  sernilvgarifhmic plot thar one  employ^. 

The justification for making a semilogarithmic plot of 
the curve is that, initially at least, the system may behave like 
a well-mixed system, a "compartment," as will k discussed 

Pa iodd ia i tp l  olecpar s W w h i  cqurlM-) further in Chapter 10. We shall here just mention that if a 
8 wilbw mnrmm rcrmbrr &). residue curve is manoexponerltia1 between time 0 and time 

fI, then it means that until I ,  

m {I} = do)+- (6.191 

For th$ curye,.the relative slope m/m has the numerical value 
of t>z, 

-tn(~)/rn{/) = A = I / i  16-24 

Hence it follows that if the c 
from the start then 

Due to 
inlrave 
initial 5 
Strl urat I 

or desaturation (the initial slope method) 
As only the ratio of rrsidue rno  to residue decrease dm/ 

dr must be measured, the absolute residual amount need not !. 
be determined. When external counting is used, we do not 
need t o  know the cmunl.ing geometry. Thus the rate of  indicator 
infusion is also immaterial. 

The major difficulty af the initial slov method consisls 
in the possibility that the time during which the outflux contin- 
ues unaltered (at nlaximum rate j p ) )  while the influx has 

Aa e m  -tar blowup &initial prr compleiely stopped may be quite shor~ Consider for example 
of ~cunk that we were to study by external counting the initial rate oF 

decreae of 131albumin infused at constant rate into the arterial 
inlet (in well mixed fashion) of an isolated skeletal muscle. 
Even i f  one stops the infusion pump abruptly, the influx of 
indicator does no1 instantaneously drop to 0 &use the indica- 
tor concentration in the insowing artery cannot change step 
wise. Perhaps i t  will take 1 or 2 ~ e c  for a,, to reach A level . 
that is so low that i t  can be neglected. Following this, ihere 

I 
. p/ is probably a brief period, perhaps of 3 to 5 scc, during which 

thc outflux can be asurn4 to continue at the same (maximum) 
rate as during the infusion. I t  is during this brief priod that 

i the initial slope must be recorded. Clearly, this slope cannot 

1 I t  generally be recorded very accurate1 y in so shorl a t ime, ape- 
I '  cially if the slope Is relatively shallow. 
I This discussion demonstrates that although theoretically 
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FracrionaI initial hitid slope on 
slope gsl Hmr plot d o g a r i t h m k  plat 
may hs c~agtant only may ht -t for 
forrvtlybricf a eonsiddy [6.Zl] 
intmal of a few hgcr i r m t d .  
sec~nds. 

-*)/40) = -& (Q{m(t) 

The practical m u r e  is wually to plot the ar ly  part 
of the curve on $emilogaritbmic paper and then rn- the 
M m c  t1,% of tL tangent to tb initid s-t part d the 
curve Then 

For further discussion of the well-mixed rsonoapnentially 
deaturating s y m m  the reader k rdcmd to Chapter 10. It 
m y  m d d  &at w s h v e ~  an qqfaach @nwdqte) 
tbatcannotbeusedinpracticeIt h ~ ~ ~ e r O r t h e ~ 1 1 0  
of symmetry, so as to ~ ~ n d  to r&dw detectb a k r  
k l w  irtj-ion mentimed in Chapter 7 and also id ordw to 
pimt out that ell em doerr by the ~~c initial slope 
is to ftnd m e ~ a r d l y  satlsfact~ry way of detdnimg 
hehitial linarsbge, which is Che kinetical4y e m t  parameter 
1/L 

6.6 TmaseapWry AlkWn Flux 

The m&d is b a d  on measuring the albumin maw/ 
Bux M/J ratio @ o b i ~ g  the iniW rr#ional q rate 
1 - flO)/m@) aftracer albwh injected inWmnawLy. Then, 
by a h  m a  tbt m W 9 k  mass d d b d  k b t h  
4 ~ ~ I r p t . e  e p i h r y  q rat4 J c8a Ix e a I c o W  

In a& to ~~ the inuwaswhr albumin mass we 
m W  h o w  the daie ~~, ,dftmeer iqieEttff B i d  s m p b  ara: 
dated without stask wiC lamin interval& daring tbe first 
hour after the hjection. In the, p h a  the *~1~t l l tmtMn of 
the indicator 411 and lhat of albumin C (or Wl pr-) is  
meamred md tbe ratio the specific activity w o fmcti~n 
of time a. By retmgrade r n o m x ~ t h l  extrapdation the 
&kiwi hitid vdm i s  obtaintd and thus otre in~ravawi- 
Im mass is obtain& from 

The bMme of the i&d slop on the d l o g m i t l m i r :  curve 
may be read oIT the curve Thun 

MfJ= f* 4,. r; ti,nJln 2 ~1,&.693 [624I 

For accurate determinations one may use a linear rggsesr 
i o n  of the logarithm of sTf) or of clrl an time and mpby 



8.7 Cerebral Carbex Blmd How 

This method was dtsigned for measuring the b l d  flow 
of the supMcia1 half rnilhnekr of the cerebd sottex in mi- 
m&. tt can a h  & applied to afher ti-. % indicator 
wed L the dmcti% hert gas 8 % ~  dmlved in physiological 
d ine  (0.9% NaQ and idwed into a c c d d  a* w@y 
v i a  a ad1 catheter piam in a Side br&rPch [the lingual artev). 
"Kr amits for all p m d d  g u m  ody fi mhtiw (e l&m~~)  
with a tn~3rnu1r) energy of 0.7 MeV. This means hi by using 
a smail Geiger counts p W  over the e@ brain surfam, 
indicator may be ~ e c m d d  down to a depth of approximdy 
0.5 millimeters. 

T b  Infusion may be m&e in the form of rt more rapid 
one for the 6nr minttit fbtIowd by one-fourth that speed for 
the f~Uaaabq 4 rnim T'bk ~ll%wd smrc ewnple& 9atumtion 
of dl wriical tissue plwa &gem) during th S min @an 
wolfed be abed had &d gptfflt inbbdm s p e d  hen used 
thrwghmk The abw1wte anmats being inf- a m  unirnpar- 
knt. Om m e  i n f w  m amaunt m h  fiat a aMljtWe@atmu 
oaunzing rate ~ ( m )  of approxhtdy 3,000 m 6,00Q coursts 
per min is reached. 

Upon sudden -tion of the infusion the wasbut curre 
is rmrded ror apprdmstely 1 min using ei~her the m&autatile 
COIEO~S f i n e d  in suitab!c short h e  intends (2 ssc) or a 
ratmeter CUMC with a suitable aim& nonstmt (3 Tmfer-  
ring the dtsmce curve fa Ioprithmic paper Lhe tlla of the 
initial practimlly m~oexpnenlisll  part is obtained. Then 

Yd/F=b'fc l / k =  fatir&-a93 [6.25] 

That is, we can cakuhte the Mod flow per 100 8 af brain 
cortex, CBFmm, as 
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where h is the mrttx:bIoQd piartition mfBdent d a 5 K r .  
This description of the 85Kr infusion methad does net 

intrduce the mutticomprtmental model t h t  was tmployed 
when frtsl developing the mdhsd. In this approach the 
ration wme is wnsidered as the rum of m ezponentiotl k m s  
each- d the form exp. [-fdAdiJ and with a 0 time vdw equal- 
ing the amount of indieatw in that W e  at time 0 WdO) = 
R " r E ~ O ~ / ~ O ~ ] c d O ~  = mia hat k 

where is the inert gas cumcentration ia the bload at hll 
saturation, Wt is the weight d h u e  I; Ji its blosd flaw per 
gram of h u e ,  and At its tisue:bl& partition coefticient. The 
mumerid *hue of the rfactional slope ($lop id a semilop- 
rithmic sy&m using the natural logarithm) is at time O 

where the m a n  flow Id m a  patition deiemts ere 
M t n d  a$ indimtad in the eqmcioa Haice it hltpws that E+ 
[6.26] is obtained by this derivation also, But the oonoepu 
bebirtd 4. f6.m ~ F E  quite comph and dl that is by 
the rnultisxpmtia1 b r m t h ~  is that initially the b+ 
come p&By rnoeoapmential with a sIcp being equal 
& the frac&ml$4pr: in a Iintar syWm, a slope &at we rhw 
determine Pit pw~%~by the -thmic p w  This -1- 
culattim L.;~$r&d d ~ t h ~ u t  eves using ar even d m M e g  
the flow mQ wi& d tke p m a e d  M v i M  w ~ e t r m ,  
the numb af wW& t n d t h  known nor nust b known in 
e r  to d&& the mrlid b l d  tlow anit d g h t  of 
the fiw~. 

61 Kidney p k m  volume 111X-IaMd hyman m adbumim is 
i-sd inmvemaiy ~ $ 4  *& carhctts ofaqupl VSIumert con- 
t i n m m p I e i s  w i ~ w n k o m ~ a r t t l y ~  FRWD k d 
vein o w  1 min & &Vd bMw4 by anMw $ample aollekd 
0- rht h h i n g  IS m (An d V& 

The m ~ v i c y  m a s t a d  was 

Calculate Yd/F = 4 i-e.., the mean &C time of Jbumin 
mlemle ~hmngh the kicinty f T= mia = w, 

By pm-aminohippmte (PAH) cleatance and  don 
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the d i h m a  f b w  bas -um~ to ht 908 ml/min. 
Agkumc that the kidneys we@ g and hag &lab the 
p h s m  damn Vd per LOO g: - &lo0 g. 
C h n ~ e . ~ ~ o r i w q ~ t e t h t % ~ 1 M a o d ~ a ~ -  
ratsly if the hurtaimit of the dc r i a l  blood k 0.407 

With ranal hemawrit assumed to be 0.9 # large v e d  
= - catcutate h e  d cell vahm of tfw kicky, WW: 

Note the h p c t i d r y  of tbc p m d u r e  f i s  SO &n 
that E:$*ost t k ~ a 8  C , d ~ ~ ~ o r w w i n u *  

~ t b ~ ~ r i m a  Fd'?=Xtt l lmu#t~empoes~- 
diwf, = * d w m i # t b a l ~ ~ ~ M M p a r t i -  
r ioad&t t&  i3% B-0.70 mVg. WcuIak f a b f l d  
rnytrerrrllrrS* &ot# 'way - 1m fa - &loo @*, 
N o t f t t h t i n t l @ ~ w i & T = 3 U s c c t h e ~ i g ~ t i n  
~ W g t h e A i - V d N ~ a m  n o t n d y a s ~ t i d a s i n  
Ex. 6.1. 

~ c ~ t b s ~ ~ t t i m d a n a l b \ l m i n ~  
is 6 s e ~ r 0 . 1  Glad* the mycK.srdid plaarma vokrma 
--a=& 

6.3 ~ d l ~ a l ~ F r o m t b t p h ~ ~ 1 D r r ~ I h e  
flm 60 min dbr k m v a m t s  i p j ~ h  of a bolw of t*~I-hbW 
~ ( i ~ ~ m ~ =  3.0% IgSqm) t h e ~ o o a -  
~~~~: 

time Ips 
I 0  2997 
15 2.993 
20 2.994 
M 2.991 
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