
Volume of Distribution or Mass of 
a Substaqce in a Closed System 

In a c l W  system the volume of distribution Vd of a 
given indicator csn be calcubted by i n j d n g  the dose rnh 

waiting un tit the solution is ooalpletdy mixad, md &en masue- 
ing the conotntratim C(W) in any fluid belaaging to&e system. 

The fluid selected L the reference. fluid, and the volume 
of distribution Vd will cormpndidy  be expmsd in miltili- 
a or thrtt e d .  

Vdis Mned by applying Lfie mils balance m t :  The 
amom of ha-or 4x1 the system ma equals the volume of 

Velum of ditrihtkm in* m ~ ,  disttibution V # m & l M  by the indicator mmawahn e@) 
wliit, akt aue m p l c .  w i t h  that vdmc Aw- tu this definition Vd is t b  sys- 

mu's p h H d  volume in t4eWaI  case of the indimtor Axing 
completely h one h~~~ogeaeous  %g" of OfkL &wevet, in 
gmtral Yd h, as we shall. Wuss in more detaii ln Sec. 5.2, 
a virtual ('"irasginary") vdwne. According to the d&nition 

Y01wne af -Dam wcr thc indieator 
&wi'truion cbncwtmtion ind- 

ewlm flw a k  corn- ** t5.11 

The experiment may be arranged so the system wlll be 
closed, if it is not so initially. Sup- W the qskm h the 
kidney, a d  that we wish trr measure it8 r d  o t U  wlume. An 
arbitmy daswf6-  labled ml c&s mudd be h v u  
noudjr and a fm m h W  a b M  sample taken and the 
kidney excised. The amount d 8lCr in the totd kidney is the 
retained rn and theamount of 6Y)rperdof red& 
in the brood ampI;t i s  c{&). The w n c  Vd w d d  haw 
obtained had we m s d  the amount mo d h o g l d i i  in 
the kidney and the kmo&bin coacenkation ~ ( o o )  in red odk 



Suppow 11-tn in~r:+venoilsIy ~ r ~ j c u t  an  ;ini(>ullt I I I , ,  (111g) of 

;i pla5ni;i inclrcatc,r ( i - r .  MI indiiatol- that tl(>cu not enter [ h e  
rcd cells) such as hjg~i-tno~ccbi~~ar-\veigt~t dcstrarj o r  1"iI-abtlt:d 
;~lhurni t~ ( I  c . ,  a plastrl;i iridicator that docs nt<t ra~j idly 1c:ive 
the pl;isma volurnz). Illood samples arc taken at an  i~rbi t  rary 

I G ~  t '  cltr - 1 . 1 ~  tnt.:ksurcd hlotxl c t> t~ccn t ra t io~ l  is ol~srrvcrl to ;~pproach 
sonic crltlst;irlt v;alue (.(,m) (~ng/n l l ) .  Mass h;i l ; i~~cc yicliis YrJ = 

rt~, , /c(  1-1 (1111)- 

I his Yif is cvit icnlly the p las r r~ ;~  volurnc provided the 
;l\>urnl>~ ~ u ~ ~ ~ c l f  n o  loss and compicte r~lixlng hold. I ri pr;tciice 
h o ~ h  a\\iin~l>tions c;>nrlot hc rulfillcd ~irnul taneously A t i~ole-  
uulc of I hc slyc of a l b u ~ n l n  lcaks out Kl-r~ln t hc \.;ihcul:ir vnlume 
;at ;l riitr c>f':ipproxirr~;~tely 0. l%, per rnin. Iienuc, w:liring f'or 
cornp1c.l~ nllxir~g to occur (;ipprt,xitn;itely 10 1111t1 i l l  norrnal 
nian I c~ltai ls  a I O4E I(ns of ind~ci~tor. We can corrcc! for this 

by :issurning that thc dohc oI'i11t1ic;itnr i-c!ii;~lillng infrijvihs- 
cularlv aftcr 10 ~ n j n  i h  0.'30 m,,. But the ~ r ~ o s t  nrecisc result 

0 

, - . . 
Red cell volume I 

in& a h  apply. B Wt the &&I red ceJk enter the interstitis1 I 

mvascuhr spa* p r t i d r l y  in tbe liver). I 
)C (the space inside the vasahr  walls). The chlkene is in the 
1c Keel c t . l l  \ r d ~ i n l c  

order of a few pemnt. The M dl whme divided by tho 
IHfc'lut),,~. I,,,,I, - - - 

-- 
I I R l u o t l  vc 111rnt. 

total b l d  volume is d e d  the whole M y  hemarwn'f. This 
= _  fractional red cell volume is approximahly 10% lower t h n  

that meaaum~ in a ~ m x ~  m ~ I e  Men from au e r v  or a I 
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is more pronounced in plasma tfim in red d volume determi- 
nation. 

We have commented here on swae of the probhs in- 
volved in blood vslume determination to show that e ~ e n  in 
the case d the most wdldehed space in the M y ,  which 
we a n  mewure quite accurately, we are dmhg with approxi- 
mations, 

In most cases Vd must be 0 0 ~  an tquiwIe111 rather 
than an actual volume. Consider, for cmmp1~ the m~ ofalbu: 
min in the wb& M y .  This p h  pr&a is known to be 
distributed w that mpproximatcly 60% of the total amount is 
extrav~ular and 40% is inmvmlar. For ~ d m c e  w 
sume that in a give41 subject equal ~~ (50%) are pmmt 
in the two I d - .  We mepsun a p b  ualww af 3 litem 
using Eq. PI]. Is it t h d m  correct to 8ay rhat albumin has 
a volume ofdiwibution Vd in the total body d 6 liters? Yes, 
this is &y wrrwt as we here take p b  ss our rtfefena 
fluid; &at is, Vd for albumin is 6 liters #plasma But this is 
c b r l y  aa a- t h  to wme ateat is tven mkhding, 
kmw the a t r a d  albumin is ~ W R  to exist in a low 
and w H k  conctntration in interstitid fluid and lymph Thus, 
the pmetrical q w e  in whhh albumin exists outside Uwwwls 
is much l a w  than 3 liters (perhaps appcoxhmtety 6 litem). 

Thm amideratiom identify the abtmdon involved in 
de6ning Yd as &e ratio mdc(co). Ln our exampIe Vd i = 
to be quidem s h e  '%ad the p h  volume heen 6 liten" 
and "bad no dbumb b n  located cxtravam~My," then this 
f i y p ~ ~  s i f t l d ~  would, with respecC So m t  d albu- 
min, be eqa iab i  to the actual situation. W e  know tbat platmet 
pmtdw tibat are than albumin have a mhtively m d k  
exmvswlar fIsbctiQa evea though p b y d d y  all plrmsmrm pro- 
teins are p d b l y  found in the same lmations in the intcmtitd 
space Hemx Pdis smaller for such molecules than for albumin. 
This again iUustratcs thc imaginary nature of Lhc " s ~ "  am- 
txpt in the genera1 casc 

la the experiment petformed for maswing Vdone waits 
until mixing is compiete Wore sampling from the &mtw 

fluid. This is c W m w U y  d e d  e p i I i b m f H  emnplc wl- 
ume masurunmt of fluid or of air in a container. It should 
be Br,wmcf, t b ~ t  in biologid space measurmenb 
the state of complete mixing in mart c a m  & nor a slate of 
equiliMwm in the thamdynamic sem For example, in the 
case of albumin distribution, equilibrium b b c n  extra- and 
intrava?mhr albumin w d d  ( thmdynamidly @us) 
mean tht t  the albumin concentcation was equal in these am- 
municating spaces; that is, the active force, the coa tinud foma- 



la- 

Di~utiZ 28 p C&wi *tent m 
. .  - - I .. 

of lymph which maintain tht con- 
'mtttltims at different levels, would have to b e l i .  

th. u*c d h . 
sample of b M .  Thermodynamic aguilibriurn cannot ever k 
reach4 as the cells will burst before the in- a d  wlkmd 
cancattations d tbeir cqdlibrium ( h m u  quihium) 
vdue. Only in very spid cases dins the state of ccmpkte 

'ng of m i n d i w r  ia a closed system b m m e  identical to 
In the swim bl&kr of fbh act& uilibriurn. This is true far ineft p a i s  &use active dub 
fos~es do inciraa~g inert ga~ses. o m  asentially do not influence their distributi;on. k The tracer-mother substance e explains quite p W y  

meaning of "campbe mixing" in r dosed systtm. WhGn 
the specific activity has b m e  equal at all sites, mixing is 
in fact the state of thermodynamic equilibrium for the ''hasic* 
system m i s t i n g  solely of tracer and mother substane. Yet, 
for both substanceo {tracer and mother substance), the distri- 
bution inside the actual systm (e.g., an organ or a blood sam- 
ple) at complete mixing is, as mentimcd in tk previous mhn. 
often far from themdynamic equilibrium. 

Complete mixing in a c l o d  system comaponds p&y 
to indicator steady state in an ~ p c n  systuu with c~nv~ctive 
outlets. In fact one might use thc term s t d y  sfale to denote 
bth  concepts. That stresses the fm h a t  the voIumt of distri- 
bution Vd (respectively, the rnw of distribution i s  the some 
w t b e r  measured afeer mmplcte rnixing m a c h i d  system 
or in the indicator stady state in the same system. But now 
with the sy- being qxm. H~wevcr, because  me cw- 
veys the concept d ongoing @ut pmi* b a h h g )  hpu& 
and outputs we have choscn to use the tam mmplele mixing 
for the c W  system. In an operational sense this term a h  
putaim to the d expuimentrtl situation: inject + mix 
sbmple. 

5.3 The Mass I 

Suppose that the suhtance for which we wish to measure 
the mass M is contained in a space of measurable size. It could 
for example k the in~ravascular mass of the protein molecule 
transferrin (the iron-carrying protein of M Wt. =. 70,000). Then 
a simpIe procedure would k the determination of the plasma 
volumc by using l a b l d  albumin as indicator and then by mass 
balance 

Mass = Space X Concenlcation 
- 

IMamnxtmdn - Vpl-r x cl"derfin 15.21 

However, a more dircct approach for determining the 
mas3 Mof a substance: in a closed system consists in using a 
rmmr for that substance. Suppose then that we have 'SII-labeled 
transferrin. The d q e  ,no is injectcd into the system and one 
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waits U D ~  the indimaor & i g  bas bmme cf)mpl&, t ka  
ic unzi'l th@ spec@c activispt Etas miid K& am$ ediwW wltle 
s@) thmugbouf rke entire symm As the spidfc activity is 
the ratio of the amounts of ua@er and mother SP- that 
is, s(m) = m JM, it follows that 

Eguation [S.3] is obtuiued directly from Bg. [5.1] if w e  
WM the t y p  of "translation" from the hydrodynamic uw to 
the rmcer-mtxher subetmct - that was iaWuOed in Chap 
ter 1. Nmdy, Vd CQ-ds to M just as c(w) mmapoods 
to qm). There is one dilr- bwcwf, k that we do not 
have to s m y  the rtference Ruid (or tissue) fram which we 
obtain 403). 

5.4 The Partition Coefficient A 

C'onsidcr i111 o p c i ~  \kslc.ln ~ l ~ r o u g h  w h ~ c i i  ;I c:~rrrcr t l u ~ ~ l  

llcnvs. 11 u o ~ r l ~ l  hc ;ill orgiln In I ~ I C  body pd"1rcr1 ~1111 blood 
I t t i l l  c k i ~ ,  I t i  I I I I I C  11111 

hy hupplq'i~~,c I tic 1nd1~.;11or ; i t  t hc  u m c  cru~\ l ; i~ l t  c {> r l cc~ i~ r ' ; ~ t i o~~  
[c( ~, ) ] , ,~ , , ' ,< l  at ~ ~ 1 ~ 1 1  111~ K>-htclll flll1L-t IOIl\ ;I\ :a ~~11~1~~-1111ct 5y\tc111 
Af tcr  :I cc.rl;i~n lirnc l l ic  int11c;ilt)r ~tc; ir ly stiilc IS 1-c;ichr.d with 
1 o n s t 1 1 1  u t  I ) - 

t t l ( ,  r ~ i '  t llc III~IC;L~OI- rct;i~llcci rilsidc 
111c systenl. Wc t i c l i~ lc  t 11c Inca11 c t n i ~ ~ c i i l r ~ i t k i ~ i  III t hc systc'ili 

;I \  111r itnlouilt ol' i11dic;itot' per gr;iIli of I~scuc 
-I-hc:n, wit t i  :I 1lsslit w r i g l ~  t nf I 0  g, 

Ilut :~c.cnrding 10 Iicl .  [ 5 . l ]  this ;irlicnirll of irldicstor is  also 
yivcil ;IS t hc ~ ~ - o d u c t  of the volurnc OF d i s l r ~ b u t i o ~ i  Vd (deliried 
hy u k l n g  tllu i r ~ f l ow  Iluici as rclclrcricc fluid) arid the steady 
itiktc i11lc1 corlccnt rst ion; tl1;1t is, nl,, -- ~ ' f / [ ~ ( ~ ) ] b ] ~ , , +  Her~cc  

It should be stressed that foilowing a w i d e  c' d a- 
vention we txprcrss the tissue concentr&ot in amaunt p w g m  
of i&ue and blood concentcatim c in amoumt p r  miifZW 
of blood We dcfine h as the indicator stmdy-state ruth 



h - 15.71 

Or, the wrtfthn 

1 J S W ~  dance with the wnv&h wed whsn &thing the tkue md 
Kety % S. and &hmidt C F (19d5)3 A m  b 1 4  conctntrgtimm we have here fdowcd the ddblition i3f 

I-- 1 Php&L. 143:53. 4, by Kety in developing the nitrous oxide method for 
w mrn-ring cerebral btd ibr per g (or p. 100 3 of ba i .  
d@ Mi A*. * . - t&ue Qther inptetigakom have Usbd a dimensionlca h* ari 
d& we the spme ratio where tlus tissue cmccntratim is exprPrsswl in 

amamt per m i T t i Y i .  This definition hm no real conceptual 
h a t a g e ,  as such a h* does, neverthe&, have a '%idden$' 
cTtmasim (eg., ml of b l d  per milliliter of tiEwc). Moreow, 
for prachtl wx one muat always divide A* by the specific 

a W d  gravily of the Wue p ("rho") in order to obtain blood Rrvw 

Mw. in rhe usual mi1 of &g inwad of in mI/ml, X*/p is identi4 

-@ with Ktsy's A as defirted in Eq. 15-71. 
X t is impartant M comkk the tissue as including its blood. 

Thus Ic(m)]- in Eq. [5.5] is (amount)/& d tissue including 
its Md). This is mwssaq in order for Eq. [5.5] to be valid 
irr the ifi viw condition. It bElsw6 SW Yd, R and h all r& 
to tht tissue with its blood. 

In getled the b e  in a system is not ~ O I X M ~ C R W I U S  

but m y  be saen as a sum of po1.rim ofr fm types of tisac 
(q., Fat + Isan, m m h  + skin, ttcd. In this CFW it fs wnvenmt 
ta generake Eq. 15-51 as 

where W is the weight in grams of the ifh tissue wmpomt 
in which the d y  swte indbior c u n ~ ~ o n  is [c"lCm)]t 
(ammug), S dm- summati~ll wcr an tissue oompgnmfg, 
and t b  partitiom mdki tn t  fur eaGb thm camponen1 is Wried 
analogwly to Eq. 15.41 as 

I 
con- 

w r n  
Equation [5.10] d d h e  the volume ak distribution .both 

d k d y ,  as the eatin of wined &me of indimtor to a steady- 
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I state referen- concentration in a particular aprhmt, and , 
ind-, as the sum d products of putition ccetlkienb and I 
companent tissue weights where & hi may be detamrid 
in n m t e  exptrimult. Thus Ai tl be obtained simply by 
ararrlyzing a sample of the tisue rnntxrnd, crvt Ma e r n  
to include the amount of natlfrdy wcunhg blood in the a d y -  
E& of the sarnfle as wdl as in the weight u d  for M g  
Ihc wmxntration. DeWmhhg a h  thf 8uhtnme*s bled cow I 
c a t d o n  yi&& XI mcding to Eq. [5.9]. 

The isst equality in Eq. [5.10] d e 8 w  the avcrqe partition 
d c i e n c  as 

xis the wdghted sum of A for all i b  X=- XM= W (5.111 

demenb. W 
Thus X is the weighted avwbge of all the Xi c d k i &  for 
the system with the weighting factor being the W o n a l  ' 

weights Wd W of each c o m p m t .  
To give an example, we -ten obtain Ithe @tim d c i e a t  

h r  the entire brain by :A: my W w m  
x=4- -L+bW [S. 12) matter a d  40% white maltu W 

Thgt is, i t  can be * c a d  as the weighted sum dthe  partiti- 
d e i e n t  of gray matter h, and white matter X, witb the 
fmctimal weighs WdWand W d W e  weighting f a w n  

A W,mnveaience of the A parameter is that it is in& 
pendent of the aWlXtt amount Of indimtot If we dOubIe the 
amount of indicabor then both h u t  and b l d  cementmion 
doubk and h is csnstank 

The X w m p t  plays a prominent roie in all inert gas 
indimtor mdt& and ha- WR win comment on thb s w  
type of X, At the. indicator s t d y  state Eor an inert gas we 

Rmymbr that in oyr w g e  tks unit have th8Wmt gas tauion thoughout the system. LiEt the W e  
~ t ~ & t x p ~ ~ ~ p . ~ ~ ~ ~ @  and b b d  sohiwity &entufthe inertgas btddmed in ml. t i v d y a s ~ a m m t d g a s i n a g o f ~ l a n d i a a m l d  . 

b f 8 6 d & t * ~ p r ~ d 1 m .  
k%hforarrinertgasis 

This &tionship is important because we know b t  the 
inert gas solubilhy in a h u e  is Iridepmdmt d the fHnctional 
stah of that hue .  It may be. Iiving or d a d  but A h not 
change. The inert gas solubility dqmQ pmcthdy ody on 
the conctmtmtion d water, pmch,  and lipid in tht tissue. 
Tk- as 14ng as such phydcdwmid chmcteristi~ 
remain esseatiaUy at their n o d  lewal, the solability coe&ht 
in the hue also remains amtarat. 

Far the blaad, inert gas solubility in red &is somewhat 
higher than in plasma. Thus the iaert gas sohbility in blood 
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is tht weighted average of the wnsW awl~~biliiy of the two 
c m p f s ,  red & d ptaama (only in w e r e  b y p d p m h  
b the brt gas miuWty in phma WificantIy iakcmwd). 

The preceding ~ n s i d e r a t h s  led Kety to pstdate tht 
h for an inert gm h p r W y  a mmh~~t fbr b W. This 
has baen &ed e x ~ ~ t a i I y .  

To iHm1ra14: how the h wu1omt is d r &cussion will 
be gi- of the &dw:  b T d   part^& cmfiient fir t W e  ad 
fm J a J I & W  d b m n  und the ef$ct dwriatiarrs in &e M& 
&&me of lfae bWfi 

The blood in thr: brain may be wn~idered as a maraw 
tissue and hence 

X=X'sW~W+X',li"JW+h',WdW 

whm R F p d  W m ~ e ~ w e a g S ~ o f ~ y ~ d w b f t e m e # e r  
not hdading their blood and YC, is the weight af blood. The 
W C # ~ ~ ~ I S  FT J K  W ' d W b :  WdWartthtcarre- 
s ~ d h s  M d  w&@s, and A*+ A t w  ~ n d  h'a B the R- 
spactivc prrrtiticm dchk A r b  is the mtio d dubilitics 
in tbc btaod in the btain h u e  jmp (sxcluding h u e  hod)  
and in systemic b1oad. Since t8c fmnatmrit of brain time 
b M  is only slightly k w  r b n  bat  d sygtemk blood, h'r - 1.w. 

The frmional weights of the three components can be 
EXtbW by 

Let it now bt m u d  taal tbc fractional b I 4  cooteat 
We/ W varies from a low v a k  @,02) over a normal d u e  
(0.05) to a very high value (0.10); that is, tbe b t d  eoatmt 
of the brain between 2 a d  10%. Table 5.1 is then obtained. 

For lMXe with approximative values of XIg  = 0.85 and A', 
= 1-50 the douIatcd X varies 1- than 1% a$ Ule blood wnmt 
varies fivefold. Fox albumin, where A', = At1 = Q.0, the 
calcutted X quais tbe fractional blood volume and hence it 
varies SWO. 

This example str- a fundamental diference batween 
indiatoa dhributing rapidly in ihe mtire tissue ( f d y  d i k -  
h ie  indkators) and indicators that are practically confined to 
the vamdar k d  (nondiffusibk indiaatws). The i d t i v i t y  



Ci=J\C 
(Virtual low) 

d -& L.r to- I d  b l d  volume variations is d funhrntal  
importame for the use d such indicabors for Mhct blood 
ha mcaammmts. 

Both of thae terms am didkult to M a  We shall in . 
t h i ~ a o m 3 p a u e t h c t w o t o & o w E b a t ~ y a r e c h s d y  
interrelated in &hat they invalve the sama C t p e  oP Wvatian. 

The wlume of dPrrr'brcPfom conoept g m u ~  that there 
is a "de~mt" rsfwenw Buiad with a Mwidmt  d c l k h h  in 
many -. In a hydrd- system ~b I I I ~  are ! 
exdmnpd across the bun- ddj! hJ! mn~i9n ,  the obi- ' 
ow referace fluid is the fluid a the bo-. Eva 
then, h-w, the s y s t e m  stu$ial in the lmly art gmedly  
only appmxhwd by so h p k  a mhcla~ W i w t  
thcmmplmity o f m i ~ u k ~ ( ~ ~ ~ l i c ~  
of=* i m e w  fmdaiug (f&atsrai&hUy hger &an 
( ~ a t G r ~ r m c s n ~ * t t o i p n l p h  i l o w € w ~ m .  Ill 

* - B Q ~ & :  ~ ~ V O ~ ~ C ; & ~ ~ @ & ~ ~ ' ~ -  
~ e d ~  i s c x p m a s  mfoTwWtBaoodiaak~ey 
CY%= MC], L &E mwcnhtion Ctheol m w m d  in artcrhi 
b l o a d w h ~ l v t n o a b M ? h & ~ k r t r e v o ~  
of dhtrlbuflon wpwsd in ml d amrid b l d  or in d d 
vmmsbtood? O F o o u m t h e M v i s ~ b h ~ c  
emphwkstbe i a d W  way of o b t a i  Vd Is f i n q  a p& 
dd&imob VdPvillinrrlliastance~kbngwIcmbmm'~: 
2% d m w u f & M h ~  tfasulwnce h&k-a4ys&m Qomm 
t k  drrreqf& W4WyMwrn M e m c e W  &a em- 
the sume &- if the s u b r n a  m the sptm d m  &- it 
& in the s~~ sikk 'I%&, again #iih r&mw to 1a~J-1aWd 
~ ~ n ~ a t i n d i r W y ~ ~ ~ e x t n ~  
albumin, th i e  m ''virtual" n a r c  cf Yd is d d j  
seem It iq v i d  b w w e  the systun f u a b  as $it Q d  
mntahed t4e m e  in Fd ml aS the m w  fluid. 

TheoDPloapaofcllprrmw2 C l h  p r m * - ' k w W  
o f a d w a t t t ~ ~ ~ d .  €!ithevohmeoftSLCemmW 
to bt usat in &&tien b the caferidatiota of a n r 9 ~ v ~ w  
i h ~ o f a s ~ a a ~ a b o u ~ .  It i s i k h e d b y  CI= 
3,C that L, t k  taro "primmy*' bbsmatiom are tbe lux J 
and the m t m t i o n  C In d e r  ts & c u b  the clamnee 
we musf ta.wttm J& c n e  flux x ttim it ibaammve~ti~q 
demands the use of m appropriate tnurea for its mwmnmt, 
andat  any- the d o  oftraw fkaxjf4Imd 
sukaancc flux Jquds the spscilic activity 411, wM& should 
preferably qual &at of the &men ref- W. This is Rat 
alwaya h e  txm in actual e x p h e n t d  dtW~= d m w  
diIfidtk ia Ebt use oftbe chmnce concept that we disc& 
in Chapter 2. 
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5.6 SumeR;rrw 

The principle hwlved in measusmcnt ofdume ar mats 
in a c k d  sy&m is the &ic and &ph &tim principk 
It is d y  eplllintd by cansidering that ma of a dye is ad- 
mixed to a batk resulting a h a  mixing is c o m p k  in r ewcen- 
tati6n bf &{~)Aiimr. Tkat Yd - rtfdcfm) its ~ C I I  OWOUS, 
But in practice problems am meounkmt as the system msy 
not bt completely c l o d  and as ~omplete mixing of i-br 
inside thc system may bd difticdt to &Win. 

fn caw the i n d h r  is a Lraar for a systemic mother 
subs- Eq. 15.21 @v& 

whece Q(w) {amount of tracerJg moth& sub&m~w] b the a* 
s w  s p i A c  aaivity of t t l l ~ t f  thrauglqqut the system, a d  M 
& mother subsfame) is th d motha sub- ia the 
spm. Canpison sf Eqs. [S-81 md f3.l4] emp- the 
fuadrtmtarPd d- kmem f11- substam i n d b m  
and tracer i n d s  M e r  mi- tk fo- s&~ban@ a n  
have M & r e ~ $  w ~ t ~ t @ o m  ia bi-l t h m  wmpanmts, 
but a ~ h a s a ~ s ~ d v j i y r h ~ u t i t s m o t h e r  
a t h s b c e  f k k p a p # y  af hcea i  is &noted the w a ~  mn&- 
tion. 

W n o k  h t  w e h d d h g d  Fdmd A l M y  as 
the voiurrre and maas wa whhtod a k  ample& daze TBis 
duhition b the "A&& id" of ttme in- ditutim p+i 
pkapplitd 60 r baum whemh&ngcom- 
piate? In somu - ffht @#em's irldiamr ~~ (m08- 

m e d b a w i ~ ~ ~ d f i c t l O w t h e ~ r i v i t y  
* r @ m  *6Et%PSZ v a t  -cdbg to a mas- dra) is thtsamein any part ofthe 

syaemg is mually n a  f ~ ~ t ~ ~ ~ ~ ~ ~ t o a ? , t & #  *)or 
d a r  * ( = ) . T A U g ~ * w * * ~ L ~ p ~ s a m c  
%#& as** e o w ~ w i t 4 i  &eidiC$&or me&MhIn 0- 8pEMm. 
'it #wI W e c a a a e t r t m ~ b h t W 1 y w ~ d w o f ~  Kid 
EM- a r M ~ ~ ~ & W ~ f ~ o f ~ ~ t ~ a s ' ~ ~ ~  
;- valume or mass d d-tian s&tr X b of d M i o n , "  

. x H&QQ chi id^ Iiet the d the 'WU~J~ volhrw Yd 
v&tivk and k ta &en wacei~g of VW ~ l m a  IsT#($] 
+ a= amdhfr)tsatgmw wibk clmeismdy~tn ~~ aarsrde 
k J  ~ ~ ~ t ~ ~ ~ ~ d i i e t o ~ e w s f  

I- tkc W ~ ~ Q C P ~  in d a ~  m the mean tmmit time &aid& 
e 9  cm&inCbpws  dmd 7. 
w. 7 % ~  comrkmt ig f l ~ t  intentid to imply that me might 
4- not use the tamr '24 hr brcbm~esbIe mass of Mat." TI& k 
hmld simply an o p e r a t i d  indimtion d how r k  mperimmt wm 
hmi m order ta ahmt r w b  equil'irium. Wwt we &j& 
=wm to,h ~ o T t b k ~ 4  wm~d~tospc;droPanex&aqt+ 
wsd a b l s m a  that inwabd rmrn tbc moment d injectiom amrd- 

ing to &c eguatian Mi11 = ~ ~ g / ~ ~ - a ( l l .  

C 
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W e  m y  obtain the muis M in a single inlet s y s w  inlP 
which we inject blus of a tracer 

where m(d is the rwidue in the Bntirt & y a m  rtnd sfi) is rbe 
specific activity at an outlet (or -here h i d e ;  at WW. 
The symtds wiIl bE disc& in detd in the next two ehspm. 

we G m  rewrite this as 

the c l a d  system Eq. 15-31 is just a s p e d  of the 
Eq* [5.15) empbyd by mgner. 

r fXERCIS6S 

k i d w  hRdian (mainmid an hmdalysk$. 'I86 ~~~ 
p h  inldia ~ ~ m n  is IQB m&m. k s m h g  m la 
of the id* @m tbe indin wtume d d l s s r i b a  a p d  
' t n k e r s q P ~ ~ H I ~ a ~ r i l o f R 9 6 , i m w ~ b t k  
mulia v o b  d&&iftiaa* cqm& in Jitm of b M  

~ W t h 7 ~ r o b i 6 3 1 i t r r s ~  Fhephma 1 
pmtein cmau* is 7% so that we ~ B ~ ~ # $  as- 
sume hat I liter of *ma & a93 likm d d d m k  
Give the ~ M C @ S  for and the e x h d l u k u  s p s ~  b e  
&id stWw to indin. 

i 
5.2 A n W a S @ ~ & a w & b h g & g k p d u d w i # a a  

~ p m u a k 1 ' b r a n e i l ~ i ~ i s ~ I ~  
m % t r i t i ~ w d " ~ ~ t # ~ ~ ~ r ~ A i t h m d c d & & c  
a x ~ t b b ~ n g d a t a ~ & a k k ~ i n * r , m  
~ p ~ ~ X w ~ e l . 8 1 ~ ~  m=pw 
t5 ,sadmwh-@~Ws 

C a l m  l e  virbimes oB diPW&a md the pmitb 
d e b t &  A b  give bwaatiW h i d  dwasm@ it 
t b b G p ~ ~ ~ ~ ~ L B d ~ l ~ ~ ~ ~ 5 %  
albumin (see Ex. I), Diacllsg the Marag Yd vdw 
Far the kwo hrUm&r& 

5.3 For im p @Kc tlw commtratiolt mch d ~ r s a  c u l ~  ia 
0.65. W r i k r h e q t w h n  !br the- d % ~ .  rn the 
~ ~ r i t  d the W& wbw yuu hw L n t &  hk~amri t  O*& 
the 1- iB 1.06. 

FfmtwSiterbewm 



-rim w - 0 . m  c ld -80~~1  ~cmmmlcd. 
~cqrtation~~~~~h-~OO40]m[f/@4a+~.aQ *0.65)] 

c d f 4 a  c*b As thiS X value is 1.06 it folcllo~~ that h d  I 

& = -. I W n g  this Llta the g d  equaliwl @vc9 

This uampb ilkstrata how m e  EPU~ utilize one wrperimcntel 
X r n r a s d  at a given hmatmit v h  Em &Iating other k d tm 

if %lmm/Chd rnm is bm. 
Note that &a groeg chcmid com- 02 Ulc gray and while 

matter of the br& is pr8ctidty the same l miow mammals indud+ 
ing man. Hence h- and A1w we alSO the m e  but X is higher in 
man than in many of the other mammals b u s t  of the high pulcent- 
agc d white matter p-1. 


