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Summary: A theoretical model of blood-brain e x c b q e  
h developed and a proctdure is derived tbat can be used 
for graphing mdtiple-time tissue uptake data and deter- 
mining whether a u n i d k t i o d  mnsfer process was 
dominant during part Qr all of the expdmtntal period. If 
me $aph indicates rmidircctionality of up!ake, then an 
hilux constant Ggd can be calculated. The mdel  is gen- 
ml. assumes bear transfer Mefics, and wnskis of a I blood-plasma compartment, a revemible tissue region 
H I( 11 .tn arbitrary number of compartments, and one or 

rimof the 
; - '  

equations for this model shows tbat a m h  of the ratio of 
tbe total tissue solute concentmtion PLf the timm of sam- 
pling to the plasma concentration at the respeotive times 
(CJ versus the ratio of the arterial p h a  come;entra- 
tion-tim in[& to C, should be dtawn. If B e  data am 
consistad with this moded, then this gmpb wiil yield a 
curve thaa eventually becomas linear, with a slope of K, 
andm ordinate intercept less than or equal to the YWCU- 
tar plus d y - s t a t e  space of the mvtssible tissut region. 
Ksy W o e  Blood-bdn transport-M~ttipia-timel 
graphical analpi-Transfer m-~sr. 

Most studkefi of solute transfer pkcresq the 
Mood-bmb barrier (3B3) employ the same gem- 
CrtLi ex-- procedure and derive me pf three 
t m k r  n-he extraction h c h ,  the in- 
b x  co-t, or the efflux (washout) m m t -  
b m  the data, The ~xperimental p m c d w e  urudly 
kludes introducktg the solute d inrerest (hemdm 
rcfwred to as the lest solute w material) into the 
bloodstream, taking blood samples throughout the 
mawrhentai period, obtaiaing te& brain md 
blcwH1 smpki, and assaying f he 6ampies for the mt 
wlure. The calculation d the appropriate transfer 
lumber involves the assumption of a specific 
Wmd -tissue tktriburion model for the system and 
lhc insertion of the experimental data Into the 
wcrrking equation of the assumed model. 

Of the three mskr numbers U9M above, the 
i d l n x ~ E C i h a s b e m n ~ h t t o d a t e .  
Yet, & detamined, the innux corn- 
-'~-@&8 b h d - b d  mfi & 4 
bup r@d& ~ ~ n g  salutes and is the only 
tmnsfer which caar be awumtdy deter- 
mined far solutes that cross the BBB slowly. 
Moreover, a simpIe relatiunship between Xi, c@- 
h y  blood flow, capiflay surface m, and capillary 
permeabifify (& latter two mkbks we wudly 
combined into a permeability- wrfaw area or PS 
pmbct) hrra k e n  develapl @+@I, 19S9; Wm, 
1963) and can be us4 to convert the h8ux mutant 
d the test solute b s PS product if blwd flow is 
known (htlak and Fens~rmacher, 1975; Ohno et 
al., 1878; Femterrnacher ct al., 1981). 

The transhr consrant for a particular solute 
aattracts of tbia work have h e n  presented in FmstcrmacW 

across a membp8rxo such as the frgg $kin or the taad 
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locities are constant with respect to time). There 
fare, with respect to the BBB, Kt is definad rts the 
steady-state mte of solute flux across the BBB 
complex from plasma (constant concentration) into 
brain extracellular fluid divided by the p h m a  con- 
mntndion of the solute. The present paper illus- 
trates how Kt can be found for m y  mcmbmne sys- 
tem (dud@ the BBB) when the source solution's 
(plasm@ concentration is n d  con$tsmt. 

For the calculation of an idlux constant from 
blood-tissue &mition data, the net tmsfer of 
the test solute across the 3BB is assumed to be 
unidirectional throughout the entire experimental 
period. This assumption means that dl the test ma- 
terial b t  has crossed the BBB and entered thc 
neural pardachyma during the count of an experi- 
ment is still present in the tissue at the time of brain 
sampling. Needless to say, this assumptioa best fits 
an experimental system in wbich the test matmid b 
held or bound &thin the parenchyma by a physi* 
Mica1 or biochemical process, In addition, this 
assumption w&nes the estimation of the influx 

a&r intrerwems adminismtwn, Thmfbm, tbeae 
authom assumed a Hnidirectiond uptake modd for 
the blood-bbmh transfer of tracer potassium, es- 
t a b h h d  relatively constant blood levels of % in 
their experimental animals, obtained brain samples 
at times mghg from 30 min to 3 h, and graphed the 
data from dI ofthe experiments as the tissudphsma 
concentration ratio of radioactivity versus the ex- 
peimentd duration. b e a r  plots were obtained for 
most brain regions, &bus indimling tbe unidirection- 
dity of the uptake pmcess a d  the validity of the 
assumed mod4 and the derived MUX m a t a n t s .  
Bmoa at al. (1973) employed the same assumption 
and &d, as well as ssimilar experimental and an- 
alyticaI ktrrliquw, in their study of amino acid u p  
takc by the brain. 

Wit recently, Go and Pratt (IWS), Ohno et al. 
( I e & ,  and Gjedde and Rasmuwm (1980) have d6- 
vised simpler ways of pwforrning b d n  uptake ex- 
periments and analyzing the data For idlux can- 
stants. The simpli&ations h l m d u d  by these au- 
thors include the aimhistration of the test material 
by intravemus b o b ,  the employment of a singIe 

constant by an equation that was d d v d  under the 
assumption of unidirectional flux during the ex- ''XQ 

p r i m e d  period. As will be present4 in this lSokc 

paper, the injection of the test material by intrave- 
now bolus is wta idy  ao acceptable experimental 
and theoretical dkrmtive to the lrrore complex in- 
fusion schedules required Ear the canstant blood 'rhi 
level conditions used by Bradbury and Weeman """'1 
(1%- and by Bmos et d. 61973). However, the I. ' 

tmploymnt of a single experimental pwiod to de 
termbe the influx constant a m  lead to erroneous 2. 

estimates if there is a s w a t  brain-to-blood p'aSm 

backflux during the experimental period ador  the 3. . 
measured tissue activity of the test sohe is not '"" a 
corrected far the activity that has not moved corn- which 

p1eteIy across the BBB at the tima of tissue m- 
piing. any a 

In the present paper, a theoretical model of I 

blood-brain exchange is developed and us 
Bnalyze solute influx acmss the BBB. The m 
gmeral beatuse no s-c time course of 
concentration is assumed and no jmrtit 
-meat or number of campartmeats in 
tern is presuppllad. These compartments can be in 

amowmtlt of the tcst solute ou 

(uRibtiomi) during f ie  
w *I 0ux mast 
tribuGoa of the test 

(1967) first described. In addition, the multiple- 
timdgraphicrrl approach eliminates the necessity of 
empioying a vascular space marker and an inavm- 
cular distribution correction of the tieme data, pm 
vides physiological information about Ebe distrib 



I BLOOD-TO-BRAIN TRANSFER CONSTANTS 3 

&Jmderthc 
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)re mmpb in- 

I x-t b 1 d  
and lchmn 

2-deoxyglucose distribution data because the 
hexolriaase reaction is essentially irrevwsible 
(S~kobff et al., 1977). 

The Poilowing assumptions are made about the 
, t l -mrnmodel .  
I 1. There is a siagle source, the plasma (denoted 

by s-pt "p"), for the test solute in the system. 
2. The concentration of the test material in the 

I plasma, Cp, IIL~Y vary with time. 
3. Relatively rapid exchange of the test solute 

: can qccur between plasma and a tissue region, 
wbi& is made up of n compartments. The t a t  sol- 
ute can flow directly or indirectly from planma into 

I any of these companmnts, move freely among 
I these tissue compartments, and, in tum, flow back 

mdily inh the plum.  That is, the test salute 
tmmfe between mil among the plasm md !he 
compartments of this 6rst region is reversible. Tiis 
elcchmgable tissue region is demted by the sub- 

( wriptbbr.*' 
I 1. The bst solute can enter a second tissue d b  
j rribtl-tion region from the bioad andlor the %A- 

mare prmrts tkal caa be 
gctb~r hto a single 
transfer into the bound region i s  ftnctionally ir- 
revwibkt. 

5. The test aolute in the exchasg&1e rugion cam 
leave this =gin  only by wing into either the 
plasma M the imversible d o n .  

6. The transfer of the test solute within thh sys- 
tern &eys &st-order kinetics, with the rate con- 
n f m t  for its movement from the jlh to the i* corn- 
~#mneat b t h  denoted as kw (The validity of this 
msumption is enhanced by the employment of a 
r ~ d i o I a h k d  form of the test solute p e n t  in mace 
rm~uuta . )  

7. The test solute docs not dter the system. 
8. If the system rne tah lhs  the test substance, 

chi\ only occurs in the irreversible region and pro- 
ducs a metabolite that is trapped therein and b 

9. The test solute is not initially present in either 
thr exchangeable or the bound region. 

Figure 1 illustrates this model system. 
The nmxssary equations of this trrtcer distribu- 

ItrBu system arc the standard ones (see Hearon, 
IYtr3). If t is the time, A is an (n X 1) vector of the 
mvunts of model solute in each of the exchange 

able compartments, K is the (n X n )  matrix of the 
rate constants #lo), Q is the (n x t )  vector of the rate 
constants from the plasma to the exchangeable 
coolpartments &J, and C&) is the mcer concen- 
mion in the plasma, then the following relationship 
describes tracer aecumdation in the rcverslbte 
c o m ~ b n t :  - 

If G is the (.n x n) diagonal matrix of the rate 
constants from the exchangeable to the bound rp 
gions (kW), kbp is ibt mte constant for the direct 
movement of material from the plasma to the trap, 
and U; = (1 . . . . l), a (1  x n) vector, then the 
equation for the amount d material T in the inever- 
aible region is 

The measurabIes of the experimental system are 
C, and the total amount of the material in the tissue 
samples A,. If V, is the volume of the plasma in the 
tissue sampled, then 

The solution of Eq. 1 is (see H e w n ,  1963) 

Subtitutiag Eq. 4 into Eq, 2 and,soIving them 
oultant equation yields 

The integration of Bq. 5 by puts, the insertion of 
Eqs, 3 and 4, an8 rearranging yields 

If C, is constant, A will approach a finite limit as 
1 -r a, since the real parts of the eigenvdues of K 
are negative (Hearon, 1963). Thus, for the case 
when t + PO: 

1 

J C& Blood flow M t r a b d ,  Vnl- 3. No. I .  iW 
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m 
A = P-9 b, (e-slIf - #) (D + @JFIPQ If in 

1 (a) the an 
chaaeCl 

We now assume that there exists a q 6 m such cenb 
situati. 

B, part of dl ( 14) as the 
In E 

where d is  the eigenvalue of K with the minimum are 

absolute real component. If this rehtionship is k h l )  

satisfied, then there exists a t * such that is kb~, 
k e n  d 
of pot 

e+l >> IewI Them 

Q-i 111 

FIG. 1. Model of blood-bdn exchange. The reverrrlbte re 2 bf14it C <  1 b$+ , glon conslsb of n compartmenb, whlch f- wrnmuntmte 1 
wlth the plasma; L e  tsst solute may move from the pl8Sma to 

Q 

any of tha compartmttnta and vtce versa The IrrwerslbW re- 
glonai, whl& are lumped togethar and shown as one region The insertion of Eq.  15 into m. 13 and sub- 
In this figure, wmmunlcate wlth Ihe plasma rncllor the rever- -eat rearrangemant p M c e 8  
alWe region; the d u t e  can enter but cannot leave the ir- 
m n l b l s  reglon. At,* = -K-& 

s W k d  md Eq. 16 is valid far that case. 
In the s d y  state, rite "skqdy+tor€e space" is, 

- - - by defdhn,  the ratio of the mount of m & d d  in 
an exchangeable region relative to a constant 

Equation 6 may thus be written as 

the kw v&es are zero. Since the mb constant ma- 
(9) trix fmA, will be identical ta that ofA excup1 for the 

In order to evaluate A as a function of C,, the a h -  of fhe kbl values in the diagonal t a m s ,  then, 
~ o l l o w i q l . p p m a c h w i ~ ~ u a c d . ~ e t ~ ~ a ~ x n )  ~ ~ e ~ t ~ d y s t . k ~  
matrix which diagonalim K, and let D be the (n x A = -K+QCp 
n) diagonal matrix whost elements are the eigen- 
values of K. Thus, A, = -(K f G)-'QC, 

PKP-I = D (10) W Q W  

Therefore, Eq. 4 may be written as -@m3m=W+cr3Aa 
Ramangemen1 of the secand equality of Eq. 1% 

Consider lht case where C, is expressed in twms C4 - A 3  = K - l M O  
of a series of expon~ntiais, i-e., Because the elements A, and G are positive but 

a those of K-I are negative (Hearon, lW), Eq, 19 
C, = 1 bla+lK (12) indicates hat 

1 

whore all of the 81 we real, ncn-negative, ant nc merefwe, mwxl in decreasing order. 
IfBq.t2isauktitutedinbEq.llandtheinte (spceofA)a(sWy-sukspmofA)=U~IC, 

-tion is carried out, then 

3 C m &  M How McI&, Yd. 3. NO. I ,  I= 
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If inequality (Eq. 14) is valid. Eq. 16 shows that 
the amounts in each of the components of the ex- 
changeable region will "fdow" the plasma con- 
centration after a su&cient length of time t*. In this 
situation, the proportionality constant is the same 
M the steady-state space for that compartment. 

In Eq, 9, UiK is a row vector whose components 
we the K column sums, which are equal to -(kN + 
k,) (Hearon, 1963). Since the ia component of U;G 
Is lib,, the i* element of Ui (K + G) is -k,,. As has 
been discussed by Hearon (1%3), A and K-I consist 
or positive and negative ekmen ts , respectively. 
Therefore, the second term of Eq. 9 is positive and 
Is less than Ua done, since UiK is of the opposite 
rign to UiG. 
Thus, from the discussion of the previous para- 

mph and Eq. 21, the second term on the righthand 
nide of Eq, 9 yields, for t > I*: 

0 d Vo r (steady-state space of A )  G (space of A) 

where V, is a positive value described in reIation- 
b &42*.- 

 he insertion of Eq. 22 into Eq. Ynd re&-g - 

 he resultant equation yields 

The curve produced by p~otting~JCp vs. J~C,  TIC^ 
uarrs at the origin, varies in a manner dependent 
on the parameters of the system, and becomes a 
rtrnight line with slope K, by I = r *. The ordinate 
Iniercept of this straight Iine is positive and is 
nmaller than the steady-state space of the ex- 
changeable region plus the plasma space. If there is 
nu irreversible region, then K, = 0 because G = 0; 
mureover, for r > r*, this plot is a horizontal line 
whose ordinate intercept is equal to the equilibrium 
( I  ha1 is, the steady-state case where aU of the net 
fluxes are zero) space of the exchangeable region 
ptlrs the pImm space. 

DISCUSSION 

'The preceding theoretical treatment indicates a 
wby to measure the classical unidirectional flux 
constant for any membrane system when the con- 
ccntration of the test solute is not maintained coa- 
rlant in the source solution. It also shows that this 
approach can be applied to study solute flux across 
airnple (single) m e m b n e s  and across more com- 
plex (multiple-compartment) membrane systems. 
The following procedure demonstrates the method 

of assessing solute influx constants across the B33 
complex and also serves as a model for the study of 
any membrane system. First, uptake experiments of 
varying duration are performed in a series of d- 
mals, or, multiple measurements over time are 
made in a singIe subject. The test solute can be 
administered in any manner, but the time course of 
the plasma concentration as well as the hal con- 
centrations in plasma and brain must be accurately 
measured in each animal or by serial measurements 
in a sin@e subject. Then, all the data are combined 
by brain region, and plots of A&, vs. I~c, ddCP 
are made from each group of data. Finally, the 
forms of the resulting cuwes are analyzed for 
linearity (that is, for unidirectiodty of uptake); if a 
linear phase or portion of the curve is di&bIe, 
tben the M u x  constant is estimated from Ihc dope 
of this line. 
The multiple-timdgraphical approach produces a 

relatively model-independent transfer constant. 
This results in a significant advantage for data 
analysis in comparison to comparimentd analysis, 
since the results for any comparlrnental analysis are 
M@y specific for the particular compartmental 
model chosen. An iUustrsltion of this- problem is 
provided by Levin and Patlak (1972). These authors 
used two difTerent c u m m e n t a l  models and pro- 
duced two ditrercnt sets of transfer numbers from 
he ir  data. 

The principal advantage of the multiple- timd 
graphicat approach for the measurement of the in- 
flux constant is the opportunity it provides to assess 
the unidifectiontttity of the test solute's transport 
across the 333 and to vdidate the assumption of 
this unidirectionality . This approach also eliminaks 
the employment of a marker-ither a different 
isotopic form of the test solute or a different 
material-for the determination of the vascular 
space within the tissue sample and the correction of 
the measured tissue concentration for the mount of 
the test solute that was entrapped in this space at 
the end of the experimental period. In fact, the 
multiple-timelgraptrical procedure uses the test 
material itself to yield a lower limit of its rapidly - 7 

reversible volume- (namely, the vascular compart- 
ment, the BBB complex, and whichever extrayas- 
cular compartments are in parallel with the BBB 
and mpidiy exchange with the piasma),). 
As presented in the introduction, Bradbury and 

Kleeman (1967) first conceived of the multiple- 
tintelgraphical approach and appIied i t  to their 
studies of tracer potassium exchange &tween blood 
and brain. In this study and the similar ones by 
Bradbury and -workers (Wong and Bradbury, 
1975; Ssraa et al., 1977') and by Banos and col- 
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labrators (Bmos et al., 1973, 1974 Bachehd et tection, the mdtipt~timdgraphid a p p w h  p m  v 

al., 1973), constant piasma levels of the various test duces information abut the distributhn of the tcgl I I 

solutes were maintained. This experimental wndi- solute witbin the BBB complex wnd reversible corn- n 

 on dowed the simple plotting ofthe tissudpkma Wmants in -el with the BBB. The ~ r d k l t  
corlc~ntration ratio versus time. the ready edua- intercept obtained by sxmpohhU de liaear wr- , #t 

tion oC the h&ty of the up- process, and the tion of the uptake curve is equal to or less than the 4 

estimation of the influx constant. However, a time apparent stesdy-state distniution volume of the , I 

course of constant merial concentration is hard to s&te in all tbe revefsLbk and exchmgdle cum- , 
achieve experimemtaIly. The infueion schedule partmen@, including the bled spa= of the tissue. 

to establish W -&tion can be obtained A number of saudies have indiicatd that tbe wid I 
by procedures presented by Daniel et at. (I973 &and distribution s m  of extmcdlular w l u t ~ ~  in the I 

Fa&Iak and Pettigrew (1976), but the derived infu- blood-brain system may bt something more than i 

sion schedule is urudy complex and oon many occa- the plasma s-. For instance, Siswn and Olden- - r 
s i w  fa& to produce the desired steady &a1 dorf (19711, using the approach Of Bradbury a d  ' I 
concentrzptioa. during the expeFimental period. Meeman [l%q, found the following mbtio~tship 1 

Simpler experimental and aaafyticai pmcdum between the rapidly exchanging spaces d fom d- I 

for measuring the influx constant were introduced utes: plasma globulin (pmbbly tmderdn) = q- I 

by Go a d  hatt (19751, Ohno et al. (1973), and h t t a a  (molcculaf weight, 60,W-W,W? < I 

W d e  aad Rasmu9-~ien (Im). The simplificadons inutin ( n o d  molecular wewt, S,OQO--S,S06) < I 

included the ~ t r a t i o n  of the test solute by in- W-nrannitol (molscul%r weight, 182). IWher dis- I 
travenous blus, the seleclioa of a single ox&- mshti of this spa# for both e x t r a d h d y  and 

iatmdularly distributing solutes is given in the , 

foUowing payer mfapberg et 4.. 1983). 
W d e  (1981) prow1y winbid the pmcdure 

af b m w s  bin? iqjwaioe wd m r d  experi- 
m e . n ~ t i m e s w i & ~ i u r m c r $ ~ i s ~ ~ ~ ~ t  
&a. Be d W v d  irrflux consiam f w m s e  and 
other - fmm the *ps@f& h$%r plats 
a n d d d d b ~ - - b b i e s q u a l  
to the pbma vdume (Eq- 5 in qedde, 1981). Tbe 
lau&r inferpre&tion mss from Qdde's view of the 
BgS mi e single membrane of zcro voluma betwwn 

of their BLNa data by amployiag a difllerent isotope &$Umy blood and brain extnwduhr 0& (Fig. 8 
of sodium (Wa), wring it 1 min before termina- in aeddo, 1981). 
tion, and using W a  tissue data as ~G basis far the In mntrast to Gjadde (1% l), wo have wddered 
intmvgscuXar space c o d n  (the actual p&we a more g e d  BBB. Our derivahn and in& of 
u d  an iteative technique that ig outlined in their blood-brain tmsk consider the possibility d 
-1. Ohao et al. (1978) wed 5- and Smin HG multiple cmpartmeots that *idly quilibmm 
sucrose data and a compute id  iterative p r o w  plasma and each other, aml that can b~ in padel 
dure to evaluate an intramscuh distribution space to, as well as in aeries with, o m  bloQd-bd 
(&onal blood vdume) md applied this same wr- h. The mmpmhenb in writ% (bdwtn plaslnsl 
rection -or to the tissue data for all four of their and brain e~tracsllular fluid) constitute tke BBB 
test mIutes. Since it m y  take a fmib period of time wmplex, d the MUX -taat -4 by 
{i-e., ~ a h r  thm the 1- or Emin period used by h e  graphical analysis repmcnb tmmspwZ a c r ~ s s  the 
above investigators) for the fluids within the my=- entire BBB complex, 
aible compartments to reach a steady state with the There are at las t  two simaiions is which the 
phsma, their correction of the measured tissue level d t i p I + W ~ h i c a i  method is -7 ipapm 
for "lntravaacular" radioactivity may be srm- prhte. Tha &st is if the biolow s m  d & 
ously low. The usage of the muItipIetimdgraphioa1 mals in a seiies changes o w  tha time i n m s  used 
approach - * .  sthecorrectionoftbetissuedata in~estudy.~~ndirifthtaairaalmOde1wn~ 
for test solute within v a s m h  and tissue Gaqarl-  reproducEble from ineIividW to individual. Fw t h ~  
ments that rapidly and reversibly cxcbamge with latter case, the s u e t i m e  t d g u e  of Go and 

Rat (W9, Ohao et al. (19781, or ajd& aud Rap 
In addition to elimiaating a vascular space wr- mussen (198Q must be used. we hve,  far m p k ,  
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used the smgletime agproach in our investigations 
at blood-tissue transfer in several brain tumor 
mod&@ (Maskg et d., W,  1981). 
In summary, graphical analysis of brain uptake 

data &om experiments of varying ti- not only 
Irllows the evaluation of the uaidifectionality of 
W e r  and of the idlux constant, but also e m -  
natGs the vascular s~ &on dother anaCyt- 
bl appmach and tbe ~laodei dependency of corn- 
m e n t a l  analysis. In addition, Ehe ruhiplehd 
$rspW approach p d u c w i  information abmt the 
lize and exchange rate of the comparPtments thal 
mpidly and reversibly exchange with plasma. In the 
hrllowing paper (Blasberg ct al., 19&3), this 
# e n c d b d  gmphkcorl method is appfied to btaia 
upWe dala ohtaiftd from multiple-time exptri- 
mtnts wixh a-adnois~btityric acid, N-methyl- 
u r 6 w W h t ~ ~  acid, and diethylenetriaaainepen- 
trsoetic wid. Furthermore, the multiple time! 
p a p h i d  mmah can be used to assem the rate 
wnstmt sf any 'type of irreveasible process within 
my 0- s t e m ,  provided fbat this prcm4ls sets 
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