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Introduction

The quest for optimal accuracy, precision, sen-
sitivity, and spatial and temporal resolution of
the measurements, combined with considera-
tions of feasibility and noninvasiveness has led
physiologists and biomathematicians to design
many different methodological approaches to
the determination of regional cerebral blood
flow (rCBF) in man by means of externally de-
tected radioactive inert indicators. Those meth-
ods are all based upon variants of the model
initially designed by Kety and Schmidt (1948)
to describe the kinetics of nitrous oxide in the
whole brain.

One of the most cumbersome features of that
group of techniques is the unavoidable intro-
duction into the equations of a parameter - tis-
sue-to-blood partition coefficient or distribu-
tion volume — characterizing tissular distribu-
tion of the indicator. Uncertainty about the re-
gional value to be attributed to that parameter
limits the accuracy of the results, especially
when pathological cases are concerned.

The possibility of quantitative evaluation of tis-
sular radioactive concentrations of indicators
by positron emission tomography (PET) (Eich-
ling et al. 1977; Hoffman et al. 1979; Huang et
al. 1979 a) enables the determination of the dis-
tribution volume of the tracers in CBF mea-
surements (Yamamoto et al. 1979; Huang et al.
1981; 1982).

Among the numerous inert positron-emitting
indicators used for evaluating rCBF (Ter-Po-
gossian et al. 1969; Jones et al. 1976; Subra-
manyam et al. 1978; Frackowiak et al. 1980,
Yamatoto et al. 1979; Holden et al. 1981 ; Gins-
berg et al. 1981), 1*O-labeled water has the ad-
vantages of diffusing rapidly across the blood-
brain barrier (Raichle et al. 1976) and of being
an important biological component whose dis-
tribution and kinetics are of utmost interest in
themselves.

The purpose of the present investigation was
the design, validation, and application of an
original numerical method for the simulta-
neous determination of rCBF and the corre-
sponding distribution volume of radiowater
within the brain by bolus inhalation of C"0,
and sequential PET, with special attention paid
to the possibility of evaluating the rapidly ex-
changeable water volume in the brain.

Material and Methods

The data for numerical analysis and for retro-
simulation studies were obtained from normal
subjects. Two modes of “administration of
H;'S0 were sequentially used in five individu-
als: first, bolus inhalation from a bag of air
mixed with 80mCi CY0,, and second, after
a delay of 20min, continuous inhalation of
0.5 mCi/min C¥0; for 10 min.

Sequential PET detections of 53s were per-
formed from time zero of inhalation for 8§ min
with a whole body positron emission tomo-
graph (ECATI1, EG & G ORTEC) (Phelps et
al. 1978 Soussaline et al. 1979; Williams et al.
1979). Subjects remained in stable basal psy-
chophysiological condition. Arterial blood
gases were monitored. The tomographic plane
was adjusted paralle! to the orbitomeatal refer-
ence plane of the subject at a distance of 5cm
above it. Data were collected and reconstructed
in the medium resolution mode (FWHM=
13.2mm). The time course of radioactive con-
centration within the arterial blood was mea-
sured by catheterization of one humeral artery
and by sequential counting of blood samples.
Well counter and PET measurements were cali-
brated by imaging and counting radioactive
concentrations in a pie phantom 20cm in di-
ameter.
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Results and Discussion

General Equation of the Model

Whatever the method: and time course of ad-
- ministration of the indicator, its concentration

in each element of organ may be differensially
described by the general equation:’

4Gy (1) = R (1)dt— FC(1)dt —ACy (n)dt (1)

with subscript 7 identifying the organ element
under concern; 4, the time; C}, the radioactivity
of radiowater within the organ element PEer unit
mass of organ; C,, the radioactivity of radiowa-
ter per unit volume of arterial blood; €, the ra-
dioactivity of radiowater per unit volume of ve-
aous blood; F, the biood flow perfusing the or-
gan element in unit volume of blood per unit
mass of organ and per unit time; A, the radioac-
tive decay constant of 1°Q,

The variable C,(r) is not accessible to measure-
ment but may be expressed using the central
volume theorem:

Clty=Cy (1) ¥, 2
with ¥, the distribution volume of radiowater
within the organ element i, expressed in unit
volume per unit mass of organ {tissue + blood).
Egs. (1) and (2) classically give a general ex-
pression of the kinetics of the indicator through
the element i of organ:

dCo(D) = FC, (dt —(ki+ A) Co()dt &)
with k= /¥,

Selution from Data at Equilibrium

Most published research using C50, and
H,"0 for the evaluation of rCBF utilizes con-
tinuous inhalation of C*Q, and PET detection
performed at equilibdum of radioactive con-
centration of the indicator within blood and tis-
sues (Ackerman et al. 1981; Lenzi et al. 1981;
Bousser et al. 1980 Baron et al. 1978, 1981;
Frackowiak et al. 1981),

The left member of equation (1) goes to zero at
equilibrium, whereas (1), Co{r} and V(1)
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reach constant values. The CBF is then com-
puted as;

A

e .
Cequy/ Colequy— 1/ Viiequ)

(4}

The accuracy, sensitivity and precision of this

method were examined in recent papers (Jones
et al. 1979, 1982; Huang et al. 1979bh; Lam-
mertsma et al. 1982). Gne of the limitations Hes
in the fact that the amount of data gathered at
equilibrium is not sufficient for the evaluation
of Vi{egu), the value of which is presently de-
rived from the normal total water conteni of
brain tissue as measured by wet and dry weight
differsnces. Any systematic error in Vilequ) is
unfortunately propagated by Eq.(4) (Jones et
al, 1982).

Solutions from Integrated Data from r=0

The only way to gather sufficient information
to evaluate F; and ¥, simultaneously is to col-
lect data by rapid sequential PET after a bolus
inhalation of C!%0, (Raichle et al. 1981 ; Huang
et al. 1981, 1982) or during the equilibration
phase occurring when the indicator is continu-
ously inhaled.

Integration of Eq.(3) may be performed in two
different ways.

The first possible solution uses marhermatical
integration (Huang et al. 1981) in the form of a
convolution integral:

Colt)=E &= &0=0. ¢, (e)dr )
]

The numerical analysis giving F, and ¥, from
observed data may be differently developed,
depending on the expression which is given to
the input function C,r). For example, if C,(1)
can be expressed as

Calf)= C,(0) e (6

the formulae for computing F,and ¥, are as foi-
fows:

F=r(k+2) ]

V.=F/k (8)
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with
k= A4 u—Aun ©)
ur—1

? (1)t

= %"— {1%)
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Iy
f 1, )d

r=-— (11)
S Cb,'(f)dl’
4

This approach suffers from the difficulty of ne-
cessarily {(a) extrapolating of observed data up
to 1= oo and (b) fitting the observed input func-
tion with a suitable equation.

The second approach avoids convolution and
uses numerical integration by integrating both
members of Eg.(3):

Co(t)= F{ Calthdt — (4 1) § Co()dt

0 [

{12)

Developments of Eq.(12) for data processing
were recently publisbed by Huang et al. (1982)

zgcz.-(r)drw Col(T)

£i= T T

gT Ca)dr § Coi(t)dt gT Co(tydr— \ Co()dt
0 [ o 0
(13)

2 g Calt)di— (T
Vie T T T
A§ Condr~ G 1) | Co(nyde/ § Culr)dr
1] 0 [1]

{(14)

with superscript * denoting radioactivities be-
ing time-corrected to time zero.

Contrary to the preceding method, this has the
advantages of (a} using time integration of data
from t=0 to 1= Twithout necessitating any ex-
trapolation and (b) integrating the input func-
tion by numerical procedure without mathe-
matical fitting of data.

The model in use is exactly the same in both
approaches but the latter fits actual data pro-
cessing imperatives more easily.

Whatever procedure is chosen, it remains a

prerequiciie that the parameter V), be submitied
to very ¢ritical examination, taking into consid-
eration (a) that it could be variable with time
during the period of invasion of the organ by
the indicator and (&) that it could not be equal
to the tissuz-blood partition coefficient of wa-
ter as computed from brain and blood total
content of water.

One of the objectives of the present investiga-
tion was 1o confront those two hypotheses with
arguments derived from observed and simulat-
ed kinetics of radiowaier within the brain tis-
spe.

Statiopariness of Yolume ¥,

The stationariness of the investigated volume
¥, after bolus inhalation of C'*0, was tested by
solving Eq.(3) in the form of the convolution
integral (16): if the input function is generally
described as

G =G(0) e+ A1) (15)
Eq.(3) may be solved:
= -SaOF e
Gou(D) ot Ay (e¥—e )
+ Fe®T A % A+ g(0) (16}

with initial condition G, (0)=0.

The parameter k; in Eq.(16} is constant with
time, with a resulting time-dependent error de-
noted £{¢} if V; is variable with time.

In all studied cases the artenial blood concen-
tration measurements fitted the first term of Eq.
(15) in the time interval (1 min<s< 10min)
with > 0.99, i being equal to the sum of the ra-
dioactive decay constant of *O and of the phy-
siological decay parameter of the indicator
concentration in the arterial blood. The diffi-
cult-to-fit function A{r) vanishes for 7> 1 min.
Eqguation (16) is simplified and linearized as

Cril) F

{17

- - {é’_u'—e"""’;'",?jl
CA0) k+A—u
and
F )
Yilt k)= ——— X(1.k) (18) .
K+ A—p S
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The parameter &, i Egs (17} and (18) is then
evaluated by iteration with search for best lin-
ear firting. Figure 1 illustrates that it is possible
1o determine one value of k, satisfying the lin-
earity hypothesis of the relationship between
observed values of C,;{7) and the modelized ex-
pression (17), for 2 1 min.

Cpift) Cpiltd .

= p ALk}
S Tolol
1 r = 0996
®
F; Calot
3{ P
ku.-A-P
XitK=e P g-lke it
.24
F. =08 em’min’ g
1 V; =088cmigr!
&
Xit,x)
g 5 T -
a] 1 .2 3

Fig. 1. Exampie of the linear relationship obtained by
application of Eqgs.t17) and (18) between observed
and simulaied values of ({7} in the time interval
(Imin< /<8 min}: k; was obtained by iteration and
search for the best tinear fit

activity
counts
o

cmm:Fi;'"‘;”‘“ »C 10
i = b
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Retrosimulation using £q.(17) satisfyingly re-
produced observed data within the same time
interval in alf cases {Fig. 2).

These convergent results validate Eq.(17) and
the derived computing procedure. They allow
furthermore the consideration that the second
and third terms of the right member of Eq.{16)
vanish for £ 1 min afier a bolus inhalation of
CB0, and that ¥, is therefore constant after
that delay.

The bad mathematical prevision of Cy(¢) by
Eq.(17) for ¢< 1 min could result from the un-
defined input function 4(¢} and from a possible
initial variation in ¥, the incidence £{8) of
which vanishes after 1 min.

In order to test the validity of the hypothesis of
an initial variation of ¥;, Egs.(13) and (14)
were successively applied to observed and si-
mulated data.

Table 1 shows the bad convergence of comput-
ed values for ¥, as obtained from observed data
if increasing integration times are used in
Eq.(14). As the input function is integrated by
numerical procedure and thus felly determined
from r=0, the bad convergence of results is
suspected to be linked to a variation of ¥, the
incidence of which is propagated in the results.
The error propagation in Egs.(13) and (14) due
to an initial variation of ¥} was studied by ap-
plying those equations to the analysis of simu-
lated data obtained through Eq.{17) (Table 2).
Both numerical procedures are in excellent
correlation, provided that the whole transfer
function C,(¢) is obtained from Eag.(17) from

Fig. 2. Retrosimulation of Cy(r) using
Eq.{17) and values of F, and &, obtained by

lime iteration procedure. Plain poinis, observed

) ' 0o 00 g0 00

sec data; circles, simulated values




t=0, i.¢., that ¥, is strictly constant. Slhight Juc-
tuations in the results are linked to approxima-
tions occurring within the numerical integra-
Hon Process.

In contrast, the introduction of a higher initial
value of ({7}, corresponding to a transitorily
higher value of ¥, leads to an error which is
propagated by Egs.(13) and {14},

Comparison of results obtained from observed
data, using both iteration and numerical inte-
graticn procedures of analysis {Table 1}, thus
allows the inference that the discordance be-
tween observed and computed values of Gy (1)
for 1< 1 min results pot only from the difficulty
in describing the early time course of Ci7)

Table 1. Values of rf{BF £ and dist
of water V) wypically obtained fro
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Abution yolume
ohaermed dats

with Egs.{13) and {14, with increasing integration in-
tervals from =00 1= 7

{s) {ips/g) {cm’ min (emg)
peT gram)

285 16145 —1.37 0.32

91.5 12960 —0.69 0.31
155.5 9290 —0.20 0.23
2195 4549 0.06 - {0.27
2835 §251 0.15 6,70
3475 2892 0.26 1.00
411.5 2179 0.26 1.03
475.5 §319 0.32 .88

Table 2. Values of F,and V, obtained with Egs.(13) and (14), with increasing integration intervals from r=01to0
#=T. Data were obtained by simulation using Eq.(17). A disturbance introduced in the first value of Cu(i} is

propagated by Egs. (13} and (14)

T ¥, constant in Eq.(17) V: initialty vaniable IEq. (16)]
© G F v, GiD  F V)
{ips/g) {cm*/min {cm*/g) (ips/g) (e’ /min (am®/g)
per gram) per gramj
26.5 15998 —5.04 0.20 37138 ~10.12 039
86.5 22244 —2.78 0.26 22244 — 647 0.42
146.5 17895 ~0.97 0.30 17895 - 211
205.5 12598 ~0.18 0.22 12598 - 0.04
2675 3261 0.19 1.48 8261 0.68
327.5 5377 037 0.69 5377 0.95 062
386.5 3493 0.46 0.63 1493 1.05 0.61
4475 2276 0.51 0.61 2226 1.11 0.61

Table 3. Values obtained from observed data for F, and ¥, using different numerical approaches: inathemati-
cal integration [Eqs.(7) to (11)], numerical integration [Eqs.(13) and {14)], and iteration procedure [Egs.(17)

and (18)]
Region ¥ ¥,

{cm’/min per gram) (cm*/g)

Eq.(17} Eg.{13) Eq.{7) Eq.(18) Eq.(14) Eq.(8}
1 0.57 0.57 1.09 0.59 0.68 0.69
2 0.68 0.70 1.90 0.67 0.79 0.76
3 0.70 098 347 0.63 0.71 0.70
4 0.70 0.79 247 0.69 0.78 0.74
5 0.69 0.84 161 0.56 062 067
6 084 0.91 313 0.52 0.57 0.58
7 0.60 0.57 1.20 0.59 0.69 0.69
8 0.56 0.62 1.58 0.72 0.81 0.76
9 0.69 0.90 235 0.64 4.70 0.74
10 0.48 0.55 136 0.70 0.76 0.71

B | 0T 0.79 21 057 0.64 0.64

12 0.68 0.66 1.68 0.52 0.59 0.59

\
|
0.42
0.09
0.66
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mathematically, but also {rom an imitial vana-
tion of the disiribution volume of radipwater.
That variation of ¥, during the period of inva-
sion of brain tissue by radiowater could be con-
sidered as the result of an initial predominanily
unidirectdonal extraction of the indicator, as
was described in Crone's single-transit extrac-
tion model (1963).

The present investigation therefore invalidates
classical solutions {5} and {12) of the differen-
tial Eg.(3), because the parameter ¥ is time-
dependant during the initial part of the integra-
tion interval.

The error resulting from that varation oppor-
wunely vanishes with time after the invasion pe-
riod, with the possibility of a different ap-
proach to the data processing.

Results respectively obtained by mathematical
integration [Egs.{7) to (11)), by numerical inte-
gration [Egs.{13) and (14)}, and by iteration
procedure are comparatively reported in
Table 3.

Values of ¥; with Different Input Functions

The stationariness of ¥; for /3 1 min after bolus
inhalation of C*0O, could lead to attributing
the computed voluthe to a physically stabie ex-
changeable water compartment. Additional ar-
guments in favor of this hypothesis were de-
rived by using a differently shaped input func-
tion of the indicator and by adapting the above
iteration method.

Homologous values of F, and V;, obtained re-
spectively from bolus (index B) and continu-
ous (index C) inhalation of C'*0, are in good
correlation, with a small svstematical differ-
ence probably linked to the well-known diffi-
culty of realizing a strictly constant rate of ad-
ministration of the tracer with the continuous
inhalation technique:

Fe=(0.101+0.787 Fg) cm*/min g

r=0942, n=12
Ve=(—0.127+1.160 V) cm’/g
r=0948 n=12

Figure 3 exemplifies values of F, and V; ob-
tained in a normal subject in 5.3-cm® regions.
The mean values of F, and ¥, in normal pre-
dominamuly gray (index G) and white (index
W) regions were ( £ 15D):

3 C. D’EPHTSS-EH.X
A1 W2k

5 1

AR E

.51 47 ’\//
m N1 B ﬂ
55 7 47
.1 ] =58
.51 |.32 /77
253 | =54
F o i g

Y e gr-1

Fig.3. Values of F and ¥ obtained in a normal sub-
ject (plane 5 cm above the orbitomeatal line)

F5 =727x80cm’/min 100 g
Fy=3141+63cm’/min 100 g
Ve=69.6+54cm’/100g
Vip=593150cm’/100 g

The volumes of rapidly exchangeable water in
the brain matter which are derived by the pres-
ent method are less than the total water content
of gray and white matter ({determined as
around (.85 cm’/g in cortical gray matter and
0.71 cm’/g in white matter (Torack et. al. 1976).
The lower values of rapidly exchangeable wa-
ter content as compared with total water con-
tent presumably correspond to the multicom-
partmental distribution of free and linked -
molecules of water within the cerebral tissue.

{onclusions

As previously stated (Huang et al. 1981, 1982),
use of H,'*0 and PET potenually allows non-
invasive and quantitative evaluation of local
cerebral blood flow and local distribution vol-
ume of radiowater within the human brain.

The present investigation, using detection and

simulation data obtained with differently -
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shaped input functions of radiowater. provides
arguments which allow us to infer that the cere-
bral distribution volume of radiowater does
vary with time during the initial invasion peri-
od of tissue by the indicator and demonstrates
that the observed variation leads to systemical
errors and nonconvergence in results as long as
the classical mathematical or numencal inte-
gration procedures are utilized for processing
the data. '

A different approach to the problem shows (a)
that the regional distribution volumes of radio-
water within the brain remain constant for
1-8 min after the bolus inhalation of C'*05 and
(b) that the computed distribution volumes do
not depend on the shape of the input function,
be it a degradated delta function after bolus in-
halation or a degradated square-wave function
during continuous inhalation of C'°0,.

Results argue for the validity of the model and
its numerical expression and allow the so-de-
termined distribution volume of radiowater to
be considered as equal to a physiologically
meaningful volume of rapidly exchangeable
water of the brain tissue.

Applications of the method to clinical and
pharmacological investigations are presently
planned.
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