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The clearance of **Xe from the cerebrum after intra-arterial injection
was studied in the pig. A mathematical model, consisting of two exponential
terms and a constant, was fitted to decay curves obtained for both the 81-keV
and the 31-keV radiation of '**Xe. The corresponding exponential terms for
the 31-keV and 81-keV curves were found to differ significantly, implying
that the two-compartmental model, based on the partition of the white and
gray matter of the brain, is not adequate to describe the clearance process.
Other studies have shown that cerebral blood flow is more heterogeneous
than the two-compartment model suggests. The discrepancies found here
are interpreted as due to the simplification of representing a multiexponen-
tial clearance process by means of a two-exponential model.
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Many cerebral bloodflow measurements are based
on the clearance of radioactive 3*Xe gas from cere-
bral tissue after bolus injection into the internal ca-
rotid artery (/). The '**Xe radiation in the tissue
is recorded by scintillation detectors placed over the
cranium, and the registered radioactivity is usually
referred to as the clearance curve. The injected
xenon diffuses from the capillaries into the tissue.
During clearance the gas re-enters the capillaries and
is transported by the blood to the lungs. The clear-
ance from the lungs is highly effective (about 80% ),
so that the contribution of recirculating xenon to the
brain may be considered negligible.

A crucial assumption in the clearance model is
that, within the physiologic range of perfusion, the
clearance rate is limited by perfusion only, and not
by diffusion (2). This implies that in tissue of a
homogeneous structure the concentration of xenon
will be homogeneous and continuously in equilibrium
with the concentration of xenon in venous blood.
The ratio of the equilibrium concentrations in any
tissue and the blood is the tissue-blood partition
coefficient. For an arbitrary “compartment” (i.e.,
any volume of homogeneous tissue), the clearance
process is described by a monoexponential func-
tion (3).
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Since cerebral curves are usually fitted to the sum
of two exponential functions, two cerebral compart-
ments are being assumed: one consisting of the
superficial gray matter, and the other of the deeper
white matter. The clearance for this model is repre-
sented by

r(t) = Ae~*t 4 Be~ %,

where r(t) is the counting rate as a function of time
t; « = Fp/A;Vy = /) is the decay constant of the
“fast” exponential component; 8 = F./A«V. =
fw/Aw is the decay constant of the “slow” exponential
component; F, and F,, are the absolute blood flows
in gray and white matter, respectively, within the
detected field; V, and V, are the volumes of gray
and white matter within the detected field; A; and A«
are the partition coefficients for gray and white mat-
ter; and f,; and £, are the specific blood flows in gray
and white matter. The coefficients A and B depend
on the amount of radionuclide initially present in a
compartment; radiation absorption of the tissue;
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collimator characteristics; and adjustment of the
pulse-height selector(s).

In this paper the original two-compartment model
of the cerebral clearance process will be criticized
from a physical and mathematical point of view. The
physical data originate from a series of experiments
in which the emission of *3Xe at both 81 keV and
31 keV was studied (4).

THEORETICAL CONSIDERATION OF
CLEARANCE MEASUREMENTS

With the '33Xe nuclide, 99.95% of the disintegra-
tions involve a transition energy of 81 keV, with
65% of these producing conversion electrons fol-
lowed by x-ray emissions, predominantly at 31 keV.
The other 35% of the disintegrations involve the
emission of an 81-keV gamma photon (Fig. 1).

Since radiations at the two energies can be detected
separately, two clearance curves can be obtained and
used as a check on each other. The linear absorption
coefficients for 81-keV and 31-keV radiation in wa-
ter (5), which are assumed to equal those of brain
matter, are

ps1 =0.18cm~1;  p3 =0.33cm™L.

The difference of these absorption coefficients imply
a corresponding difference between the A and B co-
efficients of the 81-keV clearance curve and those
of the 31-keV clearance curve.

In this investigation of the two-compartment
model, two features of the 81-keV and 31-keV clear-
ance curves are of special interest. First, the decay
constants are not affected by the absorption coeffi-
cient, so that the decay constants (« and 8) of cor-
responding exponential compartments in both clear-
ance curves must be equal. The second feature
concerns the ratio of the 31-keV and 81-keV radia-
tions during clearance:

r31 _ A;e~* 4 Bse—*#
Ts1  Age~ % 4 Bge 8t

Each compartment is associated with a typical value
of the ratio rs,/rs,, determined by the detection effi-
ciency for that compartment. This ratio is smaller
for the white-matter compartment than it is for the
gray matter. However, the ratio rs;/rs; for the entire
cerebrum is a combination of the ratios for the sepa-
rate compartments, in such a way that the contribu-
tion of the “fast” component decreases during clear-
ance. Hence, cerebral clearance studies should yield
a decreasing ratio r3,/rs;, falling eventually to a
constant value when the clearance has become mono-
exponential. Both features of the two-compartment
model are independent of the geometry of the tissue
compartments.
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FIG. 1. Energy spectrum of ™Xe, measured with collimated
scintillation detector composed of 0.75 X 0.75-in. Nal crystal and
photomultiplier tube of outer diameter 19 mm.

In the experimental situation some disturbing phe-
nomena are involved. A consideration of the conse-
quences of scattered radiation and parameter reso-
lution is given in the Appendix.

MATERIALS AND METHODS

In vitro model. A more straightforward test to
justify the described features is an experiment with
an in vitro model. This model (Fig. 2) consists of
two well-stirred perfused compartments, plus a con-
stant plane source on top. The plane source consists
of two glass plates of 2 mm thickness, enclosing a
2-mm-thick air space containing some added 33Xe.
The plane source is added because we found signifi-
cant constant background components Kj; and Kg;
in the analyses of in vivo experiments. The 31-keV
and 81-keV clearance curves of this model, after a
bolus injection of 133Xe, are analyzed by a digital
computer. Figure 2 shows a typical result of such an
analysis. Note that, within the accuracy range, the
computed decay constants of the corresponding ex-
ponential terms of the 31-keV and 81-keV clearance
curves are equal. One graph in this figure represents
the ratio of the measured 31-keV and 81-keV radia-
tions (rs/rs;). If Ks; is subtracted from rs;, and
Ks: from ry,, the second graph is obtained, denoted
by r's1/s1. This graph has the theoretically expected
course for a two-compartment model.

In vivo experiments. Cerebral bloodflow studies
were carried out on Yorkshire pigs (20-35 kg).
Besides the similarities between the cardiovascular
systems of man and pig (6), the large size of a pig’s
skull helps in placing the scintillation detectors. The
pigs were anesthetized by a combination of azaperone
(Stresnil) and metomidate (Hypnodil), applied by
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infusion into the jugular vein. This type of anesthesia
has minimal influence on the cardiovascular system
(7). The technique was that of Lagerwey (8).

The pigs were ventilated through an endotracheal
tube shielded with 0.5 mm of lead. To reduce radia-
tion absorption in the cranial bone and to exclude
distortion of the clearance curve by extracerebral
tissue, a partial window was made in the cranium,
and the collimator was fixed into this window (Fig.
3). To avoid loss of cerebrospinal fluid and, hence,
a fall of intracranial pressure, a sheet of about 2 mm
of cranial bone was left intact. Figure 4 shows the
relevant dimensions of the collimator, with the limits
of its field of vision. The effects of absorption on the
81-keV and 31-keV radiations were determined by
measuring the response to a plane source of '33Xe
placed in water at different distances from the colli-
mator face. As seen in Fig. 4, this response is prac-
tically a monoexponential function of the distance.

Disturbing effects were reduced by tying off the
external carotid artery. About 2 mCi of 13¥Xe, dis-
solved in 1 cm® of saline, was injected within 1 sec
through a thin catheter placed in a common carotid
artery through the femoral artery. After the injection
the catheter was flushed with saline.

The pulses from the 81-keV and 31-keV photons
were selected by separate pulse-height analyzers and
recorded on magnetic tape. The recordings were
transformed to count-rate functions by counting with
preset time intervals of 4 sec. A digital computer
was then used to fit a mathematical model consisting
of the sum of two or three exponential terms, plus
a constant, to each clearance curve. The computer
program, adopted from Kirkegaard (9), consists of
a nonlinear regression analysis based on the least
sum of weighted squares of deviations and follows
a Marquardt iteration procedure.

RESULTS

Table 1 shows the decay constants of 81-keV and
31-keV clearance curves for a series of experiments,
where a model using two exponential components
and a constant was fitted to the experimental data.
The constants K3, and Kg,; are primarily included to
account for background radiation. The values of the
decay constants indicate rather low cerebral blood-
flow values compared to those reported in conscious
man (10): with A, = 0.8, f; is about 30 cm3/100
cm? tissue/min; and with A, = 1.5, f, is about 15
cm?®/100 cm?® tissue/min. The eccentricity ¢ of the
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FIG. 2. Results of computer analysis of clearance of in vilro model consisting of two well-stirred compartments and- tant plane
source.
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weighted sum of residual deviations between meas-
ured and fitted data of the clearance curve is used
to indicate the quality of fit. The residual sum of
squares is assumed to have a Gaussian distribution
with mean value equal to the number of data, the
square root of twice this number being the standard
deviation (/1). In Table 1 these ¢ values are shown
for both the 31-keV and 81-keV calculations.

After performing the regression ahalysis with the
two-exponential model, a significant lack of fit was
found in each clearance curve. This indicates the
inadequacy of the applied mathematical model. A
careful comparison of the clearance curves with the
fitted curves reveals that this lack of fit occurs mainly
in the first minute. The computed values for the con-
stants K3, and Kjs,, while less than 10% of the co-
efficients for the “slow” exponential component, are
still too high to be ascribed simply to background
radiation. In Table 1 the ratio K3,/Ks, is given, in
a search for its possible origin.

The decay constants for the 81-keV exponential
differ significantly from those of the 31-keV expo-
nential:

Bs1 > Bs1.

This conflicts with the two-compartment theory. Fig-
ure 5 shows a plot against time for r',/r’s,, the ratio
of the observed clearance data after subtraction of
the constants K3, and Ks;. The continuous curve in
the plot is obtained from the data for the fitted clear-
ance curves after subtraction of the K constants.
Because of the lack of fit in the clearance curves for
81 keV and 31 keV, there is similar lack of fit be-
tween the first part of this continuous curve and the
dotted points. Note that these curves decrease con-
tinuously instead of leveling to a constant value. This
means that the tail of the clearance curve does not
originate from the clearance of one compartment.

As the main result of this series of experiments,
we conclude that the observed 81-keV and 31-keV
clearance curves are not compatible with the original
two-compartment model.

Results with a modified analysis. In search of a
better fit, we compared our experimental curves with
those of a model using three exponential terms and
a constant (Table 2). Although the fit is now good,
the differences between the decay constants are still
significant and (in contrast to the two-exponential
model) are no longer of constant sign. These differ-
ences, however, are probably due mainly to the non-
orthogonality of exponential functions. The extreme
sensitivity to noise in a three-exponential model
makes the determination from experimental data
very unreliable (12,13).

Since the lack of fit with the two-exponential model

ag) > agi;
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FIG. 5. Plot of ¥s//a (i.e., the ratio of the 31-keV and 81-keV clearance curves minus constants Ku and K, respectively), obtained
from in vivo experiment (Exp. No. 8).

TABLE 1. DECAY CONSTANTS OF 81-keV AND 31-keV CLEARANCE CURVES. FITTED MODEL:
A exp (—at) 4 B exp (—p8t) + K

an [ Ka

Exp. No. an Ba én an Bn &n (%) (%) Kar
1 0.40 0.086 23 0.41 0.102 8 3 16 0.32
2 0.39 0.078 8 0.40 0.087 2 5 n 0.40
3 0.34 0.077 14 0.37 0.089 3 10 16 0.25
4 0.39 0.101 18 0.44 0.119 6 12 16 0.27
5 0.32 0.092 5 0.35 0.100 0.05 8 10 0.25
6 0.39 0.107 17 0.44 0.123 3 13 15 0.22
7 0.37 0.095 n 0.43 0.124 4 17 31 0.19
8 0.33 0.092 21 0.37 0.107 5 n 17 0.25
9 0.35 0.086 23 0.39 0.105 7 13 22 0.22
10 0.33 0.069 13 0.38 0.090 2 14 30 0.23
n 0.37 0.070 15 041 0.096 4 12 37 0.20

TABLE 2. DECAY CONSTANTS OF 81-keV AND 31-keV CLEARANCE CURVES. FITTED MODEL:
A exp (—at) + B exp (—pBt) + C exp (—yt) + K

an—ass  Pn— Pa Tn — Va1

as Ba Ya

Exp. No. as Ba Ya £ an B Ta &n (%) (%) (%)
1 3.564 0.331 0.0692 3.4 2476 0.337 0.0817 1.7 —=31 +2 +18
2 0.591 0.282 0.0528 0.6 0.458 0.206 0.0471 0.8 —22 -27 —29
3 4.305 0316 0.0715 1.0 5.797 0.359 0.0862 0.6 +35 +14 +20
4 0.536 0.206 0.0579 1.6 0.523 0.213 0.0787 0.9 -2 +3 +36
5 12750 0.316 0.0905 1.1 0.648 0.273 0.0895 0.06 —94 —14 -1
6 0.687 0.264 0.0809 20 0.618 0.272 0.0961 1.8 —10 +3 +19
7 2.879 0.347 0.0875 0.7 1.586 0.397 0.1142 0.5 —45 +14 +31
8 1.115 0.257 0.0754 2.6 0.613 0.246 0.0838 0.5 —44 —4 +n
9 0.883 0.261 0.0658 3.4 0.570 0.245 0.0758 1.9 —35 -7 +15
10 0.703 0.248 0.0528 1.8 0.545 0.242 0.0645 1.0 —29 -3 +2
" 0.706 0.276 0.0516 0.2 0.613 0.287 0.0704 0.5 —12 +4 +36
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TABLE 3. DECAY CONSTANTS OF 81-keV AND 31-keV CLEARANCE CURVES, IGNORING THE
FIRST 70 SEC. FITTED MODEL:
A exp (—at) + B exp (—Bt) + K
an — as B — B

as ﬂs:

Exp. No. an Ba &n an Ba &n (%) (%)
1 0.33 0.069 277 0.35 0.086 172 6 25
2 037 0.072 3.33 0.39 0.082 3.38 8 14
3 0.32 0.071 1.02 0.36 0.086 0.44 13 21
4 0.36 0.094 10.55 0.41 0.115 3.94 14 22
5 0.32 0.091 233 0.33 0.097 1.00 3 7
6 0.35 0.099 6.4 0.40 0.117 0.20 14 18
7 0.35 0.088 0.7 0.41 0.116 0.64 17 32
8 0.29 0.083 3.6 0.33 0.101 0.92 14 22
9 0.31 0.078 3.0 0.36 0.099 4.2 16 27
10 0.31 0.064 3.6 0.36 0.085 0.03 17 33
n 0.34 0.064 5.0 0.38 0.086 0.8 n 34

was found in the first part of the clearance curve,
the analyses were repeated with the two-exponential
model, this time ignoring data from the first 70 sec
(Table 3). The fit looks good, but the discrepancies
in the decay constants are of the same order of mag-
nitude as in the original analyses. Thus, the discrep-
ancies cannot be caused by a bad fit.

DISCUSSION

In this series of cerebral bloodflow measurements
in the pig, rather low values are found. In another
series of experiments in which we used nitrous oxide
anesthesia, we found specific bloodflow values in the
same range (mean blood pressure, 70~110 mm Hg).
Hence, we cannot ascribe our present low values to
the anesthesia. We have been unable to find pub-
lished values for specific cerebral blood flow in the
pig.

Our observation time for bloodflow measurement
is long compared to other investigators, and because
our bloodflow values are less than half the values
reported for man, the decay constants are also much
smaller. For comparable accuracy, therefore, our
experiments needed the longer time.

Recirculation of xenon is more important than is
assumed in the idealized clearance process since the
tail of the clearance curve may be influenced by
recirculation. Unlike many other investigators, how-
ever, we included a constant in our mathematical
model. Such “constant” radiation might originate
from regions that clear very slowly, e.g., sinuses,
cerebrospinal fluid, or bone. This supposition is sup-
ported by the computed ratio of the constants Ks,/
Ky, which indicates that the “constant” source is
equivalent to a plane source located at half the depth
of the brain. This radiation source may be built up
partly by tracer recirculation and partly by release
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of xenon from poorly perfused areas, such as the
cerebrospinal fluid spaces. In our in vitro model we
put a constant plane source on top of the two com-
partments. Its situation, however, is irrelevant: it
needs only to provide constant radiation.

The lack of fit of the two-exponential model during
the first minute of the clearance curve may be caused
by the transit of the tracer through the vascular bed
without exchanging with tissue (/4). It is worth
mentioning that a brief initial plateau is often found
in the r'y,/r’s; curve (Fig. 5).

If the first minute of the clearance process is ig-
nored, the clearance curve can be described perfectly
well with two exponential terms and a constant. This,
however, is not sufficient to justify applying the two-
compartment model. The differences in the decay
constants of the 31-keV and 81-keV clearance curves
show that the clearance process is more complex.

Autoradiographic studies (15,16) have shown that
cerebral blood flow is more heterogeneous than is
assumed in the two-compartment model. A bimod-
ally distributed multiexponential model describes the - -
clearance process better. Furthermore, Reivich et al
(17) have shown that such a model can be fitted well
with two exponential terms. The fitted parameters
of that two-exponential model depend on the mean
values and the shapes of the modes of the bimodal
distribution. Each exponential term refers to a par-
ticular region of cerebral tissue. Because of the dif-
ferent absorption coefficients for 31-keV and 81-keV
radiation, the coefficients of any exponential term,
measured with 31-keV and 81-keV radiation, will
depend on the location of that tissue region. This
implies that the shape of the distribution function of
the multiexponential model is different for the 31-
keV radiation and for the 81-keV radiation. In our
opinion, this explains the discrepancies found in the
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analyses of our 31-keV and 81-keV clearance curves.
Our data thus are consistent with heterogeneous cere-
bral blood flow.

This interpretation indicates the need for measure-
ments of the distribution of cerebral blood flow,
which can be determined with radioactive micro-
spheres that become trapped in the capillaries (17).
Results of such a study will be published in a sub-
sequent paper.

Finally, we think it worthwhile to look for a model
in which the data from the 31-keV and 81-keV clear-
ance curves are combined, in order to get an idea
about the flow distribution in the depth of the cere-
brum. In contrast to the autoradiographic technique,
here information about the flow distribution is ob-
tained without killing the animal.

APPENDIX

Contribution of scattered radiation. The Compton
scattered radiation from the 81-keV photons con-
tributes to the count rate in the 31-keV energy range.
We assume that this contribution is proportional to
the intensity of the detected 81-keV radiation:

Arg; = Crs).
Combining this with
Is1 = Agie ™ + Bsie Pt 4 Kgy,
we get
Ar3; = cAgie~ % 4 cBgie Pt 4 cKg;,
so that:
ra1 = (Ag1 + cAg)e
+ (B31 4 cBgi)e Pt + (Ka1 + cKay).

Hence, if the above assumption of proportionality
holds, the decay constants are not affected.
Parameter resolution in exponential models. Be-
cause of the nonorthogonal properties of exponential
functions, there is an interdependency of the com-
puted parameters expressed in their cross-correlation
coefficients. In our analysis the cross-correlation co-
efficients of A with —a and of B with —g turned out
to be negative. Since Ag/Bsi < Aszi/Ba;, these
cross-correlation coefficients predict a probability
that a3; < as and Bai1 < Bsi. In other words, the
differences found experimentally are even reduced,
albeit slightly, by the cross-correlation effects.
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