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CEREBRAL BLOOD FLOW IN THE PIG

A STURY OF XE-133 CLEARANCE TECHNIQUES






PREFACE

As a member of the Department of Electrical
Engineering of the Technical University Delft the
author was initially involved in 1968 in the development
of an apparatus for the measurement of cerebral blood
flow on patients by the Xe-133 inhalation technique.
The interest in this tcpic was aroused by members of
the Department cof Electro-neurology of the Academic
Hospital Leiden (head dr.XK. Mechelse, neurologist).
In collaboration with J.A. Tuynman, neurclcgist, and
W. Krul, medical student, preliminary investigations
were performed using a provisory set-up. Results of
these experiments are described in this thesis.
Because at that time unsufficient funds were available
to establish permanent clinical apparatus for these
measurements, the experiments were not continued, From
the preliminary investigations it was concluded that
further basic research on Xe-clearance methods for the
measurement of cerebral blcod flow was needed.
The Xe-133 inhalation technigque is an atraumatic
alternative to the traumatic Xe—-133 injection technique
for the measurement of cerebral bloecd flow. Xe—-133 is
administered by means of an intracarotid injection in
the injecticn technigque. This injection limits the
clinical applicability of this method, although measure-
ments made by the injecticon technigue are more reliable
than those made by the inhalation technique. Systematic
differences between the results ¢f the two methods have
been reported. Because the clinical advantages of
inhalation technigque, more research on the causeg of
these discrepancies and an improvement of the inhalation

technigque seemed to be justified,



As soon as the Central Isotope Laboratories of the
Medical Faculty of the Erasmus University (head dr.E.
Mulder} started its activitieg in 1971, investigation
on Xe-133 clearance methods in the pig was started.
The reasons for cur choice of the pig as an experimental
animal are given in the thesis.

It was initially planned to perform cerebral bliood
flow measurements with injection and inhalation
simultanecusly using the radicactive inert gases Kr-85
and Xe-133, The author was enabled to perform these
experiments as a member of the Department of Bioclogical
and Medical Physics of the Medical Faculty of the
Erasmus University {head prof.dr.G. van den Brink).
Drs.A.C.W. Volkers of the same department was inveolved
in the work to look after the physioclegical aspects of
the animal experiments. At the beginning we were
assisted by dr.K. Mechelse, neurclogist and at that
time member of the Department of Neurology of the
Academic Hospital Dijkzigt, and the veterinary surgeons
dr.E. Lagerwey and drs.K Biileveld, both from the
Veterinary Faculty of the University of Utrecht.

Since the author is a part time member of the Medical
Technology Group of the Department of Electrical
Engineering of the Technical University Delft, he
supervised a number of engineering students performing
studies on individual aspects of the Xe-133 clearance
technigque in collaboration with ir.D. Sparreboomn,
member of that Group.

Because the literature did ncot furnish clear pictures
of the anatomy of cerebral vessels of the pig, an
angiecgraphic study was carried out in collaboraticon
with J.F. Fasctte, technician of the Department of
Experimental Surgery of the Erasmus University (head
dr.D.L. Westbroek).

Much attention was given to the Xe—133 injection



technigue, because many problems arose in the
evaluation of this technique on the pig. Results of
that study are described in this thesis. The evaluation
of the inhalation technigque on the pig was postponed
for that reascn.

No reference data on the c¢erebral blood flow of the pig
were avallable until FPoreman et al published in 1976
their study of the cerebral blood flow of the pig,
performed by the radicactive microsphere technique.
They reported a wide overlap of blood flow ranges in
grey and white cerebral tissue. This finding furnished
a basis for the explanation of the results which we
obtained with the Xe-133 injection technigue.

Because of the small differences the between blcod flows
in grey and white cerebral tissue, special problems are
involved in the interpretation of the Xe-133 c¢learance
curves in the pig, which are not found in normal man.
Consequently a comparison of the results of the Xe—-133
injection technique with those of the Xe=l133 inhalation
technique is not representative of a comparison of these
techniques appliedin man. Therefore it is concluded in
this thesis that the pig is not a good experimental
animal in which to study Xe—-133 clearance methods for
the measurement of human cerebral bloed flow.

Apart from the unexpected problems with regard to the
experimental animal, the regulations concerning the use
of radioactive material delayed the planned evaluation
of the inhalaticon technigue in comparison with the
injection technigue.

This thesis gives a description of a variety of
physioclogical experiments and a comparison of possible
mathematical models,which hopefully will contribute to
further development in the field of measurement of
cerebral blood flow.



I-INTRCDUCTION

Cerebrovascular disease is an important cause
of death. The number of cerebrovascular complaints is
increasing, mainly as a conseguence of increasing the
mean lifetime. Functioning of the brain is dependent
on bloced supply. A temporary or prolonged reduction of
total or regicnal cerebral blooed flow {(¢.b.f.) may lead
to irreversible damage of cerebral tissue and loss of
neurclogical functicns. Therefore the measurement of
cerebral blcocd flow, preferably in different regions,
is c¢linically important. Several methods of measuring
c.b.f. have been developed. The applicability of a
method in a clinical situation depends on its traumatic
aspects. A brief survey of the methods of c.b.f.
measurement is given at the end of this chapter. The
clinical method used most fregquently 1s the Xe-133
clearance technigue. The Xe-133 is administered by three
different routes, intra-arterial, intravenous or by
inhalation. This thesis mainly deals with the intra=-
arterial injection technigue, evaluated on the pig as
experimental animal.

The role of the pig as an experimental animal in human
medical research has an increasing importance (Bustad
and Mc Clellah, 1966). An interesting review of
applications and analogies of the pig in human medical
research is given by W.R. Douglas (1972). Because of the
similarity of the heart and the circulatory system of
the pig to those of man, this animal is of special
interest in cardiovascular research. For that reason it
could replace the dog in that field. One approach to

the understanding of predisposing factors and patho-

genetic mechanisms in the development of cerebrovascular



diseases is the study of comparable pathophysiological

processes in animals. In this context it is of great

interest that cerebral athercsclerosis with conseguent

cerebral infarction is common in aged pigs (Luginbuhl

and Detweiler, 1967). Despite this interest in the pig

as experimental animal, little is known of the cerebral

circulation of the pig. At the beginning of our

experiments we were not aware of this lack of knowledge.

Our choice of the pig for the c.b.f. measurements was

based on the following considerations;

l1-the assumption of the similarity of the anatomy and
physiology of its cerebral circulation to those of
marn;

2-the availability and price of this animal;

3-the size of the cerebrum;

4~the advanced research on a stable anaesthesia scheme
for the pig carried out by Lagerwey (1973} at the

Thorax center of our medical faculty.

man.

The human brain is supplied with blood via two
pairs of arteries, the right and left internal carotid
arteries and the right and left vertebral arteries.
These vessels are interconnected in the circle of
Willis. The internal carotid artery is one of the two
branches of the common carotid artery. The other branch,
the external carotid artery, mainly supplies extra-
cerebral tissue. Collateral circulation between intra-—
and extra-cranial circulation i1s not important. The
right common carotid artery branches off from the
branchiccephalic trunk and the left common carctid
artery branches off from the aortic arch. Though the

vascular systems of right and left hemispheres are



interconnected via the circle of Willis, normally

blood circulates separately in each hemisphere. The
¢ircumferential afferent cerebral vessels surround the
cerebrum and penetrate the upper grey brain tissue layer
{cortex). The arteries are subdivided finally into very
small arteries, the arterioles (30-100 uym in diameter).
The arteries are capacitance vesgssels, while the
arteriocles are resistance vessels. The blood pressure

is damped and reduced in these vessels.

The arterioles also control the blood supply to the
capillary network by a smeoth muscle layer, which
enables an adjustment of their diameters. In most
caplillary networks there are twe further flow regulating
systems, namely precapillary sphincters and arterio-
venous anastomotic vessels. Via the permeable wall of
the capillaries metabolic substances {glucose, oxygen)
enter the surrounding tissue. Metabolic residues {(e.qg.
carbon dioxide) diffuse from the tissue into the blood.
The exchange between the capillaries and the metaboliz-
ing cells takes place via an intermediate diffusion
medium, the aquecus intercellular fluid. From the
assumption of z balance between oxygen consumption and
the rate of oxygen transport by diffusion, Krogh (1918}
calculated the diameter of the tissue cylinder which is
supplied from one capillary. Thus it can be understcod,
that the capillary density in a particular type of
+issue is related to the oxygen consumption in it.

The cerebral cortex contains the cell bodies of neurons.
By its more grey appearance this type of cerebral tissue
can be distinguished by eye from deeper brain tissue.
The bordering white brain tissue consists mainly of the
axons of the neurons. The white appearance of this
tissue originates from the fatty myelin sheets of the
axons. The nuclear mass (e.g. thalamus) in the centre of
the cerebrum alsc consists of a mass of cell bodies.



The volume ratio of grey to white brain tissue is about
1:1 (Henneberg, 1910), The total wascular vclume is
about 5% of the whole cerebrum {(Smith et al, 1971},
while the capillary volume is less than 3% of the
cerebrum (Lierse, 1963).

The venous cerebral drainage system is interccnnected
very extensively, both internally and with the extra-
cranial venous system. Blood from capillary networks
cenverges to venules. Blood from the venules is ceollect-
ed in a superficial and a deep vencus system. These
systems end in several blood pools, the venous sinuses.
The sinuses empty into the right and left internal
jugular veins, the vertebral veins and the internal
maxillary veins. Via the superior vena cava, blood
returns to the heart.

In man cerebral circulation requires about 15% of the
cardiac output (Ph. Bard, 1961). In comparison with the
relative weight of the cerebrum to the weight of the
whole body this figure is high. The cerebral blocd flow
is about 50 cm3/min /100 gram tissue, while the blccd
flow of the whole body is about 10 cm3/min /100 gram
tissue. The cerebrum is exclusively protected against
insufficient circulation in an emergency (shock), even
at the expense of other organs. The maintenance of ‘a
sufficient cerebral circulation is a necessary priority,
kecause the cerebrum has nc oxygen storage capacity and
lack of oxygen in the central nervous system very soon
leads to irreversible damage. That is why the cerebral
circulation is contreolled by a complex physioclogical
system. In man exercise does not alter c.b.f. (Hedlund
et al 1962, Zobl et al 1965), though it increases
significantly in regions associated with increased
metabolic activity (Risberg and Ingvar, 13%73; Olesen,
1971; Tschetter et al, 1270).



From the ratio of perfusion rate F and the arterio-
venous pressure difference A P a vascular resistance R
is often derived by analegy tc Chm's law, i.e. R=pAP/F., In
contrast to this simple relaticonship, however, the
vascular resistance is determined by the physiological
contrcl mechanisms, and consegquently is neither linear,
nor passive. One factor affecting the vascular resist-—
ance is the geometrical structure of the vascular
network. As already mentioned, the muscular layer of
the arterioles c¢ontrols their diameters. The tone of
each artericle ig believed to be controlled neurcgenic
and by its own interstitial fluid pH. Blood pressure

ig sensaed by baroreceptors, concentrated in a neuro-—
plexus, situated in the internal carotid artery near its
origin from the common carotid artery {(carotid sinus),
and in the aortic arch. It has been shown (e.g. by

Kety and Schmidt, 1948) that c.b.f. remains virtually
constant over the physiclogical range of pressure. Thus
c.b.f. is protected from both high and low blood
pressure. This phenomenon is known as the autoregul-
ation of the cerebral circulation, and is reflected

in a non-linear vascular resistance. This autoregul-
ation is in contra-distinction to moest other wvascular
systems, and can be impaired after cerebrovascular
accidents (Paulson et al, 1970).

The pulsatile flow seems to meet less resistance in the
cerebrum than an equal constant fiow (Held et al, 1969},
so that one should speak of an impedance rather than

a resistance of the vascular system. Furthermcre it has
been observed (Misrahy and Clark, 1%58), that there is a
stop-and~go blcod flow in the micro~circulatory system,
instead of a continucus flow, with a periodic time of
5-25 seconds.

Besides nervous control mechanisms chemical mechanisms

related to metabolism are involved in cerebral homeostasiz.



The most effective agent 1is
carbon dioxide. Grubb et al {1974) found in monkeys a
linear relationship between arterial pressure of carbon
dioxide, P C02 (mmHg), and ¢.b.f., with the eguation:
£ =1.8P 602"16 .75 cm /mln/lOOg. Inhalation of air
containing 5% C02 normally results in an increase of
c.b.f. of about 50%, while inhalation of 7% C02 causes
¢.b.f. to double (Purves, 1972). In the cerebrum the
local regulatory effect of carbon dioxide is vasodilat-
ation, which results in an increase of local perfusion.
Local regulation of c.b.f. meets local need for removal

of CO2 or supply of O This need can be met by an

increase of blood peréusion. However, as long as the

gas in the capillary blood is not in equilibrium with the
extra-capillary space, an increase in residence time of
the blood in the capillary network is also effective.

As the mean residence time is egual to Vcap./F’ an
increase in vascular blood volume results in an increase
of mean residence time at constant perfusion. Since this
increase in capillary klcod volume accompanies with a
decrease in intercapillary distance, the gas transport
rate becomes less limited by diffusion at the same

time. In monkeys Grubb et al (1974) found that for a

pressure change of one mmHg in P CO there was a

.
change in cerebral blcod volume of g 041 cm /100 gram
perfused tissue. It turns cut that gas transport in
cerebral tissue is contrclled by altering both thea
perfusion and the capillary blecod volume. {(Allan et al,
19270; Smith et al, 1971). In monkeys Grubb et al (1874)
found a non-linear relationship between vascular mean
transit time and c.b.f.. From the clearance measure-
ments with diffusable tracers figures for the specific
blood flow are derived, i.e. the ratioc of the absolute

perfusion rate F divided by perfused tissue volume V.
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As the capillary volume is only about 3% of tissue
volume, a change in capillary blood volume is not
reflected in the figure for specific blood flow. In
other words the clearance technique with diffusable
tracers does not fully evaluate the physiological
adaptation in tissue to assure adeguate gas transport.
Nevertheless the measurement of c.b.f. according to the
clearance technique with diffusable tracers, at
different values of the percentage carbon dicxide in
respiration air, PCO As of clinical interest, as it

constitutes a test o% perfusion control function.

Many different methods to measure cerebral
bloed flow are available for clinical application,
hewever, each one has its own particular limitations.
A survey 1is given by e.g. Capon et al (19%68). A brief
survey of methods, with their principal limitations is

given here,
Electrcomagnetic flow probes.

An annular probe, in which a magnetic field is
generated, is placed arcund a bloodvessel, e.g. the
internal carotid artery. The flowing blood cuts the
magnetic lines of force, sc that an electromagnetic
force is generated. This e.m.f. is sensed by electrodes
mounted on the probe, located at diametrically opposed
points of the lumen of the vessel. The electric signal
is calibrated in terms of klcod flow. As the calibraticn
is dependent on the local situaticn of the probe, it is
preferable to perform the calibration in each set-up.
The zero-flow reference may change in the situation
in=-vivo, so that a repeated zero-flow test must be

carried out. Both, calibration and zero-flow reference
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test are not always easy to perform in vivo, and thus
limit the applicability and reliability of the electro-
magnetic flow probes measurements. Furthermore, the
exposure of the vessel to the probe may cause vasospasm,
and this method is traumatic. It reveals total blood flow
only to the region supplied by the vessel.

Ultrasonic Doppler technigque.

When an ultrasonic wave impinges upon a
blood stream, the frequency of the waves reflected
from the moving particles is shifted, because of the
Doppler effect. A typical repetitive noise pattern is
received which after demodulation with the transmitted
frequency it can be calibrated in terms of blood flow,
provided the diameter of the vessel is known. The probe
is directed towards the blood vessel; no preparation of
the vessel is necessary. This methed is clinically
attractive. However, since the diameter of the vessel

usually is not known, it cannot be calibrated.

Rhecencephalography.

If an alternating voltage (e.g. 20 kHz, 5 V)
is applied across the head, an electric current tan be
measured which is modulated by the pulsatile flow. The
applicability of this method is small, because the
variation of the impedance is mainly due to extra-

cranial blood flow and total bloocd volume.

Heat~clearance techniques.

A thermo couple or thermistor is inserted into
a vessel or brain tissue. The temperature of the probe is
kept constant at a slightly higher level than its

environment, by applying an electric current. The
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current reguired to maintain this temperature

difference is a measure of the rate of removal of heat
by the blood and can be calibrated in terms of blood
flow, A disturbing factor 1s the physiclegical variation
of the blood temperature. The method is invasive and
traumatic. In another heat-clearance technigque a heat
bolus is injected, and a temperature decay is sensed,
e.g. by a thermistor which is placed downstream. This
technique, however, is inferior to dilution technigques

where dyes like cardiogreen are used.

Serial angiography.

In cerebral angiography X-ray pictures are
taken while the vescsels are filled with an X-ray contrast
medium. These pictures yield important information about
the anatomy of the vascular system. Cerebral circulation
can be studied from angiograms by means of X-ray films
of the transit of the contrast medium, which is injected
arterially. Though the transit time of the contrast
medium is related to blood flow, a reliable measure
of c.b.f. cannot be derived from it. For c.b.f.
measurement the transit time of a diffusable gas, like
Xe=-133, is a better measure. Valuable complementary
information is gained by the combination of angiography
and the Xe-clearance technigue, performed in one
arterial puncture. Since contrast medium may induce
alterations in c¢.b.f. measurement of c.b.f. should

precede angiography.

Radivcactive-tracer transit methods.

The transit by blood of a substance through the
cerebrum, is related to blood flow. To measure the

transit time of the substance, radicactive labels are
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used. Two types of tracer substances are used for c.b.f.
studies, namely tracers not diffusing outside the
vascular system, like I-131-Hippuran or Tc-$%m-sodium
pertechnetate {(radiocirculography) and diffusable
tracers like Xe=133 or Kr-85 (clearance technigue). In
both cases a bolus of tracer is injected into the
internal carotid artery and the radiocactivity is
detected by scintillation detectors placed extra-~
cranially. The use of diffusable tracers has replaced
radioccirculography, since the latter vields much less
guantitative infcrmation. Because of the trauma of the
carcotid puncture, alternative methods of applicaticn of
the tracer gas are of great interest. In particular,
the application of Xe~133 by inhalation is very
attractive from clinical point of view, because of its

atraumatic nature.

Tracer fractionation methods.

It is assumed that the distribution of a
tracer applied arterially, to different tissue regions
is in proportion to the distribution of flow to these
reglons (Sapirstein's principle). Purely experimental
methods of c¢.b.f. measurements have been developesd

from this principle . The tracer accumulated in
different tissue regions is measured on tissue samples
from an experimental animal. In this way a pattern of
c.b.f. distribution is obtained. The distribution of
the radicactivity in the tissue can be studied by means
of X-ray films exposed to the tissue (autoradiography),
or by counting the activity of the samples with
detectors. Diffusable tracers used for autoradiocgraphic
studies are I-131-triflucricdocmethane and C~l4-anti=
pyrine. Tc study he{erogeneity of ¢.b.f. vascular

bound tracers are also used, i.e. radicactively
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lakelled microspheres. Microspheres with diameters of
about 15 ym are trapped in the capillaries. Metabolizing
microspheres are made of albumen. A disadvantage of
these microspheres is that they release the label.
Stable microspheres are the carbonized microspheres
supplied by 3-M Company. They consist of a compound
containing 67% carbon and 23% Oxygen. The radiopactive

nuclide is incorporated in the spheres,
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II-DESCRIPTION OF THE CLEARANCE TECHNIQUE OF
MEASURING CEREBRAL BLOOD FLOW.

A method for the measurement of cerebral blood
flow, in which nitrous oxide is used, was published in
1945 by Kety and Schmidt. Nitrous oxide is a metabolic-
ally inert gas and is freely diffusable in tissue. The
residence time of this gas is determined by the rate
cf perfusicn of tissue by bleood. Since the gas is inert,
the law of conservation of substance holds (Fick's
principle). If the blood flow through an organ is F and
the concentrations of the gas in the arterial and the
venous blood of that organ are c, and Cy respectively, then
the rate of tracer accumulation in the organ is,

according to the Pick's principle,

A

=r (ca— cv) (1)

where g is the amount of tracer in the tissue.

Further, it is assumed that nitrous oxide diffuses so
easily in the tissue that its distribution in the tissue
may be taken to be in thermodynamic equilibrium, even
during uptake and clearance of the gas by the perfusion
of the blood. From theoretical considerations Kety (1951}
argues that the concentration of the gas in venous

blood is continuously in eguilibrium with the mean
concentration in the tissue.

According to Henry's law, the concentration c¢f a non-
polar gas in a subkstance is proportional to the partial
pressure of the gas in the gas phase with which the
substance is in thermodynamic equilibrium. The ratio of

the concentration = of the dissolved gas in the tissue
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and the concentration ¢ _ in the gas phase is the

(Ostwald-) solubility coefficient B,

(2]

For the description of the clearance process we need
the eguilibrium ratio of the concentrations of the gas
in tissue and in blood. This ratio is called the
tissue-blood partition coefficient A and can be

obtained from the solubility coefficients by the

relation
c c /< B
b b g b

where Ch is the concentration of the gas in blcod.
Since Henry's law holds for nitrous oxide, the

hypothesis of Kety implies that

where V is the tissue volume.

Substitution of (4) in (1) gives the differential

eguation,
dc
t F ¢, _Fc {(5)
T Tw tTy @
By integraticn we find
S_E ) o, (ty) — e, () (g,
Y

= t
. J‘ 2 (ca cv) dt
1

where £ is the bloodrflow. = and t2 are the times of
the beginning and the end cof the chservation.

The nitrous oxide was administered by inhalation,
During uptake, arterial and venous concentrations were

measured in blood samples by means of an infra-red
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gas analyzer. Blood samples were taken from the carotid
artery and the jugular vein, A problem here is that
klocd samples from the jugular vein yield the
concentration of mixed venous blood. The concentration
of the gas in jugular venous bleocd is not egual to X
times the mean concentration in cerebral tissue, unless
all parts of the cerebrum are fully equilibrated to the
concentration in arterial blood. This equilibrium level
is reached when the concentration in cerebral venous
blood equals the concentration in arterial bklood. Kety
and Schmidt (1945) found that the concentration in
jugular venous bklcood had nearly reached the arterial
level after an uptake time of 10 minutes. Hence the
formula used to calculate blood flow in the original
Rety—-Schmidt technigue is

In 1965 Lassen and Kiee published results of the
analyses of uptake curves and the succeeding clearance
curves of diffusable inert gas (Xr-85). After an uptake
time of 10 minutes the clearance was started by
inhalation of fresh air. Formula (6} applies for both
the uptake and the clearance phases. It turned ocut,
however, that the calculated blood flow was on average
8.5% higher during uptake than during clearance. At
lower flow rates this percentage increased. The cause
of this discrepancy i1s that an uptake time of ten
minutes is not sufficient to reach equilibrium between
tissue and arterial blood in poorly perfused regions,
even though jugular venous concentration may
approximate the arterial concentration rather well

after ten minutes, Lassen and Klee c¢oncluded that the
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error in the Kety-Schmidt techniqu= may be counter-
acted by prolonging the uptake time to 15 or 20 minutes
and by extrapolation of the measured concentration
curves to infinity, using exponential functions. Ancther
significant modification in the methed cf Lassen and Klee
is the use of the radiocactive B-emitter Kr—85 instead of
nitrous oxide. This makes the measurement of concentrat-
ion in blood samples easier and more accurate., As Kr-85
is a radiocactive tracer, its amount in the cerebrum can
be measured directly by a detector placed over the
cranium. To obtain reglonal information such detection
has tc be restricted to a part of the cerebrum, by
ceollimation.

Studies of this so-called residue detection method have
been described by Lewis et al (1960). Detection of Kr-85
by its B-radiation needs the cranium to be copened, which
of course reduces the applicability of the method.
Ingvar and Lassen (1962) introduced an important
modification of the residue-detection method. They
administered Kr-~85 by an injection into the internal
carotid artery instead of by inhalation. They assumed
that the clearance of Kr-85 from blood passing the lungs
is highly effective, so that recirculation of the gas is
negligible. This implies that c, = 0 during the clearance
phase, so that the differential equation (1) combined
with (4) becomes,

dct
t

| = - qgc (8)

T

where

(2}

Q
I
»rﬂ

<
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If the initial concentration in the tissue at the

beginning of the clearance is c(T}, the solution (8) is

e—a(th) (10}

From the steepness of the clearance curve, plotted on a
semi-logaritmic scale, o can ke found and hence the

blood flow with the formula
£ = Aa (11)

We may expect a mono—exponential clearance curve only
if the tissue is homogenecus wWith respect to a. Such a
homogeneously cleared part of tissue is referred to as
a compartment. If a bolusg, having a total activity

q, Ci is injected very quickly, so that clearance has

not yet started when 9, is distributed evenly in the

tigsue, we have,
g
_ to
c(T) = T (12}

As will be described in the next section, experimental
cerebral clearance curves appear not toc be mono-
exponential, so that the clearance process is not that
of a one-compartment system.

Since 1963 (Glass and Harper) Kr—85 has been replaced
by the very attractive soft gamma emitter Xe—133. With
this tracer gas the residue-detection method can be
performed with intact skull and an acceptable radiation
dose. Scme relevant characteristics of Xe-133 and Kr-85
are given in Table 1. From the point cof view of
radiation safety it is important that Xe-133 has a

small physical half-lifetime T L
2
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. porticle | find i Emax:f | Ery, x
isotape emitted | Tsotope T2 {MeV) {MeV) pg P
Kr-85 g Ro-85 | 12.6v | 0.67 0.52 |o0055 § o076
(in 0.4%
of
emission}
Xe-133 g Cs-133 | 5.34 0.35 |0.081and [ 0.1 0.2
0.031
Table 1.: Some characteristics of the radioactive tracer

gases Kr—85 and Xe-133: Bg and Bw are the
solubility coefficients of grey and white

cerebragl tissue respectively.

At present the injection with Xe-133 is the most
frequently used method for the measurement of cerebral
blcod flow in both clinical and physiological studies.
An important disadvantage for clinical applicaticon of
the injection technigue however is the necessity of the
arterial puncture. For this reason Mallett and Veall
(1963) developed a method of Xe—-administration by
inhalation, similar to the original method of Kety and
Schmidt, but combined with the residue-detection method.
Although the atraumatic inhalation procedure is
clinically attractive, it is afflicted with some sericus
problems, making this method less attractive from a
measurement point of view. It has not yet been decided
which of the two methods is preferable under different
circumstances. Tc discuss both methods we must describe
in more detail the application of the residue~detection

method t¢ the measurement of c.b.f..

In Fig. 1 the measurement of regional cerebral
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blocd flow by the injecticon method is illustrated. This
figure also shows a recording of the radicactivity of
the expired air, although there is noc need for this
recording in the injection technigue. This expired air
activity curve is shown in order to compare it with the
curve which is recorded when the inhalation technigue
ig applied. In the inhalation technique this air
activity curve is used in order to correct for tracer
recirculation.

The 'field of vision' of the extra-cranial radiation
detector is defined by the cellimator. In this way ths
clearance from a defined region of the cerebrum is
measured. Each detected photon from this region is
converted into an electric pulse. Hence, the detected
radicactivity is expressed as a pulse rate r. The

pulse rate is proportional to the radicactivity in the
detector field. As a conseqguence of the absorption of
radiation in the tissue and of the hetercgeneity of
detection efficiency, the proporticnality factor depends
on the geometrical distribution cf the tracer in the
tissue. Since this distribution does not change in a
compartment, the proportionality factor is a constant.

Thus we define this factor G by
r{t) = G 4V clt) {13)

where 4 V is the amount of tissue within the detector
field.
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a.car.int,
a.garext,

uptake clearsnce

end-tidot gir

Fig. 1.: fllustration of the measurement of cerebral
blood flow according fto the injection technique.

If measurements are performed using the injecticn
technique with Xe-133, it turns out that the cerebral
clearance curves cannot be described by monc—exponential
functions, An example of a semi-logarithmic plot of a
clearance curve is shown in Fig. 2. It reveals that a
gum of two exponential terms does provide a good fit.
The half~value-time T!5 of the slow component is akout
5 minutes and of the fast component is about 0.8
minutes. As the ratio ¢f the decay constants is about
6, the two exponential terms can be separated rather
well using a simple graphic peeling technigque (Perl,
1960} .
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Two types of tissue can be distinguished in the cerebrum,
the cortical grey brain tissue and the more fatty white
brain tissue deeper in the brain. The capillary density
in the grey tissue is greater than it is in the white
tissue and the specific blocd flow in the grey tissue

is also greater than that in the white tissue. The
partition coefficient ¢f Xe in white tissue is greater

than it is in grey tissue. The differences between grey

and white tissue are illustrated in Fig. 2.

4 46 4B F10 £32+14 416

tmin}
Stondaed procedure for graphic
eralysis of @ sum of exponentials.

i

grey tiswe White Fssue
»_ = 0.80 X - L3
g w

capitlary densities

Fig. 2.: Interpretation of the two exponentials fitted
to the clearance curve, according to the two-
compartmental model.
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The usual interpretation of the bi-exponential clearance
curve (e.g. Hoedt-Rasmussen et al, 1966) is that the
‘fast' exponential term represents the clearance cof the
grey tissue compartment and the 'slow® exponential

term the clearance of the white tissue compartment.
Hence the interpretation of the parameters of the

fitted mathematical model

—ot -8t

r{t) = Ae + Be (14)

where f_ 1is the specific blocd flow in grey tissue
A is the tissue-blood partition ccefficient

of grey tissue

where f_ _tgthe specific blood flow in white tissue
ig the tissue—-blood partition ccefficient

of white tissue

A is the initial pulse rate from grey tissue
compartment
B is the initial pulse rate from white tissue

compartment

Following the principle of Sapirstein {(1958), it is
assumed that the amount of tracer injected intc the
artery will be distributed to the varicus regions
supplied with blcod by this artery in proportion to the
blood flow to these regions. Hence the part qg of the
original amount o that enters the grey tissue

compartment, and the part qa, that enters the white



25

tissue compartment are respectively,

F F
= _ S _ W
g g q.,~ =17 9 {15)
g Fg + Fw o] W Fg + Fw o]
where Fg and Fw are the values of blcocod flow of
grey and white tissue compartments, so that
F=F_ +F (16)

By using proportionality factors as defined in formula
(13), namely Gg for the grey tissue comparitment and

GW for the white tissue compartment, we write

g
A=G_ =34V and B=20G Ty oy (17)
g v g w Vv W
g w
Combining the formulas (14), {15}, (16} and (17} we
find
f £
L -y
9, Ag Aw
rit) = N ( Gg fg A Vg =} + GW fw A Vw e
{18)

The difference bhetween Gg and GW will be discussed in

" section III-3-2. We simplify the situation by taking

Gg = Gw = G. We may write then
£ £
r(t} = 5 { fg Avg e g + fw AVW e W ) (19)

The volumes of grey and white tissue can be calculated,
as fractions of the volume of cerebral tissue in the

detector field from the coefficients A and B by means
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of the formulas

v A/t (20a)

= =
g~ TE_F A, A/T, ¥ B/,

AV
W

= ¥ = {20b)
w &Vg + AVw g

These fractions W_ and W are referred to as the

relative weights of the grey and white tissue compart-
ments respectively. With these relative weights we can
calculate the regional mean specific blood flow, using

the formula

f=w_f_ +wW_ £ (21)

Specific bleod flow values could be expressed in cm3
blood per second per cm3 tigsue, It is, however,
convention to express it in cm3 blood per minute per
100 gram tissue. Where we refer to values from
literature we will follow the convention. Our results
will be expressed in cm3/min/100 cm3 tissue.
According to Ingvar et al (1965) figures of c.b.f. in

man, referred to as normal values are:

£g= 79.7 £ 10.7 cmi/min/lOO g tissue
fw = 20.2 + 2.6 cm”/min/100 g tissue
f = 49.8 + 3.9 em>/min/100 g tissue
W= 0.492 + 0.039

g

Since the sclubility of Xe is greater in erythrocytes
than it is in blood plasma, the partition coefficients
depend on the haematocrit of the blood. Fig. 3 shows
the dependance of the solubility coefficient of Xe and
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Kr in blood on the haematocrit, adepted from measure-
ments of Kitani (1962). In this figure are alsc shown
the partition cocefficients, calculated with formula (3).
For a haematocrit of about 40% we £f£ind, for Xe, Ag = 0.8
and kw = 1.5. These values of the partiticn
coefficients are used to calculate the blocd flow

values fg and fW with formula (14).

Fig. 3.: Sclubility
1 coefficients Sb of
fplxel  Xe and Kr in blood

and tissue-blood
15—0.15 partition coaffi-

awelkel eients Ag and lw of
)\W[Xe)
f\g“(r:'

_ Eplkrl  Brain tissue, related
0.5—0.05 =~ agixe)

0—C. .
! ' grey=~ and white

to haematoerit.

0 20 40 50 BO 100 % Hct
e

Tf the tracer is administered according to an arbitrary
infusion function,the radicactivity recorded extra=-
cranially, depends on the course of that infusion
function. According to the theory of linear systems the
response of a system to an arbitrary input function
equals the convolution of the input function and the
pulse response of that system. Therefore we introduce a
pulse response function u(t), which is the curve
recorded extra-cranially, following the pulsatile
infusion of unit amount of tracer. Hence from (19) we

derive



Lat fue
G Kg Aw
u(t) = F ( fg Avg e +fw AVW e ) (22)
For the tracer infusion rate i{t} we write
if{t) = Fca (t) {23)
When an arbitrary infusion of tracer is applied, then
the extra-cranial recorded curve is,
t
r(t) = [ i) alc - enar (24)
o
so that,
£
t -2 (- et
r{t) = G .{ c_(t") (f AV e g +
o a
Sw (-t
+ EAV e Tu at" (25)
or using relative weight factors,
£
£ g (t-t")
- 1 Py
r{t} = Gv Oj' ca(t)<fgwge g +
w e
A :
+ fwwwe w dt (26)
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Asg mentioned in gection II-1, it is assumed that the
tracer gas in venous blocd from cerebral tissue, lsaves
the bedy via perfusion and ventilation in the lungs.
This is not strictly correct because a fraction of the
gas in the pulmonary capillary blood remains in
equilibrium with alveolar air, and contributes to the
recirculation of some gas to the cerebrum. Hence,
because of the recirculation, the tracer administered
as a pulse into the artery is followed by an "infusion'
of recirculated tracer.

The effect of recirculation of Xe c¢r Kr on the
measurement of c.b.f. by the injection technigue has
been studied by Hoedt-Rasmussen et al (1966). The extent
of tracer recirculation was evaluated by an intravenous
injection of the same amount of radicactivity as
employed in the intra-arterial injection. They found
that recirculation does not influence the initial
height of the clearance curve, When Xe is injected
intravenously, the radioactivity of the cerebrum
increases after some delay, reaches a maximum value
about one minute after the injection and thereafter
decreases gradually, showing, after about seven minutes,
a steady clearance rate corresponding to a meno-
exponential function with T, of about the same magnitude
ag the tail part of the cle;rance curve after an intra-
arterial injection. According to Hoedt—~Rasmussen et al,
recirculation affects the result of two-compartmental
analysis mainly by increasing the coefficient of the
"slow' exponential, thus leading to an underestimation
of the relative weight of the grey tissue compartment
by about 7%.

If.the tracer gas 1is administered by inhalation,
recirculation has more severe consesquences for the
analysis of the clearance curves. Fig. 4 gives an

illustration of the measurement of c¢.b.f. by the
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inhalation technigue. In the method described by Mallett
and Veall (1965) the Xe—-gas is administered by having
the patient to breathe from a closed circuit for 5
minutes. After this uptake period, the intake of the
gcircuit is closed to the Xe—supply and opened to room
air and at the same time the Xe passes via an outlet
tube to the outside air., The clearance onset is then
recorded extra-cranially for 20 minutes.

inbalgticn fachnigue

eng=tidal afr

Fig. 4.: Illustration of the measuremznt of cerebral
blood flow, according to the inhalation

technique.
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They reported that this clearance curve could be fitted
by a sum of two exponential terms with T% (fast
component) = 1,40 + 0.02 min and T% (slow component) =
16.75 + 0.20 min. Hence the clearance found here is
much slower and the ratio of the decay constants
greater than in the injection technique. Two causes of
these differences have been mentioned in literature,
i.e. the recirculation cf the tracer and the
contribution of extra-cerebral tissue toc the clearance
curve,

At the end of the uptake period in the inhalation
technique, the arterial tracer concentration does not
fall immediately to an insignificant level, as is
supposed to be the case in the injection technique,
Since in the inhalation technique the tracer is
accumulated in the whole body during the uptake period,
and leaves the body via the lungs during the clearance
period, the gas concentration in the lungs during
clearance is higher than in the injection technique.
This causes a more significant tracer recirculation in
the inhalation technique, and consequently a slower
decrease of the recorded residue than in the injection
technique. In this way the analyszis of the clearance
curves in the inhalation technigue results in an
underestimation of c.b.f.. To correct for the
recirculation one needs to know the arterial concentrat-
ion and perform a deconvolution analysis with that
concentration function and the recorded clearance
curve. The arterial concentration could be measured on
blood samples, but in that case the merit of the
inhalation method that it is atraumatic, is lost.

In a subseguent publication Veall and Mallett (1966)
reported a methoed for correction for recirculation,
namely by means of the recorded radicactivity of the

expired air. Just as the percentage of carbon dioxide
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in the expired air is a measure for the amount of
carbon dioxide in the blood, so the radiocactivity of
the Xe in the expired air is a measure for the arterial
Xe concentration. They used the T%—value cf the radic-
activity of the expired air to correct the T%~value of
the fast component of the clearance curve, according

to a simple linear relationship. The mean value of the
correction of T% for the fast component was 0.44 min.
Despite this correction they still found lower blood
flow values than are reported for the injection
technigue.

Veall and Mallett did not derive a figure for the
relative welghts of the compartments from their
measurements. To calculate the mean specific flow

they assumed the relative weight W_ of the grey tissue
compartment to be 0.6 and thus found f = 40 cm3/min/
100 g tissue,

In a methodological study on patients, Jensen et al
(1966) compared the inhalation technigque of Malett and
Veall with the injection technigue. They calculated

the c¢learance curve to be expected with the inhalation
technigue, by convolution of the recorded radicactivity
of the expired air by the inhalation technigue, with
the clearance curve recorded in the injection technigue.
This constructed curve was compared to the experimental
clearance curve in the inhalation technigque. It turned
out that the constructed curve differed systematically
from the observed curve, in such a way that the chserv-
ed g¢learance rate was smaller. They argued that the
slower clearance could not be ascribed fully to
recirculation, because even after a clearance period cf
ten minutes, when recirculaticn was negligible, the
discrepancy still existed. They concluded that the
extra—cerebral tissue, e.g. skull, scalp and air spaces

in the head might cause the significantly slower
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clearance when the inhalation technigque was applied.

To exclude the contribution to the ¢learance curve of
radioactivity originating from scalp, which normally is
also filled with Xe in the inhalation technique, Mallett
and Veall ocgluded scalp blood flow by means of a
tourniquet. They found that the fast component of the
clearance curve was not influenced significantly in this
case, but that the T%—Value of the slow component
decreased akout 13%.

We did some preliminary Xe-inhalation studies
with an provisional set-up on patients (van Duyl, 196%),
according to the method of Mallett and Veall (1965).
Fig. 5 shows the Xe-air breathing circuit used in this
study. It consists cf a closed and an open circuit,; with
forced ventilation. The volume of the closed system was
kept constant during the uptake by adding oxygen, while
the carbon dioxide produced by the patient was absorbed
in soda lime. Parallel to the breathing circuit an
air-sample circuit to measure continucusly the radio-
activity of the respired air was provided.
The radicactivity of the head was méasured with a scint~
illation detector with a 2-inch Nal-c¢rystal and a multi-
hole collimator. Less than 0.5 mCi of Xe-133 was
administered per measurement. The order cof magnitude

of the maximum pulse rate was 400 pulses per second.
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Fig. &§.: Diagram of the provisional set-up of the
Xe—inhalation éircuit, used for meaqsurements

on patients.

Fig. 6 shows a clearance curve, measured on a healthy
man, plotted con a semi-logarithmic scale. The uptake
pericd was 5 minutes, as proposed by Mallett and Veall
(1965), The curve is analysed in two exponentials,
according to the graphic peeling technigue. The values
of T% of the "fast' and the 'slow' component are in
accordance with those published by Mallett and Veall.
The wvalue of T% of the fast component, corrected for
recirculation according tc the simple method of Veall

and Mallett (1966), is given alsgo in Fig. 6. In contrast
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to their observations we never found that cerebral
tissue was eguilibrated with Xe after an uptake period
of 5 minutes., We reached this level after about 15

minutes of inhalation.

100 % ‘ (76)
Loa '

T‘I/zww‘i DBMIN. : fw=9.3 mi/ min/sloo Qe
T1/2g=1.3 MIN fgsﬁ 26mLs minvioo gr,
T2 g(correctad) {17 .0448IN QB MIN:

fg(corrected) 2645 ml/min/toogr,

-

e

el

MIN,

Fig. €.: Semi—-logarithmic plot of a clearance curve,
recorded from the head of a wnormal subject,

after 5 minutes inhalation of Xe-133.

In Fig. 7 three normalized clearance curves measured in
different patients, after uptake periods of 0.5, 5 and
10 minutes are plotted on a semi-logarithmic scale.

The first parts of these curves clearly demonstrate a
decrease in the rate of clearance when the uptake

period is made longer. The T%-values of these curves



36

are respectively 4.0, 4.3 and 8.2 minutes,
The increase of the T%—value is mainly due to the
increasing centribution of the slow component in the

clearance curve, when the uptake period is made longer.

100% , 1 3
{LOG)

UPTAXE:. 1. 05MIN (44
2. SOMiN (78
3. 10MIN &1

{background zsubtracted)

Fig. 7.: Clearvance curvesg, recorded after different

periods of inhalation of Xe—-133,

In Fig. 8 the upper graph refers to a bi-expconential
¢clearance curve as may be found in a healthy man, after
a bolus injection of Xe—-133. Taking this clearance curve
as a pulse response, the clearance curves to be expected’
after constant tracer infusions over 1, 5 and 10

minutes have been constructed and are shown as the
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lower graphs in the figure. The dotted curves refer to
the white tissue compartment, the broken curves to the
grey tissue compartment. The thin solid curves
represent the sum of the clearance curves of both
cerebral tissue compartments. For comparison the
normalized clearance curves are also shown (thick solid
curves) .

The graphs demonstrate three important conseguences

of increasing the uptake period. Firstly, the initial
value at the start of the clearance is higher when the
uptake period is longer. Secondly, the contribution of
the slow component in the clearance curve ilncreases.
And, finally, as a consequence of the increased
contributicen of the slow c¢omponent, the T%“value
increases also.

The relative contribution of the grey tissue
compartment to the clearance curve as a function of the
uptake pericd, for the same situation as in Fig. 8, 1is
given in Pig. 9. The other curve in this figure refers
te the factor by which the arterial concentration must
be increased to reach a certain initial value of the
clearance curve, for different uptake pericds. The
value reached after an uptake period long enough to
have both compartments in equilibrium with arterial
blood is taken as the reference. This curve is compar-
able to the strength-duration curve known in neurc-
physiology. It shows a steep increase in the arterial
concentration necessary to reach a certain level of
radicactivity. The initial level of radiocactivity is
important, because it is a factor affecting the

accuracy of the analysis of the clearance curves.
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Fig, 8.: Tlliustration of the theoretical influence of
the duration of a constant tnfusion, on the
clearance curves:
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Fig. 8.: Relative weight of the fast component, and the
concentratrion factor for constant initial
pulse rate, ag a function of duratiton of

infusion (theoretical curves).

The dependence of T% on the uptake period, found in the
constructed clearance curves is gualitatively in
accordance with the experimental results. However, in
the experiments the increase of T% is considerably
greater.
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The tracer infusion in the inhalation technique is not
a block function as was used to construct the curves of
Fig. 8. The upper graphs cf Fig. 10 shew the radio-
activity of the exhaled air and that of the head during
the uptake and clearance period in a patient. According
to Veall and Mallett (1966), the air-curve is
representative of the arterial Xe~concentration. It
appears that at the end of the uptake period the alir-
curve decays rapidly(T% is about 25 sec.).

The lower two graphs in Fig. 10 refer to the air-curve
and the head-curve recorded after an intravenous
injection of about 300 uCi of ¥e-133. The concentration
in the respired air has about the same magnitude as
measured in the upper graphs. The decaying part is
similar to the air-curve after the end of the inhalaticn
uptake period. The head-curve recorded after intra-
venous injection demenstrates that a considerable
amount of tracer passes the lungs and reaches the
cerebrum. The air—-curve, recorded after the inhalation
uptake period, reveals that a considerable amcunt of
tracer recirculates and that this affects the course of
the recorded head-curve.

If this head-curve is deconvoluted with the air-curve,
we get the pulse response of the tracer transferring
system. This pulse response 1s similar to the clearance
curve after a bolus injection, provided that the same
regions in the detector field are supplied with Xe.

The slower clearance after inhalation cannot fully be
ascribed to tracer recirculation, because extra-cerebral,
slow components are involved in the inhalation technigque,
as described in the previous section. This is taken to
be a reason for the fact that in the experiments the
increase of T% with longer uptake periods is greater

than it should be by the constructed curves,

The next section will show, however, that slow components
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in the clearance process are rnot only of extra-~cerebral

origin.
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In the two-compartmental analysis of the
clearance curve it is assumed that c.b.f. consists
mainly of two components, corresponding to the flow
through grey and the flow through white tissue. Lassen
(1965) measured the clearance curve of Kr-85 by its
f~radiation. The absorption of f-radiation is so great
that only the f~radiation from brain cortex can be
detected extra-cranially. These cortical clearance
curves, however, appear tc be bil-exponential. This
indicates that c.b.f. is more heterogenecus that the
two-compartmental model suggests and implies that the
clearance of Kr-85 and ¥Xe-133, detected by y-radiation,
must actually be described by at least three exponential
terms.

Heterogeneity of cerebral bleocd flow has been investigat-
ed in the cat by Landau et al (1%55), using an autcradio-
graphic technigue. An inert gas, I-13l-triflucrciocde-
methane, was administered intravenously for one minute.
At the end of the infusion the animal was decapitated,
the head freozen and cut into coronal sections of about

5 mm thick. Autoradiograms of the sections were

developed by the B-radiation of I-131. Scme difficulties
cccurred with the used volatile tracer which was used.
The technigque has been improved considerably by Reivich
et al (192692}, by using freely diffusable, non—-gaseous
C~l4-~antipyrine as an inert tracer.

It has been assumed that the accumulation of the
antipyrine in a tissue region can be described by a
compartmental model. Hence the concentration of anti-
pyrine in such a compartment, after a constant infusion

for a time T can be derived by the formula,
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Provided Ai is known = and it is about 1 for antipyrine

- throughout the cerebrum -, formula (35) can be

solved for fi’ if ¢y is known. The distribution of the
concentration of antipyrine in the tissue could be
derived from the density pattern of the autoradiograms.
Fig. 11, adopted from Reivich et al (1969), shows the
result of such a study. It appears that there is a wide
spectrum of specific flow values, particularly in grey
tissue, and further that this distribution can be
affected considerably by anaesthetics. In this figure
mainly two distribution lobes can be distinguished,
which can be identified with grey and white tissue
respectively. According to these distribution lobes
there is a mean specific blood flcow in grey tissue and

a mean speclfic blood flow in white tissue,

relative
amount

unanaesthetized

relative
amount
anaesthetized

grey tissue

o 50 100 150 200
ffcc/mingg]

Fig. 11.: Distribution of cerebral blood flow imn the
anaesthetized and unanaesthetized cat, found

with the C-ld-antipyrine technigue (after
Reivich et al, 1868).
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¥ckman et al {(1%75) compared autoradiographic studies
on consciocus cats, using C-l4-antdpyrine, with studies
published by Landau et al (1955) in which I~131-
trifluoroiodomethane was used. They found that the
c.b.f. values were up to 50% lower with C-id-antipyrine,
From a computer model study they concluded that the
discrepancy could be caused by too low a permeability
of the capillary membrane to antipyrine.

For normal perfused grey tissue permeability of the
capillary wall does not limit the uptake or clearance
rate of a tracer if PS>0.12 cm3/sec/g, where P is the
permeability ceoefficient of the capillary wall, and

S the total area of permeable capillary wall. For
normal perfused white tissue the corresponding figure
is P5>0.035 cm3/sec/g.

According to Crone (1965), BS for antipyrine is about
0.020 cm3/sec/g. Hence antipyrine appears toc be a not
entirely satisfactory tracer for the study cf heterc-
geneity of c.b.f., because of the limited capillary
permeability in the brain, which makes the compartmental
model invalid.

A method for studving the heterogeneity of c.b.f.,
which is not affected by permeabllity problems, is made
possible by means of the carbonized microspheres,
supplied by the 3~M Company. Typical prcblems involved
in the microsphere technigue are studied by Edlich et
al (1968). Studies with microspheres {(Tschetter et al
1968) confirm the great heterogeneity of c.b.f., as
described by Reivich et al (1966).

Regional distribution of c¢.b.f. has alsc been studied
with the clearance technigue e.g. by Wilkinson et al
(1969} using 16 scintillation detectors placed over onse
hemisphere. Perfusicn of grey tissue was found to be
significantly lower in the temporal region(by about

20% of mean) and higher in the precentral region (by
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about 15%) than throughout the rest cof the hemisphere.
The fact that the distribution of blood flow as a
function of depth is more heterogeneocus than assumed

in the two~compartmental model, has been demonstrated
by the clearance studies with Kr-85. More evidence of
the heterogeneity in clearance rate as a function of
depth in cerebral tissue is given by Van Duyl et al
(1976} . This evidence is based on simultaneous recording
cf 8l-keV and 31~keV radiation of Xe-133 during
clearance.

With the knowledge of the heterogeneity of c.bh.f., the
question arised how the parameters found in fitting a
two-exponential model to the clearance curve are
related to the distribution pattern of the flow. We may
assume that, as a consequence of the heterogeneity, the
clearance curve is composed of a distribution of many

exponentials, generally represented by

2 . .
r{t) = I Ae (36)
i

Based on their chservaticns of the flow distribution,
Reivich et al (1%69) assumed two Gaussian distributions
of the decay constants of the clearance curves, oOne
representing the flow distribution divided by the
partition coefficient in grey tissue, and the other
representing the flow distribution divided by the
partition coefficient in white tissue. Fig. 12 is an
example of such a distribution. One such a Gaussian

distribution can be represented by

(B=a) 2

Wia) = e
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where W(a) is the density function of the relative
weight of tissue in this distribution, with dscay
constant o, and where & is the mean decay constant and

T the standard deviation of the distribution.

weight
) Fig. 12.: Example of
s a bi-modal Gaussian
. digtribution of
304 exponentials,
1 -
20 : assumed to constitute
|
1° ‘ _////’T‘\\\ﬁ_ a cerebral clearance
¥
: : cuUrve.
g =0.23 0.50 G =0.85 1.0 exponent
@ =0.05 o =020

[

The residue~function of a clearance process composed of
such a Gaussian distribution of exponentials is

_(a—a)z —at
ol

1 ~ 20°
H(£) = _f e e da {38)

This formula can be written in the following form,

2

_ 2.z .
. ~at Gztz/z 1 {c7t~a) /o _%_
H " (t) = e e 1 - e dx| {3%9)
V2w -~

Reivich (1969) showed that if the integral term is
igneored, and a l5-minutes clearance curve generated by
the multi-exponential model is fitted by the eguation

H (t) = e e (40)



47

the fit error is less than 0.05% for o = 0.85 and ¢ =
0.20 or for a = 0.25 and o= 0.05.

Since a distribution of c¢.b.f. is composed of two
lobes, Reivich used this approximate mathematical

madel twice and fitted to the clearance curves,

-5t o t2/2 “Bt g,t%/2
o e B8

ri{t) = Ae e + Be (41)

Here @ and Gu are the mean decay constant and standard
deviation related to blood flow in grey tissue, and B
and 08 these in white tissue.

Reivich synthetized clearance curves, composed of 18
exponentials equally spaced along the abscissa and
weighted according to the bi-modal distribution. The
constructed curves, with different mean values and
standard deviations, were fitted with a bi-exponential
maodel., Thus it could be determined under what
conditions the two exponentials describe the mean flow
rates (decay constants) of the grey and white tissue
accurately.

For the situation given in Fig. 12, which is assumed to
represent normal flow rate distribution approximately,
it appeared that the difference between a and o and
between B and f were less than 15%. It appeared that a
variation of the standard deviation of the distribution
of the slow exponentials had a larger effect on the
error than an equal variation of the standard deviation
of the distributicn cof the fast exponentials,

Reivich concluded from his study that the two-compart-
mental model in cases of normal flow rates may fail to
reflect accurately at the average values of flow and of
relative weight for white and grey tissue. If, on the
other hand, the approximate mathematical model of

formula (41) is fitted, he found that the clearance rate
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was slightly overestimated with less than 0.5%. Hence

it is concluded that the model of Reivich is a better
fit than the two~exponential model to the bi-modally
distributed multi-exponential clearance curves.

To what extent this conclusion has value for experiment-
al clearance curves depends on the correspondence of

the real distribution of exponentials constituting

the clearance curves to the thecretical distribution
assumed in the model study. This question has not vet
been answered.

It must be nected that, since Reivich's model consists

of 6 independent parameters, a comparison of that model
with a thfee—exponential model, which is also defined

by 6 parameters, is more appropriate than one with a
two—exponential model, which is defined by only 4
parameters. The three-exponential meodel may result in a
fit error, which is comparable tc that with the Reivich's
model. In so far as the hetercogeneity of c.b.f. evckes

a bi-modal distribution of exponentials constituting the
clearance curve where each mode corresponds to a tissue
type, a merit of Reivich's model is that it yields an

estimation of the standard deviations of the modes.
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In gection II-3 it has been concluded that
extra~cerebral slow components contribute to the
clearance curves. To take account of this contribution,
Obrist et al (1%67) prolonged the observations time
of the clearance curves tc 50 minutes. The head-curve
was deconvoluted with the recording of the radicactivity
of the'expired air. The obtained curve was fitted with
a three-exponential model.They ascribed the slowest
exponential to the clearance of extra-cerebral tissue.
The other two exponentials were ascribed to grey and
white tissue compartments.

Their results are in a rather good agreement with those
found with the injection technigue in normal subjects.
Disadvantages of their method are the complexity of the
analysis, the necessity of a high radicactivity level to
obtain reliable results, and the long cbservation time.
Because of the non-ortheogeonality of exponentials,
separation into a series of exponential components may
be ambigucus, (Worsley, 1964 ; Van Duyl, 1%74}, section
I1I-3-1. In connection to this Obrist et al speak of
unstable solutions. Therefore the fitting of a three-
exponential model to a decay curve is a precarious
affair.

The source of the extra-cerebral contributions is not
fully clear. The assumption that extra-cerebral tissue
only contributes to the third exponential may be
erronous, because Mallett and Veall (1965) have shown
that the T% of the fast component cf scalp clearance
curves 1s close to the T% of the slow component of the
cerebral clearance curves found by the injection
technique.

For excluding extra-cerebral contributions Crawley and

Veall (1970) published a gamma spectrum technigue.
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This technigue is based on the difference between the
absorptions in tissue of the 8l-keV and 3i1-keV
radiations of Xe—-133, which enables a depth discrimin-
ation of radiation sources. Yet, it 4id not turn out

to improve the results of the inhalation technigue.

The relative weights of the expcnential components,
constituting the clearance curve after a tracer infusion,
depend on the decay constants and the duration of the
infusion in the way explained in II-3.

Since the flow in grey tissue is of main interest, one
can take advantage of the reduction in the contribution
of the slow components which occurs when the infusion
time is shortened. Obrist et al (1975) studied the
validity of the inhalation technigue with the uptake
pericd reduced to 1 minute, an observation time of 10
minutes and with a two-exponential apprcach. Since the
cerebral clearance curves have a multi-exponential
character instead of being composed of two or three
exponentials, Obrist et al {(1975) evaluated their

methed of analysis on synthetized multi-exponential
clearance curves. They analyzed clearance curves
synthetized from a tri-modal Gaussian distribution

of exponentials, and fitted by two- and three-exponential
models. The first twe models correspond to those

assumed also by Reivich et al (1969). The mean value of
the slowest, third mode was based on a three-compartment-—
al analysis of inhalation data, while its standard
deviation was chosen in such a way that the distribution
would include the heterogeneous clearance rates of skin
and muscle tissue,

They studied the relation between the fitted fast decay
constant o and the mean value a4 of the corresponding
distribution at high, normal and low perfusion rates.

It appeared that the difference between o and o depended
on the length of the fitted curve. From this study it
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was decided that a good fit was obtained if about 11
minutes of the clearance curve was fitted by a two-
exponential model. Three-exponential analyses of
40-minute experimental clearance curves, and two-
exponential analyses of l10-minute parts of these curves,
vielded approximately equal values for the fast component.
In the simplified analyses by a two-exponential model it
igs assumed that the fast component represents the grey
tissue. The second component is less meaningful because
of extra-cerebral contamination. As a conseguence, the
flow for the white tissue cannot be calculated. Further-
more, because the partition coefficient to be used in the
slow component is not known, neither can the relative
weights of the compartments be calculated.

On the other hand, from his approach Obrist et al (1975)
could calculate the ratic of the absclute bleod flow in
the grey tlissue compartment to the total absolute bloed
flow in the tissue under observation, i.e. F_/F.
Although this fraction is not eguivalent to relative
tissue welght, it nevertheless provides information
about the relative contribution of the first compart-
ment.

To reach a radiocactivity level after a l-minute uptake,
which is high enough for a reliabkle analysis, a high
Xe—-concentration ¢f inhaled air is necessary (Fig. 92).
Obrist et al used a concentration of about 2mCi/liter.
With such a high concentration the radiocactivity of the
air passages however, does contaminate the clearance
curves. Therefore they proposed to fit the clearance
curve about 0.6 minutes after the cessation of Xe-
inhalation, because then the contamination is consider-
ably reduced.

Recently Reivich et al (1976) published the results of a
comparison between the injection technique and the

inhalaticn technigue according to the approach of Obrist
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et al. They found a linear regressicn equation between

the regicnal fast flow for inhalation and injection:

fg (injection) = 0.87 fg {inhalation)} + 10 cm3/min/100 g

(42)

There is a good correlation between the results of the
two techniques, although there is still a systematic
difference. The inhalatiocn technique is applied more
frequently since Obrist et al (1975) introduced improved

methods of analysis for this technigue.

When the clearance curves are analysed in
terms of a two-compartmental model, the mean blood flow
can be calculated by {(21). If one is only interested,
however, in the mean specific blood flow, an alternative
analysis is appropriate. This alternative analysis,
sometimes erroneously called the stochastic analysis, is
based on less structural assumptions of tracer transfer
than the compartmental analysis. It is part of a theory
of tracer kinetics bkased on moments of distribution
functions, as used in the theory of statistics. A
simplified description of this theory taken from
Meier and Zierler (1954) will be given here.
The particles of an injected tracer will pass through
an organ along different paths. Any path can be
characterized by the transit time needed for particles
to traverse it.
We define a function h(t), such that h(t)dt is the
fraction of particles entering the organ at t = 0, which

leave the organ between the times t and t + dt. This
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function is called the distribution of transit times or
the tracer transfer function. Because all particles

entering the organ eventually leave it

f neyac =1 (43)
[»]

We assume for the moment that a tracer substance is
injected, which is constrained to pass through the
organ in the same way as the blcood particles. Then the
concentration of the tracer in blood at the venous

cutlet is,
c (t) = —o—— {(44)

The volume through which the tracer is distributed in
the organ can be conceived to be divided into subvolumes
according to the different transit times of tracer
particles or blood particles. An elementary vascular
subvolume dVv(t) contains blood with transit times
between t and t + dt. The amount of blood with transit
times between t and t + dt, which enters the organ
during dt, is Fh(t)dt. Between o and t,ch(t) is filled
so that dvc = thF(t)dt. Hence the total volume of the

vascular system is,
v, = Fof th(t)dt = Ft (45)

where t is the mean transit time.
The amount of tracer that has left the organ during the
interval (0,t) after a belus injection is,

t

f h{t')dt" (46)
(&)

Agit) = S
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so that the amount of tracer that remains in the crgan

at the moment t is,

t
qlt) =qo{ - f h(t')dt‘]
o
We define the residue functien as
% t
H*(t) = 1 - f h{t')dt®
o
so that,
ql(t) = q, H (1)

Because of (43) and (48) we find that

and

(47)

(48)

(49)

(50)

(51)

If clearance is supposed not to be started before the

uptake of the tracer in the tissue is finished,

the

maximum pulse rate ro is proportional to the injected

amount qo. With this assumption, and (51) and (49), we

find that,

~

1 j. rit)dt = £ =
r
o o

<

-
F

(52}

Agcording to this relation the ratio of the wvascular

volume in the detector field to the absgsolute blood flow
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through this volume is egual to the mean transit time of
the intravagcular tracer and alsc t¢ the ratio of the
area under the recorded pulse rate curve to the maximum
pulse rate.

If a diffusable tracer is used, the volume in which the
tracer is distributed is mainly determined by the tissue
volume, instead of the vascular volume. Hence, then Vv
must be replaced by an equivalent blood volume, which
would contain the same amount of tracer as the

tissue under eguilibrium conditions. This equivalent
volume is AV where V is the tissue volume, so that the

mean transit time for a diffusable tracer is given by

E =2l (53)

With the same conditions leading to (52) we thus find
that for a diffusable tracer,

{54)

If the tissue is heterogeneous with respect to X and F,
and if it is composed of tissue regions i with li and Fi,

the mean transit time of the tissue is

A, V., {(55)
1

as

(56)
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we can write
£ =2V s=if (57)

where f is the mean specific blood flow in the tissue.

Hence we finally can derive the interesting relation,

{58)

S,
H
—
ci
[o]]
ot
]

Fhl >

According to this relation the mean blcocod flow can be
determined from the ratio of the maximum height of the
clearance curve and the area under the clearance curve,
provided that the mean partition coefficient is known.
This method for the determination of the mean blood fliow
was proposed by Meier and Zierler (1554) and is referred
to in the literature as the ‘height-over-area' method.
When an exponential model is fitted to the clearance
data, so that

then the mean transit time can be calculated by (52) as

follows
~n -t
~ f z Ale % dt
r 1 ‘ - 0 i=1 -
E = f rieae -
o o T Al
i=1
n
I AT,
i=p * % -
= = 7 (59)
Il
L A,
i=1
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where 1
@y =2 (60)

Hence, the mean transit time t is equal tc the mean

time constant T of the fitted exponential model.
Relation (58) is more general than it was originally
supposed to be. Roberts et al (1873} theoretically
showed that for this relation to be valid it is not
necessary that the diffusing tracer is in eguilibrium
within a tissue region, as is asgsumed in the compartmental
model. A sufficient condition is that the tracer is in
equilibrium at the boundaries between the phases only.
This condition applies both to the tissue phases and to
the blood phase. In other words the mean transit time,
given by (57), is independent of the diffusion
coefficients of the tracer within the different phases.
A rationalizaticon of this somewhat paradoxical conclusion
is that the diffusion ceoefficient and the average depth
of penetration of tracer into the tissue phase are
coupled. In other words the averade penetration depth
will be small if the diffusicn coefficient is low,
whereas 1f the diffusicon coefficient is high, the
penetration depth will be large. The time required for

a tracer to enter and then to be cleared from the tissue
is, however, the same in both cases because the faster
diffusing tracer has to travel correspondingly longer
distances. This aspect of the mean transit time will be
referred to discussions in chapter V .

Though very simple in theory, there are practical
complications in the ‘height-over-area' methed. Firstly,
one must be sure that no significant clearance has taken
place before the uptake is finished. For this reason this
method cannot be applied in the case of the inhalation
technique.
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Secondly, for the determination of the area under the
clearance curve it must be extrapolated to infinity.
Because of the multi-exponential character of the
clearance curve, such an extrapolation is difficult

to perform accurately.

The extrapolation preblem is also involved in the
N20~inhalation technique of Xety and Schmidt (1945).
They assumed, however, that eguilibrium is reached after
an uptake period of 10 minutes.

Based on the same assumption a simplified *‘height-over-
area' method has heen proposed (Lassen and Hoedt-Rasmussen,
1966) . In this method the difference between the maximum
value of r(t}) and the value of r(t) after 10 minutes is
taken as the ‘height', while the area under the clearance
curve during the first 10 minutes, A(10) is taken as the
'area'. Thus the extrapclation problems are avoided.

As described in section II-2, Lassen and Klee (1965)
found that at least 15 minutes were necessary to reach
equilibrium, and they estimated that with Kety-Schmidt
technigue the mean blood flow was about 10% overestimated.
As a consegquence, an error of the same magnitude is
invelved in this simplified 'height-over—area' method of
Lassen and Hoedt-Rasmussen.

Hoedt-Rasmussen et al (1966) calculated the mean blood
flow by applyving an extrapolation to determine the area.
The area was estimated by the formula: A=A (15) + r(15).
T%/0.693.

Here r(15) is the pulse rate after 15 minutes and T% is
the half-value-time of the apparently meno-exponential
function which described the slowly decaying tail of

the curve observed after about 7 minutes.

Another complication in the analysis by the 'height-
over—-area' method is caused by the recirculation c¢f the
tracer. The area associated with the recirculated amount

ocf tracer must be subtracted, in order to calculate the
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mean transit time of the tracer through the tissue.

By performing an intravenous injection of a dose egual
to that administered intra-arterially, Hoedt-Rasmussen
et al (1966} estimated the contribution of recirculation
to the area. They found that the contribution, relative
to that dose, is about 10%,

When their extrapclation method and their correction for
recirculation are applied, the figure obtained for the
mean blood flow iz similar to that found with the
compartmental analysis.

When multi-probe instrumentation came into use, there
was a need for a guick and simple analysis of clearance
curves. Paulscon et al (1969} determined the initial
slope of the clearance curves as a measure of the
clearance rate of the fastest component. Their approach
is based on the assumption of a mono-exponential decay
during the first two minutes. The exponent of the fitted
exponential function is called the initial-slope-index
{(I.8.I.). The validity of the mono-exponential description
of the first part of the curve, even though the curve
essentially is composed of at least two exponentials, is
discussed in section V-~1-2.

Sveinsdottir et al (1971) made a comparison between
regional c.b.f. values calculated by the I.5.I. method
and by the 'height-over-area' method. They concluded
that the two-minute I.5.I., though theoretically
erroneous, contained in practice the same information

as that obtained from the more laborious one, but
theoretically more correct, ‘height-over-area’ method.
It was even found that the reproducibility of the

I.8.1. method was slightly better than that of the
'height-over~area’ method, which 1s more strongly affected
by recirculation, errors in extrapolation and eventually
remaining radicactivity from previcus measurements.

Kanne and Uemura (1275) evaluated the I1.5.I. method on
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synthetized two=-exponential curves. They confirmed that
the I.8.I. is a suitable measure tc evaluate the change
of the fast component.

Doyle et al (1975) affirmed the good linear correlation
between the I.5.I. and the mean c.b.f. given by
compartmental analysis of hydrogen clearance curves.

The good correlation between the I.5.I. method and the
more complicated analyses of experimental curves is
surprising, as noted by the authcors quoted.

An impertant advantage of the I.5.I. method for clinical
use is of course the short observation time of the
clearance.

Rigberg et al (1975) evaluated the I.S5.I. method for

the Xe-~inhalation technigue. They adopted the procedure
published by Obrist et al (1975}, described in section
II~5, The I.5.I. was calculated from the deconvoluted
head~curve between 1 and 2 minutes after cessation of the
inhalation period.

Because the I.S5.I. is mainly determined by the fast
components in the clearance, this index is only slightly
affected by slowly perfused extra-~cerebral tissue. This
technigque combines the advantage of the short observation
needed for the I.5.1. determinaticn and with that of an
atraumatic Xe-administraticn. Thus a series of c.b.f.
measurements can be performed on normal subljects.

An important extra advantage of the inhalation technique
is that both hemispheres can be mutually compared in one
measurement. We conclude that the inhalation.technique
according to Obrist et al (1975} combined with the use
of the I.8.X. method seems tco have a future in the

comparative flow studies, both clinical and physiclogical.
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ITT-METHODS AND MATERIALS FOR THE MEASUREMENT OF
CEREBRAL BLOOD FLOW IN THE PIG,

In order to apply the Xe-injection technique
to the pig, it is necessary to know the position of
the internal carotid artery and its significance in the
cerebral blood supply. The branching pattern of the
arteries in the neck is different for different species
(Batson, 1944)., As described in section I-2 the human
brain is supplied with blood via two pairs of arteries,
the right and left internal carotid arteries and the
right and left vertebral arteries. In other animals
the external carotid and occipital arteries may contribute
significantly to brain blood supply. The uncertainties
about the presence or absence of the four paired arteries
and their interconnections constitute the major problem
in studying blood flow on the arterial side.
Farthermore, some animals have a peculiar elaboration
of vessels, knoewn as a rete mirabile, in addition, In
many species this network provides intra- and extra-~
cranial junctions between the brain vessels and the
external carotid arteries.
Fig. 13 is a scheme of the afferent brain vessels of the
pig, taken from Daniel et al (1953). It shows that the
pig has a rete mirabile. However, as an excepticn to
the general rule, thisg rete does not constitute a
significant anastomosis between internal and external
carctid systems. The anastomosis seems to be even
smaller than in the dog, while the dog has no rete
mirabile. The rete is divided into two parts, situated
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extra~durally on either side of the basisphenoid and
more or less within the c¢ranial cavity. The only
significant connection between the extra-cranial
arterial supply and the intra-dural internal carotid

is realized in the rete (Boulay and Verity, 1973},
namely from the internal maxillary via an anastomotic
artery and an anastomotic ramus.

Concerning the name and significance of the branch from
the common carotid artery to the rete, different views
are to ke found in the literature. Referring to the
classic description of Ellenberger and Baum (1943),
Boulay and Verity state that by the time a foetus is

at full term or shortly after birth the internal carotid
artery, which developed in an orthodox fashion, has
usually shrunk to a narrow channel in its intra-osseous
portion and has entirely disappeared in the neck. Not
infrequently, however, the ascending pharyngeal artery
is large and has connections with the intra-cranial rete,
which pass through the floor of the skull.

Daniel et al (193533} state explicitely that the rete
derives almost its entire blood supply from the ascending
pharyngeal artery. This artery 1is a large vessel which,
shortly after arising from the common carotid artery, branch-
es off from the occipital artery. Furthermore they
found that the rete received insignificant contributions
from the internal maxillary artery. Hence the major
contribution to the circle of Williis would appear to be
derived from the ascending pharyngeal artery through

the carotid artery.

Flechsig and Zintsch {196%) prefer to use the name
internal carotid artery instead of the ascending
pharyngeal artery. Ons reason for this is to stress

its significance as an afferent vessel for the brain of
a pig. For that reason we shall refer to this artery

with the name internal carotid artery.
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Fig. 13,: Survey of arteria
a pig (after Dani
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The occipital artery branches off from the internal

carotid artery at the glomus caroticum and connects

the internal carotid to the vertebral system.

In man the cccipital artery is a branch of the external

carotid artery and does not

brain blood supply. Ancother

contribute significantly to

notable anatomic difference

between man and pig is that the common carotid artery

originates from a bifurcati

which branches off from the

on of a bi-carotid trunk,

brachio-cephalic trunk in



64

the pig.

To explore the anatomy of the blood supply to the brain
of a pig we made a series of angiographs, with Conray-—60O
as a contrast medium. The pig was anaesthetized by a
combination of azaperone and metomidate administered

by infusion into the jugular vein, section III-1-2.

The pig was intubated with a cuffed rubber tube.

Figs. 14 a, b and 15 a, b are selected from the series

of radiographs.Figs. 14 a and 15 a are radicgraphs in

a ventro-dorsal projection. Figs. 14 b and 15 b are
radiographs in a lateral projection. In order to make

the vessels more easily distinguishable in the lateral
projections, the method of subtraction has been used,
that is, they show the difference between two radio-
graphs, cne cof which was made with and one without
contrast medium in the vessels.

Both the catheter for anaesthesia and the respiration tube
can be seen in the radiocgraphs,

The contrast medium was injected mechanically, via a
catheter placed in the commen caretid artery. In order

to obtain pictures of the regions supplied by different
branches of the common carotid artery, the catheter tip
was placed in different positions. In Figs. 14 a and b
the catheter tip is placed just upstream of the

branching point of the internal carotid artery. Figs. 15
a and b show the situation when the catheter tip is

moved into the internal carctid artery. Comparison cf the
two situations gives a good impression of the difference
between the regions supplied by the external and internal
carotid arteries.

Fig, 15 b clearly shows that the occipital artery is
connected to the vertebral artery. The vertebral artery
is filled here by backflow of contrast mediunm.

It is noted from cther angiographs that the occipital

and internal carotid arteries are filled well, when the
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catheter is placed in the vertebral artery. Hence it
seems that the occipital artery forms a significant
anastomosis between the vertebral and internal carotid
systems.

Measurements made by means of an electromagnetic flow
probe placed arcund the common carotid artery showed
that, when the external carotid artery is tied off, the
flow is reduced to about 1/3 of its original value,
which implies that about 1/3 of the blood flow in the
common carotid artery is supplied to cerebral tissue,
section IV-5.

We conclude from ocur studies that, in order to administer
Xe in cerebral tissue, it must be introduced into the
internal carcotid artery. If, however, the catheter tip
is placed in the internal carotid artery, it constitutes
a considerable resistance to blood flow in this artery.
Therefore it is preferred to place the tip about half-
way along the common carotid artery, while the external
carotid artery is tied off. If the external carotid
artery is not ligated, the greater fraction of the
injected Xe would be transported to extra-cerebral
tissue, This wasted Xe-133 would contribute to background
radiation. Since it would also contribute to a high
concentration in the lungs, it would increase the amount

of tracer recirculation.
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Fig. 14 a: Cerebral angiogram in wventro-dorsal
projection:
catheter tip just upstream of the branching

potnt of the internal carctid artery (IC).

Fig. 14 b: Zame gituation as in Fig. 14 a; luateral

projection {subtraction te

o

hnique).
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Cerebral anglogram in ventro—dorsal projection:

catheter tip in the intarnal carotid aritery (IC).

Same situation as in Fig. 15 a, lateral

projection f{subtraction technique).
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During the initial period of our experiments
we used Yorkshire piglets weighing 20 to 35 kg and
aged 10 tc 15 weeks. It is stated in the literature
that c.b.f. in man decreases with age, more rapidly
during childhood and then slowly later on {Purves, 19272).
In order to chtain a more homogeneous set of results we
preferred to do our experiments on adult pigs. Adult
Yorkshire pigs, however, are ncot easy to handle in the
experiments.
We used for anaesthesia a schedule developed by
Lagerwey (1973), based on a combination of azaperone
(Stresnil®) and metomidate {Hypnodilm)both marketted
by Janssen Pharmaceuticals of Beerse in Belgium. The
pig was sedated, by an intra-muscular injection azaperone
(2myg/kg body weight) and atropine (0.012mg/kyg). After
15 minutes the animal was supposed tc be guiet encugh to
introduce the anaesthesia by means of an injection of
metomidate (4mg/kg body weight) into a wvein of the ear.
This method appeared ncot always to work successfully.
We introduced the anaesthesia by an intra-peritoneal
injection of metomidate (l0mg/kg}, which was much easier
to perform. Since we had abandoned the injection into
the ear veins, we could also proceed with the experiments
with another race of the pig, in which the ear veins
are not visible, the so-called mini-pig.
An advantage of this race is that in the range of body
welght mentioned above, these pigs are almost mature
{15-30 weeks). In this thesis the measurements cn these
mini-pigs only will be reported.
About 15 minutes after the intra-peritoneal injection,
the pig was under general anaesthesia. Then the pig was
intubated (accomplished with some xvlocaine spray} with

an endo~tracheal tube (RUsch, 10.7 mm diameter, 32 cm
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long} provided with a cuff,

To exclude the exhaled air from contributing radio-
activity to the clearance curves, the tube was covered
inside with a sheet of lead about 0.5 mm thick.

The pigs were mechanically ventilated by means of a
Bennett anaesthesia ventilator {(type BA-4). With this
ventilator a negative expiration pressure can be

applied. B negative expiration pressure of about 10 cm
water turned out to be important in maintaining blood
pressure at a normal level during the experiments.
Cummings et al (1972) remarked that respiration in a

pig, whether spontaneous, assisted or mechanically
controlled, is accomplished almost complete by
diaphragmatic movement and that the thoraz remains

guite rigid. Anaesthetics, which inhibit the diaphragmatic
musculature, allow movement of the organs in the thoracic
and abdominal cavities, resulting in an increased
pressure on the vena cava, This sericusly can impair the
venous return, and may result in heart failure. For this
reascon Cummings et al prefer a lateral recumbency during
anaesthesia instead of a dorsal recumbency.

To facilitate surgery we did our experiments with the
pigs in dorsal position. However, the fact that maintenance
of physiological conditions was improved when a negative
respiration phase was applied may indicate that the
negative pressure compensates the effects mentioned by
Cummings et al.

We aimed to measure c.b.f. in conditions which approached
the normal physiology as closely as possible. It is
difficult, however, to reach a physiological steady state
under anaesthesia and to maintain it during experiments
that last 4 to 8 hours.

The effect of anaesthesia on c¢.b.f. 1s an important

topic in medical research. Depending on the applied

anaesthetic agents applied and the amcunt administered,
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the c.b.f. may be increased or reduced, (Sckoloff, 1959).
The aim of Lagerwey's research was tc develop a steady-
state anaesthesia for the pig for use during cardio-
vascular experiments lasting about 6 hours. After
considering of several types of anaesthesia described
in the literature, Lagerwey decided to apply the
combination of two agents, the neuroleptic azaperone
(Stresnile) and the analgetic metcomidate (Hypnodilm).
In fact metomidate alone is a weak analgetic, but when
it is combined with azapercne good general anaesthesia
can be attained.

our first group of experiments (section IV-2) long-term
anaesthesia was performed by infugsion of a solution

in saline cf azapercone and metomidate via a double-lumen
catheter (Ch.8), brought inio the left internal jugular
vein. This catheter was connected to an infusion pump
(Braun Unita I), which infused metomidate (8mg/kg body
weight/hr.) into the central lumen and azaperone
(2mg/kg body weight/hr.) with atropine (0.012Zmg/kg/hr.)
into the peripheral lumen of the catheter. The
concentration of the pharmacological agents in saline
was adjusted as to deliver the regquired amount of drugs
in a total volume of 2 ml/kg/hr.

Since the effect of these anaesthetic agents on c¢.b.f.
had never been studied, in relation to c.b.f., we did
some experiments with the better known anaesthetic
nitrous oxide, section IV-3, Nitrous oxide was mixed
with oxygen in a ratio of 2:1.

Nitrous oxide is a good analgetic but a weak hypnotic.
Therefore the use of nitrcous oxide alcone does not
guarantee good anaesthesia (Lagerwey, perscnal
communication), If, on the other hand, the combinaticn
of the anaesthetic agents azaperone and metomidate was

used some animals did react to surgery. Hence, following
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Lagerwey again, we finally anaesthetized the pig by the
infusion of azaperone and metomidate plus nitrous oxide
combined with oxygen in a ratio of 2:1, section IV-4 and
5. The amcunt of oxygen administered here is high enough
to prevent hypoxia.

The pigs were ventilated with this gas mixture at a tidal
volume of 400-600 cm3 at a frequency of 8-16 strokes per
minute. To reduce atelectasis it was preferred to combine
a high tidal volume with a low respiration freguency.

In Fig. 16 the experimental set-up is illustrated.

During the Xe-clearance period, the respiration circuit
is half opened via a three-way cock, so that expired air
is removed via the ventilation system of the Isotope
Laboratories.

During the clearance the expiration of the pig is
sustained by negative pressure in the ventilation

system. By means of the ventilation system of the Isotope
Laboratories the Xe-133 is rarefied in an air stream of
4000 m3/hr. Each clearance experiment lasts about one
hour., In that period about 2 mCi Xe-133 must be evacuated.
Hence the mean concentraticn of Xe-133 in the air leaving
the Isctope Laboratcries during a clearance experiment

is about 0.5 u Ci/m°.

The arterial pressure of carbon dioxide can be experiment-
ally increased by hypoventilation, and decreased by
hyperventilation.

To realize high levels of carbon dioxide, extra carbon
dicoxide was added to the respiration gas. Spontanecus
respiration during hypercapnia could be prevented by
administering the muscle relaxant, alloferine (1 ml/hr}.
In contrast to the concentration of carbon dioxide the
arterial concentration of oxygen and the pH have only a
minor influence on c.b.f., section I-2. In some
experiments the concentraticons of the bloced gases in

arterial blood samples were determined according to the
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Astrup method {Stortenbeck, 1970). In later experiments,
when a capnograph was available, we confined ourselves

to monitoring the percentage carbon dioxide, Pco .
2
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Fig. 18.: Survey of the set~up for the measurement of
the cerebral blood flow of the pig according

to the Xe—-133 cleavance technigue.

The capnograph is based on a continucus infra-red gas
analyzer. The capnograph used (Godart MO-1) has the
specizl feature of a low sample-flow-rate (approx. 65 cm3/
min), so that it does not disturb the ventilation of the

animal. The maximum value of the percentage of carbkon
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dioxide in the expired air was taken as a measure for the
arterial concentration of carbon dioxide (Smalhout, 19267).

Smalhout found that a plateau value of the PCO of 5 to

5.5% in healthy subjects corresponds to an 2

alveolar and arterial pressure of carbon dioxide of 35 to

40 mmHg. The capnograph is slightly sensitive to 02 and

N,0. Fig. 17 shows the relationship between Pc and

e
PaCO2 which we found in our experiments. 2
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In order to measure the radiocactivity of the respired
air,a helical glass tube could be interposed intc the
sampling—air stream to the capnograph. This helical

tube fits intoc a well-type scintillation crystal

(Wenzel, M.P.A.-10).

The electrocardiogram was obtalined, using Van Einthoven's
standard lead II (Winsor, 1968). by means of subcutaneous
electrodes. It was monitored on a Physio~-Sentinel

Monitor (Mennen-Greatbach).

Furthermore, the heart freguency derived from the
cardiogram, was measured and recorded continucusly. The
temperature was monitored continuously via a thermo-
prcbe, placed beside the respiration tube. The pig was
kept at a temperature cf about 37°-c by means of an
electrically heated blanket.

In order to measure blood pressure a short catheter (Ch.6)
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was introduced into the abkdominal acrta via the right
femoral artery. The catheter was connected to a pressure
transducer {Statham, P23}, which was continuously
flushed with saline, by an infusion pump, in order to
prevent blcod from entering the catheter. Systolic,
diastolic and mean blood pressure could be read from the
Physio-Sentinel Monitor. Systolic and diastolic pressure
were recorded continuously.

All the physioclogical variables which were monitored
were recorded on a l2-channel multi-point recorder
(Philips, PR-3500)}. Normal values of several physiological
parameters, taken from Lagerwey (1973), are given in
Table 2.

mean st dew,
haemogl obine % 10.4 0.942 Table 2.: Normal values
hoematoert 9% 32.0 307 X .
oemazeert . of soeme physiological
pH art. 7.413 0.0378
By €O, mmHg 43.8 3.81 parameters of the pig
-1
base excess moeq | | +2.9 (Lage:ﬂwey, 1973).
st. bicarb. maeq |~ 26.4 2.38
Py 02 mmHg 86.7 5.88
heart fraquency  min | 5.6 9.08
syst. blood press.  mmHg 98.2 10.4
diost. blood press  mmHg 67,4 8.2

respiration freq. min 12-18

The next step in surgery was the preparation of the
branching point where the internal carotid artery
branches off from the left common carotid artery.

Except in a few experiments {(section IV-4), the external
carotid artery was ligated during c.k.f. measurements.
This ligation, however, was postponed until all other
preparations were finished. Care was taken that the
carotid plexus was not clamped. When the external

carotid artery was tied off, no significant physiological
change wasg observed.,

Head skin was removed by means of a high freguency
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coagulation knife {Mark, Electrotome 120).

A round ‘window' was then milled in the skull, above the
left hemisphere, just large enough to fit the cecllimator
of the detector. To avoid loss of cerebrospinal fluid,
and hence fall in intra-cranial pressure, a sheet of
about 2 mm of scalp bone was left intact. Fig. 18 gives
an impression of the positioning of the collimator.
Injection of Xe-133 into the common carcotid artery via

a puncture, a method often applied in man, turned out
often to cause a local vasoconstriction or a bleeding of

the tunica intima.

Fig. 18.: Arrangement of scintillation detector over

cerebrum of pig.
After trying several methceds of catheterization we found

that the best method was the introduction of the catheter

into the common carotid artery via the left femoral artery.

We used an X-ray opague catheter, with a tip that could
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be controlled by a joystick {(Meditech, 85 ¢m long,
diameter 1.5 mm). Under X-ray fluoroscopy, the catheter
tip was manipulated through the acrtic arch and the
bi-carotid trunk into the left common carcotid artery.

The catheter tip was placed about half—way along the
common carotid artery. In order to measure the blced
pressure in the common carotid, the catheter was connect=-
ed to a pressure transducer {(Statham, P23).

The ligation of the external carotid artery concluded

the preparation of the animal. In the first series of
experiments we checked the situation by angiography.
Later we avoided angicgraphy since the contrast medium
may affect the cerebral circulation (Brown and Donaldson,
1970; Van Duyl et al, 1975). When all phyvsioclogical
‘parameters had become stable, Xe~133 was injected.

In the initial period cof our experiments we obtained
Xe-133 from the Radiochemical Centre at Amersham
(multi-dose syringe cartridges of 10 mCi in 3 cm3 saline).
Later we obtained it from I.R.E. in Belgium (multi-dcse
syringe cartridges of 12.5 mCi in 2.5 cm3 gsaline) . About
2 mCi Xe-~133, dissolved in about 1 cm3 saline, was
injected within 1 second. The Xe-133 bolus was flushed
out of the catheter by a rapid injection of saline.

The clearance was recorded during either 45 or 20 minutes,
Measurements were performed at different P o levels.
When the clearance was recorded for 45 minutes at least
one hour elapsed between successive injections, sc that
the residual radioactivity remaining from the one
experiment was negligible in the next. when the clearance
was recorded for 20 minutes,in order to perform a
sequence of successive c.b.f. measurements at different

co

P levels, the interval between two injections was
abo%t 40 minutes. '
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Cerebral radioactivity was measured by means
of a small scintillation detector. The detector consists
of a NaI crystal, activated by Thallium, with a diameter
of % inch and a thickness of % inch. The crystal is
fixed to the top of a photomultiplier tube (Philips, XP
1110) with some grease in between. The scintillation
detector, together with a high-vcltage divider cirecuit,
ig put in an aluminium tube. To exclude radiation from
outside the view of the probe it was enveloped in a
lead sheet of thickness 2 mm and a pipe collimator of
lead was fixed on top of the probe, Fig. 19.

Fig, 18.: Dimensions of
the collimator of the
scintiillation detector.
Nal
3/, 3/,

ST ST

[ @ 18 - o

Via a coaxial cable the detector is connected to the
high-voltage supply unit of a 4-channel gamma spectro-
meter (Meditronic, Mod. H.A.4).
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In this device the pulses are separated from the high-
voltage and fed into a pre—amplifier with a capacitive
input impedance. The pre-amplified pulses are then
passed to the main pulse amplifier. In order to select
the pulse heights within a certain range the pulses are
processged by single-channel pulse-height discriminators
(Wenzel, N.E.D.-10).

The pulse=-height spectrum of Xe-133 measured with our
equipment is given in Fig. 20. The spectrum consists of
two well separated peaks, one due to 81-keV gamma rays
and one duvue to 31=keV X-rays, which are produced by
internal conversion (Table 1). The 'width at half
maximum', W,H.M., expressed as a fraction of the
position of the maximum of the pesk is about 0.22 for
the 8l«keV peak and about 0.40 for the 31-keV peak.
RBecause of the contributions from scattered radiation,
the peaks are only symmetrical within a pulse-height
window that is smaller than 1.5 W.H.M.. The symmetrical
parts of the peaks are approximately Gaussian, with
standard deviations ¢, which are thecoretically proportion—
al to the square root of the energy of the radiation
(Haskins, 1957), i.e.

¢ (8l-keV) : g {3l-keV) = V/BL* : V3I1L°® (61)

Further these standard deviaticons are propertional to

the gain of the photomultiplier.

Fig. 20.,: Energy spectrum
of Xe-133, measured with

the equipment deseribed

in text.

intensity —=-
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Clearance curves are usually recorded by the detection
0of the 8l-~keV radiation. In our experiments, however,
radiation at both energies, 81 keV and 31 keV, was
selected simunltaneously by means of two pulse~-height
discriminaters in parallel,

Following Wagner (1968), we used discriminator windows
with a width of 1,25 W.H.M., This width expressed in the
standard deviation of a Gaussian peak is equal to

2.95 g. The lower and upper levels of the window were
set symmetrically around a peak in order to reduce -
changes in the pulse rate due to small variations in the
gain of the photomultiplier tube,

For the used window we calculated the variation in

pulse rate caused by a variation in gain. It appears
that when the location of the mean value of a Gaussian
peak is shifted relative to its original location half-
way the window, by a distance shorter than 20% of the
standard deviation of the peak, then the pulse rate is
reduced by less than 1%,

For the 8l1-keV peak the standard deviation divided by
the mean value equals about 0.10. Hence a shift of the
pulse~height spectrum, of the 8l-keV radiation, expressed
ags a fraction of the mean pulse height, equals 0.10
times the value of that shift expressed as a fraction of
the standard deviation of the spectrum. For the 31-keV
radiation the corresponding figure egquals about 0.17.
Consequently a change in the gain of 2% causes a shift
of the 81-keV peak of 20% of the standard deviation of
that peak and thus a reduction in pulse rate of less
than 1%. For the 31-keV peak 2% change in gain causes a
shift of about 11.5% and consequently a reduction in
pulse rate of lesg than 0.3%. Therefore the ratio of
pulse rates for the two types of radiations, r3l/r81,
will increase if the gain increases or decreases with

respect to the situation in which the apparatus was
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originally adijusted. We then find that, approximately:
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We conclude that a change in the gain of 2% results in
changes of about 1% in the '81-keV' pulse rate and

about ¢.35% in the '31-keV' pulse rate, and about

0.65% in r31/r81.

Provided that the high-vcltage supply is stable to

within 0.1%, the photomultiplier tubkes usually meet this
requiremenf for gain stability. According to its
specification, the high-voltage supply which we used has
a stability that is better than 0.01% for a 10% change

of mains voltage. Hence we did not expect instability
problems. The photomultipliers initially used, however,
were more unstable than expected.

We studied the instability of the type of photomultiplier
tube that we used (Philips, XP 1110) in more detail

{Van Duyl and Brenninkmeijer, 1975). The location of the
energy peak of Cs-137 was measured by means of a multi-
channel analyzer (Philips, 111500). Two kinds of gain
instability could be distinguished; a stationary instabil-
ity or drift, found at a constant radiocactivity level,
and a dynamic instability (shift), caused by an alteration
of radiocactivity. The shift consists cf an almost
instantaneous part, followed by a more slowly changing
part. It appears that in the tests the response to an
increase in the pulse rate from the background level
takes more than four hours to become stable and that the
shift of the peaks in the spectrum relative to its
original location may be more than 10%. The tubes were

in operation at background radiation level for more than

24 hours before the tests were performed. The dynamic
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shift, after a stepwise increase of pulse rate, may be
mere than 16%. Because of these unacceptable instabilities,
we from then on used only tubes that were, at our request,
selected by Philips, according to selection criterion 08
(Philips data handbook, part 6, electron tubes, Jan. 1974}.
The measuring conditions for this selection are as follows.
A Cs-137 source is placed in front of the tube, so that

the pulse rate is 1000 pulses per second. The location of
the energy peak at this pulse rate is measured. Then the
pulse rate is changed in one step from 1000 to 10,000
pulses per second. After ten minutes the location of the
energy peak is measured at the new pulse rate. According
to selection criterion 08 the obtained shift of the peak
must be less than 1%.

These selected tubes met our reguirements for stability,
i,e. better than 1%. In our opinion, however, the

selection criterion 08 of the manufacturer is not

adegquate to guarantee that our requirements are met. In
the injection technique the scintillation detector is
exposed to a large stepwise increase in radiocactivity.

As explained in sections II-5 and 6 the first two to ten
minutes provide crucially important parts of the recorded
clearance curves. Since according to the selection
criterion, the shift must be less than 1%, ten minutes
after the stepwise increase of the pulse rate, it is not
warranted that the shift is less than 1% in the first ten
minutes also.

In most of our observations the instantaneous shift was
greater than that after 10 minutes, although less than 1%.
The characteristics of the collimator for the 8l-keV and

31-keV radiation are described in appendix I.
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The pulses, selected by the pulse-height
analysers, were recorded on an analog magnetic tape
recorder (Philips, Analog 7). However, we did not feed
these pulses directly inte the reccorder, because then a
considerable number of pulses would not be recorded. This
is a consequence of the unfavourable statistical
distribution cof intervals between the pulses, which is
described by a negative-exponential probability functicn
(Rainwater, 1947). About 3% of the intervals are shorter
than 1/r; r is the mean pulse rate.

In order toc record separatel y detectable pulses on
magnetic tape, there should be a minimum interval between
the pulses., We found that with a tape speed of 15 inches
per second (according to the specification the bandwidth
of the recorder then is 50 kHz), pulses with a duration
of 5 usec. and a minimum interval of 40 psec. between
them would be detected adeguately. When the mean pulse
rate is lO4 per second, about 33% of the intervals are
smaller than 40 usec.. Hence we had to adapt the interval
statistics to the limitations of the recorder.

This problem has been studied in more detail by Kerkhoff
(1970) . We solved it by constructing a derandomizer
based on a gueuinyg systemn.

The derandomizer consists of an array of 5 memory
locations. Each input pulse is fed intc the first
location and then shifted rapidly forward to the most
distant empty place in the gueu. The front position of
the gueu is read out and recorded on the magnetic tape,
at a frequency adapted to the recorder, namely 25 kHz.
(i.e. an interval of 40 usec.). The dead time of the
derandomizer, which is determined by the clock frequency
for shifting the pulse, is less than 1 psec.. This is
smaller than the dead time of the pulse-height analyzer,
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which ig 3 usec..

From a computer simulation of this derandomizer, it was
concluded that if the mean pulse rate is 104 pulses per
second, while the read-out freguency is 25,000 pulses per
second, less than 0.3% of the pulses would be lost, due
to the occupation of the 5 memory locations. Results of
a test of real derandomizers are in agreement with the
thecretical expectations.

Pulse rates higher than 104 pulses per second have been
avoided, because piling-up cf the pulses may then occur
and an error in the measurement may be introduced.
Because of the statistical nature of radiocactivity the
pulse rate detected, from a radioactive scurce is
subjected to variation. The probable error in the pulse
rate depends on the number of pulses counted, and can be

calculated from the formula

[an]
[=)]
~I

(63)

g :

where T is the counting time (Price, 1964). With a pulse
rate in the range from lG4 to 102 pulses per seccond and
the 4-second counting time which we used, the prchable
error varies from 0.3 to 3.4%. Hence the error introduced
by the derandomizer is of the same corder of magnitude as
this statistical error for the highest pulse rate.

The pulses were reccorded via the derandomizers during 20
or 45 minutes of clearance. The recordings were monitored
by means of an oscilloscope, as shown in Fig. 9, Via a
multiplexer, an analogue pulse rate meter (Philips

PW 4242) and a paper recorder (S8ervogor, RE-511} any
channel could be recorded on paper chart during the
clearance.

Since only one digital read-out channel was at our

digsposal, we had to replay all'the recordings one after
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another via a multiplexer, as shown in Fig. 21. The
gselected channel of the multiplexer is connected to two
scalers (Philips, PW 4232). During the preset counting
time of 4 sec., selected on the timer (Philips, PW 4261),
one of the scalers counts the pulses. A pulse at the
preset time stops that scaler and simultanecusly starts
the other scalex. Then the first scaler is read cut via
the printer-—contrel (Philips, PW 4209) and the ocutput
can pe printed (Victor printer). Via a puncher interface
the data are punched (Facit) on paper tape in I.B.M.-8
code.

When the scaler has been read out, it is reset and is
started again when the preset time has been elapsed.

In order to prevent a time shift between the replay

of the tracks on the tape recorder, the start of the
recerding is marked con a separate channel of the tape
recorder, Fig. 22. The marker consists of a sine wave of
2 kHz lasting cne second. The sine wave passes a band
filter during replay, and is then integrated so that it
finally initiates a start pulse. The start pulse resets
the timer and commands the multiplexer to switch to the
next channel. Data processing then starts again.

The end of the recording is alsc marked by a sine wave.
This sine wave, at the end of the tape, acts as a pulse
which stops data processing. Some minutes later the tape
recorder stops and rewinds auvtomatically. Because the
speed of rewinding is higher than the speed of replay.,
the sine waves do not pass the band filter and hence no
control pulses are generated during rewinding. When
rewinding is finished the replay starts automatically
and the first control pulse, initiated by the sine

wave, connects the next channel to the read-out system.
Thus the read-out of the recorder tracks 1s automatically

performed successively.
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The paper tape had to be converted into punch cards

which could be fed into a computer terminzl. To facilitate
this conversion an end-of=-card code was generated whenever
80 characters have been punched.

In some experiments the radiocactivity is measured in the
right hemisphere also. In that case four clearance

curves were recorded, namely '8i-keV' and '3l-keV’
clearance curves from each hemisphere.

If the radiocactivity of the expired air was measured, it
too was recorded on the tape recorder. The radicactivity
curve of the expired air was reccorded via an analogue
pulse rate-meter, on a pen recorder (Servogor). Because

of the quick changes in this radiocactivity, as explained
in section II-2, the time constant of the rate meter

was here made small, 0.1 sec..

For quick analysis of the cerebral clearance curves

during the experiments an electronic device has been

developed (Van der Zwart, 1974, Van Duyl et al,1976),Fig.23.

Fig. 28.: Picture

of the curve-—
simulator
{prototypel) for
the analysis of
gaxponential decay

curves.

This analysis is based on simulation of the measured
curve by an electronic medel. The measured curve is fed
into a memory and represented on a monitor. On this

monitor a second curve can be fitted to the measured
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clearance curve by adjusting the ‘coefficient’'- and
fexponent'~knobs ¢f the model. Comparison cof both curves
can be accomplished by eye or by minimizing the inclin-
ation of a meter that indicates the area between both
curves. The parameters fitted to the curve that is being
analysed, can be read off from the potenticmeter settings.
This device has not yvet been fully evaluated.
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III-3 COMPUTER PROGRAM FOR THE ANALYSIS OF THE

According to the compartmental model ¢f the
clearance process, the clearance data can be fitted by a

multi-exponential model, i.e.:
n
rit) = K+ I Ae ° (64)

In this mathematical model the constant K is primarily
included to account for background radiation. This model
has been fitted to the data, by means of a digital
coemputer, by the method of minimizing the sum of sguares
of the deviations between measured data and the model.

The weighted sum of least sguares is denoted by:

2 (r: — r.) (65)
r

where m is the total number ¢f data points, r; the
cbserved pulse rate and rj the pulse rate according to
the mathematical model.

The factor l/r; in (65) is a weighting factor, introduced
to ensure that the observations subjected to larger
variances will have smaller influence on the fitting
procedure. The data of the clearance curves are subject
to variations which follow a Poisson distribution, so
that the variance in the observed value of the pulse rate
is about equal to that value (Price, 1%64}. Therefcre the
welghting factors are chosen to be egual to the

reciprocal value of the observed pulse rates.
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The minimum sum of the squares, obtained by the
adjustment of the parameters K, A and Oy is due to
noise in the observed data. However, if the model used
dces not descrikbe the data adequately, the lack of fit
will also contribute to the residual sum of sguares,

As a consequence of the applied weighting factcors and
the Poisson statistics, the residual weighted sum of
sguares is a statistical guantity distributed according
to a xz—distribution with (m - k) degrees from freedom,
where m is the total number of the data points and k the
number of parameters to be fitted (Draper and Smith,
1967} .

Because the number of the degrees of freedom is greater
than 100, the xz-distribution is practically identical
to the Gaussian distribution with (m = k) as the mean
value and v2(m - k) as the standard deviation (Abramowitz
and Stegun, 1964). The eccentricity of the residual sum
of squares, defined by:

. % - m-X)
£ TVmEeTR (66)

is therefore a measure for the probability that the sum
of squares is due to noise only.

An error in the fit cf the model will always cause the
sum of sguares to increase. If a residual sum of sguares
has an eccentricity ¢ = 2, the chance that this is only
due to noise alone is 2.3%. We used this eccentricity
parameter to judge the guality of the fit of an
exponential mcdel to the clearance curves.

The way in which a lack of fit influences the result of
a fitting procedure depends on the applied weighting
factors. In our situation a fit error in the high pulse

rate range, i.e. at the beginning cof the clearance curve,
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contributes less to the sum of sgquares than an equal

fit error in the data points in the low pulse rate range
in the tail of the curve.

When ¢ is the minimum of the weighted sum of squares,
the derivatives of ¢ with respect to the parameters must
be zero. To satisfy this condition a set of non-linear
equations has to be solved. Because of the non-linearity
it can be done conly by an iterative procedure,

Two types ©f frequently applied iterative procedure are
the gradient-method and the Gauss-Newton method

(De Wilde, 1964). According to the gradient~method the
iterative steps in the parameter space are taken in the
direction of the negative gradient of ¢ (steepest
descent). This method is always convergent. In the
exponential model, however, the minimum is situated in

a flat region and consequently the convergence of the
procedure is very slow.

In the Gauss-Newton method the steps are based con the
linear term of a Taylor series expansicn. This method

is faster, although not always ccnvergent.

The computer program used for the analysis of the
clearance curves was taken from Kirkegaard (1970). In
this program both types of iteration procedures are
combined in a manner proposed by Marquardt (1959).
Starting with initial estimates of the decay constants,
the iteration steps are mainly taken according tc the
gradient-method. After each iteraticon, that vields a
decrease in the sum of sgquares, the steps are taken more
and more in a directicn according to the Gauss-Newton
method. The iteration stops when the relative change

in the exponents is less than about 3 x 10"5° The
program is used in double precision as recommended by

Kirkegaard.



92

Separation of an experimental curve into
exponentials can give very unreliable results. This is
caused by the lack of sensitivity of the sum of
squares to certain variations in the parameter set, so
that quite different sets of parameters may fit one set
of data egqually well.

If ™ (t; Pys +--¢ By) is the actual function of the

process that generates the experimental data, determined
by the parameter vector E% = (pl, e pk), then the aim
of the fitting procedure is to find p*. Let an estimated

parameter vector be p = (pl, I Pk)' Then the sum of
squares is:

o) = " (r*(t’;p*) - r(t';p)>2 at' (67

where h = p - p* is the error vector.
When p is assumed to be in the neighbourhood of p*,

then ¢ can be approximated by the first three terms of
a Tayleor-series expansion:

2
$(h) = ¢(h) + ET(gﬁ} %§T<6 g) h (68)
E3 & §
P —/P P %
- - P
It is evident from {67} that ¢(Q)p* = {, The'sum of
sguares has a minimum at p*, hence %% = 0 also.
Thus we may write: - p*
1T 62¢
¢(h) = 3h — h {(69)
ép
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Here %(£3%> is a symmetric matrix that converts the
s2°/p

sguare of the distance between p and p* in the parameter

space to the sum of the squaresqof the deviations between

ritip) and r' (£;p%).

If the error vector h is expressed on a vectpr base,

2
composed 0f the eigenvectors of matrix 1/5%9 then

2\ 5p2 p*’

an equivalent transformation matrix, worki;g gh h, is a
diagonal matrix with the eigenvalues of the original
matrix, along the diagonal (Bijl and Salet, 1%264). Thus

the following simple relationship is found:
k
¢th) = % . o, {70)

where p. are the eigenvalues and c, the components of h,
along the eigenvectors.

Julius {1972) used this theory to determine the
sensitivity of ¢ to a change ¢f the parameters in the
neighbourhood of p. He defined the following sensitivity
parameter: B

N .
5 {(71)

k
Here Eciz is eqgual to the distance between p and p*.S
depends on the direction of h but not on its magnztude.

We write S in the fellowing form:

2 2 _ 2
B (gymgydey™ + (237ry)cy™ + v (gp-gydo™  (72)
S =4 7 ‘ 2 . 3

Cl —l-(':2 +...Ck
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If we assume that Cl is the smallest eigenvalue, then
the fraction in (72) is positive. This implies that

€y = Cq = ... = ¢ = 0 for the minimum value S. In other
words ¢ is least sensitive to a small excursion along
h = ¢,;. This ninpimum S is egual to z,.

Similarly we find that ¢ is maximally sensitive to a
small excursion along h = [ if Sy ig chosen to
correspond with the greatest eigenvalue. This maximum 8§
equals ak. The least sensitive direction and the most
sensitive direction are perpendicular to each other,
For the function £(t) = 3e T + 2¢72% + 1e73F Julius
(1972) found that the minimum S was 0.6321 x 10—12,
while the maximum S was 11.79. Hence, a small change in
the squared length of the parameter vector will at most
result in a change in ¢ which is 11.79 times larger,
while it may result in a change in ¢ which is 10—12
times smaller. This great difference in the sensitivity
toc perpendicular excursions in the parameter space
indicates that the minimum ¢ is situated in a trough.

If £he iteration path follows the bhottom of the trough,
the procedure may stop at a point far from the minimum.
The situation of the stopping point depends on the
initial starting point of the iteration process, the
method that is being applied and, last but not least,

on the noise in the experimental data. Noise causes
statistical variation in the value of the minimum ¢.
Different results may be obtained from a regression
analysis, depending on the noise and the computer program
used. If the analysis is performed repeatedly on the
same program and the same initial estimates of the
parameters, the results will all be the same.

If another program is used to fit parameters £¢ the same
data ancther set of parameters may be found (Ianczos,
1556) .
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Marquardt's method of iteration used in Kirkegaard's
program was especially developed to find a minimum in
long curved troughs in the parameter space (Marguardt,
1963) . The shape of the trough, and as conseqguence the
difficulty of separating of exponentials, depends on the
ratioc of the coefficients and the decay c¢onstants. In
many practical situations a reliable separation into

two exponentials can be performed. The separation into
three or more exponentials, however, may encounter
insurmountable difficulties, because excessive accuracy
of the data may be required {Lanczos, 1956; Myhill,
1567, 1968).

To study the reliability of the separation into three
exponentials by our program, we analysed decay curves
which were synthetized by a computer (Sparrebkoom,
personal communication). The data were generated
according to the function

£(2) = 90006 7% + 3000e" 3% + 100077 1%, to which was
added Gaussian nelise with a mean value zerc and a
standard deviation equal to the square root of the
value of the function.

Figure 24 shows histograms of the deviations of the
fitted parameters from the parameter values of the
synthetized function for 30 generated curves. In this
figure the mean values of the fitted parameters are
shown also. These histograms reveal a wide variation

in the fitted parameters, indicating the great influence
of noise in the data.

In Fig. 25 conly cne decay curve can be distinguished,
though in fact two curves are recorded over each other,
namely the original synthetized curve and a curve
generated from three exponentials with parameters found to
fit to the original curve (i.e. one of the 30 analyses).

Both curves are generated here without added noise.
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I+ appears that the curves are practically identical
although the difference in the parameters is great.
This illustrates the lack of unigueness and the
difficulty of separation into exponentials, even
without added noise.

Referring to the function fl(t) = 3e_t + 2e”

cited above, Julius (1972)found that an excursicn from

2t it

+ e
the minimum ¢, in the least sensitive direction in the

parameter space, the following functions have values

differing by less than 5% from those of the original

function:
£,(t) = 3 35ge L-0128 | 5 gop —2.301%
£o(t) = 3.824e 1 084t 4 g 6322733928 | 4 596700 360F

3
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In other words even a two-exponential model fits a
three-exponential function within 5%.
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Fig. 285.:

15
Recordings of two curves generated by two

different sets of parameters defintng a sum
of three expownentials.

We conclude that,

because of the serious problems
encountered in separation into exponentials,

it is
useful to evaluate the reliability of the results by

comparing them to an analysis of synthetized curves
having parameters with similar values.
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the '8l-keV' and '31-keV' cleagzance curves

In the series of preliminary studies on patients,
described in section II~3, we determined 4 pulse-height
spectra from the radiation, detected extra-cranially
during clearance by means of a multi-channel analyzer.
It was found that the shape of this spectrum changed
during clearance. It was decided to study the features
of the spectrum in relation to a two-compartmental model
(Hengst, 1971; De Bruin, 1972).
In the experiments with pigs we measured the 81l-keV and
the 31-keV radiation, selected by means of two pulse-
height analyzers, as described in section III-3.

| Fig, 28.:
2r Two-—compartmental model,
L}

‘ collimator of a radiation

detector.

T combined with the

:
T T
) | \
I
I : ‘\ da
! | \
i L °z
[

Figure 26 shows a two-compartmental model combined with
a pipe-collimator. Both compartments are filled with
water containing Xe-133, which is distributed
homogeneously. If we assume that the response from a
plane source can be approximated by (4A) and (54), as

derived in Appendix I, the response from the upper
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compartment can be calculated by integration of these

formulas between the boundaries x = 0 and x = dl, so that,

-u 4
ad U L' x 81 "1
_ 1 81 _ {l-e )
Yg, = OI 9g,%;¢ dx = Ia1 U81r c; (73a)
-u..'d
d =1 'x 31 71
_ 1 31 . (l-e )
Iy, = of 95,5,8 dx = gq =y —r—0C, (73k)

3l

The response from the lower compartment is found by

integration between the boundaries x = dl and
X = dl + dz, thus:
d_ +d -U 'x
- 2 81
Y1 = a’ 9g15,° ax =
1
et Thgy 9,
= 951 W7 (1-e )c2 (74a)
81
d_+d -Uu, 'x
- 172 31 _
a1 < oaf 93,58 dx =
— []
. 31 % THa '
= — (i-e te (74b)
31 “31 2

Accerding te the theory in section II-2 the cerebral

clearance process by this model can be represented by:

o g
C = f e 75
g (75a)
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C:2 = ? fWe (75b)

Hence, according to the two-compartmental model, the
'8l-keV' and '3l-~keV' clearance curves can be described
by the formulas:

£
a ot
4.9 “Ugo !
Yo, = Fy Bll1—e 8! hire 9
81
£
hw
“U,,'d “L,,td A
re S laee B H e ¥ } (76a)
£
ra 2t
4.9 n
0-°31 31 "1 g
r = + | (1= 1 e +
31 Fp3l l: g
fW
LA
Ha,'d Uy, 'd A
s e 3171l e } (76b)

A comparison of these formulas with (14} and (18) of
section II-2 reveals that:

q.g “Ugs,'d
_ c-°81 _ 81 1
Rg, = TP (1-e )fg (77a)
81
9.9 g, 'd ~u,.'d
_ 0”81 - U 81 "2
Bg, = T © {1-e V£, {77b)
81
q.9 U, 'd
_ 0 31 _ 31 71
A31 = FHBIY (1-e )fg {77¢)
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95931 TH3p Y “Hyp 'y
By, = Fiy, e (1-e VE (77a}

Hence, the ratios of the coefficients of the exponentials

of the '81-keV' and '31-keV' clearance curves are:

-y g
R S|
Byp 933 M UTe ) (78}
A g Ho, ' d
81 81 v THer 9y
Hag (1-e }
e, 'd
_ , | TH3 9
Byy 93y TlHgyTtHgydy ug, ' l-e
5 0~ g—-'"" e T (78b)
81 81 C-e 81 %2

H31

It g3l/g81 is known, we can use these formulas to
calculate d, and 4, in the model from the two
exponentials fitted tc the clearance data.

Because the decay constants of the corresponding
exponentials are egqual, the ratio r31/r81 associated
with each compartment, is a constant during clearance.
This constant is egual to the ratio of the coefficients.
The radiation from the lower compartment has to pass

the upper compartment before reaching the detector.
Conseguently the ratio r31/r81 from the lower
compartment is smaller than the ratic r3l/r81 associlated

with the upper compartment, i.e.:

vl (79)

The ratio r31/r81 for the entire cerebrum, however, is

a combination of the ratios for the separate compartments
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in such a way that the contribution of the 'fast'
component decreases during clearance.

If the two-compartmentel model gives an adequate
description for the cerekral clearance process, the
clearance studies should yvield a decreasing ratio
r3l/r81, falling eventually to a constant value when
the clearance has become monc-exponéntial. The features
of the two-compartmental model, firstly that the
corresponding decay constants of the '8l-keV' and
*31-keV' clearance curves are egual, and secondly that
the ratio r3l/r81 decreases during clearance eventually
te a constant value, have been used to test the
validity of the two-compartmental model to describe the
cerebral clearance process.

With the ccllimator as used in cur experiments it has

been found (Appendix I) that HSI' = 0.15 cm“1 and
U3l' = 0.27 cmwl. From these figures the factor:
-1 'a
. 31
Hgy' (1-e )
-u T3
—_— 81 —
M3y (1-e )|

has been determined as a function of d. This relationship
is plotted on a semi-logarithmic scale in Fig. 27. It
turns out that:

-u..'d
o THan
Hgy (1-e '} -0.055a

ud - = (80)

)

~u
—— 81
Mgy ' (1-e
This function multiplied by g3l/g81 vields the value

of r31/r81 asscciated with the upper compartment.

It appears that a change in thickness of 0.18 cm of the
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upper ccmpartment implies a change of only 1% in the

value of r31/r81. The same approximation can be used to

determine the value of r3l/r81 associated with the lower

compartment, however, combined with an extra factor
emo'lZd, also shown in Fig. 27. Finally we £find that:

A31 B3 —0.0SSdl + 0.12dl + 0.05562 0.065dl

/ = e > e {81)
81 T8

—

|

e
i~

[

This lower boundary value is a consequence of the fact
that the bordering of both compartments is at x = d

The features of a two-compartmental clearance modellare
tested on an in-vitro model, consisting of two
individually well-stirred perfused compartments. In the
measurements in-vive we found large values of the
constant K8l and K3l' To account for this finding we
adapted the in-vitro model by adding the constant plane
source. The intensity of the plane source was such, that
in periods of 4 seconds on the average 424 '8l-keV'

pulses were detected and 372 '3i-keV' pulses. The ratio
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r3l/r81 measured from this plane scurce is a little
larger than the corresponding value described in
Appendix I, because here the windows of the
discriminators are broader than 5/4 W.H.M.

The Xe-133 was injected into a tubke that supplies water
to both compartments.

The Xe-concentraticens in the compartments were
homegenized by means of motor driven fans. Magnetic
stirrers could not be applied because the magnetic field
of such stirrers would disturb the gain of the
photomultiplier tube. The water in the compartments was
continuously refreshed by means cof a constant—-flow pump.
Figure 27 shows the results cf the computer analysis

of the '8l-keV' and '31-keV' clearance curves. The
eccentricity of the residual sum of sguares of the
'8l-kevV' data was EBl = 3.5 and of the '31-keV' data

531 = 2.1. According to section III-3-1 these values of
£ can indicate that there is a slight lack of fit. This
can be ascribed to irregularities in the clearance
curves caused by the fans. The decay constants of the
fitted corresponding exponentials of the '31-keV' and
'81-keV' clearance curves are egual, within the
experimental error (Fig. 28). The values c¢f the constants
K81 and K31 are alsc close to the values of the plane
source given above.

In Fig. 27 the ratio of the measured '81-keV' pulse rate
and '31-keV' pulse rate 1s pleotted as a function of time.
If the fitted value KSl ig subtracted from Tgy and KBl
from Tayr the second graph 1s obtained, denoted by
r31'/r81‘. The ratic r31‘/r81' as a function of time has
the theoretically expected course for a two-compartmental
model. We conclude that the in-vitro measurement
demeonstrates the features of a two-compartmental model

discussed above.
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Fig., 28.: FResulte of computer analysie of clearance of

in-vitro model consisting of two well-stirred

compartments and constant plane.

Though these features have been demonstrated for a
particular, simple shape of the two compartments in the
model, it must be noted that they actually are
independent of the geometry of the compartments. Hence)
if the cerebral clearance process can be described by a
two-compartmental model, we expect that the decay
constants of the corresponding exponentials, fitted to
the '8l1-keV' and '31-keV' data are equal, and that
rBl'/rBl' decreases eventually to a constant value,
despite the capricicus shape of the grey and white tissue
compartments,
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IV-RESULTS OF THE EXFERIMENTS IN VIVO.

IV-1 Introduction.

From 1971 until 1976 cerebral bleocd flow studies
were performed on about a hundred pigs. The results with
the Xe-133-injection technique in the pig did not
correspond to the results reported for other animals.

We devoted a large portion of these studies to the
evaluation of the injection technique.

The main problem that has arisen is that with the Xe—-133~
injection technigue considerably lower cerebral blood
flow values are found for the pig than those reported

for other animals. In this chapter the results of

various series of experiments are given, arranged in

five groups. Each successive group is characterized by
some modifications in the experiments. The medificaticns
were made in an attempt to obtain higher values for the
c.b.f., values.

The pigs were prepared and anaesthetized according to
schedule described in section III-1-~2. Variants of that
schedule, used in each group of experiments, are
described in the sections.

At the end of this chapter the results of the experiments
are summarized. In chapter V some additional experiments
are described, the results of which will be discussed in
combination with the observations described in this
chapter.

(azaperone - metomidate; open skull; external carotid

artery tied off).

Pigs, weighing 20 to 30 kg, were anaesthetized
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by an infusion of azapercne and metomidate. The pigs
were mechanically ventilated with room air. The scalp was
removed and a window was made in the-skull.

In Table 3 some physioclegical parameters, measured in
this series are shown. The meaning of the used symbols
in the Table is given in the list of abbreviations and
symbols .

The systclic blood pressure measured in the common
carotid artery via the Xe-injection catheter, was about
10 mm Hg lower than measured in the abdominal aorta
{section III-1-2). Blcood gases were determined from
arterial blood samples, obtained immediately after the
injection of Xe-133. A capnograph was not available
during this series.

The clearance data were recorded for about 45 minutes
and were analysed according to a sum of two exponentials
and a constant by computer.

Figs 29 a and 29 b show the expsrimental data and the
fitted curves for the 81-keV and 31-keV radiation,
respectively, obtained in exp. nr. 43~I. These figures
show both the statistical fluctuaticns in the data and
how well the data ig fitted by the mcdel. Judged by eve,
generally quite a good fit is obtained, although some
lack of fit ig seen at the beginning of the curves.

In section III-3-1 the eccentricity of the residual sum
of squares, £, is proposed as a measure for the gocdness
of fit, It turns out that for the '81-keV' c¢learance
curve ESl = 21 and for the '31-keV' clearance curve

531 = 5. Both eccentricities are higher than 2, indicating
that there is a significant lack of fit.

It turns out alsc that 831 is greater than Ui and that
831 is greater than 881' We shall express these differ—
ences as a percentage of that of the decay constants of
the fitted '8l-keV' clearance curve. Then a is about

31

11% greater than Cgyq and BBi is about 17% greater than 881'



108

r sex (m/F) bloodpress. i heart freq. | temp. F’qCO2
exp.nr. W:;ggi}(“(l[zg) (mf;{ag) min™ 1) €c) | tmm Ha) pH
40-1 m/~/20 - 120 39.0 - -
411 £/-/20 100/70 80 36.8 53.C 7.32
i - 110/70 105 36.8 - -
42~ i/~/22 100/60 80 38.0 | 41.0 |7.38
I - 80/45 100 38.0 45.0 7.36
43-1 £/ =/21 80/50 75 36.8 | 520 |7.22
il - 80/45 80 36.6 58.0 7.30
44-} £/-/24 80/40 80 36.2 54.0 7.31
} - 70/30 120 36.5 55.5 7.35
Table First group of experiments.
A L e
W w e e me me  we w0 e ow
Fig. 29 a: Recorded and fitted data of the '81-keV '~
czlearance curve in exp. nr. 43-I.




109

w ) MG A BUECION 1 BFL A 21 XD

PR P
BR3P 8N
145 COEFF, 1924 8dDA
=10 A 3

ao &0 e 150 08 %8 0 50 a0 e ]

timn (min) —

Fig. 28 b: FRecorded and fitted data of the '3i-keV'~
clearance curve in the same experiment as

in Fig. 28 a.

In section III-4 it has been shown that the corresponding
decay constants of the '81-kev' and '31~keV' clearance
curves are egual in a two-compartmental clearance model.
Hence the differences found here conflict with the two-
compartment thecry.

1f we assume a haematocrit of 32% (Table 1), we find that,
according to the graphs in Fig. 3, the partition
coefficients are Ag = 0.85 and Aw = 1.6. Heﬁce' accordigg
te (14) the blood flow values are fg = 28 en” /min/100 cm
grey tissue, and fw = 14.7 cm3/min/100 cm3 white tissue.
When compared to theose referred to as normal values in
man (section II-2), we note that the values we find here
are extremely low. Algso the ratic fg/fw = 1,9 is smaller
than the ratic of about 3.8 which is assumed to be normal
in man.

The.relative weight of the grey tissue compartment,
calculated from (20) in this experiment is Wg = 0.49,

which is within the normal rahge.
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From the parameters fitted to the '31-keV' clearance

curve we find that Wg = 0.54, i.e. larger than found from
the f81-keV' clearance curve. Since, according the two-
compartmental model, the slower cleared compartment is
situated under the faster cleared compartment, the
radiation from the slower cleared compartment is reduced
by absorption in the upper tissue compartment. This
reduction 1s larger for the 31-keV radiation than it is
for the 8l-keV radiation. This is reflected in the

larger value cof W_ found with the 31-keV clearance curve.
Hence this finding is in agreement with the two-compartment-—
al clearance model.

In section IXII~3=-2 we discussed the eguivocality in the
parameters obtained by fitting exponential models. In
order to check the sensitivity of the fitted parameters

to noise in the experimental data, the function fitted

to the '8§1~keV' clearance curve was synthesized by
computer. The synthesized function was sampled at
intervals of 4 seconds while Gaussian noise was added.

In order to simulate the Poisson ncise on the clearance
data, the mean value of the added Gaussian noise was zero
and its standard deviation was taken egual to the square
root of the values of the samples. The function which

was generated ten times is given in Table 4.

In this Table s is the spread of a parameter as calculated
from the ten values found, while ¢ is the mean of the ten
values of the standard deviations of a parameter which are
produced by the computer analvses. The values of the fitted
parameters to each generated curve are all within the range
determined by these mean standard deviations. The probable
errcr, defined by a deviation of 0.67 ¢, appears to be
iess than 1% for all the parameters. The maximum value of
E obtained in these ten analyses was 1.4, so0 that in all

these analyses a good fit was obtained,
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From the analyses of the synthesized curves we conclude
that the found eccentricities EBI and 531, obtained in
exp. nr. 43-I indicate a lack of fit, which is a
consequence of the fact that the two-exponential model
does not describe the clearance curves adequately.
Furthermore we conclude that the differences in the
corresponding decay constants found with the fitted
"81-keV' and '31-keV' clearance curves are too large

tc be due to the statistical nature of the clearance
data.

Calculated from the values of the standard deviations,
which are produced by the computer analysis for each
fitted parameter, the probable error of the coefficients
of the fitted clearance curve is less than 1%.

From the fitted clearance curves we find the follewing
31/B81 = 0,42 and K31/K81 = 0.25.
The fact that ABl/ASl > BBl/BSl is in agreement with the
two-compartmental clearance model, (79). It is remarkable
that the ratio K31/K81 is considerably smaller than the
ratios A31/A81 and B3l/381'

ratios: ABl/ASl = 0.50, B

If we interpret these ratios in terms of the dimensions

of the two-compartmental model, using the simple geometry
of Fig. 26 we obtain infeormation about the geometry of the
two tissue compartments.

However, we have first to correct for the absorpticn of
radiation by the intact laver of skull. In a separate
measurement we found that, per mm thickness cof skull,

the transmitted radiation ratioc r31/r8l is reduced by a
factor (¢.87. Estimating the thickness of the sheet of
skull as 3 mm, the ratio rBl/rSl should be reduced by a
factor 0.66. Hence the corrected ratios of the coefficients
are found by dividing by 0.66, and are then equal to

0.76, 0.64 and 0,38 respectively.

The thickness dl of the upper compartment of the in-vitro
model c¢an be estimated by means of the graphs of Fig. 27.



generated results of analyses prob. err. (%)
A= 27814 { A = 27785 | s{A) = 104 olA) = 139 0.3
B= 15283 | B = 15308 |s(B) = 96 o(B) = 148 0.7
K= 944 |K= 945 |s{K)= 5 oK)= 8 0.6
a = 0.3324 | @ = 0.3326 | s{a) = 0.00178 | o{a) = 0.00209 0.4
B =0.0918 E = 0.0919 | s(B) = 0.00037 | o(p) = 0.00061 0.5
Takle 4.: Resulis of the analysis of the generated Function
Ae_at + Be_Bt + X

weth values of the coefficients and decay constante
corresponding to the fitted 81-keV clearvance

curve of egxp. wr. 43-I (875 samples), (Table 5).

We £ind that ¢, is about 50 mm. This value is similar to
the thickness of the brain tissue under the collimator,
If the boundary between this compartment and the more
slowly cleared compartment is at a depth of 50 mm, then
according to (81):

(ABl/ABl)/(B31/581) > e " Y= 1,38,

Because A31/A81 = 0.66, this means that BBI/BBI should be
less than 0.66/1.38 = (0.48. Since B31/B81 = 0.76, the
second compartment must partly overlap the first one. In

cther words it can be concluded that at a certain distance
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from the collimator there is a region where fastly and
slowly cleared compartments are intermixed. The constants
K8l and K31 are about 2% of the initial wvalues of the
clearance curves. These values are tco high to ascribe

31/K81 0.25
correspeonds te a plane scurce in water at a distance of

simply to background radiation. The ratio K

about 8 cm from the collimator.

Because K31/K81 is considerably smaller than B31/B81 we
note that if the values of the constants are ascribed
entirely to a Xe-source in the cerebrum, this source must
be located in deep brain regions.

The in-vitro model, with its dimensions calculated from
the fitted coefficients of the cerebral clearance curves,
does not correspond to a compartmental model for the
cerebral clearance, as will be shown in chapter V.
Nevertheless the conclusions, that the more slowly
cleared compartment 1s situated at a greater distance
from the collimator than the more guickly cleared
compartment, and that there is an overlap of both
compartments, are in agreement with the distributicn of
grey and white tissue as seen in the cross section of the
cerebrum, Fig. 18.

Table 5 shows the results of a series of 7 experiments.
The ¢onclusicons drawn from the results of exp. nr. 43-I,
concerning a) the low c¢.b.f. values, b) the lack of fit
of the two-exponential model, c) the difference between
the corresponding decay constants of the '81-keV' and
'31-keV’' clearance curves, d) values of the relative
welghts Wg from the '8l-keV' and '31-keV' clearance
curves and e) the ratio of the coefficients, apply for all
these experiments.

A second scintillation detector was placed above the
right hemisphere. Also on that side skin was removed and
a window in the skull was made. The right external

carotid artery, however, was not tied off. It appears that



| A %1 B % | K K, /Ko i A, /A, |B../B W
exp-nr a |ola) B | olp) 5 1K1 g1 Aar Per |Par a1 | g
40-1 | 29468 | 0.336 | 0.002 9200 | 0.077 | 0.001 881 | 14 0.64
15405 | 0.369 |0.002 {10 | 3396 | 0.089 |0.001 [ 16 | 221 | 3 0.25 052 | 037 loe7
41-1 | 35644 10.389 [0.003 | {13634 |0.100 | 0.001 934 | 18 0.56
20235 [ 0.435 [0.003 |12 | 6572 [0.119 [0.001 |16 | 252 | 6 0.27 | 057 | 048 |06
41-11 | 32503 10,322 |0.002 | | 23096 | 0.092 | 0.001 1252 | 5 0.44
19423 |0.350 10.003 | 8 10158 |0.100 |0.001 {10 314| 0.05| 0.25 0.60 | 0.44 |0.39
42-1 | 20846 {0.387 [0.003 | {12303 |0.107 |0.001 577117 0.56
14664 | 0.438 {0,003 |13 | 5193 |0.123 |0.001 {15 | 1281 3 0.22 0.48 | 042 0.0
42-11 | 42786 | 0.369 0,002 9768 | 0.095 | 0.001 884 | 11 0.47
19456 10,430 | 0.003 | 17 | 4052 |0.124 [0.001 {31 | 172 0.20 0.45 | o041 |0.72
43-1 | 27815 |0.332 [0.003 | | 15284 | 0.092 | 0,001 945 | 21 0.49
13927 |0.368 |0.003 |11 | 6406 |0.107 |0.001 |17 | 237] 5 0.25 0.50 | 042 |0.54
43-11 | 34115 {0,346 [0.003 | | 14892 | 0.086 | 0.001 1284 | 23 0.53
15279 |0.390 |0.003 |13 | 5476 |0.105 |0.001 |22 | 288! 7 0.22 0.45 | 037 |0.58
44-1 | 27689 [0.333 [0.002 | | 11484 {0,069 | 0.001 1387 | 13 0.49
10961 | 0,381 |0.003 | 14 | 3368 | 0.091 {0.001 |30 | 322 2 0.23 0.40 | 029 |0.60
44-11 131534 10.372 {0,002 ] | 10089 | 0.070 | 0.001 1932 | 15 0.52
11672 |0.413 [0.003 | 12 | 2776 | 0.096 | 0.002 | 37 | 388 4 0.20 0.37 | 028 |0.65

Pable 5.: Results of two-exponential analyeces of the fivst

group of experiments.

PiT
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the initial values of the pulse rates measured with the
second detector is 20 to 40% of the initial pulse rates
measured with the first detector. Care was taken that

in the field of wvision of the second detector the amount
of tissue of the left hemisphere was as small as possible,
8o that the main fraction of the measured radiocactivity
originates from the right hemisphere. Obviously the
¥e-133 is transported to the right hemisphere by means
of the collateral circulation. The decay constants,
found with a two-exponential model were in the same
range as those obtained from the ¢learance curves of the
left hemisphere.

We subtracted from the data of the clearance curves the
values of the fitted constants Koy and K3l and calculated
the ratic of the pulse rates thus cbtained, denoted by
rél/rél. Fig. 30 shows the course of rél/rél obtained

in exp. nr. 41i~II, The continuous curve in this plot is
derived from the fitted clearance curves, again after
subtraction of the fitted constants. These curves appear
to decrease continucusly instead of leveliing to a
constant value, as we found in Fig. 28. Plots cof rél/rél
for the other experiments in this series follow similar
courses. These decreasing courses are directly connected
with the differences noted already between the correspond—
ing decay constants of the fitted '8l-keV' and '3il-keV’
clearance curves and between the ratios of the
coefficients. These plots show, however, that the xenon
becones relatively more and more concentrated in deeper
brain tissue during the clearance, although not in
accordance with a two-compartmental model.

Because the two-exponential model does not fit the data
exactly, the parameters of this model do not characterize
the clearance process exactly. We therefore extended the
mathematical model to include of three exponentials and

a constant.



time {min) =

Fig. 30.: Fitted and szperimental data of réz/rél during

clearance tn exp. npr. 41-II.

The results of fitting this model to the clearance data
are shown in Table 6. The values of the eccentricities

of the residual sum of squares, compared to those in
Table 5, indicate that the fit is now considerably
improved. We note that the decay constants o are greater
and spread over a larger range than the values o in

Table 5. The decay constants g in Takle 6 appear to be of
similar magnitude to the wvalues of o in Tabkle 5, although
they are slightly smaller, In a similar way the decay
constants v correspond to the values of B in Table 5.
Hence the first exponential in the three exponential
medel appears to represent a strong variable extra
component in the clearance curves.

The difference between Ugq and U3q is in most cases much
greater than that found with the two-exponential model
and does not have a constant sign. If we ascribe the
first exponential to the clearance of the grey tissue

compartment the blood flow in this tissue varies between



exp.nr. A a ola) B B o(B) C y aly) K z T

40-1 393% | 4.305 | 0.384 | 29237 | 0.316 | 0.002 8406 | 0.072 | 0.009 822 0.98 | 5.04
1275 | 5.797 | 1.165 | 15293 | 0.359 | 0.002 3224 | 0.086 | 0.001 214 0.863 | 4.06

41~1 22627 1 0,536 | 0.015 | 22236 | 0.207 | Q.009 5707 | 0.058 | 0.004 606 1.58 | 4.89
15538 | 0.523 | 0.038 2082 | 0.213 | 0.047 2597 ¢ 0.079 | .19 192 0.99 | 3.86

41-11 2257 112.750 | 3.210 | 32623 | 0.316 | 0.002 | 22677 | G.G91 | 0.001 | 1238 2.29 | 610
5429 1 0,649 | 0.007 | 16650 | 0.273 | 0.012 8038 i 0.089 | 0.002 274 0.08 | 5.30

42| 12377 | 0.687 | 0.036 | 24768 | 0.264 ; 0.009 7271 | 0,081 | 0.003 453 2.06 | 4.53
8326 | 0.681 | 0.040 8992 | 0.272 | 0.022 2955 ¢ 0.096 | 0.005 100 | -1.84 | 3.81

42-11 4305 | 2,879 | 0,254 | 42268 | 0.348 | 0.002 8617 | 0.087 | 0.001 841 0.69 | 4.02
2086 | 1.586 | 0.236 | 18760 [ 0.396 | 0.005 3403 | 0,114 | 0.002 163 0.55 | 3.24

43~1 6398 | 115 | 0.073 | 27496 | 0.257 | 0.004 | 11005 | 0.075 | 0.001 788 2,63 | 575
5831 | 0.613 | 0,056 | 11179 | C.246 | 0.017 3802 | 0.084 | 0.004 189 | -0.51 | 4.81

43-11 9081 | 0.883 | 0.053 | 31599 | 0.261 | 0.005 | 10358 | 0.066 | 0.002 | 1003 3.47 | 5.62
8049 | 0.570 | 0.044 | 10188 ! 0.245 | 0.022 2983 | 0.076 | 0.006 220 1.87 | 4.47

44-] 8368 | 0.703 | 0.048 | 23523 | 0.248 | 0.007 8722 | 0.053 | 0.002 | 1047 1.18 | &67
5947 | 0.545 | 0.090 6699 | 0.242 | 0.049 2017 | 0.064 | 0.011 258 | -1.64 | 4.77

44~ |1 10651 : 0,706 | 0,048 { 24754 | 0.276 | 0.009 7722 | 0,052 | 0.002 | 1552 2.54 | 585
5573 1 0.613 | 0.058 7452 | 0.287 | 0.025 1762 | 0.071 | 0.005 339 0.55 | 4.05

Pable 6.: Results of threg—exponential analyses of the first group of experiments,

LTT
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45 and 1084 cm3/min/100 cm3 in this series, while these
values are not correlated with the PaCOZ.

In order to calculate the relative weight of this
compartment, we must know the blood values associated
with the other exponentials. The question then arises,
which values of the partition coefficients should be used
to calculate these flow values from the decay constants.
For an estimate of the relative weight of the fast
compartment we assume A = 1, We then find that wg varies
in this series between 0.005 and 0.2, which is a remark-
ably broad range. All values of the ratio A31/A81’ with
the exception of exp. nr. 41-II, are in the range

0.48 - 0.91. This means that not in all cases the first
exponential can be ascribed to a cortical Xe-source. In
exp. nr. 41-~II,A31/A81 = 2.4. This value is too large to
be ascribed to anv plane source.

In section II-4 it was noted that Lassen (19653), based

on clearance of Kr=85, concluded that the clearance curves
cf the cerebral cortex were two-exponential rather than
cne-exponential. This is in agreement with our cobservation
that a three-exponential model describes the Xe=-clearance
curves more adeqguately than a two-exponential model. The
values of the fitted parameters, however, do not justify
an interpretation of these exponentials in terms of three
separate compartments.

In order to investigate the effect of ncise in the data
on the reliability of the fitted parameters, we performed
a series of analyses on synthesized three-exponential
clearance curves, just as we did for the two—exponential
model. We synthesized the curve which was found in the
analysis of the *8l-keV' clearance curve of exp. nr.
43~1I, Table 7.

The maximum value of £ in these ten analyses was 1.7, so
that a good fit was cbtained in all cases. Although the
probable errors in the fitted parameters are larger than
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those of the two-exponentiazl model in Table 4, these errors
are much smaller than the differences between the
corresponding decay constants obtained by fitting the
"81-keV' and '31-keV' clearance curves with a three-
exponential model. Hence the conclusion drawn previocusly,
that each fitted exponential cannot be ascribed the
clearance of a separate compartment, is not merely a
consequence of noise in the clearance data.

The three-exponential model reveals an exponential term
with & large decay constant., We decided to ignore the
first 70 seconds of the clearance curves and to analyse
the remaining part ¢f the curves according toc a two-
exponential model. Results of these analyses are shown

in Table 8.

It appears that the values of £ are considerably smaller
than those given in Table 4, indicating that a significant-
ly better fit is obtained. Nevertheless, we find significant
differences kbetween the corresponding decay constants of
the '8l1-keV' and '31-keV' clearance curves, of about the
same magnitude as differences in Table 5.

Because in a two-compartmental clearance model the
corresponding decay constants of the '8l-keV' and '31l-keV'
clearance curves are equal, we cconclude that the two-
compartmental model is not valid for this truncated part
of the in-vivo clearance curves either, even though a
reasonable fit may be obtained with a two-exponential
model.

In secticn II-6 it has been shown that the mean transit
time t of the Xe-133 is a measure for the mean blood flow,
irrespective of the validity of a compartmental model.
Furthermore it has been shown that, if a multi-exponential
model is fitted to the clearance curve, the mean transit
time is egual to the mean time constant T of that model.
From the fitted three-exponential model we calculated

the mean time constants. The values are given in Table 6.,
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generated results of analyses prob. error (%)
A= 6398 | A= 6435 {s(a) =178 (A)= 315

B = 27695 | B = 27787 |s(B) = 120 () = 212 0.5

C= 11004 | C= 10922 |s(C) =233 (€)= 303

a=1.1148 | @ = 1.1217 | s(a) = 0.06131 | o(a) = 0.06704 4
B=0.2572 | B =0.2568 | s(p) = 0.00306 | o(B) = 0.00418 1
v=0.0764 | ¥ = 0.0747 | s{y) = 0.00106 | o(y) = 0.00142 1

Table 7.: Results of the analysie of the gernerated

Function —at

Ae + Be_Bt

v
+ ce V5 vk

with values of the coefficients and decay
congtants corresponding to the Fitted curve

of exp. nr. 43-I (Table 8).

It turns out that in all cases ?31 > %81' The value of
the mean time constant is determined by the relative
values of the coefficients of the exponentials, which are
affected by the absorption of the radiation in the tissue.
Hence this systematic difference between the mean time
constants of the '8l-~keV' and '3l-keV' clearance curves
shows again that Xe is washed out faster from cortical
cerebral tissue, than from deeper brain tissue., The

values of ;Bl are in the range 4,02 to 6,67 min.

According to (57) we can derive the value of the mean
blood flow if the wvalue of the mean partition coefficient
is known. If we assume A = 1, then the range of ;81
corrasponds to mean bloed flow in the range 24.9 to 15.0

cma/min/loo cm3 tissue.



exp.nr. | A a ola) | % | B B o) [ %1 K 3 K3}/K81 AB]/AS] 331/333
40-1 | 21306 | 0.314 | 0.002 7805 | 0.071 | 0.001 820 | 1.0

10673 | 0.359 | 0.003 | 14 | 2951 | 0.086 | 0.001 |21 | 214 | 0.4 0.26 0.50 0.38
41-1 | 24558 | 0.358 | 0.003 11132 | 0.115 | 0.001 891 | 10

13148 1 0.412 | 0.004 | 15 | 5446 | 0.091 [0.001 |22 | 245 | 4 0.27 0.54 0.49
41-11 | 23762 1 0.316 | 0.003 20730 | 0.091 | 0.001 1239 | 2.3

13924 | 0.331 [0.003 { 5 | 8666 |0.097 [0.001 | 7| 302 | 1.0 0.24 0.59 0.42
42-1 | 21003 | 0.350 { 0.003 9628 | 0.099 | 0.0C1 541 | 6

9070 | 0.404 | 0.004 | 15 | 4091 | C.117 |0.001 {18 | 12} | 0.2 0.22 0.43 0.42
42-11 | 29182 | 0.349 | 0.002 7886 | 0.088 | 0.001 843 | 0.7

124071 | 0.405 | 0.003 | 14 | 3134 | C.116 | 0.002 |32 | 165 | 0.6 0.20 0.42 0.40
44-1 | 19732 | 0,305 | 0.002 9786 | 0.064 | 0.001 1278 | 3.6

7361 | 0.357 | 0.004 | 17 | 2800 | 0.085 | 0.001 |33 | 309 | G.03| Q.24 0.37 0.29
44-11 | 21367 | 0.343 | 0.002 8617 | 0.064 | 0.001 1816 | 5.0

7548 | 0.391 | 0.004 | 14 | 2296 | 0.090 [ 0.002 | 41 | 378 | 0.8 0.21 0.35 0.27

Table 8.: Resulis of two-smponential analyses of the first group of experimants

(first 70-seconds of the clearance curves igrored).

12T
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Compared to the mean blood flow found in other animals,
which are all about 50 cm3/min/100 g., the value found

in this study is very small.

If we assume a specific gravity of cerebral tissue equal

to 1 we need to assume A = 2.5 to obtain f = 50 cm3/min/100g,
if %81 = 5 min. This value of the mean partiticn
coefficient, however, is even larger than that published
for white brain tissue.

The results of these experiments weare discussed at the
sixth international C.B.F. symposium at Philadelphia,
{(Van Duyl et al, 1975). The criticisms concentrated on

the low c¢.b.f. values found in these experiments.

(N20"02: skull intact; external carctid artery tied off.)
Because anaesthetics affect cerebral blocod flow,
it was decided to perform a series of experiments with
the better known agent nitrous oxide, which had already
been used in c¢.b.f. studies (Sokoloff, 1959}, section
III-1-2. This series of experiments was performed on
mini pigs of about 28 weeks c©ld, welghing 28 to 36 kg.
Detalls of the applied anaesthesiz are given in section
ITI-1-2.
Table 9 shows the physioclogical parameters observed. The
values of PaCO2 were varied over a larger range than in
the first series cof experiments. In this series we
avoided the trauma of opening the skull. Head skin alone
was removed from where the detector was to be placed.
Table 10 shows the results of fitting a two-exponential
model. The values of 581 and 531 indicate that a good fit
is not obtained. If we compare the decay censtants in this
table with those given in Table 5, we note that, except
in exp. nrs. 62-I, II and 64-II, they are in the same

range. There were no special reasons to expect the higher

values in the other three experiments,
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sex {m/f) |bloodpress. | heart freq. | temp. | P P CO
exp.nr.| age (w) s/D . =1 coy| o 2 pH
weight g} | {mm Hg) min ") (OC) (%) (mm Hg)

&2-1 | m/27/35 65/40 200 37.5 7 4.4 | 31.3 |7.44
I - 75/50 190 37.6 | 4.8 - 7.4
63~ ¢ m/28/35 85/30 210 37.3 | 6.0 | 48.0 [7.28
64-1 | m/28/35 | 135/70 205 37.8| 3.9 | 267 1|7.45
1 - 125/70 215 37.7 | 52 | 33.7 {738
65-1 | m/28/28 90/60 95 35.6 1 4.6 | 39.0 |7.42
M - 85/60 140 3581 4.0 350 |7.42
I - 85/60 140 36.2 | 5.6 | 43.0 }7.33
66-1 | m/29/28 | 110/90 110 36.5 | 4.5 | 48.0 |7.38
I - 115/95 110 35.8| 6.8 52.0 -

Table §.: Second group of experiments.

Again we find considerable differences between the decay
constants of the '8l-keV' and '31-keV' clearance curves.
The ratiocs A31/A81 and B31/B81 are much smaller than those
given in Table 5. This is a conseguence of the abscrpticn
of the radiation by the skull. It appears, however, that
the ratio K31/K81 is not smaller than those in Table 5.
This indicates that the skull contains Xe=133 that
contributes to the constants.

Analyses with a three-exponential model, and analyses of

the clearance curves where the first 70 seconds are



- 0, G,
exp.nr. A a ala) % B B a(B) | | K £ K3T/K8T A31/A8'E 3T/B8'l
62-1 9327 10.492 | 0,006 3544 1 0.101 {0.002 530 |18
1907 ;0.589% {0.001 19 748 [0.117 |0.003 {161 1100 3 0.21 0.20 0.21
62-11 | 11279 | 0.523 | 0.005 2845 [ 0.086 |0.001 695 110
2516 10.613 |0.010 | 17 599 10.102 {0.003 (19 { 170} 4 0.24 0.22 0.21
&63-1 | 17769 | 0.345 | 0.002 3762 | 0.045 ;0,001 404 112
3468 10.379 | 0.005 | 10 571 10.061 10,003 {367 153 7 0.38 0.20 0.15
64— 2803 | 0.372 | 0.009 2274 [ 0.063 10.002 440t 5
441 10,608 10.033 | &3 396 1 0.077 10,003 122 105| 0.4 0.24 0.16 0.17
6411 | 17318 | 0.592 | 0.004 2363 [ 0,071 [0.001 723 | 18
4150 | 0.667 {0.007 | 13 440 10,089 10003 |25| 144 ] 7 0.20 0.24 0.19
&5-1 8604 | 0.293 | 0.006 8870 | 0.087 [0.001 679 | 11
2431 | 0.441 | 0.016 | 50 | 3023 | 0.104 10.001 |20} 217 114 0.32 0.28 0.34
65-1t 5733 | 0.363 | 0.017 9435 [0.105 10.003 1260 | 14
1618 |0.885 | 0.051 144 | 3359 {0.137 |0.002 |31 408 0 0.32 0.28 0.36
65~111 | 10599 | 0.349 [ 0.006 6656 | 0.091 {0.002 11921 5
2605 10,415 |0.015 | 19 ] 1989 |0.117 |0.004 }29| 362 | 3 0.31 0.25 0.3C
66~1 | 18048 | 0.26% | 0.005 10621 10.081 | 0.002 1014 | 29
3250 [0.369 [0.012 | 37 | 2184 |0.109 [0.002 :35] 259 | 7 0.26 0.18 0.3C
66-11 | 40625 | 0.408 | 0,002 9820 : 0.075 [0.001 1062 | 19
90446 | 0.442 | 0.004 8| 2220 |0.097 10,002 |29 270] ¢ 0.25 0.22 0.23
TFable 10.: Resulits of two-ezponential analyses of the second group of experiments.

PCT
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ignored, as were applisd to the first group of experiments,
have been performed in this series also. The conclusions
from these modified analyses are similar to those drawn
from the first series. Therefore the conclusions drawn
from the results of the first group of experiments are

not peculiar to anaesthesia with azaperone and metomidate.
Further, the trauma of the removal of the skull is not the

cause of the low c.b.f. values, which we obtain.

(N20—02—azaperone—metomidate; open or closed skull;
external carotid artery open or tied cff; effect of the

length of the clearance curves).

In this group of experiments the pigs were
anaesthetized following a schedule in which a mixture
of NZO and 02 was inhaled, and a mixture of azapercne
and metomidate infused (section ITII-1-2).
Takle 11 shows the physiclogical parameters in a selection
of experiments performed under variocus conditicns.
Reported results of c¢.b.f. measurements according to the
injection technigue, are based on clearance curves of
20 minutes or shorter. In order to compare our results
to those reported, we also fitted the two-exponential
model to 20-minute clearance curxves of the plg. Clearance
curves observed for 20 minutes will be referred to as
short (s} c¢learance curves. Clearance curves observed for
45 minutes will be referred to as long (1) clearance
curves «
In exp. nrs. 67~I, I1, IITI and 82~I, the skull was cpened
and the external carotid artery was tied off.
Results of the fit of a two—exponential model to the short
clearance curves are given in Table 12. There is a lack
of fit, however smaller than found with the long clearance

curves (Tables 5 and 8).
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" sex (m/f) |bloodpress. | heart freq.| temp. | P
exp.nr. | age (w) 5/D (min—1) (OC) €99 |skull | a.car.ext.
weight (kg)| {mm Hg) (%)
67-1 t7-/27 100/60 125 368 45| ¢ c
1 - 80/55 130 37.01 56 | ¢ ¢
i - 85/50 145 69173 ¢ c
72-1 | m/35/49 90/75 80 33.6 | 44| ¢ o
73-1 f/51/31 105/75 20 356 50| o o
I - 100/70 80 360 6.8 o o
1 - 140/95 135 36.3| 6.0 | o o
v - 110/75 125 36.5| 58| o ¢
74-1 | m/37/51 - 140 3621 441 o c/o
il - - 150 3651 441 o o
82-1 | m/26/30 90/65 95 359143 | o c
Table 11.: Third group of experiments:

o - opeén ¢ - closed

If we compare the decay constants found in these four

experiments with those given in Table 5, we note that they
are larger. The differences between the decay constants of
the '8l-keV’ '31~kevV"

Hence, higher c.b.f. values are obtained from the short

and clearance curves are larger too.
clearance curves. The fitted parameters, however, do not
identify parameters of a two—compartmental model.

In order to study the effect of the length of the clearance
curves on the parameters, we fitted a two-exponential model
to the '8l-keV' '31-keV'
82~ over differernt periods of observation. We calculated
for both the '81-keV'

and clearance data of exp. nr.

from the fitted parameter values,



8 - ghort, I - long

K A B
clearance T 3t 31 31
exp. nr. A a ag(a) % B 1 ao(p) % K Z ) A e s
{min) {min) KBI A81 BB]

67-1 1487 | 0.680 [0.074 5934 {0.145 [0.004 1188 | 2.8 5 58
777 | 2.247 [ 0,203 | 23 1477 10.193 |0.003 | 33.1| 288 | 3.9 3.5 [0.2410.52 |10.25

67-1 7505 | 0.381 [ 0.009 3658 | 0.076 | 0.006 1296 | 1.3 5 6.1
1447 | 0.611 | 0.034 | &0 1235 |0.163 [0.007 | 114.4 | 358 | 0.9 3.7 |0.28}0.19 [0.34

&7-111 | 101771 | 0.587 10.008 3140 |0.105 | 0.004 1608 | 3.1 5 3.5
2476 [ 0.663 10.018 | 12.9| 778 [0.152 [0.009 | 44.7 | 346 | 0.8 2.7 10.23 1024 {025

72=1 2603 [0.355 | 0.015 3666 | 0.080 |0.002 811 [11.2 | 8.5
628 10.680 |0.043 | 91.5 753 [0.097 10.002 | 21.2 | 203 | 4.9 6.3 0.2510.24 {0.21

73=1 4202 10.288 | 0.006 1733 10.075 10.003 451 | 4.3 i b.4
1134 10.573 [0.034 | 98.9 {1644 {0.156 [0.003 |108.0 | 197 2.7 4,5 10,44 10.27 [0.95

73-11 | 13188 [ 0.408 | 0.002 1177 10.045 | 0.002 561 | -0.2 } 4.1
6295 (0.395 10.002 | -3.2 1 204 [0.023 [0.008 {-48,8 | 124 0.9 3.8 0.3510.48 0. ¥/

73-1l1 | 5473 | 0.369 [0.005 2278 [ 0.064 |0.002 632 | 3.1 i 6.5
2492 | 0,422 |10.009 | 14.4 | 904 [0.098 [0.003 | 53.1 | 300 | 2.4 4.4 | 0.47 [0.46 | 0.40

73-1V | 1016 | 1.255 | 0.090 1198 | 0.137 |0.005 817 | 4.3 s 4.3
459 1 1.528 |0.162 | 21.8| 555 |0.207 (G008 | 51.1 | 347 | 1.2 2.9 | 0.42 [0.45 | 0.46

74-1 3117 | 0.454 10.023 6858 [0.089 |0.002 1251 6.8 5 8.4
1132 | 1.066 | 0.065 |134.8 12339 (0,112 |0.002 | 25.8 | 314 | 5.4 6.3 |0.25(0.36 10.34

74-11 5743 1 0.415 [ 0.012 7802 | 0.G71 i0.007 2700 121.3 | 2.1
1542 10,603 1 0.027 { 45.3 12513 10.092 10.001 | 29.6 | 616 6.5 74 10,2310,27 10.32

82-1 1599 | 1,427 } 0.090 3380 ;0.142 | 0.003 1002 | 3.2 s 5.0
: 486 [ 1.355{0.152 5 |131710.161 |0.004 | 13 224 | 0.3 4,7 $0.22{0.30|0.39

LTt

Table 12.: Kesulls oF two-exponential analyses of the thind group of experiments.
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and the '3l1-keV' clearance data, the blood flow values

fg and fw and the value of the relative weight of the
grey tissue compartment Wg. These values are plotted in
Fig. 31. We also plotted the reciprocal values of the
mean time constants, l/¥81 and l/?3l, the values of the
constants K31 and K81’ and the eccentricities of the
residual weighted sum of sguares 581'and £41°

The graphs show that the longer the clearance curves,

the lower are the calculated walues of blocod flow in grey
and white tissue, and the lower are the values of 1/?81
and l/'r3l which are measures of mean c¢.b.f., section
II~6. The ;elative weight Wg, however, increases with the
length of the c¢learance curves,

Further the graphs reveal that the fitted values of K8l
and K31 do not correspond te a constant radicactive
source, but to a very slowly decreasing component in the
clearance process. For the short clearance curves the
values of the constants KSl and K31 are about twice the
values found for the long clearance curves.

Also the values of 581 and 531 increase with increasing
length of the c¢learance curves. This indicates that the
fit of the two-exponential model becomes worse if fitted
to leonger clearance curves.,

We conclude that the parameters derived are seriously
affected by the length of the chserved clearance curves.
Therefore, if we wish to make comparisons between the
values of the parameters obtained by fitting clearance
curves measured under different physiclcgical conditions,
it is necessary to use clearance curves of a standard
length.

In other experiments of this series (Table 11) the
external carotid artery was not occluded. The analyses,
given in Table 12, are based con long clearance curves. If
we compare the decay constants found in exp. nrs. 72-I,

73~I, II, III and 74-I1T with those given in Table 5, we
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note that the values of 081 are in the same range. The
mean time constants found in these experiments are no
smaller than in the experiments with closed external

carctid artery.
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Fig, 31.: Effect of the length of the clearance curves in
egrp. wnr. 85-I on the fitted parameters of a two~—

compartmental model.
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The results of exp. nr. 73-IV are based on the analysis
of short clearance curves. Here large decay constants
are found like we found for the other short clearance
curves.

In exXp. nr. 74-I, Xe-133 was injected while the external
carotid artery was occluded, but that artery was opened
again immediately after the inijection.

The c.b.f. is not significantly altered, whether

the external carotid artery is tied off or not. However,
because of the wide range of the values of the fitted
parameters, we cannot conclude that the occlusion cof the
external carotid has no effect at all on the cerebral
clearance curves. The fact, however, that no significant
larger c.b.f. values are found is in accordance with the
finding that no larger c.b.f. values are measured in the
right hemisphere (section IV-2), where the external

carotid artery was not tied off either,

(NZO—OZ—azaperone—metomidate; open skull; external
carotid artery tied off; effect of PCO ; 20-minute

z

clearance curves) . 2

We investigated the relation between PCO and
the values of the parameters in a two~compartment%l
cerebral clearance model. We shall repocrt the results of
Xe~-clearance measurements performed on +two pigs. The
analyses are based on short clearance curves. The Xe-
injection was carried out when a stable P level was
obtained. The physiological parameters of t%e experiments
are given in Table 13.

Both the '81-keV' and '3l-keV' clearance curves are
analysed according to a two-exponential model. Except in
exp. nrs., 94-VIII and 94-IX, the eccentricities 581 and
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sex (m/f) | bloodpress. | heart freq. | temp. P CO
exp.nr. age {w} s/D (min-1) £0) b (mﬁm H;)
weight (kg) | {mm Hg) (%)
87~ m/=/30 110/80 75 34.0 | 3.6 -
1 - 100/70 65 33.7 | 5.5 -
1" - 100/60 65 3.7 | 7.2 -
Y - 90/50 110 34.5 | 9.0 -
v - 80/50 120 34.6 | 4.4 -
94| m/-/20 100/75 65 37.0 | 3.7 26.2
I - 95/70 60 37.0 | 5.4 | 41.0
1} - 95/70 70 37.0 { 7.0 45.1
v - 105/80 90 37.2 | 8.4 48.0
Y - 100/80 80 37.2 1 3.0 | 24.9
Vi - 100/80 80 37.8 | 6.8 52.0
VIl - 100/80 80 37.9 | 5.8 44.5
Vil - 95/70 90 38.0 | 7.1 49.0
iX - 95/65 %0 37.8 | 5.9 47.2
X - 90/60 80 37.6 | 4.5 37.2
Xl - 80/55 80 37.2 | 2.5 22.7
Table 13.: Fourth group of experiments.
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531 were less than 6 and 3, respectively.
We used (14) and (20) to express the fitted parameters in
terms of the twow-compartmental model, taking Ag = 0,85
and AW = 1.6, The results of exp. nrs. 87-I to V, are
shown in Fig, 32, This figure shows that the parameter
values cbtained from the '8l-keV' and '3i-keV' clearance
curves are different. Their dependence on Pcoz’ however,
is roughly similar in both cases.
Remarkable is that at low Pco levels, relative high
values of fg are cbtained, ana that, with increasing
o’ f first decreases, but then increases for Pco
higﬁer than 7%. The cbservation of a decrease in c.b5f.
in grey tissue when Pco increases, 1s not in agreement
with the physiclogy of %erebral circulation described in
section I-2,
The value cf the relative weight Wg is smaller than 5%
for Pco2 < 5%, Such small values of Wg are not in
agreemefit with the interpretation of Wg as the relative
weight of grey tissue under the radiaticn detector.
Furthermore, a conditicn for the validity of this
interpretation is, that Wg is a constant if the place of
the detector is not changed.
The values of Wg found in section IV-~2, which are based
on the analyses of long clearance curves, are in the
range 0.44 =~ 0.64, and are closer to the actual relative
weight of grey tissue.‘ﬂence, although larger values of
fg are obtained with the analyses of short clearance
curves than with the long clearance curves, this is
accompanied with smaller values of W
In section II-6 it has been pointed out that the
reciprocal value of the mean transit time of the Xe is
proporticonal tc the mean ¢.b.f.; 1/t = £/%. If we
assume that the two-exXponential model fits the clearance
data, then 1/t = 1/7, where T is the mean time constant
of the fitted model.
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Fig., 32.: Cerebral blood flow values obtained at

different Pco levels tn one pig, analyszed
. 2
aoccording to The two-compartmental model.

fexp. nrs. §7-1 to V).

The dependence of 1/T on Pog is also shown in Fig. 32.
Tt appears that 1/7 increasef slowly with increasing

P up to 7%, and more steeply for P > 7%. In other
co, co,



134

animals a more gradual increase of f is found, section
I-2.

For P co, < 7%, 1/T is about 0.2 min.ﬂl. If we gake X o= 1,
find that f is about 20 cm /mln/EOO cm” . A value
of about 4C cm /mln/lOO cm3 is obtained when PCO > B8%.

In man toc the inhalation of 8% carbon dioxide 2

we thus

causes the value of f to double, in this case, however,

f is about 100 cmB/min/lOO g, section I-2Z.

In Fig. 33 the results of a second series of similar
experiments are shown. Exp. nrs. 84-I, II, III and IV
concern measurements at successively higher P co levels.
These graphs are very similar to those in Fig. §2. The
exp. nrs. 94-V, VI and VII were performed at alternating
Pco levels. The points of these results are not connected
in %he graphs. The exp. nrs. 24-VIII-IX~-X and XI concern
measurements at successively lower Pco levels. The
results with the alternating and decre%sing Pco levels
show the same tendency in relation Pco as thos% with
increasing P <o levels, though the beh%viour is more
complicated. Afso the differences between the results with
the '8l-keV' and ‘31-keV' clearance curves are larger.

It is remarkable that, after PCO has been reduced to a
caertain level, hicgher wvalues of E/; are obtained than,

if it is increased to the same level. This indicates that
a hysteresis effect is invelved in this physiological
control mechanism.

During the measurements of the clearance curves at
different values of Pcoz’ the position of the detector

was not changed. Therefdre, no change is to be expected

in so far ae the values of the ratics K31/K81’ A31/A8l
and B31/B81 are determined by the geometry of brain
tissue. The mean values and spread of the found ratios

are:
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Ayp/Bgy B3,/Bgy K31/Kgq

exp. nrs. 87-I to V 0.42+0.09 0.47+40.07 0.35+0.03
exp. nrs. 94-1 to XTI 0.57+0.04 0.49+0.09 0.28+0.02

f 500

100 . ;

///// N

Movit X vt vin v
123 4567 89 10Pco,%]

I-1i-11-1V ; increasing PCC)Q
V-VI-VI| : alternating PC02
V- X-X-X| : decreasing PC02

Fig. 33.: Cerebral blood flow values obtained at different

Pca levels in one pig. (exp. wnrs. 94~I to XI)].
2
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The ranges of A31/A8l and B31/B81 appear to overlap each
other. In exp. nrs. 87-I toc V we even find that the mean
value of A31/A81 is smaller than that of BBl/BBl'

Because the standard deviation in the coefficients
obtained by fitting the short clearance curves are up to
about 10%, the wide range of the ratics can be ascribed
to the inaccuracy of the coefficients. In section III-4
it has been shown that 1% uncertainty in the value of the
ratio corresponds to an uncertainty in the thickness of

a water compartment of $.18 cm. Therefore, considering
the Yangesover which the ratios vary. we cannot derive
from it reliable values for the thicknesses of compartments.
In cur opinion the graphs of Figs 32 and 33 do not refer
to independent variables of the two-compartmental model
because of the non-validity of that model, (chapter V).
Conseguently the physiclogical interpretation of our
observations, which are based on the two-compartmental
clearance model, may be incorrect.

In one experiment we measured the relation between c¢.b.E.
and PCO by means of an electromagnetic flow probe system
(Transf%ow 600). A perivascular probe (P4-571}, with an
inner diameter of 4.0 mm was placed around the common
carotid artery. The zero-flow reference was checked
repeatedly by occluding the carotid artery for a short
time.

The flow probe was calibrated at the end of the experiment
as follows. A small cannula was inserted into the carotid
artery. Via this cannula blood could stream freely into a
measuring— glass. The flow was calculated from the amount
of bleced in the glass after 15 seconds. The value was
related tc the flow probe signal, and thus the calibration
factor was obtained. This calibration factor was used to
calculate the blood flow from the flow probe recordings
during the experiment.

With the external carotid artery open we measured at
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PcO = 5,4%, F = 140 - 150 cm3/min. When the external
cardtid artery was then tied off, the flow was reduced
to 48 cm3/min.

In Fig. 34 the flow measured with occluded external
carotid artery, is plotted against PCO « The different
Pco values are obtained in the same wdy as in the Xe-
cledrance experiments. The graph is constructed by means
of sample values taken from the F and PCOZ recordings,
at intervals of 1 minute. Thus the time viriable has
been eliminated. The criginal recordings of T and Pco
lasted akout two hours. The arrows in the graph indic%te
the direction of the path followed in the phase plane.
The beginning and the end of the graph are connected by
a brcken line.

The graph shows hysteresis; in the descending limb,

Pco = 3 - 7%, the blood flow is roughly twice the value
in %he rising limb. For Pco lower than 3% both limbs

show a remarkable peak in tﬁe flow. This dependence of
blood flow on PCO in the low PcO range corresponds

with the observat%on, made by the2Xe-clearance technigue,
that in the low Pcoz range fg decreases when Pc X increases.
The hysteresis phendmenon also is observed in thé& clearance
measurements.

Hence there is a similarity between the relation of

Pco and F, measured with electromagnetic flow probe,

on %he one hand and the relation hetween PCO and £,
measured with the Xe-clearance technique, onzthe other.
Purves (1972) describes a dependence of cerebral bloed

flow on PaCO2 for PaCO2 < 20 mm Hg, which is similar to

our cbservations. The behaviour appear to be connected with
a protection mechanism which prevents hypoxia.

Concerning the observed hysteresis, no references are
found. This phenomenon is an illustration for the fact

that c.b.f. measurements do not fully evaluate the

physiological adaptation in tissue to assure adeguate gas
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transport (section I-2).

In order to determine the mean c.b.f. from the measurements
with the flow prcbke, we need to know the weight of the
cerebrum. This was 110 g, so that one hemisphere weighed

55 g. Each hemisphere is supplied with blood wvia the
vertebral artery to a minor extent. Hence it follows from
the flow measurements on the carotid artery that the mean
gpecific blood flow was more than F/35 x 100 cm3/min/100 g,
where F is the measured carotid flow.

F
cms/nﬁn
60 +

50

] ¥ LI ¥ ¥ L] ] ¥ t ¥

1 2 3 4 5 6 7 8 @ 10
p %
CO9p
Fig. 34,: Relation between blood Flow to the cerebrum,
measured by means of an electromagnetic flow

probe, and P
20,

Left out of regard the contribution of the vertebral
artery, we find from the rising limb in Fig. 34 that for

PCO increasing from 3 to 7%, f increases from 36 to 64
2
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cm3/min/100 g. From the descending limb we find that I
decreases from 109 to 64 cm3/min/100 g.

These values are considerably higher than those found with
the Xe-clearance technique and in better agreement with

the values reported for other animals.

In addition to the experiments on pigs we did two
series of Xe-clearance measurements on two mongrel dogs.
Thege experiments were primarily performed to investigate
fluctuations in Xe~clearance curves which have been
reported by Zwart and Seagrave (1973). For that reason
halothane was chosen as the anaesthetic agent. The results
of the study of the fluctuations are given in section
V-2-1. Here we report the results of the clearance
measurements on the dogs, interpreted in terms of the
two-compartmental model, to enable a comparison with the
results of measurements on the pig.

The dogs, anaesthetized by inhalation of a mixture of
halothane and oxygen or carbogene, were mechanically
ventilated., No premedication was given, The concentration
of halothane in the inspired gas was changed stepwise.
The Xe-injection catheter, the same as used for the pig,
wag advanced through the femoral artery, the descending
aorta and the subclavian artery into the left vertebral
artery.

The regions supplied with blood by the vertebral artery
in the dog has been studied by Reneman et al (1974).

The radiation detector was placed on the posterior part
of the skull after removal of the skin.

Blcod pressure in the aorta was monitored.

Cerebral clearance curves, for both '8l-kev' and '31-kevV'
radiation, were measured for about 20 minutes (short

clearance curves), at different levels of halothane and
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of carbon dioxide.
After the concentration of halothane had been changed,
about 20 minutes was allowed for equilibrium to be

reached before the Xe-133 was injected. Because of the
study of the fluctuations in the clearance curves, the
measurements of the pulse rate were based on a preset time
of 2 seconds instead of 4 seconds. The clearance curves
were fitted with a sum of twc exponentials and a constant.
The values of the eccentricities £81 and 531 indicate

that the guality of fit with this mcodel was no better than
in the short clearance curves in the pigs.

FPig. 35 shows the results cobtained with one dog. The
calculated blood flow values are based on the partition
coefficients Ag = 0.8 and Aw = 1.5. The blood pressure
varied during this experiment between 80/55 and 115/85

mm Hg.

We find that fg and l/; increase with increasing Pc

o
The graphs show also a marked increase in blocd flow

2

when the concentration of halothane decreases.

Using the Kr-85 clearance technique, Harper et al (1961)
found in dogs, anaesthetized with nembutal, a mean
cortical bleoed flow cof 99 cm3/min/100 g, and a flow in

the occipital cortex of 123 cmB/min/lOO g. These values
correspond to those in Fig. 35 at a halothane percentage
of 1.5%,

The differences between the values derived from the
81-keV' and '31-keV' clearance curves are smaller than
those obtained in the pigs.

According to Roth et al (1970) the ratio of flow in grey
and white tissue ranges from 4.8-5.2. This is in agreement
with the ratios found here.

Fig. 35 shows that Wg is, compared to the findings in the
pig, more independent ¢of blood flow over a wide range. The
value of this relative weight, about 50%, is close to the

values reported.
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The constants K81 and K31 vary between 5 to 10% of the
initial values of the clearance curves. The standard
deviationg of the fitted constants were about 1%.

The mean values and spread of the ratiocs ABI/A
B31/le and KBl/K

measurements are:

81"

81 determined from this series of

Bay /By B31/381 K31/Kg1

0.49+0.02 0.44+40.03 0.37+0.01

These values justify the conclusion that, on the average
the deeper the brain tissue, the slower the clearance

rate.

Of iphalation anaesthetics halothane has the most

profound effect upon c.b.f. and metabolism, (Purves, 1972).
The increase in the cerebral circulation when the
percentage halothane is increased, is in contradiction

to reported observations by Mischenfelder et al (1968),
Wollman et al (1969) and Zwart and Van Dieren (19%74).

We have no explanation for this discrepancy. Purves (1972},
cite however, investigators who found a dependence

similar to ours.

Fig, 36 shows the results from a seccnd dog. Here Pc

was kept constant (Pco = 2,6%), while the percentage
halothane was varied. %n this experiment an increase in

the halothane level causes an increase in the c.b.f..

We conclude that the clearance measurements on dogs are

in agreement with those reported. This conclusion
emphasizes the discrepancies in the results with the pig

compared to other animals.
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From the Xe-clearance experiments on the pig we
summarize the following conclusions:
= If '8l-keV' and "31-keV' clearance curves are fitted by
a sum of two exponentials and a c¢onstant, a reasonable
quality of fit is obtained judged by eye in most cases.

The values of ESl and g however, indicate a

317
significant lack of fit,.

~ Significant differences between the corresponding decay
constants of the fitted '"81l1-keV' and *31-keV' clearance
curves are obtained, which conflict with the two-

compartmental clearance model.

- The values of the constant K81 and K31 are too large to

be ascribed to background radiation.

- The results of analysis depend on the length of the
clearance curves, in such a way that the values of the
decay constants, the reciprocal value of the mean time
constants and the walues of the constants K31 and KBl
increase, 1f the analyses are based on shorter

clearance curves. The quality of fit also improves.

~ The fact that lower wvalues of the constants K81 and K3T
are obtained if longer clearance curves are analysed,
indicates that these constants correspond to a slowly

decaying component.

- For long clearance curves (45 minutes), analysed
according to a two-compartmental model, and taking
A =0.85 and »_ = 1.6, we find:

g W

f = 25 - 35 cm3/min/100 cm3 grey tissue

£ =10 - 20 cm3/min/lOO cm3 white tissue

W_= 0.4 - 0.65

g

K

o m s
81 and K3l are 3% of initial value of the
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clearance curves. No distinct dependence of these

values on P is found.
co,
~ For short clearance curves [(20 minutes) we find:

fg, fw and 1/T vary in a wide range (Figs 32 and
33) and are related to Pco ; although not
uniquely; a hysteresis phefiomenon is observed.

Wg = 0.50 - 0.90, the high values are found with
high PCO levels.

Ky, and K, are about 10% of the initial value of
the clearance curves.

- If we take o= 1 owe find, from the values of l/;, for
both the short and the long clearance curves, values of
mean cerebral blood flow, which are low compared with
measurements with the electreomagnetic flow probe,
compared with clearance measurements on the dogs, and

compared with published values.

-~ We have nc indicaticns that the great variability of
W_ and the low values of the mean cerebral blood flow
result from the type of anaesthesia used or from the

preparation of the animals.

- In all cases we find %81 > ?31, and for the long

clearance curves in the pig and short clearance curves
in the dog

[us}
o8]

K31

- 1 31
81

81 81

<

|

B
A

o

so that, on the average, the deeper the brain tissue,

the slower the c¢learance rate.
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V=SUPPLEMENTARY INVESTIGATIONS

The results of the analyses of Xe-clearance
measurements on the pig are not in agreement with the
two-compartmental clearance model usually applied. It is
known, however, that c.b.f. is more heterogeneous than
is suggested by the two=compartmental model, section
II-4. Obviously commonly the disagreement between the
two—compartmental model and the actual clearance process
is supposed not to have conseguences which are too
serious for the study of c.b.f.

Because the discrepancies which we have found do not
justify this assumption, we have studied the
hetercgeneity of c.b.f. in the pig. This study was
carried out by means of radiocactive labeled 'carbonized'
microspheres (3M~Company)}, section I-3 and section IT-4.
We used spheres which had a diameter of 15 £ 5 um, and
labeled with Cr-51. The spheres were suspended in a
solution of 10% dextran. The density of the microspheres
was about 1.4. When shaken in the dextran scolution, the
spheres remained suspended for about 25 seconds and then
slowly settled. To facilitate injection we used a small
glass chamber, in which the solution was kept in
vibration during the injection.

Because the diameter of the microspheres is larger than
the diameters of the capillaries, they will be trapped
by the capillaries (nutrient vessels), but will pass
through most arterio=-venous shunts {non-nutrient vessels);

50 that they are eventually trapped in the lungs. The
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validity of the measurement of total and regional blood
flow by the radioactive microsphere technigue has been
studied by several investigators {(Rudolph and Heymann,
1967; Hoffbrand and Forsyth, 1969). Buckberg et al
(1971) showed that the reliability of the determination
of regional klood flow was improved if each tissue
sample contained more than 400 microspheres.

We injected approximately 105 microspheres, suspended in
0.1 cm3 solution, into the common carctid artery, while
the external carotid artery was tied off. The fact that
the arterial blood pressure did not change significantly
after the injection of this large number of microspheres
is taken as an indication that these amounts are well
tolerated (compare Reneman et al, 1974).

Post mortem the cerebral vascular system was filled with
a solution of formalin. Then the skull was removed with
the aid of a Stryker saw. The brain was fixed for about
24 hours in a formalin solution. Then it was sectioned
along parallel planes. Thus about 100 tissue samples

0of weight 0.5 to 1.5 g, were obtained. This implies

that the mean number of microspheres per tissue sample
was about 1000, neglecting microspheres that passed
through the arterio-venous shunts.

The Cr-5lradicactivity of the tissue samples was
measured by means of an automatic sample changer
(Nuclear Chicago). About 70% of the microspheres was
found in the hemisphere on the injection side. The
number of counts per 100 seconds per tissue sample from
that hemisphere was 103 to 4 % 103. If the number of
counts per tissue sample is divided by the sum of the
number of counts from all these samples then, according
to the Sapirstein principle, section I-3, this fraction
represents the blood flow of that sample divided by the
blood flow to all these samples. This fraction divided
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by the weight of the tissue sample yields the relative
specific blood flow of that sample.

By means ©of a classification, with a class interval cof
0.001 gwl , histograms have been constructed which
represent the distributicn of the relative specific
blood flow in the hemisphere.

Figures 37 and 38 show such histograms, obtained in
exp.nr. 83-I and 84-I respectively.

In contrast to the flow distributions found with
C-l4-antipyrine, which are shown in Fig. 11, these
distributicons are not bi-modal. The histcgrams of

Fig. 37 and 38, however, are based on samples of mixed

grey and white tissue. Because the c¢.b.f. in white tissue

weight (g)
7-

6

T et

0 100 200 360 400

]
4
1

Fig. 37.: Distribution of relative specific blood flow in
the brain of a pig (exp. nr. 83-I}) as determined

with Cr-Sl-microspheres.
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Fig. 38.: bistribuiion of relative specific blood flow in
the brain oFf o ptyg (exp. nr. §4-T), as determined
with Cr-~51 mierospheres.

is expected to be smaller than that in grey tissue, the

histograms might become bi-modal if they were based on

samples of grey and white tissue. However, we did not
succeed in making a good separation of grey and white
brain tissue.

The mean values and standard deviations of the

distributions in Fig. 37 and 38 are given in Table 14.

mean st. dew. % st. dev,
exp.nr, 83-1 {Fig. 37) 0.0227 0.0065 28
L_ifp.nn 84-1 (Fig. 38} 0.0225 0.0085 37
Table 14..: Maan and standard deviations of the histograme

shoun in the Figs 37 and 38.
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The injections of the microspheres were preceded by

measurements of Xe clearance curves.

injection of Xe-133 and the administration of

microspheres about 60 minutes elapsed. The physiological

Between the

parameters in these experiments are given in Table 15,

sex (m/€) | bloodpress. | heart freq. | temp. | P
exp.nr. | age (w) 5/D (m'n_]) ec) €2
weight (kg) {mm Hg) : (%)
83-1 £/28/35 135/65 175 369 | 4.4
84-1 | m/28/30 | 125/100 120 37.2 | 4.4
Table 15.: Physiclogical parameters of exp. nrs 83-I and

84-I.
The clearance curves of 45 minutes were fitted by a

two-exponential model. The results are given in Table 186.

exp.nr.| A | @ |ola) % | B B lo@|%|KIE |7
83-1 |1750|0.282|0.014 2086 |0.052 |0.003 520 (10 |12.1
35810.320)0.026 [ 13| 392 |0.040 [0.063 |15(111 | 0.3 [10.2
84-1 |83730.407 {0.010 6688 10.113 |0.002 474 | 4 5.3
5486 0.369 | 0.009 (-9 (4770 0.128 |0.002 ; 13| 157 ]13 5.1

Table 16.: Results of a two-exponential analysis.

If we take » = 1, then it follows from the mean time
F =

constants that

8 cm3/min/100cm3 tissue in exp. nr
84-1, £ = 19 cm3/min/100 cm3.
Both values are extremely low.

83-I and in eXp.nr.

After we had performed these measurements, Foreman

et al {1976} published their study on the c.b.f. in

unanaesthetized pigs, by means of carbonized microspheres
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of the same diameter as those that we uged. Their
microspheres were labeled with Sr-85, Ce-141 or Cr-51.
They injected 1.5 to 2.5 x 106 microspheres into the

left atrium. Recause this is the only reference that we
have found concerning the measurement of c.bh.f. in the
pig, it is useful to summarize some of their conclusions,.
They found that c.b.f. was about 2% of cardiac output at
rest, The mean specific blood flow was 45 £ 5 cm3/min/100 g.
Althcugh they measured consgistently greater flows in grey
tissue, the maximum value of the ratic of the flows in
grey and in white tissue was 1.7 only (middle brain region),
compared with ratios of 4.8 - 5.2 reported in dogs (Roth
et al, 1970). The flow in grey tissue ranged from 40 to
65 cm3/min/100 g, and the flow in white tissue ranged
from 32 to 54 cm3/min/100 g.

Since the grey tissue had much higher metabolic activity,
Foreman et al argued, it was not clear why white tissue
in the pig received such a relatively large proportion

of the c<.b.f. Furthermore they found no significant
decrease in ¢.b.f. at exercise, although a sharp

decrease in the arterial pressure of carbon dioxide was
elicited by such exercise. No significant change in the
pattern of the distribution of c.b.f. was found,
regardless of the intensity of the exercise, section I-2.
The mean c.b.f. measured by Foreman st al {1976)
corresponds to values reported for other animals, but not
to the considerably lower values we found in the pig
using the Xe-clearance technigue. We shall discuss this
discrepancy later.

Because Forman et al found a range cf blood flow in grey
and white tissue which overlapped toc a considerakle
extent, we do not expect that the distributions in

Fig. 37 and 38 would become distinctly bi-medal, if they

were based on grey and white tissue samples separately.
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The bi-modal character of the distributions may be less
distinct than that found with the antipyrine studies on
the cat, shown in Fig. 1.

Because of the large effect of anaesthesia on the c.b.f.,
as appear e.g. from Fig. 11, it must be noted that
Foreman et al performed their measurements on
unanaesthetized pigs, while our measurements are
performed on anaesthetized pigs.

Let us assume that in the Xe~clearance studies, the
ranges of specific blecod flow values correspond to
ranges of exponential decay constants of exponentials,
section V-2-1. Then, if we take for the partition
coefficients of grey and white tissue Ag = (.85 and

Aw = 1.6 respectively, the flow ranges reported by
Forman et al correspond to the following ranges of decay
constants: a = 0.47 - 0.76 m:i_n_—l and B = 0.20 - 0.34 minwl
Hence, theough the blood flow ranges overlap, the ranges
of the decay constants do not. The maximum value of
fg/fw, which is 1.7, implies that a/B is always less
than 2. In contrast to this conclusion we found in our
measurements that in all cases ao/B > 2.

In section III-3-1 it was shown that, for a reliable
separation into exponentials with decay constants, which
do not differ greatly in magnitude, such as are to be
expected from the measurements of Foreman et al (19%78),
the errors in the clearance data must be extremely small.
The measurements with the microspheres (Figs. 37 and 38)
show that ¢.b.f. in the pig is heterogeneous.
Conseguently i1t is to be expected that cerebral Xe-
clearance curves are composed of many exponential terms,
instead of only two assumed in the two-compartmental
model. Therefore the uncertainty in the parameters,
obtained by fitting a two-exponential model, caused in

the first place by the ratio of the decay constants, is
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then further enlarged by the inadegquacy cf the mcdel in
describing a multi-exponential clearance process. This is
a part at least of the explanation of the discrepancies
found between the parameters to the clearance curves and
the two-compartmental model. We shall deal with some
aspects of this digcrepancy between the mathematical
model and the actual clearance process in the next

sections.
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Van Liew (1962, 1967) studied the graphical
fitting of decay curves which were constructed according
to a mono-modally distributed multi-exponential process.
He reported that the concavity of semi-logarithmic plots
of such curves was determined by the magnitudes of the
standard deviaticn relative tc the mean of the time
constants in the distribution.

The larger the ratic ¢ (1)/7T, the greater the concavity.
The smaller this ratio is, the more the composite curve
resembles a single exponential process.

In Fig. 39 standard curves for multi-exponential
processes are plotted on a seml-logarithmic scale. These
curves, taken from Van Liew (1967), are congtructed from
50 exponential terms, which approximate a normal
distribution, A{T}). It appears that a distribution with

a standard deviation of 30%, which is apprcoximately egual
to the wvalue found in the distribution c¢f the micro-
spheres, deviates significantly from a straight line, so
that it cannot be fitted well with one exponential term,
but a good fit is attained with a sum of two exponentials
(Fig. 39).

If Ai and T, are the coefficients and time constants of
the exponentials that fit the decay curve, then according

to Van Liew, the formula:
- S = 2
s{1) = ZAi(T. - 1) (82)

vields estimations of the standard deviation of the
actual multi-exponential process, provided that
distribution is symmetric in 7.

If the distribution is skewed with a mean to the right

of the mode, the semi-logarithmic plot is more concave,
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and has a more pronounced two- or three-exponential
character, then in the case that the distribution is
symmetric with the same egqual o (7)/ T.

Iif the analysis is applied to nearly straight semi-
logarithmic curves, given by distributions with small
ratics, they separate so that the largest derived
compeonent has a time constant approximating the mean
time constant of the distribution. Curves which are
concave tend to result in two or three compcnents of
similar magnitude. Such results may thus be misleading
since, i1f the exponential process responsible for the
curve is distributed with a large O(T)/? ratioc, the
derived components suggest two or three separate
processes of similar magnitude.

For the 45-minute clearance curves, analysed in section
IV-2, we find that T is about 5.5 minutes. If we assume
that the clearance curves are composed of many
expenentials, distributed over 71 according tc a Gaussian
distribution with T = 5.5 minutes, then 45 minutes
correspond to about 12 half-value times. According to the
graphs of Fig. 39, a decay curve with o(1)/T = 0.30 hasg
then decayed to about 0.1% of its initial value. The
clearance curve, however, is then at a value equal to
the fitted constant, which is about 3% of the initial
value,

Much larger values of o{t}/T, however, imply that the
distribution A(T) should be truncated at 17 = 0, gince no
increasing exponentials are involved in the clearance
process.

We conclude that the clearance curves are not composed
of exponentials distributed over 7T according to a
symmetric, Gaussian distribution function.

The distribution of microspheres corresponds to a

distribution of c.b.f. The decay constants of the
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exponentials constituting the clearance curves are
proportional to the specific blood flow valuss. Therefore
the distribution of microspheres corresponds more
directly to a distribution of decay constants than to a
distribution of time constants. In this connection it is
important to note that a distribution expressed in terms
of decay constants, Ao}, has a shape which differs from
that of the same distribution expressed in terms of time
constants, A(T).

Figure 40a shows a Gaussian distribution of decay constants,
with a mean value o = 1 and a standard deviation

ag{o}) = 0.2,

Alel

. - L T _—

la

Fig. 40 a: Gaussian distribution of decay constante,
Alw), for a multi-exponential decay procass.
b: Distribution of time constants, A(T), for

the same multi-exponential process.

Figure 40b shows the corresponding distribution of time
constants, where o = 1/1. It appears that, when A(g) is
a symmetrical distribution, A(T) is an asymmetrical one,
and vice wversa. According to Van Liew, referred to above,
the skewness of A(T1} has conseguences for the exponential

character of the decay curves.
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We conclude that a multi-exponential clearance curve canh
be degc¢ribed by a sum of two or three exponentials, and
that the values of the parameters cbtained by fitting
that mecdel, are determined by the shape of the
distribution of the exponentials which generate the
clearance curve.

Another important aspect of multi-exponential clearance
curves concerns the difference between the mean time
constant T (59) and the mean decay constant «. We define
the mean decay constant as follows:

LA o, TA./T.
i i’ i

S AL (83)
1 a1

Because generally:

LA, T,

1l 1
— # 1
ZAi/Ii

this implies that:

T # 1/a (84)

Fer the distribution in Figs. 40a and 40b, where o = 1
and thus 1/a = 1, it is shown that T > 1. {83) expresses
the fact that exponentials in the distribution with
relatively large time constants contribute relatively
less to the wvalue of a. On the other hand, thess
exponentials contribute relatively more to the value T.
In other words the mean time constant of a clearance
curve emphasizes the slow clearance components, while
the mean decay constant cof that curve emphasizes the
fast clearance components.

A consequence of this fact is that the mean decay
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constants of the clearance curves are less affected by
tracer recirculation than the mean time congtants,

section II-2.

Since the clearance rate of the faster components in

the clearance curves are mcore sensitive to variations in
P002 (secticn I-2) the mean decay constants are more
sensitive to these variations than the mean time constants.
Applying (83) to the fitted parameters of the clearance

experiments reported in section V-1, we find:

exp.nr, 83~I

u81=0.16 a3l=0.18 1.9

%31731%

exp.nr. 84-1 a81=0.28 u3l=0.26 b, 1.3

81~ %317317

The values of o are considerable larger than the
correspending valuas of 1/7. This means that the mean
blcod flow calculated from the mean decay c¢onstant yields
a considerably larger value than that calculated from

the mean time constant.

It was found in section IV-4 that larger values cof the
constants are obtained with short clearance curves than
with long clearance curves, indicating that these
constants in fact correspond tc a slowly decaying
compenent. In the long clearance curves the fitted
exponentials account for more of this slow component than
in the short clearance curves. Because the slow component
has a smaller contribution relatively to the value of o
than to the value of T, at will be smaller if based on a
shorter first part of the clearance curves.

Figure 41 shows the values of &, based on the analyses

of the short '8l-keV' and '31-keV' clearance curves cf
exp.nr. 87~I to 5, described in section IV~5. The values
of 1/T are taken from Fig. 32. It appears that o ig

systematically larger than 1/T. The value of oT decreases
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from 2.7 to 1.3 with increasing Pco

.1
{min ") o 51-keV @
B~~~ 31-keV O
1.0+ o—o0 8l-keV 1/7

0.2
R R
| vV i I Y
} 2 3 4 5 6 7 8 G 10 F’CO2
Pig. 41.: Dependence of mean decay constants and mean

time constants on Pcoz’ derived from exp. nrs
87-1 to V.
The dependence of o to PCO shows a maximum in the low
Pcoz range, like fg in Eig. 32. The dependence of mean
c.b.f. calculated from ¢, is similar also to the
dependence of blcod flow measured by means of the
elecﬁromagnetic flow probe (Fig. 34).
Because of the great difference between o and 1/T it
is important to specify on which parameter the mean
blocd flow is based.
In section II-6 it is shown that the mean time constant

corresponds to the mean transit time t of the tracer gas,
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which can be derived also by the 'height-over-area’
metheod of EZierler. From this mean time constant we
calculate the mean c.b.f. via the relation © = x%f.

In other words, the "height-over-area' method for
determinaticn of mean c.b.f. is based con determination
of T.

In the model proposed by Reivich et al (1969), section
II-4, for the analysis of multi-exponential clearance
curves, the aim is to determine two mean decay constants
o and B, each cecrresponding to cone mcde cf a bi-modal
distribution of decay constants.

Another method cf determination of the mean c.b.f.,
namely the initial-slope~index (I.S5.I.}, describked in
section II-6, is based on the initial part of the

clearance curves. Because:

- . t
dr g B oy n —_n
_— = i = - = - T

Fe) =0 = & 151740 iRy T TO R Ry (85)

the initial slope (I.S.) is determined by the mean decay
constant. Hence, the I.S.I. is based cn a.

The power series method of analysing clearance curves as
proposed in section V-1-5 is also based on w.

To our knowledge differences that we find in the pig,
between the results of the analyses of the clearance
curves, according different methods, are greater than
reported for other animals. Obviously the greater
discrepancies are consequences of the relative larger
contributions of slowly decaying comgponents to the
clearance curves measured in the pig, compared to the

situation in other animals.
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In the analyses of the '8l-keV' and '31-keV'
clearance curves, we found differences between the

corresponding decay constants Ggy and o and the decay

constants BSl and 831. In section V—l~13$e showed that
the clearance is caused by c.b.f., which is very
hetercgeneous.

The following model is intended to illustrate that the
differences in corresponding decay constants can be
explained by a multi-exponential character of the
clearance curves.

In order to derive the distribution of exponentials that
constitute the Xe-1323 clearance curve from the
distribution of blood fiow values in the cerebrum, two
operations must be performed.

The blood flow values f must ke divided by the partition
coefficients of the tissue regions concerned to cbktain
the decay constants.

We must allow for the radiation absorption in the tissue
in order to obtain the coefficients of the exponentials.
Therefore we must know the geometrical distribution of
specific blood flow in the cerebrum. This geometrical
distribution of blood flow varies with the physiological
circumstances and is not known. In our model we assume

a simple distribution, which corresponds roughly with
experimental observations. One of these observations is
that the clearance rate is lower for the deeper regions
of the brain. In the mcdel we assume that the blced flow
in & plane tissue layer at a certain distance 4 from the
collimator face, 1s homogesneous, and that it decreases
linearly with increasing d. This relation is expressed
by the values shown on the X-axis of the graph of Fig. 42.

Furthermore we assume that the initial distribution of
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the isotope, after the Xe-injecticn, which is related

to the distribution of the blced flow, can be
approximated by a parabelic functicn, as shown in

Fig. 42,

The model represents a relatively small amcunt of

highly perfused cortical tissue, a large amount of
tissue with moderate perfusion rates, situated beneath
the first layer, and a small amount of tissue in deep
brain regions with low perfusion rates. The upper region
corresponds to the highly perfused cortical tissue, e.g.
as found by Lassen (1965) and to the fast decaying
component if a three-expconential model is fitted to the
clearance curves (section IV-2). The moderates perfused
region correspends to widely overlapping values of the
bloed flow in grey and white tissue, reported by
Foreman et al (1976). Finally the relatively poor
perfused deep brain region may correspond to the values
of the constant K obtained when an exponential model is
fitted to the clearance curves. The mean value of the
parabolic distributed specific blood flow is 0.5 min“l
and the standard deviation is 0.13 min_l

With this distribution ten expconentials are chosen,
corresponding with the stars in the graph of Fig. 42.
It was assumed that the koundary between grey and white
tlissue was situated at a distance d = 28 mm.

To allow for the different partition coefficients the
decay constants of exponentials corresponding to grey
tissues were divided by 0.8 and those corresponding to
white tissue by 1.5. Thus the original distribution
became a bi-modal distribution. In order to acccunt for
the absorption of the '8i-keV' and '31-keV' radiation

of Xe-133, the coefficients were reduced by multiplying
THg ¢ TH3; @
them by e and e , respectively Faq and Hay

being the linear attenuation coefficients in water.
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Fig., 42.: Distribution of exponentials according to a
multi-exponential cerebral clearance model for
Xe—-133.

Taking Mgy = 0.18 cm‘_l and Mgy = C.36 cm_l, we obtained
the coefficients of the bi-mcdal distributicns of the
'81-keV' and '31-keV' exponentials which are shown in
Fig. 42. It appears that the shape of the bi-modal
distribution of '81l-keV' exponentials is different from
the shape of the distribution of the '31-keV'
exponentials. The difference in shape is dependent cn
the geometrical distribution of flow and not on the

flow distribution in itself. In Table 14a the mean decay

constant o, its standard deviation o{z), the mean time
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—
grey fissue
81-keV 31-keV
distribution fit error | distribution fit error
a = 0.957 | a=0879] 8% |a = 0972 |a=0916|57%
o = 16.5% o = 16.4%
a a
T = Loy T = 1.0
/= 0931 | a=0879]55%|1/1= 09461 a= 0.916 | 3.71%
n B i - - . O,
Discrepancy” between 54 and gy 1.5%
. <,
befween GS and q81. 4.2%
o
white tissue
81-keV 31-keV
distribution fit error | distribution fit error
B = 0242 | B=0.196| 19% |B = 0.249 | p= 0.207 | 16.8%
G, = 33.6% g, = 31.8%
8 ) “p
T = 4.97 T = 4.75
/7= 0201 B=1.96 |2.5% /7= 0210 £=10207 | 1.4%

"Discrepancy” between E3T and 581: 2.8%

betrween ﬁ33 and ﬁ8¥:5'596
te 14 g and b:

m

a4

oo

Fesults of a two-szpounential analysts
cf o decay curve, generated according
42,
and its reciprocal value 1/7, calculated for
that mode of the distribution which is related to grey
tissue, are given for both 81-keV and 31~keV radiation.
Table 14b shows these values for the mode related to
white tissue.

to the model represented in Fig.
constant 1
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The composite ‘*81l-keV' and '31l~keV' clearance curves

were generated for a pericd of 32 minutes, i.e. more than
twice the longest time constant in the distributions.
These clearance curves were fitted by a sum of two

exponentials. The fitted decay constants o and o

in Tabkle 14a, and the fitted decay constanii 681 aié 831
are given in Table 14b. These tables alsc show the
percentage differences between the fitted decay constants
and the mean decay constants of the distributions and

the reciprocal values of the mean time constants of the
distribution. It appears that the differences between

the fitted decay constants and the mean decay constants
of the distributions are greater than the difference
between the fitted decay constants and the reciprocal
value of the mean time constants ¢f the distributions.
Furthermore we find differences between the

correspoending decay constants of the '8l-keV' and
'31-keV' clearance curves, just as in the experiments
in-vivo.

We conclude that the discrepancies between results of the
fit of a two-exponential medel and & two-compartmental
medel, as found in the in-vivo experiments, are
gualitatively in agreement with this simplified multi-
exponential clearance model.

Therefore we take the differences between the
corresponding decay constants of the fitted two-
exponential model to the '8i-keV' and '3l-keV' clearance
curves, as a conseguence of a multi-exponential character
of the clearance curves, which is different for both
energies caused by different absorption in the tissue.
This interpretation implies that the clearance rate is
heterogeneously distributed as a function of depth in

the cerebrum.
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A multi-exponential functicn may be expressed

by means of a Laplace integral equation, as follows:

ot

r(t) = g Ae = OINA(a)e_ do (87)

where A(a) is a sum of delta functions. According to this
representation of a multi-exponential function A{a) can
be determined by means of an inverse Laplace
transformation. A problem is that such an inverse

Laplace transformation must be performed on experimental
data.

Gardner and Gardner (1962) published a methed for
performing such a numerical inverse Laplace transformation
for multi-exponential decay curves. The goal of their
method is to get plot of the distribution density
function A(u) /o versus a. The presence of a peak in this
pleot indicates an exponential compenent, the abscissa
value at the centre of the peak is the decay constant cHy
while the height of the peak is proportional to the
coefficient A;. We shall summarize their method by
presenting the essential steps in the analysis.

In order to perfeorm the transformation they introduce

two variables % and y, so that:

t = e and o = e_y

With these variables the Laplace integral can be written

as a convolution, namely:

X
e f(x) = e lxme”) xAle )
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By performing a Fourier transformation on these
functions, this convolution can be simplified to the

expression:

Flu) = K(WIG(W)

where Y is a frequency variable.

Hence:

G(u) =p {A(e—x}} = F{u}/Ku)

where T symbelizes the Fourier transformation. It can
be shown analytically that K(u) ig the complex gamma

function {Abramowitz and Stegun, 1965), namely:

K(u) = %;ru +oin)

Hence, the method propeosed by Gardner and Gardner is

as follows.

Find F(u)} by performing a Fourier transformation on the
function tr{t), where r(t) is the measured clearance
function. Determine G(u) by dividing F(u) by the known
functicn K(p). Finally perform an inverse Fourier
transformation on G{u) to obtain the density function,
A(e_y), which is equivalent to the function A(o) /o, to
be plotted versus o.

Gardner and Gardner pointed out that their method has
the following advantages.

In contrast to non-linear curve fitting procedures, no
initial estimation of parameters is necessary.

The number of exponential components follow autcomatically
from the analysis in their method, while in the other

procedures the number of exponentials is presupposed in



168

the model to be fitted.

Furthermore they claim that full use is made of the
accuracy that is inherent in the data, since the data
are treated as a whole, as opposed to scme methods of
the subtraction type wherein all but the shortest-lived
components are determined, using fewer points than
actually are available.

Finally, the occurrence cf o values very close together
does not endanger the entire solution as it does in
other methods.

Because of these advantages we wished toc use their
method for the analysis of the multi-exponential
clearance curves. The method was evaluated by

Van Poelgeest (1971). He found that its applicability
was seriously limited by errors which are introduced

by the numerical integrations and by the finite range of
integration needed to perform the convolution integral
and the Fourier transformations.

Because of the approximaticns invelved in the method,
the peaks in the plots are broadened, s¢ that the
resoclution of the separate exponential components is
reduced. If the range of integration is made larger,
noise and sampling errors cause additional peaks, which
interfere with the reliable identification of the real
components. Thersfore a compromise had to be made in the
range of integration.

Figures 43a and 43b show the results of an inverse
Laplace transfcrmation, performed according to the method
of Gardner and Gardner (1962) on the '81-keV' and
'31-keV' clearance curves of exp.nr. 43-II. In these
plots the decay constants found by regression analysis
with the two- and three-exponential models, section
IV-2, are indicated by arrows. It appears that there 1is

nc agreement with the results of the two-exponential
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model. The decay constants found with the three-
exponential model, however, correspond more or less with
the first three peaks in the plots. Because o¢f this
correspondence we are inclined to conclude that the
other peaks are falsely and introduced by the computing
procedure.

To distinguish true peaks from error ripples Gardner

and Gardner suggested that the analyses should be
repeated with another boundary to the range of
integration; then the true peaks will remain in the same
position as in the first analysis.

In that case then, however, repeated regression analyses
of the clearance curves, with an increasing number of
exponentials, might be more attractive.

With regard to the resclution of exponentials, in our
opinion their method offers no advantages, because it

is merely a transformation of the data, so that the
problem of identification is changed into the problem

of interpretation of the plots obtained.

Papoulis (1973} claimed that he had improved the method
of Gardner and Gardner. The method of Papoulis was
evaluated for our purpose by Pfaff (1975) and turned out
to be very sensitive to noise. It was concluded that this
method was not useful either.

Finally, Lauw (1976) evaluated a method based purely on
Fourier transformation, published by Prost et al (1974).
This method was too unsuccessful with our data.

A more detailed evaluation of these three transformation
methods of analysis of multi-exponential decay curves
has been given by Sparrebcom et al (1976).

It must be concluded that these complicated methods of
analysis offer no advantages, that justifies their use

in place of the regression analysis.



172

In secticn V-1-2 it has been shown that the
mean decay constant is a valuable measure for c.b.f.,
especially if one is mainly interested in the highly
perfused tissue. This mean decay constant can be
calculated from the parameters obtained by fitting an
exponential model.
Because the clearance curves have a multi-exponential
character, it is useful to search for methods that yield
other parameters, besides the mean decay censtant, to
characterize the distribution of exponentials.
Cne commen method of characterizing a distribution in
statistics is based on the moments of the distribution.
Using normalized distribution density functions A7 {(71)

and A'{a), we introduce the moments:

M_(1) = J AT (1)dT; with o At{Tydr = 1 (88)
and
— r - n T - 3 - ] p—
Mn(m) = /oA {a)de; with JJ A'{(e)da = 1 (82)
Here M, (1) = T, and M, (o) = o .

The second moment yields the variance of the distribution
and is related to the standard deviation about the mean

value:

0

—~—~
-3
il

M (1) - 2 (1) (30)

1

gla}y = MMZ(G) - Mlz(u)‘ (%1)
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All the moments characterize different features of the
shape ©of the distribution function, and it may therefore
be useful to evaluate them from the clearance curves.
For example the standard deviation of the time constant
is a measure for the dispersion suffered by the tracer
particles as they pass through cerebral tissue,
Theoretically all the moments can be calculated from the
parameters obtained by fitting an exponential model.

An alternative method for the determination of the
moments, not based con the fitting of an exponential
medel, is as follows.

For the distribution A' (1) we find that:

Of~tn_lH*(t)dt = (n~1) EOINTnA‘ ()&t = (a-1)iM (1) (32)

where H¥(t) is the tracer residue function, introduced
in section II-6. This relationship can be used to
extend the 'height-over-area’ method of analysis,
described in section II-6.

For the distribution A'{a) we f£ind that:

Nyp ¥ -
(d Iéiltlit))t—o = (-7 S o"Afa)da = (~1)7m (o) (93)

This relationship can be used to extend the I.5. method.

If we write H¥(t) in the form of a Taylor series:

1 (dnH*(t}>tn
!
0 nt ™

t=0

pa]
ot

il
I 2

we note that:

" n
H'{t)

It
e ¢

(=1) n
nZp TMH(@)t {94}
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This means that, if the clearance curve 1s represented
by a series of positive powers of time, the coefficients
ylield just the moments of the a-distribution function;
in particular the coefficient of t yields ©, and that of
t2 yields the wvariance cz(u). We may thus conclude that,
if clearance curves are generated by a multi-exponentially
distributed process, the use of a power series model
instead of the traditional exponential model may offer
advantages.

The fit of a power series to experimental data can be
performed by a computer. Because this model is linear

in the parameters to be fitted, the regression analysis
is gimpler than the non-linear regression analysis used
to fit an exponential model.

The use of the power series model for our experimental
data has not yet been evaluated. To cobtain an impressicn
of the theoretical meaning of this model, we synthesized
decay curves dJgenerated by a Gaussian distribution of
A(a), by means of the power series.

For this Gaussian distribution (Abramowitz and Stegun,
1965)

Mg la) = i

Ml(u) = &2 —

Mz(a) = g% 4+ o

Mg (a) = 3525 + 35 (95)
4 - 2 —4

M4(a) = 30 + 6ac” 4+ o
4 =3 2 —5

Ms(a) = 1507 + 100~ g0g” + o

Hence, the residue functicn H#(t) generated by this

process, is given by the power series:
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% 2 -2 2=, =3
H (t) =1 - gt + 2 ;? 2 . 3¢ %T“ 3 4+
4 2=2 —4 4 2—3 -5
n ig +621a +0 t4 + 150 +1g? o+ t5+,_(96)

The residue curve has been synthesized from this power
series for two cases, namely o = 0.2 with o(a) = 0.8

and @ = 1 with ¢{a) = 0.15, Figure 44 shows semi-
logarithmic plots of the first two minutes of these
curves. In order to construct these two-minute curves,
terms up to the third power of t were needed for the
first case and up to the sixth power of ¢ in the second
case.

The two-minute curves are approximately mono-expconential,
like was found for A{T) in section Vv-1-2, Fig. 39.

Using a mono-exponential model, we find that the decay
constant is 0.19 min“l in the first case and 0.%7 minml
for the second case. These wvalues are close toc the mean
decay constants of the distributicns.

The I.S.I.-index which was proposed by Paulson et al
(1969), described in section II-6, and is based con the
asgumption that the decay is mono-exponential during the
first two minutes, is equal to the decay constant of

this exponential. For the multi-exponential curve

assumed here, this approach is justified, theough it yields
a slight underestimate of the mean decay constant of the
distribution. The fitting of a power series model, .
however, yields in theory the correct value of the mean
decay constant, even in cases where the first part of the
curves cannot be well approximated by a mono-exponential
model, and thus the I.S5.I.-method is therefore bound to
fail.
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Fig., 44.:
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V=2 Diffusion effects on the clearance curves

In the secticns II-4, V-1-1 and V-1-3 it was
assumed that the clearance rates of Xe in the cerebrum
is as hetercgenecus as the blcood flow.

According to the theoretical treatment of Kety (1951) the
diffusion of Xe in cerebral tissue is so fast that the
clearance rate is not limited by diffusicon. Thus the
clearance of one tissue type should follow a mono-
exponential function, cecrresponding to one compartment,
section II-1,

If the clearance rates are heterogeneously distributed
in the cerebrum, Xe-concentration gradients betwesen
tissue regions will exist. These concentration gradients
cause interregional diffusion and conseguently makes

the clearance rates less heterogeneous than c.b.f.
Thecretically the diffusivity of Xe could be so great,
that it could even reduce the clearance of the hemisphere
to that of a cne-compartmental system. However, the
clearance curves appear to be compesed of at least two
exponentials, section II-2 and IV~7. Usually the 'fast’
exponential is ascribed to the clearance of grey tissue
and the 'slow' expcnentiagl to the clearance of white
tissue. Our study, based on the simultaneous recording
of the '8l~keV' and '31-keV' clearance curves, affirms
that the rapidly cleared tissue is situated more
peripherally than the more slowly cleared tissue,
section IV-7. Hence, in spite of the high diffusivity of
Xe in cerebral tissue, the clearance rate as a function
of depth in the cerebrum is heterogeneous.

By means of multi-probe systems it is demonstrated that

the clearance rate is also distributed heterogeneocusly,
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along the cortex, section II-4.

Obviously the diffusivity of Xe in the tissue is small
enough to preserve some heterogeneity in clearance rates.
A model, in which fast diffusion within an undefined
tissue region is assumed, but the consequences of
interregional diffusion are excluded, gives ambivalent
results. It follows that the identification of the
distribution of c.b.f. with the corresponding multi-
compartmental system may not be justified, section II-4.
In other words, diffusion may affect the clearance curves
more than assumed in such multi-compartmental models.

An example of intertissue diffusion is given by Perl

et al (19653}, who accounted for differences between the
rate of uptake of NZO and cyclopropane in man by
diffusion from lean toc neighbouring adipcese tissue. The
rate of uptake of cyclepropane intco adipose tissue by
diffusion initially is large compared to the uptake by
perfusion. If the rate of uptake was directly interpreted
as the result of perfusion of adipose tissue, the
perfusion is overestimated.

If the clearance curves are affected by diffusion, the
clearance rate will be different for tracer gases with
different diffusion coefficients, apart from the
differences in their partition coefficients. Such
differences have been reported by Valois et al (1976},
using Xe-=133, Kyr-85 and I-125-Antipyrine in the rabbit.
Intertissue diffusion has also been seen as a possible
explanation for the continuously decreasing ratio
r3l'/r81', described in secticon IV-2 (Van Duyl et al,
1%75). A study of an analog computer model of the
cerebral clearance process has shown that the wvarious
courses of r31/r81, found in the in~vivo measurements,
can be simulated in the model by intercompartmental
diffusion (Tukker, 1974}.
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These ideas led us to perform the following experiment.
A bolus of Xe-133 was injected into the internal carotid
artery of a pig. Immediately after the injection the
blecod circulation was arrested. Both the 8l-keV and
31-keV radiation of Xe-133 were recorded. The results of
this measurement are given in Fig. 45.

buring the first minute, the circulation was not fully
arrested. After this period a very slow decay in the
'8l-keV' recording can be observed. A slightly faster
decay can be seen, however, in the recording of the
31-keV radiation. This decay cannot be due to clearance
by perfusion. The difference between the decay rates of
the '8l-keV' and '31-keV' recordings indicates a

gradual increase in the absorption of radiation in
cerebral tissue, which is different for the two radiation
energies. 0f course any increase in the distance between
Xe-source and detector would yield such recordings.

However, it might be a consequence of intertissue

b
/a1 Ra

600 ®a0cps

400 goleps |- -
rotemeter recording: = 4sec

200 40Deps |- -

Fig. 45 : Radicactivity of the cerebrum measured after

arrest of eirculation.
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diffusion, because immediately after an injection the
partial pressure of Xe in the highly perfused cortical
tissue is higher than in the more slowly perfused deeper
brain tissues.

For a two-compartmental model with intercompartmental
diffusion, it can be shown (Van Duyl et al, 1975; Bakker,
1976), that the relative weight Wg, calculated by {20),
depends on the ratioc ¢of the clearance rates in both
compartments. If the dependence cf the relative weight
on the c.b.f. is ascribed wholly to intercompartmental
diffusion, one can derive an estimate of this
intercompartmental diffusion.

Several other investigatcrs (Wellman et al, 1965;

Bozzaoc et al, 1969; Valois and Peperkamp, 1970;

Kasoff, 1970;11iff et al, 1973; Heiss et al, 1973) have
reported that the relative weight of the faster clearance
compartment is lower when the mean c.b.f. is lower. We
encounter this dependence cof Wg on ¢.b.f. more distinctly
in the pig, secticn IV-5,

It has been taken as a conseguence of problems in
separation of exponential components.

Because the multi-exponential character of the clearance
curves is taken as the main cause of the false
interpretation of Wg, the estimate ¢f intercompartmental
diffusion is doubtful.

Intercompartmental transport of Xe was assumed by Zwart
and Van Dieren (19274), alsc in order to explain both the
shift in the relative weights of grey and white tissue
and the oscillations they observed in the clearance
curves. To account for these oscillations, the
intercompartmental Xe-transport was assumed to have an
oscillatory behaviour.

To explain oscillations of the sort that they observed

in the clearance curves, it is necessary to suppose that
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the transport is caused by an active mechanism. The
simplest way that they could find of obtaining
oscillations was the addition to the two-compartmental
model of an on-off flow of blood, equilibrated with the
slow compartment, into the fast compartment. This type

of clearance they called the series release. Some
physiological support for their postulate is derived from
the observations described by Misrahy and Clark (1958),
section I-Z2.

Because any transport cf Xe~133 in the direction of the
detector implies that there is a decrease in the
absorption length of the radiation in the tissue, such
transport also implies an increase in the pulse rate.
Thus the fluctuations in the clearance curves can be
ascribed to the oscillatory character of intercompart-
mental transport of ¥e. The oscillations they observed
had nc fixed frequency, but varied with cycles of

about 8 and 30 seconds.

The statistical nature of radiocactivity might lead to
apparent oscillations in the clearance curves.

To search for these oscillations, we performed
experiments on two dogs under conditions similar to these
in the experiments of Zwart and Van Dieren. In order to
detect the oscillations with more certainty, however,

we measured the '8l-keV' and '3l-keV' clearance curves
simultanecusly. To reduce the effect of the finite sample
time on the oscillations a preset time of 2 seconds was
chosen instead of the 4 seconds we used in the other
experiments. The results of the analyses of the

clearance curves by a two-compartmental model have been
described in section IV-6.

Te detect the oscillations we first fitted a sum of three
exponentials and a constant to the clearance curves.

In most cases the eccentricity of the weighted sum of
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residuals was less than 1, so that this model yields a
good fit, Because the oscillaticns cannot be fitted by
the expcnential model, they contribute tc the residual
sum of squares. Hence, the small values of £ indicate,
that the oscillations, if present, cannot be large.

To perform a statistical investigation of the residuals,
the fitted model was subtracted from the clearance data.
According to the thecry of the Poigson statistics of the
pulse rate data, these residuals, divided by the square
roct of the fitted pulse rate figure, are normally
digtributed for high enough pulse rates, with a constant
standard deviation. This has been checked on data
measured from a constant Xe-source at different pulse
rate levels {Dreschler, 1975}.

If the fluctuations in the pulse rate, about a fitted
clearance curve, are purely of a statistical nature, the
weighted residuals are distributed normally, section III-4,
If there exists a periodic component in the residuals,
with a certain periecdic time, it will produce a peak in
the autoceorrelation function. However, the more the
period of the oscillations wvaries, the more difficult

it is to detect such a component by means of the auto-
ceorrelation function,

If there is a component in the residuals that is
associated with Xe-transport, it must be found bkoth in
the "8l-keV' and '31-keV' residuals at the same time.
Therefore a more sensitive method for the detection of
any non-statistical component in the residuals is by
means of the crosscorrelation between the weighted
residuals of the '81-keV' and '31-keV' clearance curves.
Correlation coefficients, originating from N values
distributed normally, have a mean egual to zero and a
variance equal to 1/N, if N is large enough {Jenkins and

Watts, 1968). Hence, we can define a 95% confidence



183

interval for certain values of the ceorrelation
coefficient originating from noise, namely i+ 1.96//N.
Of course the only relevant cross correlation in our
analysis is that between residuals of '8l-kevV' and
'31-keV' clearance curves at the same moment, p({0).
However, because there may be some time shift in the
replay of the '8l1-keV' and '31l-keV' recordings of the
clearance data, we determined alsc the cross correlation
between the residuals shifted by 2 seconds with respect
toc one ancther p(+2) and p{-2).

Table 15 gives the cross correlation coefficients for

a series with clearance curves measured in the dog, and
for two measurements made on a constant Xe-133 scurce
(Dreschler, 1975).

In this table + and - refer respectively to positive
and negative values of the correlation coefficient,
within the confidence interval, while p and n indicate
that positive or negative values lying cutside this
interval. The table shows that there are no significant
differences between p(0), p(+2) and p(-2), and that in
most cases the cross correlation coefficients are within
the confidence interval. Furthermore there is no
significant difference between the results with the
clearance curves and those with the constant Xe-133
source.

We conclude that there is no correlation between the
fluctuations in the '8l-keV' and '31-keV' clearance
curves, so that Xe-transport phenomenon of the type
described by Zwart and Van Dieren (1974) cannct be

detected in the clearance curves of our experiments.
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Table 15: Correlation coefficients between fluctuations

in 8I~keV and 31-keV clearance curves

In section II-1, in discussing the measurement
of c.b.f. by the Xe-clearance technique, the crucial
assumption is explained that the clearance rate is not
limited by diffusion {Kety, 1951). The theoretical
validity of this assumpticn is based on calculations of
the time reguired for inert, non-polar gases to attain
eguilibrium in the Krcogh cylinder, section I-2, after a
stepwise change of the concentration of the gas in the
capillary. Kety concluded from these calculations that
equilibrium is reached in about one second.
In the calculation it is assumed that tissue is a
homogeneous diffusion medium with a diffusion coefficient
in the range D = 1 to 3 x ].0—5 cmz/sec., which is
approximately equal to the diffusion coefficients of these
gases in water. Then the diffusion rate is so fast
compared to the rate of change of the concentration in
the blood, that during the clearance the gas concentration
remains approximately in equilibrium throughout the

tissue.
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The eguilibrium ratioc of the concentrations of the gas,
in tissue and blocd, the tissue-blood partition
coefficient X, is related to the sclubility ccefficients
of the gas in tissue Bt and blood Bb’ by the formula

A= Bt/Bb {2). Table 16 shows values of solubility and
diffusion coefficients of Xe in human cerebral tissue
and in olive ©il. Yeh and Peterson (1963) have shown
that, at body temperature, the solubilities of Xe and Kr
are essentially the same in olive oil and in animal fats.
For that reason Osborn et al (1969) chose clive oil as a
representative substance for studying the diffusivity

of these gases in fats.

Solubility coefficients for the cerebral tissue of the
pig are not known. In section IV-7 it is concluded that
low c.kb.f. values are obtained if the fitted decay
constants of the Xe-clearance curves are multiplied by
the partition coefficients taken from the literature.
Therefore we decided to measure the solubility coefficient
of Xe in the cerebral tissue of the pig.

Nc experimental wvalues of diffusion coefficients in
cerebral tissue are found in literature. This gap has
become particularly important in view of the criticisms
of Hills (1967). Hills' criticisms concern the value of
the diffusion coefficient assumed in the calculations

of Kety and the geometry of the diffusion medium. From
measurements of bloed flow in the muscle of the rabbit,
made by the Kr—85 clearance technigque, Hills concluded
that this tissue was not a homogeneous diffusion medium,
but encompasses a cellular phase and an extra-cellular
phase (interstitial fluid). He found that the diffusion
coefficient in the cellular phase was approximately

0.01 of the value in the interstitial fluid. As a
conseqguence the clearance of tissue is limited by the

diffusion rate in the cellular phase. Furthermore this
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5
substance femp. 8 D ; 10 reference
(OC) (em™/sec)
human cerebral _ Veal! and
grey tissue 37 | 0.11% Mallett {1969)
human cerebral _ Veall and
white tissue 37 0.2253 Mallett {1969)
human cerebral _ Veall and
tissve homogenate 37 | 01616 Maliett (1969)
Yeh and
human fat 37 | L8345 Peterson (1963)
37 | 1.8532 25.8
ofive ofl 30 | 1.9749 | 18.9 OS*’(‘;’Q%;’)* al
25 2.0725 15.8

Tagble 16: Solubility coefficients and diffusion

coefficients of Xe

implies that the c¢learance from a single type of tissue
is not mono-expconential,

Hills argues that for the determination of the diffusion
coefficient of a heterogeneous diffusion medium, methods
based on measurements transport under steady-state
conditions are not appropriate, because solute mclecules
would mostly by-pass regions with low diffusivity when
traversing the medium under the constant concentration
gradient stipulated in steady-state methods. For
heterogeneous diffusion media transient methods must be
applied, in which the transfer function of the solute

is determined. Hills {1967} directed attention to the
fact that the values of the diffusion coefficients for
various gases, referred to by Kety (1945}, were one
third to one fifth of the corresponding values for water.
This is of the order of magnitude tc be anticipated for
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the fraction of the cross sectional area of the

tissue occupiled by extra-cellular fluid.

Because of Hills' remarks we combined measurements of
the solubility of Xe in cerebral tissue with measurement
of the diffusion coefficient by a transient method.

The method we used is based on the measurement of
sorption of Xe-133 intc or desorpticn of Xe-133 from a
small amount of the cerebral tissue of the pig.

We preferred to measure the desorpticon for twe reascons.
Firstly the desorption process is more resembling the
Xe-clearance process in the experiments in-vivo.
Secondly the sorption method has the disadvantage that
the beginning of sorption is difficult to measure,
because then only a small amount of Xe is in the tissue,
while after a long sorption process the radioactivity

is reduced by the physical decay of the isotope.
Chtaining tissue in which Xe-133 is homogenecusly
distributed, is & problem in using the desorption methed.
This was solved doing experiments in-vive. After an
intra-arterial injection of Xe-133 the circulation was
arrested. Then a small amount cf cerebral tissue was
sucked into a syringe, the small tip of which had been
remcved. From the syringe a tissue layer of about 10 mm
was pushed on to the bottom of a glass tube, without
contaminating the inner surface of the tube with
radioactive tisgsue. To ensure that no bubbles remained
trapped in the tissue, the tube was centrifuged.

To ensure that eguilibrium was attained between Xe
desorbed into the air and that remaining in the tissue,
the tube was closed by a second glass tube placed on
top of it. In this way putrefaction and drying of the
tissue were prevented alsc. To minimize rediffusion of
Xe from the air space into the tissue, the volume of the

air space in the glass tube was made about 15 times
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larger than the volume of the tissue sample. Thus,
compared to the initial partial pressure of the Xe in the
tissue, the partial pressure will be low in the
egquilibrium situation.

Figure 46 shows the set-up for the measurement of the
desorption curves.

seintillation

water in

(372C)

Fig, 48: Set-up for the measurement of solubility and

diffusion coefficient of Xe imn cerebral tissue

The closed specimen tube is placed in a plastic box,

and is kept at 37OC, by water circulating around it.
Bex and tube were shielded by lead. In the lead shields
on both sides there was a window. Via the windows the
radiation from the tissue and from the air space above
the tissue were measured by two scintillation detectors.
The 'field of vision' of each detector was limited by
narrow collimators, resulting in responses of both
detectors, from a spherical source of Xe-133, with a
diameter of about 3 mm, placed at different distances
from the bottom of the tube, as shown in Fig. 47.

It appears that the radicactivity measured via one window
is well separated freom the radicactivity measured via
the other window.
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Fig. 47: Separation of 'fields of vision' of the
detectors via both windows in the set-up
of Fig. 46.

Tc allow for a difference between the pulse rates,
originating from equal concentrations of Xe-133 in the
field of vision of each detector, the response to some
Xe—-gas in a glass tube was measured. The gas in the tube
was homogenecusly distributed. This was checked by
shifting the tube with respect to cne scintillation
detector. The ratio cf the pulse rates of the two
detectors, referred to as the efficiency ratio, was

used as a correction factor in the determination of the
solubility coefficient of Xe in cerebral tissue.

During the desorption process the pulse rates originating
from the radiocactivity of the tissue and of the air

space were measured alternately at preset time intervals
cf 20 minutes.

Figuré 48 shows the results of measurements of

descrption taken cver a periocd of 160 hours. These data
are obtained from the measured pulse rates, by
subtracting the kackground radiation and multiplying by
et3182'5 in order tc correct for the physical decay of
Xe-133. Data points'at intervals ¢of 2 hours cnly are
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shown in the graphs. In this experiment the layer of
tissue was 0.9 cm thick and was a mixture of grey and
white tissue. It appears that after 100 hours both
phases are in eguilibrium.

The equilibrium ratio of the pulse rate estimated from
the fitted curves is rt/rg = 0.663. The efficiency ratio
in this measurement is 0.89. The ratio of the radio-

Desorption of Xe-133 from cerebral tissue

4

r x ]0_3; rox 107
g ¥

80 100 120 140 16C [hi]

Fig. 48: Desorption of Xe-133 from cerebral tissue:!
Pg pulee rate from Xe-133 in air

r. pulse rate from Xe-133 in tissue
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activities of the Xe in air and in tissue is the
0.663/0.89 = 0.745.

To allow for the absorption of the radiation in the
tissue, we assume that the radiation detected by the
scintillation detector originates from a tissue layer
of thickness 1.5 cm, which is egual to the inner
diameter of the specimen tube, and that the linear
attenuation ccefficient Mgy = 0.15 cm*l (Appendix I).
According te (73) the correction factor is then

1.5 x 0.15 (1 - 0-1> ¥ 1.5y _ 1y g,

Hence, the sclubility coefficient, found in this
measurement egquals 0.745 x 1.10 = 0.82. In a second
experiment we found B = 0.77.

The values of the golubility coefficient found in this
way, are more than four times larger than those reported
by veall and Mallett (1965) for human cerebral tissue
homogenate, and mcre than three times larger than those
for human cerebral white tissue.

The eguilibrium values are subtracted from the data in
Fig. 48 and the resulting points are plotted on a
semi-logarithmic scale in Fig. 49. For t » 10 hours, the
points can be fitted with a straight line, so that this
part of the desorption curve is practically mono-
exponential., From the slope of the semi-logarithmic plot
we find that Tt = 2.8 hours.

In Appendix II it is shown that the concentration of Xe
in tissue in this desorption process eventually follows
a practically mono-exponential function, with a time
constant egual to 4a2/ﬂ2D, where a is the thickness of
the tissue c¢olumn. Hence, the pulse rate originating
from the non-homogeneously distributed Xe in the wedge-
shaped field of wvision, also eventually becomes a
practically mono-exponential function with that time

constant. Since the thickness of the tissue column was
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Fig. 49: Semi-logartthmic plot of curves in Fig. 48,

0.9 cm in this experiment, we find D = 0.9 x 10_5 cmz/sec.
In the second experiment, referred to above, we find

D= 1.0 x 10—5 cmz/sec. These values are in agreement
with those reported by Kety (1951).

Because of the large difference between the solubility

coefficient found by the desorption method and the results
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of Veall and Mallett, it is useful to compare the two
methods of determination. Veall and Mallett (1965)
obtained samples of grey and white human cerebral tissue
weighing 0.5 to 1.0 g. They added 1.0 ml of distiiled
water to each sample. The mixture was ground with a
close-fitting glass pestle to produce a uniform fluid
with the consistency of thin cream. Approximately 1ml
of the tissue suspension was intrcduced into a glass
specimen tube (outer diameter 7 mm). Then about 0.1 ml
containing approximately 10 uCi of Xe-133 was

introduced in each syringe, and the tube was quickly
sealed. The tubes were left overnight in a water bath

at 37°¢C.

Immediately before the radicactivity measurements were
performed, each tube was shaken vigorously for a few
seconds and then spun briefly in a centrifuge toc ensure
that no bubbles were trapped in the liquid phase. The
specimen tubes were kept in water at 37% during the
measurements,

The measurements were performed by bringing the tissue
rhase and the gas phase alternately in the field of
vision of a collimated detector, Allowing for the added
amount of water, the solubility coefficient of the tissue
was calculated from the ratic of measured radicactivity.
We note that Veall and Mallett did all they cculd to
obtain eguilibrium between the Xe in the tissue and that
in the gas phase. The higher values of solubility that
we find with the desorpticon method indicate that
equilibrium has not yet been reached during our
observation time,

The published values of solubility coefficients are
determined from eguilibrium situations reached via
sorption of Xe in the tissue. Therefore we also measured

the process of sorption of Xe-133 in cerebral tissue, in
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spite of the disadvantages of this method described
previously. We used the same set-up, as for the
desorption measurement.

Figure 50 shows the result of such measurement. In
Appendix II it is shown that desorption and sorption
curves can be analysed in a similar way. In one
experiment we found B = 0.22 and D = 1.7 x 167> cmz/sec.
In ancther experiment, performed on a sample that
contained more grey tissue than the first sample, we

found B = 0.20 and D = 1.6 x 10 ° em?/sec.

Sorption of Xe-133 in white cerebral tissue

rgx10_4 e

rtx5x10_4

T T T T T T T

T T 1
5 10 15 20 25 30 35 40 45 350 [hr]
Fig. &0: Sorption of Xe—133 in white cerebral itissue
These values of the solubility ccefficients are

considerably closer to the reported values, It appears
that the scrption method yields larger values of the
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diffusion coefficient than the descrption methoed. This
means that the uptake of Xe in cerebral tissue is
faster than its release.

Now the question arises as to the cause cof the
significant differences between the wvalues of the
solubility coefficient and the diffusion coefficient
found by the sorption and the descrption methods. This
is an important guestion, because the desorption method
igs more in accordance with the situation in cerebral
blocd flow measurements, while the values ¢f the
solubility coefficients, which are generally used in
the analysis of clearance curves, rely on a complete
eguilibrium between the Xe in the tissue and that in
the gas phase.

The value of the solubility coefficient of Xe in pig
cerebral tissue homogenate, which is derived from the
sorption measurements is about 0.22. The value of the
solubility coefficient of Xe in blood with Hct = 32%,
is Bb = 0.13 {Fig. 3). With these wvalues the mean
partition coefficient X is about 1.7. Therefore, if the
mean transit time is about 0.2 min., section IV-53, the
mean c.b.f. is about 34 cm3/min/106 cm3 tissue.

Hence, the solubility coefficient of Xe in pig cerebral
tissue, being larger than reported values, contributes
tc the explanation cf the low c.b.f.-values we find if
partition coefficients taken from the literature, are
used.

If the desorption process contains a second component
with a decay constant which is 100 times larger than
the decay constant of the component that we have
measured, then this seccnd component appears to be a
constant during our observation time. Hills (1967) found
such a slow diffusion component and ascribed it to the

cellular phase of the tissue.
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A histological study of our tissue samples before and
after the descorption measurement showed that the
cellular structure had been lost. Hence, any slow
diffusion component, which may exist in the desorption
curves, cannot be due to a cellular structure in our
experiments. The tissue, however, is not homogeneous
and may contain structural elements, €.9. myeline, that
cause a delay in diffusion. In that case, however, it is
remarkable that then these structural elements not cause
a similar delay in sorption.

Let us assume that cerebral tissue is composed of two
substances, water and fat. The solubility coefficient
of Xe in water is 0.0834 {(Ladefoged and Anderson, 1967).
Because the scolubility coefficient in human cerebral
tissue homogenate is 0.1616, and the solubility
cecefficient in human fat is 1.83435 (Table 16), we can
derive that 4.5% of cerebral tigsgue conly is fat.

If tissue contains only 1% more fat then we find, that
B =0.1796, i.e. more than 11% increase in solubility
of cerebral tissue.

Osbeorn et al (1969) reported values of the diffusion
coefficient of Xe in olive oil which are about 25 times
larger than the values referred to by Kety (1951) and
the values we calculated from the fast diffusion
componant in cerebral tissue. However, because of the
relative small amount of fat and because it is
surrcunded by water, the rate of diffusiocn of Xe in
cerebral tissue is mainly limited by the water.

In the desorption method high initial c¢oncentrations in
both the water and the fat are obtained via the
microcirculatory system. It appears that a large
proportion diffuses out of the tissue sample at a rate
corresponding to that for water, and that a small

proportion remains. This small proporticn, however, is
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too large to ascribe it to water in eguilibrium with

the gags. It is likely to assure that fatty structures

are responsible for it.

We must assume then that diffusion out of these
structures meets high resistance. Furthermore, because
the sorption method yields values of the solubility
coefficients which are close to the reported values,

the diffusion resistance is smaller in this case, or else
the fat component that offers a high diffusion resistance
is a small fraction conly cof the total fat in the tissue
Because of the consequences for c.b.f. measurement, it

is important to emphasize that cur observations are
gsimilar to those described by Hills (19267), although

the situaticon during the desorption process is not
equivalent to the situation during clearance with

the microcirculation intact. Qur findings are consistent
with the conclusion that c.b.f. is underestimated if
partition coefficients taken from the literature are
used.

Because we do not know the diffusicon coefficient
assoclated with the slow diffusion component, we cannot
guantify its consequences for the analysis cof the
clearance curves., If the slow diffusion component limits
the clearance rate partly, it contributes slow components
to the clearance curves. These components cause an
underestimation of c.b.f., especially if the flow is
based on the calculaticn of the mean time constant of the
clearance curve. Furthermore they may contribute to the
values of the fitted constants.

Although our findings may explain the low ¢.b.f. values
we find with the Xe-clearance technigue in the pig,
compared to those in man, it is hard to believe that

the difference between the sorption and desorpticn

processes that we have observed is typical only of the



198

cerebral tissue of the pig. Therefore, it is important
that further resesarch on the solubility and diffusion
of Xe in cerebral tissue also in pigs and in other

ahimals should be carried out.
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APPENDIX T

Characteristics of the collimator for 8l-keV and 31-keV

With the nuclide Xe-133, 99.95% of the
disintegrations involve a transition energy of 81 keV.
A fracticon of 65% of these disintegrations produces
ccnversion electrons, which are followed by emission of
X-rays, predominantly at 31 keV. The other 35% of the
disintegrations invclve emissions of a 81-keV gamma ray.
Hence the ratio of the emission rate of 31-keV and of
81-keV photons of Xe-133 is 1.86.

In practice the ratic of the detected photons is much
smaller, because the absorption of the 31-keV radiation
in the medium between source and detector is greater
than the absorption of the 81-keV radiation.

We measured the response of our scintillation detector
(ITI-2-1) to a plane source of Xe-132 placed at various
distances from the collimator face. The plane source was
constructed from two glass discs of diameter 60 mm and
thickness 1 mm, held 3 mm apart by a glass ring. The
space between the discs was filled with Xe-133., In each
measurement about 50.000 pulses of both energies were
counted. The ratic of the pulse rates of the 31-kev

31
for each measurement, is plotted in Fig. 1lA.

radiation r and of the 8i-~keV radiation Tgqr calculated

The wvariaticon ¢f about 1% in this ratio can be fully
ascribed tc the statistical nature of the radiocactivity.
It appears that at distances between 0 - 50 mm the ratio
r31/r8l is independent ©f the distance, The value ¢f this
ratio, here 0.86, depends on the widths and situations

of the electronic windows of the pulse height analysers.

We used symmetric windows of 5/4 W.H.M. (III-2~1).
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Not only the ratio r31/r81 is independent of distance,

but so are the separate pulse rates Ty and r This

independence is a characteristic of narrow beg;
collimators, and it is caused by the cancelling out of
an increase of the amount of isotope in the detector
field, which increase is proportional tc the sguare of
the distance from the crystal, by decrease of the
contribution from each point source, which decrease is
inversely proportional to the sgquare of that distance.
The effect of absorption of radiation in air appears to
be negligible.

i
e

0.2,

L]
0.7
0.6
0.5
0.4 in water

o3

o.t

5 W@ 15 2 25 3 35 H 45 A0

4 frn]

Fig. 1 A: Ratio of the pulse rates of 31-keV and B1-kel
radiation from a plane source of Xe—-133 at various
distances from collimator face, with air or water

between source and collimator.

Steyn et al (1%74) published an analytical study of the
response 0f a narrow beam pipe collimator to a plane
source. From their publication we take the formula for

the plane sensitivity:

b 2 -ud

r = ag (21) e (1)
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where r is the pulse rate

is the density of the plane source, i.e.
the number of photons of energy E,
emitted per cm2 per second

£ is the detection efficiency for photons of
energy E

2k  is the inner diameter of the collimator

1 is the length of the collimator toc the
face of the crystal

d is the distance between plane source and
collimator face

H is the linear attenuation coefficient

The response ¢f the detector to the plane source was
measured at various distances from the collimateor face,
with water as an absorber between plane source and
collimator. The linear attenuation coefficients for

B81-keV and 3i-keV radiation in water are Mgy = 0.18 cm“l

and 1y, = 0.36 cm 1

(Weber and Rasmussen, 1972). Because
of the mono-exponential relationship between pulse rate
and distance, we expect a mono-exponential decay of
r31/r81 with increasing distance, which has a decay
T Mgy = 0.18 cm'l.

The results of the measurements with the plane source in

constant “31

water are shown in Fig. 1A. When these data are plotted
on a semi-logarithmic scale it appears that the ratio

can approximately be described with the function:

32l - .gg e70-12 4 (23)

The coefficient in this formula is affected by the
absorption of the radiation in the upper glass disc of

the plane scurce. In a separate measurement we found



202

that a layesr of 0.21 cm of glass reduces r31/r8l by a
factor 0.70. Hence the disc of 0.1 cm thick causes a
reduction determined by the factor:

1
(75=1n 0.7)0.1
e 0-21 = 0.84

Hence the experimental relationship between r and

317781
the distance of a plane source from the collimator face,

corrected for the absorption in the glass disc, is:

(3R)

We may wonder about the difference between the
theoretically expected decay constant and the measured
one. Figure 2A shows the contributions of circular areas
of the plane socurce, as functions of radius, with the
plane source placed in water at variocus distances from
the collimator face., About 85% of the detected radic-
activity originates from regions limited by the cone
drawn in the figure.

Hence if Xe~133 is homogeneously distributed in a volume
the 'field of vision' of the collimator is in practice
limited by the cone.

Figures 3A and 4A, the pulse rates for 8l1-keV and

31-keV radiation, have been plotted on a semi-logarithmic
scale. It appears that the attenuation coefficients are

! _ -1 ! _ -1
Mgy = 0.15 cm and Wy = 0.27 cm

. These attenuation
coefficients differ from the linear attenuatiocon
coefficients Mo and USI' reported above. We determined
the contribution to the pulse rate from those regions of
the plane source, that are limited by the cone

illustrated in Fig. 2A. These values have been plotted
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81

Fig. & A: Responee to a plane source of Xe-133 in water,

at vartous distances Ffrom collimator face.

in Figs, 32 and 4A also. It appears that here the
attenuation coefficients u;l and u;1 are close to the
reported linear attenuation coefficients of 8i«keV and
31-keV in water referred to above,.

We conclude that the differences between “81 and “81 and
between u3l and u3l are conseguences of the geometry of
the collimator, which is not an ideal narrow beam
ccllimator.

If we assume a plane scurce with thickness dx and Xe

concentration c, then the density of the plane source
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Fig. 3 A4 ++: Yoy measured for a plane source of Xe-133 in
water aqt vartous distances from collimator:
-1
r .
Wigy 7 0.15 em
xx: contribution fto pulse vate from regione of the
plane source determined by the cone in Fig.
W, = 0.6 e
is cdx. Hence, according to ocur results cf the
measurements, the response for such an infinitesimally

thin plane source, placed in water at a distance d from

collimator face, can be approximated by the formulas:

1
—u81d

ce dx (44)

81 g1

1
“UBzd

dr3l ce dx (SA)

931
where 951 and g5, are proporticnality factors, which
depend on the units in which ¢ is expressed.

(42) and (53)

Formulas are used in section III-3-2 to
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Fig., 4 A: ++: T2y measured for a plane source of Xe—133 in
water at different distances from collimator:
-1
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xx: contribution to pulse rate from regions of the
plane source determined by the cone inm
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derive the collimatdr response to a compartment.
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APPENDIX II

The one-=dimensional diffusion of gas in a solute
is governed by the differential eguation (Fick's second):

5 {6A)

where Cq is the concentration of the gas in the solute as
a function of time t and position x, and D is the
diffusion coefficient.

In order to separate ¢y into a function of position only,
denoted by X({x), and a function of time only, denoted by
T(t), we introduce:

cs(x,t) = T(t)x(x)
Then:
2
dc §7c 2
= = gr s - a7x
it = X{x) 3T and 5 = T(t) >
8§x dx
so that:
2
14T _ Dpax
T dt X 2
dx

This relaticon implies that the left~ and right-hand sides
of this equation are each equal to a constant independent
of x. We write for- -this constant A2D {Hsu Hwei, 1970).

Then the solutions of both differential eguations are:
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2
—)\ Dt
T({t) = e and X(x) = A sin Ax + B cos ix

Because there may be & number of values of X, that

satisfies these eguations, a more general solution is:

—AiDt
cs{x,t) = % e (An sin Anx + Bn cos knx) (724)

The wvalues of kn are determined by the boundary conditicns
of the experimental situation.

In the descrption experiment we assume that the gas
initially is homogenecusly distributed in the solute

{Fig. 5A), so that:

c (x,0 = with =~a € x < o
S’) CSO <

When this value of Cg is substituted in (7)), with t = 0,
we find:

— 1 i - < <
Cs,o Z(An sin Anx + Bn cos lnx) with -a € % o

We assume that the concentration of the gas at x > 0 is
kept zero during the desorption of the gas from the
solute.

If we extend this concentration function to a periodic
function, as shown in Fig. 5A, we can perform a Fourier

analysis and thus determine An’ A and Bn' The periodic

n

dc
function chosen implies that (€§§> = 0 at x = -a.

This boundary condition satisfies the fact that no
diffusion takes place across the boundary x = -a. The
discontinuity in Cg at x = 0 is approximated by the
Fourier series.
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Fig. & 4: Diagram of the initial concentration of the gas
in the solute and in the gas space, and the
approximatton of the concentration funciion in

the solute by means of a periodic Ffunction.

The Pourier expansion of the block function is:

_4Co - 1 m
cs(x,o) = = néo Sl sin{2n+1) 5%

Hence:

- 4C
Lo tmrnw o L %o
n 2a " Tn m{2n + 1)’ "n
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Substitution of these parameters in (74) yields:

-4¢ ~ 2
_ [] 1 . (2n+ld T -(2n+l} "t/
Cs(x’t} R l;éo Zn+l o1 7a - °® ] (8a)
where:
2
T = L«‘; ‘ (9n)
7D

For values of t/7t which are not too small, the convergence
of this series is rapid. For ¢t = 0.5 T and x = -a, the
absolute value of the second term in this series is less
than 0.6% of the absclute value of the first term. In
cther words, for high enough values of t/T the

desorption curves become mono-exponential.

For small values of £/T a rapidly ceonverging series is
(Crank, 1970):

- 0 (2n+lja-x
Cg(®sE) = C-o[néo‘ Lyierte “ume— *

+ io(—l)nerfc 122%%%%i£] {104)

In Fig. 6A normalized desorption curves are plotted on
a semi-logarithmic scale. These curves are constructed
for different values of x/a by means of both types of
series (Tukker, 1974). Depending on the value of x/a,
the first part of the curves show either a convex or a
concave course. Eventually all the curves become linear
with egual slope.

It appears that feor t > 0.5 1 the curves with

0.3 £ x/a € 0.7 are approximately mono-exponential and

have the time constant 1 defined in (QA); Hence, by
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determination of 7 from an expconential desorption curve,
we can calculate the diffusion coefficient D, provided
the length of the column of the solute, a, is known.

In our experimental situation {section V=-2-2) the space
above the solute is closed. As a consequence, the
concentration of the gas in this space (x » 0} rises
during the desorptiocon of the gas from the solute. Because
the diffusion process is governed by linear differential
eguations, we can find cs(x,t) by superposition of the
concentration in the sclute as calculated previcusly and
the concentration built up by sorption from the gas space.
Therefore we need to analyse the sorption process.

In the situation where the concentration in the gas space,
Cg’ is kept at a constant value, while the initial
concentration of the gas in the solute is zerc, it can

be shown that the concentration in the solute builds up

according to the formula:

4ac

- 2
_ oy 1 . (2n+l)w = {2n+1) t/{
cs(x,t) = ?4 + néo[;n+l sin 55X € (112)

Disregarding the constant, this sorption function is
similar to the desorption function {8a). Hence, we can
use sorption curves alsc to determine the diffusion
coefficient.

In the experimental situation the gas space is closed,
sc¢ that the gas concentration will ncot be constant but
will decrease during sorption., This of course will affect
the sorption curves.

To calculate the sorption into the solute when the
concentration in the space is an arbkitrary functicn
cg(t) of the time, we use Laplace transformed functions
(Abramowitz and Stegun, 1965}.

Fick's seccond law, expressed in Laplace transformed
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functions, is:

2
$ Cs(x,p)

2
) = dq cs(xlp) = 0
8x
where:
C (x,p) = f~ c_(x t)e"ptdt
s e} s\
and
2
¢« = B
The solution of this equation is {Crank, 1970):
Cs(x,p) = Ae_qx + BeT¥
From the boundary condition at x = a:
(5CS(X.p)) B
8§x x=-a - °
it follows, that:
B = Aean
We assume further that, at x = 0, the concentration
rises stepwise from zero at time t = (¢, hence,
c_ (o,p) = 1/p. In that case A + B = 1/p, so that the

-]

sorption curve can be described by the function:

cosh g (x+a)

= 1
Celxsp) = P cosh ga
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Because this is a response to a unit step function at

x = 0, the response to a unit pulse function is:

cosh {x+a)
———q——-—cosh T (123}

In the desorption exXperiments we found that the
concentration in the gas space can be described by an
exponentially increasing function. This concentration

function, Laplace transformed, can be represented by:

1

c.lp) = )
p+1/1g

+ K, (

1 1
P P

where Kl and K2 are constants. At the interface between
the sclute and the gas space (x = 0) the concentrations

are in eguilibrium; hence:

BK

= .1 i__ 1
Cgylo,p) = o + BX, (p p+l/Tg) (13R)
where B is the solubility coefficient.
The concentration function C_(x,p}, caused by the
expcenentially increasing concentration at x = 0, is
found by multiplying {(13A) with (122):
ey - LTS cosn )
g KB P cosh ga
BKZ cosh g(x+a}
{14R)

(p+1/Tg)cosh ga

We can express this function as a series of exponential

terms by using Heaviside's expansion thecrem, i.e.:



n
Cs(xrt) = £ -
N (pk)

where Py are the roots of N(p) = 0.

According to Crank (1870} the poles of coshx are

¥ = % (2n+1}7j/2, (n = 0, 1, .. ™). Hence, the poles
of the concentration functicn (14A4) are:

p=0; -1/t (2n+1) %t /7
Hence, the expansion theorem yields:

-t/T

2
g (el Tt/ K e ¢ (15a)

lieg ¢

cs(x,t) = K3 + K

n=0 "n,4

where K., X and K. are constants.
3 n,4 5

We note that, when the concentration in the gas space
increases exponentially with a time constant Tg’ then
the concentration function for the solute increases
according to a serxies of expconential terms, with time
constants equal to those in formula (8A), plus an extra
exponantial term with the time constant 1 _.

In the desorption experiment this course of the
concentration function is superimposed on the course of
the concentration calculated with the condition that c
is kept zero.

in the experiments it turns out that the difference
between T and Tg ig small. This is a conseguence cof the
fact that the concentration in the gas space builds up
at a rate that is determined by the rate of desorption
from the sclute.

Therefore we conclude finally that, although the
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concentration in the gas space is not kept at zero
during the desorption experiment, the variation of the
concentration in the sclute will eventually become
mono-expeonential, with 2 time constant that is
. 4a

approximately equal to ——-

mD
This is the theoretical background to the determinatiocn
of the diffusion ccefficient described in section

V-~2-2, using desorption and sorption methods.
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SUMMARY

The measurement of bloocd flow in the cerebrum
is important both clinically and for research. A method
which is often used is based on the measurement of the
clearance cf the radiocactive inert gas Xe-133 from
cerebral tissue via the blood. The Xe-133 is administered
either by injection inte an artery in the neck {injection
technique) or via the lungs (inhalation technigue}. The
clearance is measured by means of a radiation detector
placed over the skull.

The injection technique is more attractive from a
measurement point of view, but traumatic for the patient.
The inhalation technigue is atraumatic, but yields less
reliable results.

After a survey of various methods for the measurement
of cerebral bleced flow, this thesis gives a description
of the clearance techniques. Experience with the
inhalation technigue is discussed. The results of the
injection technigue, applied to the pig, are then
described.

A study of the usual two-compartmental model for the
interpretation of the clearance curves is included. The
model study is based on simultaneous registration of the
81-keV and 31-keV radiation of Xe-133. It is found that
the medel cannot acccount for the results. Problems of
interpretation arise when the clearance curves are
analysed as a sum of exponential terms. It is proposed
that the curves may be analysed as a series of positive
powers of the time.

The fallacy of the two-compartmental model is more
manifest in the measurements in the pig than in
measurements in other animals., This is a conseguence

of the remarkably low rate of clearance of Xe-133 in the
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pig, compared tc published observations on other animals.
Therefore this study is a model for the characteristic
problems to be expected in situations where the cerebral
blood flow is pathologically reduced.

From a small series of measurements of the diffusion
coefficient and the solubility coefficient of Xe-133 in
cerebral tissue, based on sorption and desorption
measurements, remarkable results are cobtained, which
deviate from published data.

An interesting relation between the cerebral blood flow
and the carbon dioxide in the expired air is cbserved,
namely a hysteresis effect and a relative maximum in

the flow at low concentrations of carbon dioxide.
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SAMENVATTING

Het meten van de doorbloeding van de hersenen
is van belang zowel voor de kliniek als ook voor
wetenschappelijk onderzeoek. Een veel toegepaste methods
is gebaseerd op de meting van de uitwas van het radic-
actieve edelgas Xe-133 uit het hersenweefsel door het
bloed. Het Xe-133 wordt toegediend 4.m.v. een injectie
in een halsslagader (injectie-techniek) of via de
longen (inhalatie-techniek}. De uitwas wordt gemeten
m.b.v. stralingsdetectoren geplaatst op de schedel.

De injectie-techniek is meettechnisch aantrekkelijker,
maar traumatisch voor de patiént. De inhalatie-techniek
is atraumatisch, echter de meetresultaten zijn minder
betrouwbaar.

Dit proefschrift geeft, na een overzicht van een aantal
andere methoden om de hersendoorblcoceding te meten, een
beschrijving van de ultwastechnieken. Hierbij komen
enige ervaringen met de inhalatie-techniek ter sprake.
Vervolgens worden de resultaten beschreven van de toe-
passing van de injectie-techniek op het varken. Hierin
is opgenomen een studie van het gebruikelijke twee-
compartimenten model vocr de interpretatie van de
uitwascurven. Deze modelstudie is gebaseerd op een,
gelijktijdige registratie van de 8l-keV en 31-keV
straling van het Xe-133. Gebleken is, dat dit model

tot strijdige resultaten leidt.

Interpretatie-problemen ontstaan, indien de curven
geanalyseerd worden volgens een som van e-machten.
Voorgesteld is de uitwascurven te analyseren volgens een
positieve macht-reeks van de tijd.

Het falen van het twee-compartimenten model manifesteert
zich sterker bij metingen aan het varken dan bij

metingen aan andere proefdieren, Dit is een gevelg van
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een opvallend lage uitwassnelheid van het Xe bij het
varken, vergeleken met gepubliceerde waarnemingen.
Hierdoor staat deze studie meodel voor karakteristieke
problemen die te verwachten zijn bij lage hersendoor-
bipeding b.v. in pathologische geﬁailen.

Op greond van een kleine serie metingen van de diffusie=-
coefficienten en oplosbaarheidscoefficienten van Xe-133
in hersenweefsel, gebaseerd op sorptie en desorptie
metingen, ziin opmerkeliijke, van de literatuur afwiikende,
resultaten verkregen.

Voorts is aan het varken een bijzondere relatie
geobserveerd tussen de hersendoorbloeding en de kool-
zuurspanning in de uitademingslucht, t.w. een
hysteresiseffect en een relatief maximum in de dcor-

bloeding bij lage koolzuurconcentraties.
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