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Local Cerebral Blood Flow
Measured by CT After
Stable Xenon Inhalation

A safe, practical, clinically applicable, noninvasive method for measuring local
cerebral blood flow (LCBF) using inert xenon (Xe®) and a 60 sec CT scanner has been
developed in the baboon. Direct measurement of expired Xe® concentration after short
inhalation (4-7 min) of 40% Xe® and the use of computer-programmed autoradiographic
formulas allow accurate, reproducible measurements of LCBF using serial 60 sec scans
of regions as small as 0.04 cm®. LCBF measurements are possible with a single 1 min
scan. The method reduces radiation exposure, obviates a costly fourth-generation
scanner, avoids anesthetic effects of Xe®, and reduces the 30 min/scan saturation
period. It is less expensive than emission tomography and minimizes problems of
overlap and Compton scatter inherent in '**Xe and positron-emission blood fiow
measurements. Regions of zero perfusion are demonstrable in three dimensions. Tissue
solubility and partition coefficients, as well as LCBF, are measured in vivo with high
resolution and reproducibility so that minor regional changes in physical properties of
tissue that alter solubility are measured. These enhance the potential clinical usefulness
of CT scanning.

Measurement of cerebral blood flow using stable xenon (Xe®) computed tom-
ographic (CT) scanning has been largely confined to animal models for several
reasons [1-6]. Anesthetic properties of high concentrations of Xe®, expense,
high radiation dosage from excessive serial scans, time, and personnel necessary
for prolonged studies involving immobilized patients have limited clinical imple-
mentation. Techniques described here minimize or avoid these adverse factors
and combine inherent advantages of Xe® (an inert gas administered by inhalation,
which is diffusible, lipid soluble, and an excellent radiographic contrast agent)
with the 3-dimensional resolving powers of CT scanning.

Emission tomography, particularly with the use of short-lived positron-emitting
iostopes, has promise for in vivo measurements of metabolism. However, these
instruments are expensive and highly specialized, and a cyclotron or powerful
generator is necessary to produce the isotopes. Transmission tomography has
advantages for measuring local cerebral blood flow (LCBF) compared to external
counting of isotopes such as '**Xe. CT scanners are widely available and
Compton scatter and overlap are minimized, so that the possibilities for 3-
dimensional resolution in vivo are optimal.

Xe® has been used successfully as a contrast agent during CT scanning of the
brain, and its pharmacology and clinical safety are known [1-19]. After prolonged
inhalation of high concentrations (80% in oxygen) it has anesthetic properties
and may be used for induction of light surgical anesthesia. If lower concentrations
(40%-50%) are inhaled and if brief intervals for inhalation are used (about 3-10
min), the anesthetic effects of Xe® are minimized. After inhalation, Xe® is freely
diffusible through all tissues, particularly brain tissue because of its high lipid
solubility [13, 14]. It has an atomic number of 54, compared to 53 for the
nondiffusible contrast agent iodine. Both absorb x-rays and give excellent con-
trast with high resolution on CT scanning [1-6, 15-19].

Xe® rapidly diffuses across the blood-brain barrier after inhalation to saturate
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different tissues of brain in proportion to their fat solubility.
Xe® is thus a potential indicator of both tissue perfusion and
tissue solubility. After Xe® inhalation, changes in regional
Hounsfield units (AH) measured in normal or abnormal brain
tissues by the CT scanner are directly proportional to (1)
the percentage concentration of Xe® inhaled [18]; (2) its
solubility in arterial blood; (3) the solubility coefficients and,
hence, the partition coefficient between blood and brain
(A\) of the normal and abnormal tissues scanned; and (4)
local cerebral blood flow. Since many of these variables
may be measured or can be controlled, such as the Xe®
concentration inhaled at the time of tissue and blood equi-
librium (and hence the concentration of Xe® in the arterial
blood of the end-tidal air), the A of normal and pathologic
tissues may be determined in vivo by recording the AH units
in the brain tissue when tissue saturation has been reached
[5]

In vivo measurements of A of regional brain tissues are of
interest for two reasons:

1. In pathologic regions of brain that become edematous,
neoplastic, demyelinated, gliotic, or infarcted, regional A will
be altered, providing in vivo quantitative measurements of
physical or chemical changes in brain tissue composition.

2. Knowledge of A for Xe® of normal and abnormal tissues
in vivo will permit quantitative calculation of regional cere-
bral blood flow during saturation or desaturation with a
precision and resolution not previously possible. Until re-
cently [5] the As of pathologic tissues were not measurable
in vivo, so that normal A values were used for calculating
LCBF, generating unpredictable errors [20-26].

In the absence of gross pulmonary disease, end-tidal
measurements of Xe® (PEXe®) during inhalation of the gas
are in equilibrium with arterial blood. This permits a nonin-
vasive method for recording the arterial input function of
Xe®, knowledge of which is essential for measuring LCBF.

We describe methods for graphing PEXe® saturation and
desaturation curves concurrently with serial CT scans of the
brain measured in horizontal and coronal planes after brief
inhalation of mixtures of 30%-80% Xe® in oxygen. Forty
blood flow measurements were made in 10 normal baboons
to determine the accuracy and reliability of the cerebral
blood flow measurements. Steady state reproducibility, ef-
fects of hypocarbia, hypercarbia, anesthesia, and brief an-
oxia were all tested. Comparable LCBF measurements in
baboons after experimental cerebral embolism and infarc-
tion are the subject of a separate report [6].

Materials and Methods
Preparation of Animal Models

Ten baboons (Papio anubis) weighing 5-7 kg were used for
measurements of LCBF and A values by inhalation of Xe® and
measurement of cerebral tissue saturation and desaturation by CT
scanning with the EMI scanner. Forty satisfactory saturation and
desaturation measurements of cerebral clearance of Xe® recorded
concurrently from each of two coronal or horizontal slices of brain
tissue, 4 mm apart, were analyzed.

In 14 additional baboons regional cerebral blood flow (rCBF)
measurements were made under comparable experimental condi-
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tions using the '**Xe intracarotid bolus and inhalation methods for
purposes of comparison [22, 23, 26].

Prior to all surgical manipulations, light anesthesia was induced
by intramuscular injection of ketamine hydrochloride (Ketalar, 2
mg/kg body weight) supplemented as required by regional injection
of 1% lidocaine hydrochloride at all incision and catheterization
sites. Tracheostomy was made under sterile conditions, with inser-
tion of a plastic endotracheal tube. Metal fittings were avoided
because they are a potential cause of CT artifact. Inmediately prior
to CT scanning, temporary immobilization was assured by intrave-
nous injection of pancuronium bromide in doses of 0.2 mg/kg and
respiration was assisted with a Harvard respirator.

Relevant physiological variables were monitored by using a dis-
tortion-free ink-writing polygraph, with linear response and maxi-
mum pen deflection of 25 cm. End-tidal partial pressure of carbon
dioxide (PEco,) and oxygen (PEO.) were recorded by a Godart
capnograph (type 146, Instrumentation Associates, New York, NY)
and Beckman OM15 oxygen monitor (Beckman Instruments, Ful-
lerton, CA). End-tidal Xe® was monitored by using a Gow Mac
thermoconductivity gas analyzer (Gow Mac Instrument Co., Bound
Brook, NJ). Blood pressure was recorded by using a strain gauge
connected to a catheter placed in the aorta via the femoral artery.

In two animals, the PEXe® measured by thermoconductivity was
compared to AH units of a series of arterial blood samples. Arterial
blood samples were drawn for determination of hematocrit and
hemoglobin values after each CT study. The electroencephalogram
(EEG) was recorded from each hemisphere throughout the Xe®
inhalation in all animals except the two in which coronal sections
were made. In these two animals the EEG recordings were omitted
because the EEG electrodes interfered with the CT scans.

CT Scanning

An EMI 1010 CT unit was modified with 180 mm wedges, and a
4 mm collimator. The unit was fitted with a cursor for selecting
regions of interest assisted by a graphics enhancement device (4S,
EMI) which permitted recording AH changes with a resolution as
small as 0.04 cm® (0.1 cm? X 0.4 cm). By AH changes, we mean
the change in Hounsfield units during saturation and desaturation
of brain and blood with Xe® gas. With our instrument, AH values
breathing air in the steady state are recorded plus or minus one
standard deviation (for either gray matter or for white matter), so
that changes induced by xenon inhalation of A 2 H or more may be
considered reliable. The x-ray beam was adjusted to 100 kVp at 40
mA with a 60 sec scanning mode. Two scans were made 4 mm
apart with each 60 sec exposure. Scans of the same region were
usually made at 1 min intervals for a series of four scans with a 30
sec pause for computer processing before the next series began.

Seven baboons were placed only in the conventional position for
horizontal scans with the head slightly flexed to obtain scan angles
of 0.10° above the orbitomeatal line. Two baboons were prepared
with the head hyperextended so that the scans were made only in
the coronal plane, and in one baboon scans were made in both
coronal and horizontal planes. The head was placed in a polystyrene
block, thereby centered and immobilized in the CT aperture. The
baboon reclined comfortably on the infant couch. To minimize CT
artifacts, a plastic endotracheal tube was used for maintaining
assisted ventilation during the immobilization necessary for the
scanning procedures. The EEG electrodes were placed on the
scalp so that they did not encroach in the CT field.

Xenon Inhalation

Pure (100%) commercial xenon was obtained as a custom med-
ical diagnostic device for use with the CT scanner from Union
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Carbide Corp. (Linde Division, Houston, TX) in 50 liter tanks.
Mixtures of 30%, 35%, 40%, 50%, and 80% Xe® in oxygen were
prepared by filling polyethylene bags of known volume with mea-
sured parts of 100% Xe® and 100% O.. The resultant mixture to be
inhaled was then checked for oxygen and Xe® content by the gas
analyzers. Different time intervals of inhalation of the Xe® mixture
were tested (2, 3, 4, 7, 10, and 20 min) in order to determine
optimal inhalation and scanning times for LCBF and A measure-
ments.

0, (100%) was breathed for at least 10 min before Xe® inhalation
in order to desaturate nitrogen from the tissues. Mixtures of 30%—
80% Xe® in oxygen were then substituted for 2-20 min intervals.
Since end-tidal Xe® was monitored as well as PEo,, preliminary
desaturation of nitrogen from the brain and body simplified calcu-
lation of Xe® and oxygen concentrations. Also, brain tissue was
saturated with Xe® more rapidly and efficiently because of Henry's
law of partial pressures, whereby the brain tissue Po; is higher than
capillary Po, during Xe® inhalation, hence Xe®* moves rapidly into
brain tissue to displace the oxygen in the absence of nitrogen. At
least five scans were made during the washin period at 60-90 sec
intervals which were accurately noted on both polygraph and CT
scans. Once the Xe® had equilibrated, as judged by plateaus
achieved by both end-tidal gas values and brain CT AH units,
oxygen inhalation was reinstituted and the next series of CT scans
was carried out during the washout period. The PEXe® and PEo,
were monitored throughout and showed mirror image patterns of
change. Knowledge of either could be used for determining arterial
Xe® levels when calculating blood flow values, although direct
measurements of PEXe® are recommended. Oxygen (100%) is a
mild cerebral vasoconstrictor, reducing LCBF values for gray matter
by at most 5%-10% and white matter by considerably less. How-
ever, during the LCBF measurements, 20%-70% oxygen was in-
haled which would have minimal vasoconstrictive effects well within
our experimental error of 10%.

After Xe® cerebral blood flow studies were completed, CT scans
were repeated at comparable levels after intravenous injection of
1.2 g iodine/kg body weight in the form of diatrizoate meglumine
(Reno-M-DIP, Squibb) to better visualize intracranial anatomy and
to aid in accurate definition of regions selected for LCBF measure-
ments.

Neuroanatomic Studies

All brains were removed after sacrifice of the animal and fixed in
10% formalin. After fixation for 1 week, the brains were sectioned
in 4 mm slices in the same horizontal or coronal planes in which the
CT scans had been made. These were photographed and compared
with CT sections used for Xe® measurements to assure correct
selection of regions of interest. Representative blocks were em-
bedded in paraffin, sectioned at 15 um and stained with hematoxylin
and eosin, Luxol fast blue, phosphotungstic acid hematoxylin, and
Gomori trichrome stains.

Results
General Observations

Inhalation of mixtures of 50%-80% Xe® in oxygen for 2
min or longer produced visible changes in serial CT scans
of the brain during saturation and desaturation. When sat-
uration was achieved the entire brain, except the ventricles,
had a diffuse and homogenous white appearance (fig. 1)
although the AH units were higher in white matter than gray
matter (fig. 2). The greater solubility of Xe® in white matter

LCBF AFTER STABLE XENON

215

compared to blood and to gray matter is indicated by the
larger AH units measured for white matter compared to
blood or gray matter during saturation. When 50% Xe*® was
inhaled, the AH units were proportionately reduced by about
five-eighths of that seen during 80% Xe® inhalation (fig. 2).
When other mixtures of Xe® were inhaled (such as 30%)
they likewise showed linear relationships to the concentra-
tion of Xe® in the inspired air. Reliable A values were deter-
mined with inhalation of Xe® mixtures as low as 27%; how-
ever, for LCBF measurements, mixtures of at least 35%-
40% Xe® are recommended in order to insure that the AH
units are sufficient to provide reliable data for calculation. In
humans, the ability to measure larger volumes of homoge-
nous tissue should permit LCBF measurements with sub-
anesthetic concentrations of Xe® and improved counting
statistics. During saturation, gray matter showed more rapid
increases in tissue density and AH units than white matter,
reflecting the more rapid rate of perfusion of gray matter.
Likewise, during desaturation, gray matter cleared more
rapidly due to its higher rate of perfusion, leaving the white
matter with its slower rate of perfusion and its great solubility
for Xe® temporarily in relief (fig. 1). During saturation with
Xe®, all the ventricles were clearly outlined, since there was
no apparent entry of Xe® into the cerebrospinal fluid (fig. 1).
The pattern of change during desaturation was the reverse
of that seen during saturation.

In Vivo Determination of Tissue-Blood Partition Coefficients

Brain-blood partition coefficients (\) for all regions of
interest were obtained using the following formula:

_ OXe® (tissue)

S (1)
©Xe® (blood)

where ©Xe® are the relevant tissue solubilities for Xe® be-
tween brain and blood. Satisfactory data was obtained by
inhalation of 30% Xe® until saturation was achieved. Anes-
thetic effects are avoided by the use of low concentrations.
To obtain blood or brain tissue O values with the CT scanner,
the AH values for different regions of brain tissue are mea-
sured at saturation from the following equation [10]:

1" /o™ X 100

2
515 X C =

OXe® = AH X
where AH is the increase in Hounsfield units (H) at saturation
with Xe® in both arterial blood and brain regions of interest;
1" is the mass attenuation coefficient for water; ,**" is the
mass attenuation coefficient for Xe®. Xe® gas density under
ideal conditions is 5.15 mg/cm?® at 760 mm Hg and at 37°C.
This value was used in solving equation 2. C is the percent-
age concentration of Xe® inhaled. Ratio (u,"”/u,*®) varies
with the kilovoltage used and must be determined empiri-
cally for each CT scanner setting.

Two methods were used for calculating A:

1. Directdetermination of A in vivo. Brain tissue saturation
after inhalation of Xe® was assumed when plateaus ap-
peared in both arterial and brain AH values. In practice this
was consistently seen within 10 min of the start of inhalation
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(fig. 2). If A values were determined before tissue saturation
was complete, they tended to be underestimated. (Curves
could be extrapolated to plateaus, however, thereby avoid-
ing underestimation.) Arterial blood samples were drawn at
corresponding time intervals in plastic syringes and scanned
in a plastic phantom in the same manner as the brain tissue.
Thus the AH units for both artery and brain tissue were
obtained and A could be calculated directly by substitution
of AH in the following equation:

AH (tissue)

= 3
AH (arterial blood) 3

2. Indirect determination of the solubility of Xe® in blood
O of different hematocrits. The solubility of Xe® in blood is
related to the hematocrit value (Ht) which may be expressed
by the following formula [26]:

vol RBC
—— ] +0.10 (4
vol B/ood) "

© Xe® blood = 0.0011 X Ht (%

Thus 6 Xe® blood may be substituted for the denominator of
equation 1. However, calculation of the © Xe® (tissue), which
is the numerator of equation 1, using equation 2 requires
knowledge of u,* /u,*®" which was measured in vivo—equa-
tion 2 may be rewritten:

, OXe°x5.15%xC
w Xe*= 5
Mo /e AH x 100 ©)

The blood of known hematocrit for the baboon was
scanned before and after saturation with a known concen-
tration of Xe® (C) and the AH obtained. ©Xe® (blood) was
calculated separately using equation 4. In three baboons
(11, /11, was calculated using the CT scanner with the
kilovoltage set at 100 and was found to be 2.54 x 1072 +
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Fig. 1.—Normal Xe® desaturation of entire
brain slice by serial CT scans. A, 1 min scan made
at saturation 10 min after starting Xe® inhalation.
Homogeneous Xe® enhancement of entire brain
except for lateral ventricles. B-E, Serial 1 min
scans made after initiation of 100% oxygen inha-
lation. Rapid clearance of Xe® contrast from cor-
tical gray matter which creates temporary en-
hancement of white matter (in D). F, lodine con-
trast scan made after completion of Xe® scans, at
same level. Cortex choroid plexus, and falx cerebri
are seen. For LCBF measurements, regions of
interest are selected and AH units recorded from
those regions.

30 —
e—e Internal capsule | 80% Xe
o—o Caudate nucleus +
%5 —— End-tidal Xe$ 20% 0p
e-- Internal capsule | 50% Xe
o---0 Caudate nucleus +
2 === End-tidal Xe® 50% 02
.‘é‘
S
g 15 e \
Z
2
q 10
5
0 [ ) [ [ |

0 2 4 6 8 1012 14 16 18 20 22 24 2
Minutes
Fig. 2.—Saturation and desaturation curves during inhalation of mixtures
of 50% and 80% Xe® in oxygen in normal baboon for intervals of 11 and 12

min. Typical end-tidal, internal capsule, and caudate clearances are shown;
clearances of numerous other regions of brain were concurrently measured.

0.4 X 1072, Thus, AH for blood at saturation, may be
calculated from equation 5 and knowledge of the percent-
age concentration (C) of the xenon mixture. If the change in
end-tidal Xe® (PEXe®) values measured by the thermocon-
ductivity sensor are now multiplied by this result, the PEXe®
values are then expressed in AH units. Indirect calculation
for A (partition coefficient or solubility between blood:brain)
may now be achieved using this constant without having to
obtain AH for each arterial sample. In practice to render the
method noninvasive, the AH changes for arterial blood were
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estimated at 10 sec intervals from the percentage change
in thermoconductivity values for PEXe® (which is in equilib-
rium with arterial blood) and after conversion to equivalent
AH values, may then be substituted as the arterial blood
values when calculating LCBF values. For example, when
100% oxygen was breathed, PEXe® was assumed to be
zero; when saturation was achieved this value was assigned
100%. Percentage PEXe® values were then multiplied by
the AH values for blood at saturation determined directly by
scanning arterial or venous blood samples or indirectly by
using equation 5 and knowledge of the hematocrit.

End-tidal Xe® concentration was monitored by the use of
a Gow-Mac thermoconductivity gas analyzer. This instru-
ment showed a linear response for detecting Xe® using
calibrating mixtures of known content obtained commer-
cially with an error of less than —5% for Xe® versus 100%
oxygen and +3% for 100% nitrogen (fig. 3). There was no
distortion due to changes in PEco, or H>O vapour within the
physiological range.

The end-tidal Xe® curve was recorded on the polygraph
from the thermoconductivity gas analyzer and was com-
pared with simultaneous recordings and equalized calibra-
tions by use of (1) end-tidal '**Xe mixed with Xe® recorded
by a Nal crystal scintillation detector [26] and (2) from AH
units obtained by scanning serial arterial blood samples
drawn with each scan (fig. 4).

Calculation of Local Cerebral Blood Flow

The theoretical basis for calculation of LCBF using inha-
lation of Xe® and CT scanning is derived from the Fick
principle. The following equation was reviewed in detail by
Kety and Schmidt [27, 28]:

-
Cb(T) = AK; J' Ca(t)e™ ™" dt (6)
o

where Cb(T) is the concentration of the tracer substance
(Xe®) in the brain region of interest at a given time T;; A is
the tissue-blood partition coefficient for the tracer sub-
stance; K; is the rate of blood flow per unit of tissue volume
(fi) divided by A; and Ca(t) is the changing concentration of
Xe® in the arterial blood or end-tidal air (with which the
arterial gas is in equilibrium) during the time interval O-T.

In order to calculate the blood flow to a given region of
the brain the following variables were measured: (1) con-
centrations of Xe® in the brain tissue regions of interest; (2)
the time course of changes in the arterial blood or end-tidal
concentration of the tracer, Xe®; and (3) tissue-blood parti-
tion coefficient (A\) for the given region of the brain.

The following five different methods for calculation K;
values with or without deconvolution were attempted:

1. The biexponential model of Obrist et al. [22] provided
an algorithm for computer solution of both K, (fast clear-
ance) and K, (slow clearance). This was found to be appli-
cable when selected brain regions of interest were large
and included both gray and white matter so that a biexpo-
nential clearance of Xe® resulted. The changes in AH units
for end-tidal PEXe® at 10 sec intervals were used for the
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Fig. 3.—Calibration of Gow Mac thermoconductivity gas analyzer. Left
panel shows response of meter to 100% Xe® compared to 100% oxygen.
Small oxygen response is in opposite direction (error less than —5%). On
right is plot of series of four calibrating gas mixtures; response of meter is
linear. Testing was also carried out with H,O, nitrogen, and CO; in their
physiological ranges; all indicated nitrogen errors less than +5%.
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Fig. 4.—Normalized, superimposed plots of arterial Xe® content during
inhalation of 80% Xe® for 6 min, graphed as: AH units of samples of arterial
blood measured by the CT scanner (open squares), end-tidal '**Xe label
(broken line and dots), and thermoconductivity values measured in end-tidal
air (solid line). All methods of measurement are in good agreement.

“‘air curve’’ plus the AH units determined from 7-10 serial
CT scans of the brain where large regions of interest were
selected for computer analysis. The program of Obrist et al.
was used with a PDP 1105 microprocessor [26].*

2. A monoexponential model was programmed for the
DEC 10 computer. This is a modification of the model of
Obrist et al. [22] using single compartmental analysis. This
provided solution for K; when the selected brain region of
interest was sufficiently small to provide homogenous flow.
This was confirmed by visual inspection of the monoexpo-
nential appearance of the clearance curves and calculation
of A values typical for pure gray or white matter.*

* See NAPS Document no. 03640 for 11 pages of explanatory notes.
Order from ASIS/NAPS, c/o Microfiche Publications, P.O. Box 3513, Grand
Central Station, New York, NY 10017. Remit in advance, in US funds only,
$5.00 for photocopies or $3.00 for microfiche. Outside the US and Canada,
add postage of $3.00 for photocopy and $1.00 for microfiche.
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3. An algorithm was specially programmed for the DEC
10 computer using an in vivo autoradiographic analysis.*
The principle is based on equation 6 of Kety and Schmidt
[27, 28], but is derived from the early models of Landau et
al. [29] and Reivich et al. [30] determined by postmortem
autoradiographic analysis. The arterial saturation values in
AH units were calculated at 10 sec intervals from the PEXe®
curves. This proved to be ideal when the selected regions
of interest were sufficiently small so that homogeneous
tissues of either gray or white matter were measured. (It
should be emphasized that using methods 2, 3, and 4, it is
essential that small, homogeneous regions of tissue are
selected.) Theoretical considerations for application of this
model in vivo to emission tomography have been discussed
by Kanno and Lassen [24]. In this model, knowledge of the
concentration of Xe® in the brain at any point in time (T)
measured during saturation was provided by 1 min scans
together with knowledge of the arterial saturation curves
provided by PEXe® measurements. With the EMI scanner
serial measurements of LCBF were measured at intervals of
1 min. Ability to measure LCBF from a single 1 min scan
during Xe® inhalation is a distinct advantage, since the head
need only be held still for 3-4 min and with newer scanners,
scanning intervals of a few seconds may be possible.

4. The original formula for CBF measurement first de-
scribed for the nitrous oxide technique by Kety and Schmidt
[28] was modified. The AH curves from small regions of
interest and recorded from serial scans were used to provide
tissue saturation and desaturation curves considered to be
in equilibrium with capillary venous blood. The arterial (end-
tidal) clearance curves and tissue clearance curves were
normalized and plotted as a graph defining the areas be-
tween the two curves. This method calculates regional 10
min flow values but it is time consuming, impractical, and
with 80% Xe® low values due to its anesthetic effects are
apparent.

5. The method proposed by Pasztor et al. [31], where the
T 1/2 of each desaturation curve in the region of interest
was determined from the semilogarithmic plot after ignoring
the first 40 sec where recirculation is maximal, was modified.
This did not give reliable absolute quantitative flow values,
because there was incomplete correction for recirculation.
It was used as a relative index of flow and was compared to
the other methods.

Typical results are illustrated in tables 1 and 2 for LCBF
calculated by methods 2-5. Results using the bicompart-
mental method will be briefly described. Compared to the in
vivo autoradiographic method which is considered best, the
biexponential method of Obrist et al. [22] gave lower values
for white matter flow, comparable values for gray matter
flows, but was less localized and reliable since the As of
gray and white matter were not accurately measured, and
presumptive flows of gray and white matter (F,F5) are arbi-
trarily assigned to the slow and fast clearing compartments
in this model.

The monoexponential method of Obrist et al. [22] gave
similar values for the same regions examined as the in vivo
autoradiographic method, but took longer to calculate, did
not provide minute-to-minute flow values, was less accurate
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during brief inhalation intervals, required immobilization of
the head for 10 min, and arbitrarily assigned all low flows to
white matter. All LCBF values measured after 10 min of 80%
Xe® inhalation showed reduction due to anesthetic effects at
this high concentration. Anesthetic effects on LCBF were
not seen with Xe® mixtures below 50%.

Determination of Cb(T) by CT Scans

Method 3, termed the in vivo autoradiographic method,
proved best and most practical for several reasons. The AH
units for each region of interest during saturation for each
of two brain sections recorded concurrently 4 mm apart
were measured by examining volumes as small as 0.04 cm?®
(4 voxels). At 1 min intervals the Hounsfield units were
reproducible with low standard deviations, and computed
LCBF values showed statistically significant reproducibility.
Thus, minute-to-minute flow values were obtained. Once A
is obtained by a saturation scan after inhalation of 30% Xe®
for 10 min, inhalation of greater concentrations may be
inhaled briefly so that immobilization of the head for only 3
min is necessary to obtain reliable flow data if autoradi-
ographic analysis is used.

Autoradiographic analysis is only programmed for LCBF
measurements during saturation. However, the graphics
enhancement software may be used to select regions of
interest of any desired shape and anatomic locus. Mono- or
biexponential algorithms may also be used to calculate
LCBF data recorded from the same two brain sections
during each saturation and desaturation interval so that,
once the data are recorded, handling is flexible and different
methods of analysis may be used to confirm any LCBF
values that may appear unusual.

During different inhalations and in different normal ba-
boons, reliable LCBF measurements were collected
throughout representative regions of both hemispheres and
brainstem-cerebellar regions (tables 2 and 3). Horizontal
sections offer the greatest volume of brain tissue for LCBF
measurements. Coronal sections have the advantage of
better discrimination for certain anatomical loci such as the
temporal lobes, insular regions, hippocapus, internal cap-
sule, and the brainstem. Serial LCBF measurements were
highly reproducible (fig. 5) (r = 0.89, p < 0.05). The
measurement error (coefficient of variation) was 5.2% for A
values and 10.2% for LCBF values, which compare favora-
bly for hemispheric values measured in the baboon with the
'33Xe method [32] and rCBF values measured with '*3Xe
method in man (table 4) [22, 23]. Absolute values for gray
matter were in excellent agreement with '**Xe values (table
5). White matter flow values determined by the in vivo
autoradiographic or monoexponential methods were con-
sistently higher. Possible explanations for this will be dis-
cussed later.

Estimated Methodologic Error in Determining Tissue
Clearance Curves for Xe® by CT Scanning

Potential distortions of brain tissue saturation and desat-
uration curves plotted from AH units derived from serial 60
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TABLE 1: 80% Xe®* Measurements of Partition Coefficients and Local Cerebral Blood Flow Values Compared by Different Methods

of Computation in the Unanesthetized Baboon

LCBF (ml/100 g brain/min)

Partition

Brain Matter Coefficient In Vivq Monoexponential Analysis Kety-Schmidt
» Autoradio- T 1/2 Analysis, Modification,
graphic 3 min 10 min 10 min Inhalation 10 min Inhalation
Analysis Inhalation Inhalation (mean flow)
Gray (caudate nucleus) ... ... ... B .« 0.88 91 99 ST 25*%
White (internal capsule) ... ... . ... ... . ... 1.25 37 43 42+ 24 48

Note.—Data on one baboon.
* Reduced by anesthetic effect.
1 Uncorrected for recirculation.

TABLE 2: Regional Cerebral Blood Flow in Normal Baboons by Inhalation of 80% Xe® in

Oxygen
CBF (ml/100 g brain/min)
Partition Monoexponential
Region Coeffi- Analysis Autoradio-
cient ——— graphic
\) 1.5-3 min 10 min Analysis at
Inhalation  Inhalation 1-2 min
Interval Interval

Cortex:
Frontal . . . 0.99 90.2 47.4 76.9
Post.ce.antral 0.97 74.0 56.0 68.4
Occipital s s 1.06 106.0 59.0 86.7
Posterior parietal 1.04 103.0 86.1 99.0
Cerebellar 0.99 72.6 65.4 75.7

White:

Froqtgl ........................... 1.22 45.0 25.8 42.0
Occipital e e 1.28 50.3 25.9 46.7
Cefebellar ........ 1.25 44.2 31.6 50.6
Vermis ... ... ... 1.02 64.3 61.5 53.6
Lenticular nucleus . . ... .. . .. .. 1.01 105.0 73.6 97.0
Caudate nucleus . . . 0.91 98.7 52.8 80.6
Internal capsule . . .. .. ... .. .. .. .. 1.25 43.8 40.2 42.8

Colliculi:
Inferior . .
Superior*

1.1/8 143.0 99.0 118.0
1.20 93.4 84.0 90.3

Note.—Data on two baboons.
* Midbrain at level of superior colliculi.

sec CT scans were estimated by comparing them with
theoretically synthesized curves of known K values (fig. 6).
The theoretical curves were constructed by convolution
from the actually measured arterial input using a theoretical
monoexponential cerebral function according to the equa-
tion of Kety and Schmidt [28]. Figure 6 illustrates an ex-
ample of theoretically synthesized brain tissue AH curves
derived from the actually measured arterial AH curves during
inhalation of 80% Xe® in oxygen by use of their formula
assuming K = 1and A = 1.

The solid line in figure 6 represents the smoothed theo-
retical monoexponential curve for brain tissue derived from
the known K values for the given arterial input. The area of
each bar is the integral of the curve during each 60 sec time
interval. Superimposition of actual measured AH curves for
brain tissue derived by plotting midpoints of peak AH units
measured by this CT scanner at 1 min intervals gave values
similar to the predicted curve. The value for K obtained from
the measured curves pf AH units gave agreement within
2%-5% when compared to the synthesized curves.

Comparison of LCBF Values Calculated by Different
Methods

LCBF values calculated for the same regions of brain by
monoexponential, in vivo autoradiographic, T 1/2, and
Kety-Schmidt 10 min modified methods for computation by
CT scanning were in good agreement except for predictably
low values by the T 1/2 method of analysis since there was
no correction for recirculation (tables 1-3). (Calculations
from the two-compartmental model will be discussed later.)
LCBF values derived from 80% Xe® clearance in which
saturation was continued for 4 min or longer showed a
progressive decline (tables 1 and 2, fig. 7). This was due to
the anesthetic effects of high concentrations of Xe® since
the EEG showed progressive slowing after 3—-4 min (fig. 8)
and the decline was not seen if 30%-50% Xe® was used or
inhalation was brief. In other words, anesthetic effects are
avoided by limiting the inhalation interval of 80% Xe® to 3
min or the use of concentrations between 30%-50% Xe®.

In vivo autoradiographic or monoexponential measure-
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TABLE 3: Local Cerebral Blood Flow and Partition Coefficients
Measured by the In Vivo Autoradiographic Method After Xe®
Inhalation in Normal Awake Baboons

Partition Blood Flow
. b (ml/100 g
Region Coefficient brain/min)
(A) £ SD + SD
Cortex:
Cerebellar 0.96 + 0.08 78.0 % 1567
Occipital 0.94 + 0.08 789 + 9.2
Parietal 0.93 = 0.08 73:9% 11.7
Frontal 0.96 = 0.08 769+ 24
Thalamus 0.98 + 0.11 91.2 + 5.9
Caudate 0.90 + 0.08 79.0 £ 123
Colliculi:
Inferior 1.18 £ 0.05 132.0 £ 20.0
Superior* 1.08 £ 0.16 942+ 7.9
Vermis 3 ok . 0.97 = 0.01 765 &£ 21.5
Internal capsule 1.29 = 0.03 52.3 + 8.3
White matter (centrum
semiovale) . . 1.29 £ 0.03 364+ 3.7
Note.—Data from eight baboons.
* Midbrain at level of superior colliculi.
150
o
i 100
g L ]
L]
& t
50 A r=0.89, p<0.05
L
1 1 1
0 50 100 150
CBF (ml/100g brain/min)
Run 1

Fig. 5.—Reproducibility of in vivo autoradiographic method for concurrent
measurements of LCBF of 12 regions of brain in unanesthetized baboon
repeated at 30 min intervals. Similar reproducibility was confirmed in other
animals.

ments for white matter gave somewhat higher flow values of
36.4-52.3 ml/100 g brain/min for the baboon compared
with values measured by the '**Xe inhalation method. These
higher white matter flows may be due to a number of factors,
such as exclusion of scalp and extracerebral contamination
and the earlier estimation of flow with the first 2-3 min of
arrival of the indicator. It should be borne in mind that
conventional estimates of white matter flow from two-com-
partmental analysis assume that low flows are all of white
matter origin. Measurements in one of our baboons (but not
tabulated here) using both two-compartmental analysis of
larger regions of the midbrain compared to multiple smaller
volumes of the same regions measured by the in vivo auto-
radiographic technique showed considerably lower values
measured by two-compartmental analysis for “‘white mat-
ter'" of 27-41 ml/100 g brain/min while gray matter flows
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for the colliculi were similar, being 143-152 mI/100 g
brain/min. Likewise, if AH changes for larger regions of the
hemispheres were recorded in the same animal and LCBF
of hemispheric white matter were calculated by the biex-
ponential algorithm and the use of traditional A values of 1.5
[26], white matter flow values were 25-30 ml/100 g brain/
min in the baboon.

Highest gray matter flow values were measured in regions
of the inferior colliculi. Mean hemispheric LCBF values for
gray matter were in good agreement with '**Xe measure-
ments of hemispheric blood flow in the unanesthetized ba-
boon (table 5) [26]. They are also consonant with indepen-
dent estimates of LCBF in the baboon made by Drayer et al.
[1] under light barbiturate anesthesia after Xe® inhalation
and serial CT scanning of Xe® clearance from arterial blood
and brain. Local CBF measurements reported here and
calculated by Xe® in vivo autoradiography show good cor-
relation with measurements of local glucose consumption in
the monkey measured by the deoxyglucose method and
postmortem autoradiography [32]. This is to be expected
from the well known cerebral blood flow-metabolic couple
present in normal brain. Regional differences in gray matter
flow values were similar to those reported in the cat by
Landau et al. [29] and Reivich et al. [30] using postmortem
autoradiographic methods.

In vivo calculations of A values (tables 1-4) were the same
whether measured with 27% or higher Xe® concentrations;
therefore, they may be determined with prolonged inhalation
of safe and nonanesthetic Xe® mixture. The A values for gray
matter were 0.88-1.18 (mean, 0.92); A values for white
matter were 1.22-1.25 (mean, 1.24). Mean values for mix-
tures of gray and white matter were 1.12 which agree well
with mean values determined for dead human brain [20].
The overall measurement error for normal A values is 5.2
+ 1.9%, which should be useful in future estimations of
pathologic changes in tissue composition due to brain
edema [6].

The time required for calculation of 15 LCBF values, using
the in vivo autoradiographic method and our computer pro-
gram (including accession of data points from end-tidal air
and 15 brain tissue curves), is 20 min. Solution for each
LCBF value by computer takes 10 sec.

Optimum scanning time determined from serial 1 min flow
estimates, after 80% Xe® inhalation, is 1-3 min (fig. 7).
During the first 30 sec, there is insufficient saturation of
brain and blood for reliable measurements. After 3 min the
anesthetic effects of 80% Xe® decrease LCBF values. If
lower, subanesthetic concentrations are inhaled, all values
are highly reproducible without anesthetic effects. Concen-
trations of 35%-45% Xe® in oxygen are ideal to avoid
anesthetic effects. Multiple concurrent measurements of
LCBF after 2 min inhalation show statistically significant
reproducibility when repeated 30 min later (fig. 5).

Effects of Hypocapnia and Hypercarbia on LCBF

Decreasing the PEco, by hyperventilation decreased
LCBF of both gray and white matter diffusely and homoge-
nously throughout the brain (fig. 9). There was no particular



AJNR:1, May/June 1980

LCBF AFTER STABLE XENON 221

TABLE 4: Measurement Error Between First and Second Measurements in Awake Baboons

Mean (X) SD SD/X (%) Mean
Partition coefficient (A):
Thalamus . . . .. 1.03 0.08 18
Caudate £3 .87 .05 5.7
Internal capsule . . . . . . ... . 1.24 .02 1.6
Lenticular nucleus .97 .05 5.2
Cortex: 524+ 1.9
Frontal . . . . .92 .04 4.3
Parietal . ... ... .. .. .. .. . .. .89 .06 6.7
Oceipital . . .ccosssasms cifa s inmss .90 .05 5.6
Local blood flow:
Thalamus . . .. 96.1 4.2 4.4
Caudate ... . . . " 85.7 11.4 13.3
Internal capsule . ... ... ... . . 50.6 6.5 12.8
Lenticular nucleus . . . ... . ... . .. 97.0 6.7 6.9
Cortex: 10.2 £ 4.1
Frontal . . ... . . . 76.9 6.1 7.9
Parietal ... .. . . 7.5 7.2 104
Occipital .. .. ... ... . . 80.2 13.0 16.2

Note.—Data on two baboons.

TABLE 5: Comparative Mean Hemispheric Blood Flow Values Measured by ''*Xe and Xe®

Inhalation

Flow During Awake State
(ml/100 g brain/min)

Flow During Anesthesia
(ml/100 g brain/min)

Fg Fw Fg Fw
133X e inhalation (biexponential
analysis) .. . .. e et s BT 84.1 = 8.6 258+ 2.1 62.7 £ 2.6 23.7 £ 3.4*
Xe?® inhalation (in vivo autoradi-
ographic analysis):
0.5-2.5min . ... ... ...... . 82.3 +£ 8.3 40.3 £ 8.2 521+ 7.9 32.0 £ 1.9*
6-7 min ... ... .. ... . ... 45.0 +£ 6.3 27.8 + 3.0F

Note.—Fg = flow, gray matter; Fw = flow, white matter. Hemispheric blood flow values during Xe® inhalation were calculated by
averaging Fg values for frontal, parietal, occipital, caudate nucleus, thalamus, and lenticular nuclear gray matter; and Fw values for

frontal, parietal, occipital, and internal capsule.
* Sodium pentebarbital, 5 mg/kg intramuscularly.
1 80% Xe®.

region which showed excessive reduction. Likewise, hyper-
carbia caused a homogenous increase of CBF throughout
the brain, all regions showing comparable cerebral vaso-
motor responsiveness. For example, LCBF values of the
gray matter of the cerebral hemispheres, cerebellum, and
brainstem showed similar cerebral vasomotor responsive-
ness (A% CBF/Amm PEco0,) of circa 3.0% which is similar
to that seen in man [33] and previously reported in the
baboon by the '*3Xe method [26].

Effects of Anesthesia

Light pentobarbital anesthesia (sodium pentobarbital, 5-
10 mg/kg body weight intramuscularly) or 80% inhalation
of Xe® for 7 min caused a reduction of LCBF of cortical and
subcortical gray matter and to a lesser extent white matter
(fig. 10, table 5). The reduction of flow in cerebral gray
matter induced by light barbiturate anesthesia was about
30%-50% and similar gray matter reductions were seen
during prolonged 80% Xe® inhalation.

Effects of Anoxia

Brief anoxic anoxia by reducing the oxygen in the inspired
air to zero for 3 min caused suppression of all EEG activity
and produced a diffuse increase of LCBF values in the order
of 20%-30% in both gray and white matter (fig. 11).

Discussion

Advantages of LCBF Measurements by CT Scanning After
Xe® Inhalation

Measurements of LCBF made in vivo by stable xenon
(Xe®) inhalation and CT scanning are noninvasive and have
better 3-dimensional resolution than any other methods of
measurement of cerebral blood flow currently available.
Problems of tissue overlap and Compton scatter are mini-
mized or avoided, and anatomic boundaries of zones of zero
perfusion, low flow, or different solubility for Xe® (such as
the ventricles and white matter) are well defined. By acti-
vation procedures such as CO; inhalation or administration
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Fig. 6.—Predicted synthetic brain tissue curves (sofid line) during satu-
ration and desaturation plotted after convolution from actual arterial Xe®
curves (measured in baboon during saturation and desaturation) using Kety's
equation assuming K = 1 and A = 1 [27, 28, 33]. The cross hatched bars
represent actual AH unit counts. Area of each bar is integral of curve during
each 1 min interval. Predicted and measured curves superimpose well with
errors of 2%-5% depending on K values.
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Fig. 7.—Determination of optimal scanning time (OST) estimated from
serial in vivo autoradiographic measurements of AH values from 1 min scans
of caudate nucleus during 80% xenon inhalation. Measurements made be-
tween the first and second minutes are optimal. Unless 30%-50% xenon in
oxygen concentrates are inhaled, anesthetic effects of xenon lower LCBF
measurements. Measurements made within first minute are less reliable, as
arterial blood and tissue AH values are both rapidly changing and are subject
to variations due to circulatory time and respiratory variations.

of pharmacologic agents, CT measurements of LCBF show
large and rapid changes occuring within 1 min. The stable
xenon CT method overcomes certain limitations of the '**Xe
inhalation technique, where zones of zero flow cannot be
measured, and Compton scatter and overlap limit resolution
[21-23, 26]. With currently available CT scanners having
slow scanning time, serial LCBF measurements may be
made at 1 min intervals during both saturation and desatu-
ration.

(\) are measured with precision and changes in tissue
solubility resulting from disease are quantifiable. Normal
anatomic landmarks, such as white matter and gray matter,
are better visualized and the regional flow values of all parts
of the brain, including the brainstem nuclei, cerebellum, and
basal ganglia, may be determined in 3 dimensions with a
temporal and spatial resolution hitherto unavailable. CT
scanning equipment is widely available and the method
should be clinically useful.

Disadvantages of LCBF Measurements by CT Scanning
After Xe® Inhalation

CT scanning with Xe® inhalation requires serial scans and
potentially increases radiation exposure to the eyes, brain,
and scalp. By proper positioning of the head, direct expo-
sure to the cornea and lens of the eye is avoided. With the
present EMI equipment, each 1 min exposure (measured
with an Alderson-Rando head phantom and thermolumenes-
cent dosimeter chips) delivered 1 rad (0.01 Gy) to the center
of the brain and 2 rad (0.02 Gy) to the scalp. A series of 15
LCBF measurements gives radiation exposure comparable
to that occurring during standard serial cerebral angiogra-
phy.

Pure 100% stable xenon gas is commercially expensive:
the cost for 50 liters is $385. However, by (1) careful
conservation of Xe® using inhalation intervals of 2-3 min;
(2) conservation using mixtures of 40%-50% xenon for
LCBF measurements delivered by a closed, rebreathing
circuit; and (3) determining A values by inhalation of 30%
xenon for 7 min, the cost of a series of CBF measurements
can be reduced to $100, and the cost of a single LCBF
measurement to about $20, which seems reasonable and
practical.

Xenon is anesthetic in high concentrations, and this must
be taken into consideration whenever it is used. Although,
with present knowledge, metabolism cannot be measured
by the CT scanner, Xe® LCBF measurements may be fol-
lowed by the intravenous infusion of iodine contrast material
[6] for measuring damage to the blood-brain barrier, thereby
adding considerably to the dynamic and diagnostic capabil-
ities of the CT scanner.
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Fig. 9.—Effects of hypercarbia and hypocarbia on local cerebral blood
flow of occipital cortex, occipital white matter, cerebellum, pons, and medulla
in normal alert baboon.
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Fig. 10.—Effects of sodium pentobarbital anesthesia administered by
intramuscular injection of 5 mg/kg body weight on local blood flow of parietal
cortex and white matter, occipital cortex, thalamus, caudate, and internal
capsule in healthy baboon.

Validity of LCBF Measurements Made by CT Scanning and
Xe® Clearance

In vivo measurements of LCBF determined from noninva-
sive measurements of end-tidal Xe® and CT scanning of
cerebral perfusion are in good agreement with previous
invasive measurements using CT scanning of brain tissue
and arterial blood samples in the baboon [1, 2] and the
'9%Xe carotid bolus injection method [26]. Because end-tidal
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Fig. 11.—Effects of brief hypoxic hypoxia on local cerebral blood flow of
frontal and parietal cortex and white matter, occipital cortex, thalamus,
caudate, and internal capsule in healthy alert baboon.

curves are continuously recorded, reproducibility and ac-
curacy of the measurements are improved. Indirect evidence
of the validity of the measurements is provided by excellent
correlation with reported values by local cerebral glucose
metabolism measured in the monkey by postmortem auto-
radiographic techniques [32]. Brain maps of LCBF are now
reported in the living monkey, using an in vivo adaptation of
the postmortem autoradiographic method, developed in the
cat with comparable results [29, 30]. Highest flows are
recorded in alert, awake baboons in the vicinity of inferior
colliculi, comparable to zones of highest local cerebral
glucose metabolism measured in the monkey by postmor-
tem autoradiography [32]. Measurements of LCBF in vivo
showed similar effects of anesthesia in reducing cerebral
blood flow, particularly in gray matter, as reported previ-
ously by postmortem autoradiography in the cat [29, 30]. In
our experiments, progressive reductions of LCBF from min-
ute to minute, during induction of anesthesia, correlated
with progressive slowing in the EEG.

Hypocapnia and hypercarbia produced expected in-
creases and decreases in CBF. These changes in LCBF
were greater in gray matter than in white matter, but were
diffusely symmetrical throughout the entire brain, including
the brainstem and cerebellar regions consonant with earlier
reports [26, 33]. Brief cerebral anoxia produced diffuse
increases in LCBF, which is a well known consequence of
hypoxic hypoxia.

Technical Considerations Concerning Spatial Resolution,
Scanning Speed, and Instability of Attenuation Coefficients

With the modifications of the EMI 1010 scanner described
in this study, resolution was sufficient with Xe® inhalation
combined with iodine contrast infusion to differentiate LCBF
values for cerebral cortex, white matter, cerebellum and
brainstem, and the superior and inferior colliculi. The ven-
tricles showed no change in AH units, confirming the resolv-
ing power of the method.
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It was possible, at counting intervals of 1 min, to record
reliable and statistically reproducible changes in AH units
during and after Xe® inhalation by measuring regions as
small as 0.04 cm®. This is estimated to be recording from
about 4 voxels of the CT scanner. Counts at 1 min intervals
showed small standard deviations (e.g., mean values = 1.0
for gray matter and likewise for white matter). Preliminary
experience with the larger human brain indicates that ana-
tomic regions of gray and white matter can be analyzed with
greater reliability because of greater ease in identifying
anatomic landmarks. Calculated LCBF values derived from
very small regions of brain in the baboon using the in vivo
autoradiographic algorithm were reproducible with r = 0.89,
level of confidence of p < 0.05%, and measurement error
of 10.2 = 4.1. Local A measurements showed a variation
coefficient of 5.2 + 1.9. To achieve these values, it is
imperative that head movement be avoided.

The anatomic regions examined were confirmed by com-
parison of the CT slices with those obtained at autopsy and
were found to be anatomically correct. Similar to reports of
local cerebral glucose use in the monkey [32], as judged by
multiple simultaneous LCBF measurements of small regions
of the brain, there was marked heterogeneity of regional
rates of blood flow consistent with known histologic cytoar-
chitecture and local rates of metabolism and electrophysi-
ologic function. There were striking differences in LCBF
values between small neighboring structures of a few milli-
meters (e.g., caudate nucleus vs. internal capsule, cerebral
cortex vs. subcortical white matter of the centrum semiovale,
and high flow rates in the superior and inferior colliculi).

Scanning speeds of 1 min were certainly adequate for
reliable sequential measurements of LCBF. From a practical
clinical standpoint, LCBF values recorded at intervals of 1
min are satisfactory and a considerable improvement over
intervals of 10 min currently required for '*3Xe measure-
ments.

In summary, local cerebral blood flow and partition
coefficient (\) measurements with high resolution (0.04
mm?) may be measured in vivo by brief inhalation of Xe®
while end-tidal Xe® (PEXe®) concentration is recorded with
an inexpensive thermoconductivity detector and recording
changes in Hounsfield units of brain tissue with the CT
scanner at 1 min intervals. Because of reduced Compton
scatter and tissue overlap, small zones of zero, high, and
low perfusion (inhomogeneity of flow) are easily recognized
with a resolution not previously possible. Pathologic
changes in tissue which alter their solubility may also be
quantified, and calculation of LCBF may be corrected for
such changes in local A. These measurements may be
combined with activation techniques and/or with iodine
contrast infusion to show changes in blood volume and/or
the blood-brain barrier. Care should be taken to minimize
radiation exposure and to avoid anesthetic effects induced
by prolonged inhalation of high Xe® concentrations.
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