
The introduction of molecular oxygen-IS (T112
I23 sec) into the vascular compartment of the body re
sults in the distribution of the labeled oxygen to the
tissues, where it is converted to 0- 15-labeled water of

metabolism. The labeled water then redistributes to all
tissues by way of the same vascular compartment. Un
metabolized labeled molecular oxygen is ultimately re
moved by respiration.

Thesepropertiesof the oxygen-15 tracerhavebeen
incorporated into an equilibrium model that has been
used to measure oxygen consumption in the human brain
using data from the sequential inhalation to equilibrium
of [O-l5]oxygen and carbon dioxide (1,2). Important

disadvantages of this technique include the relatively

complex system required for constant delivery of the

Received Mar. 8, 1983; revision accepted Sept. 9, 1983.

For reprints contact: M. E. Raichle, MD, Box 8131, Washington
University School of Medicine, St. Louis, MO 63 I I0.

radiolabeled gases, and the long scan times during which,
it is assumed, no change in physiologic state occurs.

Previous data from our laboratory (3,4) demonstrate
that, after the direct intracarotid injection of a small
aliquot of blood labeled with oxygen- 15 into laboratory
animals and humans, one can use a knowledge of the
biological behavior of the tracer to analyze the externally
detected time-activity curve and compute accurately the
net extraction of oxygen by the brain. Positron emission

tomography (PET), despite recent improvements that

permit temporal resolution of less than 1 mm, does not

have the sensitivity to describe a time-activity curve with
enough accuracy to implement this technique as initially
described (3) and validated (4). Furthermore, this

technique assumes that all tracer administered is present
initially in the desired region of interestâ€”i.e., that the
input is a delta function. This can be obtained for the

brain only with a direct injection of the internal carotid,
with a resultant image of only one cerebral hemisphere.
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We havedeveloped,implemented,andvalidateda methodforthe measurement
of the local cerebral metabolic rate for oxygen (CMRO2) with positron emission to
mography (PET). We use data from a single inhalation of 0-15-labeled CO for cc
rebral blood volume (CBV), an intravenousinjection of [O-15]H20 for cerebral
blood flow (CBF), and a single Inhalation of [0-15102 for the final calculation of
CMRO2 and the extraction of oxygen (E). The mathematical model used to analyze
the data consistsof two compartmentsand accountsfor productionandegressof
water of metabolisminthe tissue,recirculatingwater of metabolism,andthe arte
rial, venous,andcapillarycontentsof [0-15102 inthe brain.We validatedourtech
nlqueIn baboonsby comparingthe PET-measuredE with E measuredusingan in
tracarotid Injectionof [0-15102. The correlationbetween these two techniques
was excellent.Mathematicalsimulationswere doneto examinethe effect oferrors
In CBV, CBF, and recirculatingwater of metabolismonthe measurementof E and
CMRO2. The technique was implemented on five normal human subjects in whom
the globalCMRO2was 2.93 Â±0.37 (s.d.) ml/minâ€¢100g.
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oxygen- 15 activity in arterial blood and brain tissue
following an inhalation of 0-1 5 oxygen gas. Opera
tionally, the brain tissue activity is measured with a

single PET scan and the values for blood volume and
blood flow are obtained by techniques requiring a sep
arate tracer administration and PET scan.

MATERIALS AND METHODS

Model. The schematic and symbols of the oxygen-iS
model are presented in Fig. I and Table 1, respec
tively.

The model assumes only two compartments for oxy
gen-i 5 corresponding to the different molecular forms,

0150 and H2150, found in the brain. The first com
partment, containing OI5O, corresponds physically to
the intravascular space. The molecular oxygen enters

through arterial input and leaves through venous

drainage. It is assumed that the diffusion of O'@Ointo
the tissue space can be expressed by a fractional ex

traction, E, specific for a given region, times the arterial
input. Once in the vascular space, the 0150 is assumed

to be metabolized immediately to H2' @O,and enters the
second compartment. Thus, the oxygen content of the
extravascular tissue is assumed to be zero (see Discussion
for further comments on this assumption).

The second compartment for H2150 physically cor
responds to the distribution space for free water in the
brain, including all vascular spaces. The entrance of
tracer occurs from arterial input redistributing H2150

from all tissues, and from H2150 of metabolism created
locally. The latter amount is, of course, equal to the local
extraction fraction times the 0150 arterial input curve

as described above. The exit of H2150 occurs by venous

O'@O
(arterial)

H@Â°O
(arterial)

â€˜if(venous)
0160 H2150

(venous)

FIG.1. Two-compartmentmodelchosento analyzebehaviorof
two 0-15 radiotracers, 0150 and H2150.Left compartment repre
sentsO1@Oin vascularspaces;right compartmentrepresentswater
of metabolism,H2150,in tissueandbloodspaces.Eachcompart
menthasseparateentranceandexit of tracer, interactingwith each
other only through extractIon of 0150 from vascular space and
subsequentconversion to water of metabolism.

This method of tracer administration is not in keeping
with the purpose of PET, which strives for safety of ad
ministration by intravenous injection or inhalation. Our
approach to measurement of local cerebral oxygen

consumption accommodates these issues, and is outlined
below.

We developed a compartmental model to describe the
behavior of oxygen- 15-labeled molecular oxygen and

water of metabolism simultaneously in the brain. The

model is used to calculate local cerebral utilization rate
of oxygen (CMRO2) and oxygen extraction (E), given

the local blood flow, the local blood volume, and the

TABLE1. VARIABLESUSEDIN THE PET OXYGENMODEL

VI

q1

CI
C@Â°(t)
C@(t)

XH2O
x
A
F
PET,@1@
PET@

CBF
CBV
CMRO2
E

Volume of compartment or subset I
Radiotracerquantity in compartment or subset i
Radiotracerconcentration of compartment or subset i
Time-dependentconcentrationof H2150Inarterialblood
Time-dependentconcentration of 0150 In arterial blood
Brain:blood partition coeffIcient for water

Brain:bloodpartition coefficient for water per unit weight
Small vessel to large vessel hematocrit ratio
Cerebralbloodflow
Calculatedtissue activity for PET
Observed decay corrected tissue activity per unit weight

Local cerebral blood flow

Local cerebral blood volume

Local cerebral consumption rate of oxygen

Local oxygen extraction

ml
cps

cps/ml
cps/ml
cps/ml

ml/100 g

mI/sec

cts
cts/100 g
ml/secâ€¢100g
ml/100 9
ml/secâ€¢100g@
none

* More commonly ml/min'lOO g for reporting actual values.
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drainage at a concentration equal to the tissue concen

tration times the blood/brain partition coefficient for
water. Except for additional input from extracted Ol @O,
this half of the model is identical to the classic one
compartment Kety model designed to measure blood
flow (5).

To formulate the equations that describe these prin
ciples, we begin with the conservation equation (symbols
in Table i) for the second compartment containing
H2150,

dC2
V2 T@j@ cF@@â€”4@out@

These fluxes are defined as:

and

lowing substitution for Cpre, Cp@st, and Ccap:

q1(t) = V1 . C1(t) = C@(t)
. [V1 â€” E(V@,OSt + V2Vcap)]. (9)

With our two compartments thus analytically defined,
wecanthenexpressthe tissuetime-activitycurvethat
would be detected by an external device monitoring the
contribution of both OI5O and H2150 as

or

qtota1(t) q1(t) + q2(t) (10)

qtotal(t) C@(t) [V1 _ E(V@@ + 1/2Vcap)]

+ F . C@?O(t)*e_@(t+ F . E . C@(t)*e@@@t. (1 1)

As mentioned above, the PET device cannot measure
a cerebral time-activity curve, but rather the sum of all
decay events between the start and stop of the scan. We

(3) express the predicted PET activity then as:

PET@1@@ qtotal(t) dt,
â€˜It'

(1)

(2)

(12)

where t1 and t2 are the start and stop times, respectively.

In detail,

PETca1c (V1 â€”E[V@OSt+ â€˜/2Vcap)]. ,ft2 C@(t) dt

/@t2

+ F . J C@(t)*ektdt

t2

+ F . E . @:C@(t)*e@@dt. (13)

Equation (13) is an explicit equation that predicts the
total activity seen by the PET scan given the arterial

bloodcurvesfor O'@OandH215Ofollowinginhalation
of [0-I 5]oxygen,thelocalbloodflow,oxygenextraction,
and blood volume. In practice, however, we measure the
PET activity and calculate the extraction. The equation
can be rewritten as:

PETcaic F5t2 C@Â°(t)*e@t dt â€”V,.5t2 C@(t) dt
E= ti ti

F.J't2 C@(t)*e@t dt â€”(V,,.,,1 + I/2Vcap).J@t2 C@(t) dt

(I4)
Since there is no current method to determine@

and@ locally, we use literature values (6), where they
(7) are expressed as fractional parts of total blood volume.

The values are found to be 0.83 and 0.01 for V@@t/VB
and V@p/VB,respectively. After these numerical values
have been inserted, the quantity CBV (cerebral blood
flow) times R (where R is the ratio of small-vessel to
large-vessel hematocrit), is substituted for VB. Since
[O-i5]oxygen is tightly bound to the cellular component
of blood,the factorR isnecessaryto correctthe CBV
value for effects of hematocrit dilution that occur at the

Cpre(t)=

C@@@(t)= C@(t) . (@â€”E)

Ccap(t)= C@(t) .(I â€”

It follows that the quantity q1(t) of 0150 in all blood
compartments is

q1(t) = V1 . C1(t) = Vpre@ Cpre(t)
+ Vcapâ€C̃cap(t)+ V@05@. Cpost(t). (8)

Since V1 = Vpre + Vcap + Vpost, we can make the fol

(5)

(6)
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@â€˜@inF . (C@ot + E . C@r@(t))

@I@out= F . C2(t)/XH2O.

Substituting these fluxes and integrating we can define
q2(t), the quantity of H2150 in Compartment 2, as:

q2(t) = V2 . C2(t) = F .
+ F . E . C@(t)*e@t, (4)

where k = F/(V2.XH2O) and â€œ*â€œis the convolution

operation. At implementation, however, k is calculated
using conventional notation and the equivalent equation,

k = CBF/X.
We examine the 0150 compartment by first assuming

there are three subsets of this physical volume: precap

illary (arterial), capillary, and postcapillary (venous).

The concentration in the precapillary volume is set equal
to the arterial 0150 concentration. Since all oxygen

extraction occurs in the capillary, we assume that the

concentration in the postcapillary volume is arterial
01 @Oconcentration times the unextracted fraction. The

capillary volume then is assumed to have a concentration

equal to the average of the pre- and postcapillary vol

umes. Thus,

and
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tissue level (11). Note that in our calculation of CBV

using Eq. (20), the term R appears in the denominator;
thus the quantity CBV@Ris actually independent of the
value for R, since this term divides out.

Finally, substitution of CBF (cerebral blood flow) for

F, and PETOI,Sfor PETcaicgives the operational equation
for the calculation of local oxygen extraction:

PETO@,Sâ€” CBF - 512 C@Â°(t)'e@'dtâ€” CBV- R- 5t2 C@(t)dt
E= ti Ii

CBF- 5t2 C@(t)*e@tdt â€”CBV- R- (0.835)- 512 C@(t)dt.

(15)

Using E from the above equation, the local cerebral
metabolic rate for 02 (CMRO2) is computed in the
following manner:

CMRO2 E - CBF - Ca02,

where CaO2 is the total oxygen content of arterial

blood.
Implementation of our mathematical model to cal

culate the local CMRO2 and extraction requires the
successful execution of several steps: (a) the adequate

inhalation of O'@Oand subsequent PET scan of suffi
cient length to ensure statistical accuracy; (b) description

of the O'@O and H2150 activity curves for arterial blood;

(c) determination of blood flow and blood volume in all

regions of interest; and (d) measurement of total arterial
oxygenat timeof thescan.

Simulations. The calculation of oxygen extraction and
CMRO2 @5dependent on a number of factors. To un
derstand the nature of this dependence, we used the final
formof ouroxygenmodel,Eqs.(15) and(16), in simu
lations designed to isolate and examine the error intro

duced by small errors in the measurement of CBV, CBF,
PET-measured tissue activity, and recirculating water
of metabolism.

In all simulations the same typical human arterial
blood curves and blood oxygen content were used. The
scan duration was 40 sec. The PET activity was not

measured but calculated from Eq. (16) after assuming
values for oxygen extraction.

To examine the effect of errors in the measurement
of CBF, valueswereassumedfor E (0.45) andCBV (4
ml/ 100 g), then the PET activity was calculated for a

given CMRO2. [Note that by Eq. (17), the fixing of
CMRO2, Ca02, and E uniquely determines CBF]. Then,
using the same value for PET activity, an error of + 1%

or +5% was introduced into the CBF term, and Eqs. (16)
and (1 7) were used to calculate the new values for

CMRO2 and oxygen extraction. The values were com
pared with the original â€œtrueâ€•values and the percent
deviation was calculated. This process was performed

with CMRO2 values of 1 to 6 ml/min.100 g (and CBF
of 13.9to 83.3 ml/min.100 g).

To examinethe effectof errorsin CBV, the above
process was repeated with the exception that after the

PET activity was calculated, the error was introduced
in the CBV term. The range of CMRO2 examined was
again from 1 to 6 ml/min'-lOO g. The simulation set
had starting values for CBV of 4 and 6 ml/100 g, with
the extraction value at 0.45.

To examinethe effectof errorsin the measurement
of recirculatingwater,thePET activitywascalculated
after assuming values for CBV (4 ml/100 g), E (0.45),

and a CMRO2. Then the error of +5% was introduced

in the recirculating water curve by increasing each in
stantaneous blood activity value. Using this new blood

curve, the CMRO2 and E were calculated and compared
with the original values. The process was performed with
CMRO2 values from 1 to 6 ml/min.100 g. Additionally,

( 16' the effect on CMRO2 and E assuming no recirculating
â€˜ I water of metabolism was simulated by zeroing all of

H2' @0blood activity points. Ranges of CBF from 10 to
120 ml/min.100 g and E from 0.075 to 0.60 were ex
amined.

To examinetheeffectof errorsin thePET-measured
tissue activity after inhalation of [O-15]oxygen, the
above process was repeated with the exception that after

the PET activity was calculated the 5% error was intro
duced in the PET0@term. Using this new value for tissue
activity, CMRO2 was calculated and compared with its

original value. The entire process was performed with

CMRO2 values of 1 to 6 ml/min.100 g and CBV values
of4 and 6 ml/100 g.

Implementation. The PETT VI system, a positron
emission scanner, was used for all studies (7). Design and

performance characteristics have been discussed (7,8).
Studies were done in the low-resolution mode, giving an
in-plane (transverse) resolution of 11.7 mm full width
at half maximum (FWHM). Data were recorded si
multaneously from seven slices, each with a 15.9-mm
FWHM thickness and a center-to-center slice separation
of 14.4 mm.

The PElT VI scan system does not correct for ra
dioactive decay during data collection, so it is necessary

to make such corrections in all reconstructed scan data
from patients or @hantoths.We use a method that as
sumes the underlying activity to be reasohably constant

and that decay correction can be achieved with an â€œav

erageâ€• decay correction. This is computed as

pT exp(â€”@yT dt
average decay = JÂ° T

= 1â€” exp(â€”â€•yT)

T.7
(17)

where @.yis the decay constant and T is the duration of the
scan. Inversion of this average decay yields the decay
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correction factor. While it is true that the accuracy of

this decay correction technique is dependent on the rate
of change of the tissue activity during the scan, simula

tions can demonstrate that even for extreme examples

the error introduced is quite small. For instance, in the
case of an input of H2150 by means of an instantaneous

bolus injection and a rapid washout with tissue CBF =

100 ml/min.l00 g, the error introduced by our method
for a 40-sec scan, compared with on-line decay correc
tion, is calculated to be 1.2%.

Calibration of the PETT VI system to permit ex

pression of results in regional tissue activity is achieved

by imaging a phantom containing various concentrations
of C-I 1 bicarbonate.Aliquots from each of the six
wedge-shaped chambers are counted in the same well

counter used to coUnt the blood samples. The observed

counting rate is decay-corrected to the time the cali

bration scan begins, and is then multiplied by the dura
tion of the gcan. Results are expressed in counts/ml.
Using a regression equation, the reconstructed regional
data (PET counts/pixel) of the phantom are compared

with the directly measured activity (counts/mm). This
relationship is used to calculate actual local tracer ac
tivities in tissue for scans obtained from animals and

human subjects.
Our methods used to measure local CBF and CBV

using PET are described elsewhere (9â€”11 ). For conve

nience of the reader, we have included a brief summary

of these techniques.

For the measurement of regional CBF, a PET scan is
performed following an intravenous bolus injection of
50â€”100 mCi of H21 @Ocontained in 12 ml of saline. Ar

terial blood samples are drawn every 5 sec until the end

of the 40-sec scan. The PET scan is reconstructed and

decay-corrected as described above.
The bloodcurveandscandataareanalyzedaccording

to general principles of inert-gas exchange developed by
Kety (12) and later embodied in a tissue autoradiogra
phic technique for the measurement of local brain blood
flow in laboratory animals.(5). With this method, the
local CBF is obtained by numerically solving the fol
lowing equation for f, the flow per unit weight of
tissue:

technique to in vivo human studies, a scan must be per
formed over many seconds, essentially summing the in
stantaneous tissue radioactivity over time. We have

therefore modified the operational equation for this

model (above) by an integration over the time of the scan
(t1 t2; 40 sec) as follows:

C = ,f2 C1(t) dt

PETâ€¢100

5t2 R . D . CA(t) dt

VALIDATION

(19)

(20)

C1(t) = fCA(t)*exp(_f/Xt), (18)

where C1(t) is the local radiotracer concentration at time,
t, derived from a quantitative autoradiogram of a brain

slice; CA(t) is the measured concentration of radiotracer

in arterial blood as a function of time; and A is the

brain:blood equilibrium partition coefficient for the
tracer. The operation of convolution is denoted by the

midline asterisk. PET scanners, including the one used
in this study (7,8), do not have adequate sensitivity and
temporal resolution to measure instantaneous tissue
radioactivity, C(t). Thus, to apply the autoradiographic

pt2

= f I CA(t)*exp(_f/Xt) dt,
â€˜/t'

where C is the local tissue activity measured by PET. A
mean of gray- and white-matter values for the tracer

partition coefficient for water in brain, equaling 0.95 is
used (9,10). In order to establish the validity of this
technique, we have measured local CBF with PET in

adult baboons anesthetized with nitrous oxide and have
compared it directly with cerebral blood flow measured
in the same animal using injection of the internal carotid

artery with 0-1 5-labeledwater and standardtracer
principles (13,14). The details of these validation ex
periments are reported separately (10). The correlation
betweenthePET-measuredCBF andthetrueCBF was
excellent.Overa bloodflowrangeof 10â€”63ml/min.lOO
g, CBF(PET) = 0.90 CBF(true) + 0.40 (N = 23, r =

0.96, p < 0.001). The slight underestimation of
CBF(true) by CBF(PET) is due to the brain perme
ability limitation of 0-1 5-labeled water. Because the
brain permeability for water is less in the baboon than

in humans (unpublished data) we believe that underes
timation of CBF in data presented in this paper to be

minimal, <5%.

Measurement of regional CBV with PET is accom
plished with a technique previously developed in our

laboratory (I I ). In the present application we have
substituted C'50 for â€˜1C0 in the inhaled gas. After in
halation, 2 mm are allowed for equilibration, then ar
terial bloodissampledevery30 secuntil the endof a
single 5-mm PET scan. Blood volume expressed as
ml/100 g, is calculated according to the following
equation,

CBV=

where CA(t) is the decay-corrected radiotracer con

centration in arterial blood, R is the mean ratio of the

small-vessel to large-vessel hematocrit, equal to 0.85
(1 1 ), and D is the density of brain tissue, equal to 1.05

g/ml (15). S

In vivo validation of our method for the measurement
of E with PET was accomplished by comparing two se
quential measurements of the cerebral oxygen extraction
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in baboons; the first using an intracarotid injection of

0150â€”a technique previously described (3) and vali
dated (4)â€”and the second using our new PET tech
nique.

The extraction of oxygen was measured in six adult
baboons (Papiopapio) weighing 18 to 25 kg. To facili

tate the injection of small aliquots (â€˜@.â€˜0.2ml) of the ba
boon's blood containing OI5O into the internal carotid

artery, the baboons were anesthetized with phencyclidine
(2 mg/kg) at least 2 wk before the experiment, and the
right external carotid artery was ligated at its origin from

the common carotid. At the time ofexperimentation the
radiotracer was injected into the common carotid artery

through a small catheter (0.021 cm i.d.) positioned there

under fluoroscopic control.

For the actual comparison of our new PET method

with the standard residue-detection technique using the
intracarotid administration of oxygen- 15-labeled blood
(16) the baboons were anesthetized with ketamine (10

mg/kg), paralyzed with gallamine, intubated with a
cuffed endotracheal tube, and passively ventilated on a
gas mixture containing 70% nitrous oxide and 30%
oxygen. The baboons were then positioned on a special
couch that permitted placement of their heads in the
PETT VI imaging device or over a 3- by 2-in. NaI(Tl)

detector appropriately collimated and located under the
animal's head to ensure essentially uniform detection of

a single cerebral hemisphere.
To permit the intracarotid injection of oxygen- 15-

labeled blood, a small catheter was percutaneously in
serted into the femoral artery and its tip positioned in the

right common carotid artery under fluoroscopic control.
To prevent clotting in this arterial catheter system, which
was used for the injection of radiotracer, monitoring of
blood pressure, and sampling of arterial blood, all ani
mals were heparinized at the beginning of the experi

ment. Arterial pH, PCO2,and P02 were measured before
and after each injection or inhalation of radiotracer. To

permit the intravenous injection of oxygen- 15-labeled
water, a small venous catheter was percutaneously
placed in the femoral vein.

The head of the baboon was positioned with the aid
of a vertical laser line such that the center of the lowest
slice corresponded to a line running transversely through
the center of the cerebral hemispheres. A lateral skull
radiograph with this line marked by a vertical radi

opaque wire provided a record of the position of the
lowest PET slice. Because of the size of the adult baboon
brain (â€˜-@â€˜l50 g), only data from this bottom slice and
corresponding to the hemisphere studied with the in

tracarotid injection of oxygen- 15-labeled water (see

above) were used in these experiments. Attenuation
correction was determined for each animal by obtaining

a transmission scan using a ring source ofactivity (ger
manium-68) fitted to the PETT VI tomograph as pre

viously described (7).

The signal from the single NaI(Tl) detector was
processed by a pulse-height discriminator with a 48 1- to

54l-keV energy window to reduce scattered radiation.
The accepted counts were stored in a small laboratory
computer, which processed these data including cor

rections for electronic dead time loss, physical decay
(0-15 half-life = 123 sec), and background, conversion
to count rate as a function of time, and readout by x-y
plotter. Temporal resolution was achieved in the initial

portion by 0.1-sec sampling. Enough activity was in

jected into the carotid to provide count rates of

10,000â€”20,000cps, ensuring adequately smooth re
cordings.

By altering the respiratory rate and thus the arterial
carbon dioxide tension, the CBF, E, and CMRO2 were
varied to achieve as broad a range of E as possible. At

least 20 mm were allowed between changes in the res

piratory rate to permit a new steady state to be achieved.

Measurements of arterial blood gases bracketed all

measurements of CBF, E, and CMRO2.

The PET-measured value for oxygen extraction was
obtained from the mean of a rectangular region of in

terest (7.3 cm2) placed over the area corresponding to

the right hemisphere on the PET [0-1 5] oxygen scan

after pixel-by-pixel processing had been done to show

oxygen extraction. The placement of the region, aided
by the lateral skull film and the transmission image, was
not critical, since oxygen extraction was seen to be re

markably uniform across the baboon brain.

Humanstudies. Forhumanstudies a 20-gauge plastic
catheter was placed in the radial artery under local an

esthesia. The head was positioned with the aid of a ver

tical laser line such that the lowest slice corresponded to
the patient's orbito-meatal line. A lateral skull radio

graph with the line marked by a vertical radiopaque bar

provided a record of the head position. A molded face

mask placed just before the lateral skull radiograph

provided immobilization of the head during the scan; it

can also enable accurate repositioning in subjects if

follow-up studies are required.

After the head was positioned and immobilized, a

transmission scan was performed with a ring phantom

containing Ge-68. This provided for attenuation cor
rection for quantitative reconstruction of subsequent

scans, and a means of identifying the bony limits of the

calvarium for the computation of whole-slice and

hemisphere-average metabolic rates and blood flow.

Oxygen- I5 02 was administered by inhalation. To
accomplish this, cyclotron-produced OI5O diluted with

nitrogen (N2) was pumped into a lead-shielded rubber

air bag at the patient's side. When sufficient activity was

collected, the patient inhaled the gas (â€˜@-â€˜40â€”80mCi)

through a short plastic ventilator hose. Scanning began

immediately after adequate inhalation of the Ol @O,and

lasted 40 sec. Time zero (t 0) was defined as the time

inhalation ofO15O commenced.
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Concurrent with the inhalation ofO'50, blood sam

pling began at a rate of 0.5 ml every 4 to 5 sec and con
tinued throughout the scan. Samples were collected in
preweighed, 3-ml syringes. Total oxygen-l5 activity was

measured with a calibrated well counter. Actual volume
collected was calculated from the difference between

syringe's dry and wet weights. The density for blood was

assumed to be 1.05 g/ml. All samples were corrected for
radioactive decay (T112 123 sec) back to the zero time,
and results expressed in cps/ml blood.

At the end of the PET scan, a 3-ml arterial blood
sample was collected; of this, 0.5 ml was counted as
above, I ml sent for measurement of oxygen content, and

the remainder fractionated using an Eppendorf high
speed centrifuge for 30 sec. The resulting plasma su
pernatant was pipetted off, and 0.5 ml was placed in a
3-ml preweighed syringe and counted as above in the well
counter. After correction for radioactive decay, the re

sults were expressed in cps/ml plasma.

We assume that all OI5O in blood exists bound to
hemoglobin in the red blood cells. The plasma activity
can then be considered pure H2150 activity. To rule out

lysis of red cells and the resultant release of hemoglobin
into the plasma, hemoglobin determinations were per

formed on all plasma samples using a technique sensitive
to very small hemoglobin concentrations (17). The
H2150 contribution to the total blood activity is then
calculated as C@?Â°= CPI.FWCbI/FWCPI, where C@1is
the plasma activity, FWCbI is the fractional water con
tent of blood, and FWC@1 is the fractional water content

of plasma. Values ofO.80 g/g-blood and 0.92 g/g-plasma

were used for the water contents of whole blood and
plasma, respectively (18).

We describe the amount of recirculating H215O of
metabolism in blood from zero time, when there is no
H2150, to the time ofthe measured value ofC@Â° (from
the fractionated blood sample), by linear interpolation.
This results in an estimate of C@?Â°for each sample drawn
for total blood activity. Subtraction of these interpolated
values from the total blood activity gives the estimated
C@values.

As an alternative to the method of single fractionation

and linear interpolation described above, we have also

measured the C@?Â°curve explicitly in selected subjects

from whom 3-ml samples were drawn every I0 sec.
Fractionation and counting were performed as above.
Resultant activity curves were expressed as individual
activity for H2150 of metabolism and OI5O.

Calculation of CMRO2 and E requires local CBF and
CBV values. These were obtained from two additional,
successive PET scans as described above. Intervening
movement of the head was prevented by the face mask
(see above). The complete study, with three PET scans,
was performed in â€œâ€”30mm. Arterial blood gases were

obtained with each scan.
To obtaintime-activitycurvesforarterial blood,we

draw samples from the radial artery (rarely from the
femoral, when our study is preceded by arteriography).
Radial blood incurs a small time delay, however, relative
to cerebral blood, because of the radial artery's greater

distance from the heart. Since the accuracy of our

techniques is likely to be affected by such differences,
we correct for them in our human studies, determining
the arrival time in the head of the subject by observing
and recording the time of an abrupt increase in the co
incidence counting rate of PETT VI (sampling from a

single bank pair once every second) and the arrival time
at the peripheral sampling site from the arterial time

activity curve. The latter curve is then shifted to correct
for the indicated delay.

Estimates of the CMRO2 for the cerebral hemispheres

of our normal, young-adult subjects represent the mean
and standard deviation of values for these parameters

inall pixelsin thetopfourPET scanslices.The attenu
ation scan (see above) was used in each case to mask

these slices in order to exclude all activity outside the

calvarium. Estimates of the CMRO2 for the cerebellar

hemispheres in these same subjects was based on a region

ofinterest19X 19mminthehorizontalplaneandâ€˜-@@â€˜13
mm thick, centered over each cerebellar hemisphere

(total volume of these samples was approximately 4.7
cm3).*

RESULTS

Simulations of errors in E and CMRO2 imposed by

error in the measurement of CBV are shown in Fig. 2.
At low metabolic rates (CMRO2 1.5 ml/min.lOO g,
E = 0.45), a +5% error in CBV (CBV 6.0 ml/ 100 g)
results in a â€”10.2% error in CMRO2 and E. At higher

metabolic rates (CMRO2 6 ml/min.lOO g) the same
error in CBV results in a much smaller percent error,

Effect of â€¢@ors(â€¢I%,.5%) in csv on â€¢stimated CMRO, ond
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FIG.2. Predictederrorsinbrainoxygenextraction(E02)andce
rebralutilizationrate for oxygen(CMRO2)determinedfor smallerrors
(1% and5%) inmeasuredcerebralbloodvolume(CBV),usingEqs.
(16)and(17)of text. Initialvaluesof 4 and6 ml/100 g wereassumed
for CBV.Resultsdemonstratethatestimatesof EandCMRO2are
moresensitiveto errorsin CBVat higherCBVvaluesandlower
values of CMRO2.
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rebralutilizationrate for oxygen(CMRO2)determinedfor smallerrors
(1 % and 5%) in meastred cerebral blood flow (CBF) using Eqs. (16)
and (17) of text. Results demonstrate that E (solid lines) is more
sensitivethanCM'@Â°2(dashedlines)to errors in CBF.ForbothEand
CMRO2,sensitivityto errors in CBFincreasedat lowervaluesof
CMRO2.

â€”I .6%. Additionally, simulations showed that as CBV

increases, there is a concordant increase in CMRO2 error

for the same percent error in CBV measurement.
Simulations of errors in E and CMRO2 imposed by

errors in the measurement of CBF demonstrated a dra

matic difference in the predicted error in CMRO2
compared with E (Fig. 3). At all levels of oxygen me

tabolism, E is much more sensitive than CMRO2 to er

rors in CBF. This is most dramatic at high metabolism
(CMRO2 6 ml/min.lOO g), where a +5% error in
CBF produced a â€”4.7%error in E but only +0.01% error
in CMRO2. As with CBV, errors in CBF had less affect
on both CMRO2 and E as metabolism increased.

FIG.4. Predictederrorsinoxygenextraction(E02)andcerebral
utilization rate for oxygen (CMRO2) were determined neglecting
recirculating H2150of metabolism usingEqs.(16)and(17)of text.
Errorswere calculatedover largerangeof E(0.075to 0.6)and CBF
(10â€”120ml/min-100 g). Results demonstrate minimal errors in
CMRO2andEathighervaluesofE.AtlowvaluesofE,errorintro
ducedby ignoringrecirculatingwateris considerableat nearlyall
values of CBFexamined.

FIG. 5. Predictederrorsin cerebralutilizationrate of oxygen
(CMRO2)determinedfor+5% errorsinregionalPETcountsfrom
0150 scan using Eqs. (16) and (17) of text. Results demonstrate
higher sensitivity of oxygen model to errors in PET-measured tissue
activity at low CMRO2values and high CBV values.

Simulations of our model's sensitivity to the presence

of recirculating water of metabolism are shown in Fig.

4. These data indicate that ignoring recirculating H2150
of metabolism leads to errors in the calculation of
CMRO2 and E that are dependent upon the true E and
the CBF. As might be anticipated, large errors in esti
mated E and CMRO2 occur when CBF is elevated and
true E is reduced. Simulations done with the introduction
of a 5% error into the measurement of recirculating
water led to less than a 1% error in CMRO2 at all

CMRO2 values examined.
Simulations oferrors in CMRO2 imposed by error in

regional PET-measured tissue activity are shown in Fig.

5. At low metabolic rates (CMRO2 = 1.5 ml/min.lOO
g, E = 0.45) a 5% error in PET counts results in a 13%

error in CMRO2 when CBV equals 4 ml/l00 g, and a
Effect at nsgbectingrecirculatingH,@ onestimotedE,,, andCMRO,
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FIG.6. Comparisonof oxygenextraction (E)in baboonsmeasured
by intracarotid injection of 0150 (true) and by our PET method.
Twenty-twosequentialmeasurementsof E were done in six animals
overa rangeof0.08to 0.58.Resultsshowclosecorrelation(dashed
line)that is notstatisticallydifferentfromunity(solidline).
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points resulted in the equation: E(PET) = 1.035.E(true)

â€”0.018 (r2 = 0.958, N = 22). This line is not signifi

cantly different from unity. Additionally, visual in

spection gives no evidence that the E(PET) values de
viate systematically at either high or low extractions.

Inhalation of approximately 50 mCi of OI5O by a
human subject resulted in the blood activity curves

shown in Fig. 7, where fractionated samples were ob

tamed for 0150 and H2150 activity. Soon after the ter
mination of the 40-sec scan, the fraction of total blood
activity existing as recirculating H2150 of metabolism
was 18%.

A typical study in a normal human is shown in Fig. 8.
Numbered regions of interest have been placed over
various areas of gray and white matter, with the mea

sured CMRO2 printed below each image. In this subject

these values ranged from 2.12 ml/min.100 g for white
matter, to 4.51 ml/min.lOO g for gray matter. The av
erage CMRO2 for the cerebral hemispheres of five such
normal subjects (ages 23 to 40) was 2.93 Â±0.37 (s.d.)

ml/min.lOO g. In this same group ofsubjects the average
CMRO2 ofthe cerebellar hemispheres was 3.65 Â±0.60
ml/min.lOO g. Side-to-side differences in the CMRO2
were less than 1%in both cerebral and cerebellar hemi
spheres.

DISCUSSION

An advantage of our oxygen metabolism model is its
simplicity and relative lack of limiting assumptions. The

local CBF, which determines the entrance and exit be
havior of the only metabolite, H2150, is measured ex

E
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FIG.7. Typicalfractionated(i.e.0150andH2150waterofmetab
olism) arterial blood curves in human subject following inhalation
of â€˜â€”â€˜50mCiof 0-15 oxygen.Notefactorof tendifferenceinscale
between left (0150) andright (H2150)axes. RecirculatingH2150of
metabolism is only 6% of total cumulative blood activity during
40-secPETscan.At t 90sec,fractionof H2150waterof metab
olism is 50%. All activitieshavebeendecay-correctedto zero
time.

21% error when CBV equals 6 ml/lOO g. Importantly,
these errors are reduced at normal to high metabolic

rates. For a CMRO2 equal to 6 ml/min.lOO g the errors
introduced by a 5%error in PET counts are only 7% and
8% for the low and high CBV values, respectively.

The validation experiments in baboons yielded 22
pairs ofextraction values, shown in Fig. 6, with a range

of E from 0.08 to 0.58. Linear regression analysis of these

1@
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FIG.8. Typicalquantitativemeasurementof CMRO2in normalmalesubject,age23. PET-scandatawere collectedover 40 sec. Quantitative
grayscalewassetto samemaximumof 4.95ml/minâ€¢100g foreachsliceto permitmoreaccuratevisualcomparison.Specificregions
have been selected in each slice to illustrate local variations in cerebral metabolic rate for oxygen (CMRO2). Values for these regions
are listed below each slice along with standarddeviation for 25 pixels in each region.
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plicitly. Since no average value is assumed for local flow,
the model is equally useful in varying areas of high,
normal, or low blood flow. The local CBV, which is

necessary for determining the amount of Ol @Otracer in

the vascular compartment, is also measured explicitly,
resulting in similar versatility. Recirculating water of
metabolism, contributing to the overall arterial-blood
activity curve, is measured explicitly. Thus, few as
sumptions are made regarding the subject's general
metabolic rate or physiology as it pertains to these
variables.

The relative distribution of the CBV in precapillary,
capillary, and postcapillary sections is assumed to be
constant regardless of the total blood volume. While
there are no literature data disputing or confirming this
assumption, it is intuitive that a region including part of
a cerebral venous sinus would have a postcapillary blood

fraction above the average. This is not felt to be a serious

limitation to the model, since the postcapillary fraction
is estimated at 0.83 and at most would theoretically in

crease to 1.0 if the entire region was in a venous sinus.
The measurement of CMRO2 in such an uninteresting
region would have minimal importance.

An additional assumption regarding the segments of
the blood volume is that they are in constant equilibrium
with each other. In other words, the arterial blood en
tering a given region will instantaneously affect the
precapillary, capillary, and postcapillary divisions. Ob

viously, this differs from reality where the arterial blood

affects the precapillary volume, which in turn affects the

capillary volume, which in turn affects the postcapillary
volume. The time course of these events is dependent on
the actual volumes involved and the blood flow rate. To

model this additional concept, one to two compartments

would need to be added and the equations increased in
complexity by at least two more convolution operations.
However, the actual time-activity curves of the blood
compartment are not used in the calculation of oxygen

extraction and CMRO2; rather, the time integrals of the
blood activity over the length of the scan are used. We

feel this greatly diminishes the difference between the
two methods. Further work may be needed to verify this
assumption, with consideration of both normal and ab
normal blood flows and blood volumes.

Inherent in the model's structure is the assumption

that no molecular oxygen exists outside the vascular
compartment. Clearly, some must exist in the tissue or

there could be no metabolism. However, the absolute
value of this tissue oxygen concentration has been found
to be very low (19,20), essentially negligible relative to
the vascular oxygen source.

The validation study using monkeys, sequentially
studied by the intracarotid injection technique and then

with the PET scan, demonstrated a very close correla
tion. Of the original 28 sets of data, corresponding to 84
PET scans, a total of six sets were removed from final

analysis. Three sets were removed because the monkey
involved developed a clinically obvious cerebral infarct

subsequent to the study. Three other sets were removed

due to technically poor blood-activity curves in one of the

three scans for each set. Even when we considered all
data sets, linear regression analysis yielded a close cor
relation between the two methods, and was not signifi

cantly different from unity.
The purpose of the simulations was to identify the

conditions that adversely affected the accuracy of our
model. No attempt was made to exhaust all possibilities,
but the major variables measured externallyâ€”local
CBF, blood volume, recirculating water of metabolism,
and PET-measured tissue activityâ€”were included. The

results demonstrate that estimates of CMRO2 and E are

not critically dependent on the accuracy of the first three

variables. However, it is equally apparent that a mere
global estimate for blood flow and blood volume could
lead to dramatic errors, as these variables can vary two
to threefold across the various regions of the brain. An
error in the quantity of recirculating water seems to have
much less impact on the final estimates of oxygen ex
traction and CMRO2. The assumption of no recircu
lating water, however, may lead to considerable error in
CMRO2 and E. While no attempt was made to calculate
the precision of our CMRO2 measurements in human
subjects, simulations demonstrated that errors in PET
measured tissue activity resulted in significant errors in
the CMRO2 and E values. Additionally, all simulations
indicated that areas of the brain with high CMRO2 had

the lowest errors. Gray matter, with its superior average
metabolic rate, would fall into this category.

Some caution must be observed in comparing our
preliminary cerebral hemisphere values for the CMRO2
for normal young adults, with measurements in the lit
erature. Our value of 2.93 ml/min.100 g is slightly lower

than that reported by others using the standard Kety

technique (21 ,22) or our own results using residue de

tection and 0-1 5-labeled radiopharmaceuticals injected

into the internal carotid artery (23). This difference is
probably due to partial-volume averaging. By demar

eating the cerebral hemispheres as all activity lying
within the outer table of the skull (see Methods, Human
studies), we obviously include cerebrospinal fluid spaces
surrounding the brain and the brain ventricular system.
Percent estimates of these spaces in normals (24) mdi

cate they represent â€˜-â€˜.â€˜lO%of the volume of the cranial

cavity. Assuming such a volume for our subjects, we
would correct our value for the cerebral hemispheres to

3.22 ml/min.100 g. We have obviously ignored the
contribution from bone in this estimate of the true

CMRO2 for the cerebral hemispheres. Preliminary
studies (unpublished) indicate that the calvarium may
represent 20% of the area sampled in these measure
ments. If so, the true average CMRO2 for young adults,
using our method with PET, will be more like 3.90
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ml/min.l00 g. It is of interest, in this regard, that our
value for the CMRO2 of the cerebellum, based on a re
gion of interest placed within each cerebellar hemi

sphere, is considerably higher than that we obtain for the
cerebral hemispheres (i.e. 3.65 Â±0.60 compared with

2.93 Â±0.37 ml/min.l00 g). We explain this difference
primarily as due to exclusion of fluid and bone. In per

forming our validation studies in baboons (Fig. 6) we

used a region of interest placed within the cerebral
hemisphere to avoid this problem. Where measurements

of global hemisphere metabolic rates as well as other

parameters are of interest to investigator, explicit cor

rections will be necessary to avoid partial-volume effects.
The strategy of Gado et al. (24) is a convenient approach
to this problem.

Our implementation of these PET scan techniques for

measuring regional CMRO2, cerebral blood flow, and

cerebral blood volume has been rewarding. The use of
short-lived oxygen-l 5 permits the three sequential scans,

each following an administration of H2150, C'5O, or

0150, to be accomplishedwithin half an hour. Reli
ability of the results is supported by simulations and

validation studies. The versatility of the technique should
permit experimental design to include a broad range of
normal and abnormal states.

FOOTNOTE

These studies were approved by the Human Studies Committee and
the Radioactive Drug Research Committee (United States Food and
Drug Administration) of the Washington University School of Med
icine. Informed consent was obtained from each subject before PET
scanning.
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