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BrainBloodFlow Measuredwith IntravenousH2'50.
I. TheoryandErrorAnalysis
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The tissue autoradiographicmethodfor the measurementof regionalcerebral

bloodflow(rCBF)inanimalswasadaptedforusewfthpositron
emissIon
tomogra
phy(PET). Becauseof the limitedspatialresolutionof PET,a regionof interestwill

containa mixofgrayandwhitematter,lnhomogeneous
Inflowandintracerparti
tion coefficient(A). Theresultanterrorin rCBF,however,is lessthan4%. Al
thoughthe tissueautoradlographic
methodrequiresa monotonically
increasing
input function to ensure a unique solution for flow, the PET adaptation does not, be

cause of an additional integration In the operational equation. Simulation showed
that the model is accurate in the presenceof ischemiaor hyperemiaof the gray

matter.Inaccuracyintimingofthearterialinputfunctionwill resultin largeerrors
In rCBF measurement.Propagationof errors in measurementof tissue activfty Is
largely Independent of flow, reflectIng the nearly linear flow compared with activity
relationship.
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Positron emission tomography

(PET) makes possi

ble the safe and accurate quantification of the regional
concentration of positron-emitting radionuclides in vivo.
Using mathematical

models to describe the biological

behavior of specific radiotracers, one can determine re
gional cerebral blood flow (rCBF) and metabolism from
the radioactivity concentrations of blood and local tissue.
The soundness of physiological measurements made with
PET depends not only on accurate radiotracer quanti
fication by the tomographic

scanner, but also on the

validity of assumptions inherent in the physiological

and examines its accuracy in relation both to deviations
from model assumptions and to errors in measurement
of tissue and blood radiotracer. A subsequent report (4)
discusses the implementation and validation of this
method using 0-15-labeled water as the radiotracer.
THEORY

The tissue autoradiographic method for the mea
surement of rCBF, based on the principles of inert gas
exchange between blood and tissues developed by Kety

model and the sensitivity of the model to errors in the

(5), has been widely used in laboratory animals (1,6).

measurements of tissue and blood radioactivity.
We have proposed that the tissue autoradiographic

A freely diffusible, biologically inert radiotracer is in
fused intravenously for a brief time period, T, followed
by decapitation of the animal. rCBF is obtained by nu
merically solving the following equation for f, the flow
per unit weight of tissue:

method for the measurement

of rCBF in animals, orig

inally developed by Kety and his colleagues (1,2) can be
adapted for in vivo rCBF determination with PET (3).
This report describes in detail such a PET adaptation
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where C@(T)is the instantaneous local tissue radiotracer

METHODS OF ERROR ANALYSIS

concentration (cps/unit weight) after an infusion time
of T seconds, derived from a quantitative autoradiogram

of a brain slice; Ca(t) @5
the measured concentration of

Our approach to rCBF measurement with PET is
based on a one-compartment model that assumes that
the tissue in which the local radioactivity measurement

radiotracer

is made is homogeneous

in arterial blood as a function of time; and

with respect to flow and X.

Aisthebrain:blood
equilibrium
partitioncoefficient
for However, because of the limited spatial resolution of
the tracer. The asterisk denotes the operation of convo
lution. The derivation of E. (1) is based on a one-corn
partment model in which flow and X are considered ho

PETâ€”currently in the range of 1â€”1
.5 cm (12,13)â€”a
region of interest (ROI) will contain a mix of gray and
white matter inhomogenous in both flow and X.Thus an

mogeneous in a region of interest. It is assumed that
rCBF remains constant during the period of measure

average X must be selected for use in the operational

ment.

Current PET scanners cannot measure the instanta
neous tissue count rate, C@(T).A scan must be performed
over many seconds, essentially summing the decay events
occurring during the scan. One obtains an image of local
counts collected during the scan, not of instantaneous

equation, Eq. (2), and the resultant measured flow will
reflect some nonlinear combination of the gray and white
matter flows in the ROI.
A computer simulation was developed to study the
effect of tissue inhomogeneity and other possible sources
of error. The simulation is based on the following prin
ciples. A tissue ROI may be considered

to contain

count rate. Therefore, to adapt the tissue autoradi
ographic technique for in vivo studies with PET, we have
modified the operational Eq. ( 1) of this model by an in

varying fractions, wg, and w@, of gray and white matter
respectively,
where wg + w@
I . One may specify the

tegration of the instantaneous count rate, C(T), over the

an arbitrary

time of the scan, T1 to T2, as follows:

Ca(t), and then apply Eq. (2) to calculate

I'

C=

counts,

T2

I

C@(T)dT

â€˜ST2

f J

Ca(T)*

arterial

radiotracer

Cg or C@ that

would

time-activity

be obtained

curve,

the tissue
if the ROI

consisted only of gray or white matter. The following

JT1

=

flow, f, and the known A for gray or white matter, and

(2)

exp[â€”(f/X)T]dT

T1

relations are obtained
spectively:

for gray and white

matter,

re

T2

Cg

fg 5

Ca(T)* exp[â€”(fg/Xg)T]dT

(3)

Here, C is the local number of counts per unit weight of
tissue recorded by the tomograph from a region of brain

,â€˜ T2

C@= f@J

during the scan. The arterial activity curve Ca(t) @S
de

@

termined by frequent arterial blood sampling, and both
the PET scan data and the blood curve are corrected for
the decay of radiotracer that occurs following its intra
venous injection. Once a value of A is specified (see

below), Eq. (2) can be solved numerically for flow for
any specific

region in the tomographic

image. Alterna

tively, a look-up table calculated from Eq. (2) may be
used to relate local tissue counts to rCBF (7).
Several potential sources of error have been identified

for the tissue autoradiographic method, and their impact
must be considered

in this PET adaptation.

ficulties include inhomogeneity

These dif

of tissue with respect to

flow (8), uncertainty in the exact value of X,the partition
coefficient
for the radiotracer
(8), restrictions
on the
shape of the arterial concentration
input function Ca(t)

(9), anduncertainty
inthetimingOfCa(t)(10).ThePET
adaptation of the autoradiographic
method might in
troduce further errors in flow measurement related to
the limited spatial resolution of the scanner (I I ), to the
performance of the model when applied to disease con
ditions, and to the impact of error in the measurement

Ca(T)* exp[â€”(f@/X@)T]dT (4)

Then, for relative weights, Wgand w@,of gray and white
matter

in the ROI, the regional

tissue counts that would

be obtained with a PET scan for these weights is

C = WgCg+
(5)
This weighted count value, C, is then used in Eq. (2)
along with the specified arterial time-activity
an average

brain

X to calculate

curve and

the â€œmeasuredâ€•flow.

This is to be compared with the â€œtrueâ€•
flow in the ROl,
that is the weighted sum of gray and white flows
ftrue

Wgfg

+ w@f@

(6)

Any difference between these two flow values reflects
an error in rCBF measurement due to the specified de
gree of tissue inhomogeneity in the ROl.
In addition, this computer simulation

can be used to

investigate
a wide variety of other possible sources of
error in rCBF measurement.
The shape of the arterial
time-activity
input function, Ca(t), may affect the per
formance of the autoradiographic
method. Ginsberg (9)

of local tissue radioactivity with the scanner. These po

has noted that the tissue autoradiographic
method re
quires a monotonically increasing input function Ca(t).
Otherwise, a situation can develop in which different

tential sources of inaccuracy in the PET autoradiogra
phic method, and a computer simulation to study their

and a unique flow result will not be obtained from Eq.

impact,

(1). The effect of the input function in the PET adap

will now be discussed.
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flows can give rise to the same local tissue radioactivity,
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tation of this method [Eq. (2)] is examined with the taming varying proportions of gray and white matter is
simulation by specifying various shapes for Ca(t) @fl
E4@5. shown in Fig. 1. The respective values of flow and Aused
(3) and (4).
in Eqs. (3) and (4) were 80 ml . min1 . hg@ and 1.04
Abnormal conditions, such as ischemia or neoplasm, ml . g' in gray matter (14), and 20 ml - min@ . hg@
can alter both the regional partition coefficient for the and 0.88 ml - g' in white matter (14). The arterial input
tracer and the degree of flow inhomogeneity. Perfor
function had a bolus waveform reaching its peak at 10
mance of the PET autoradiographic method in such sec. The calculated rCBF from the one-compartment
cases can be studied by specifying flows and/or A in Eqs. PET autoradiographic model is very close to the true
(3) and (4) to simulate tissue disease, and then corn weighted flow over the whole range of possible tissue
paring the resultant â€œmeasuredâ€•
flow with the true mixes, with the maximum error of â€”3.7%occurring in
weighted regional flow.
an ROI containing 70% white matter, using an average

Inaccuracyin the measurementofthe tissueor arterial AinEq.2of0.95ml. g@.Thecalculated
values
forflow
activity concentrations used in Eq. (2) will result in errors
in flow calculation. Several inaccuracies are possible. In
practice, the arterial blood curve is obtained by sampling
from a peripheral artery. Since the distance from the
heart to a peripheral artery (e.g., the femoral or radial)
may be greater than the distance from heart to brain, the
data points on the sample-derived curve can be delayed
in time with respect to the true input function. In addi
tion, difficulties in rapidly sampling arterial blood do
lead to a less-than-perfect definition of the arterial input
curve. Finally, error in measuring tissue activity with the
PET system is propagated in the calculation of flow. The
effect of these various measurement inaccuracies can be
simulated. Equations (3) to (5) are used to calculate the
true or expected tissue activity for a specified arterial
input curve in a ROI. The calculated flow as affected by
one of the above measurement errors is obtained by in
serting the specific measurement errorâ€”either in tissue
counts, C, or arterial activity, Ca(t)in Eq. (2) before
the flow is calculated, and then comparing this calculated
flow with the true weighted regional flow from Eq.
(6).
To facilitate these simulation studies, which involved
manipulation of the arterial input function, Ca(t) was
approximated by the function A . t . exp(â€”t/t@).This
yields a rising, then falling curve with its peak value at
time ti,. The arbitrary constant, A, can be adjusted such
that the area under the input curve, which corresponds
to the total decay-corrected activity injected, is held
constant. A low value of t@,(e.g., 10 sec) results in an
input waveform similar in shape to that obtained in
practice with an intravenous bolus injection, whereas for
long ti,, the rising part of the curve simulates an infusion
input (see Fig. 3, upper left).
All of these simulation studies are based on a scan
length of4O sec (T2 â€”T1, Eq. 2), which is in keeping with
the original measurement time of 1 mm or less proposed

were relatively insensitive to the choice of the value for
the average Xfor the model, for example, 0.90, 0.95, or
1.00 ml . gâ€”1,as illustrated. In addition, the error in
rCBF determination due to tissue inhomogeneity is af
fected little by the shape of the input function, as seen
in Table 1.
The relationship between the tissue counts in an ROI
and its true weighted flow was examined using Eqs.
(3)â€”(6).In Fig. 2 this relationship is plotted for an 80%
gray ROI, with gray flow varying from 10 to 100 ml.
min1 - hg 1, and a ratio of gray-to-white flow of 4:1.
Over the range of flow likely to be seen in humans, the

number of local tissue counts is almost linearly related
to flow. This has been found true regardless ofthe shape
of the arterial input function, and of the weights and
flows of gray and white matter in the ROI.
The effect of the shape of the arterial time-activity
input curve on the solution of the original autoradi
ographic equation [Eq. ( 1)] for flow is illustrated in Fig.
3. Two inputs were used, a bolus input and a slowly
changing infusion (Fig. 3, upper left). As seen in Fig. 3,
upper right, for certain infusion times, a bolus input can

â€˜DI
-C

â€˜C

E
E
UC.,

by Kety and his colleagues(1,2,6,7). Unlessotherwise

40
60
% Gray in ROl

specified, the value for average brain A for water used
in Eq. (2) is 0.95 ml â€¢
g@, and the arterial
waveform reaching its peak at 10 sec.

input is a bolus

RESULTS

The effect of tissue inhomogeneity in an ROI con
784
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FIG. 1. Calculated flow for regions of Interest with varying mixes

of grayandwhftematter,formodelwithaveragepartftioncoeffIdents of 0.90,0.95,and 1.00ml- g1. Solidlinerepresentstrue
weighted flow of the tissue mix. Arterial input function Is bolus
waveform reaching Its maximum at 10 sec.
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TABLE 1. EFFECTOF ThE SHAPEOF ThE ARTERIALINPUTFUNCTIONON CALCULATEDrCBF
% Gray

flow
in AOl

inROlTrue
0

rCBF10-sec

peak

StepCalculated

40-sec peak

60-sec peak
19.9
31.1
42.8

20
32

20.0

19.9

19.9

31.0

31.0
42.6

44

42.6

60
80

56

54.8

30.9
42.5
54.7

68

67.7

67.7

67.3

55.0
67.7

100

80

81.4

81.4

80.6

81.1

20
40

. Calculations

made using a model A of 0.95 ml - g1

54.7

and a scan length of 40 sec. Flows are given in ml . min1

- hg@. The

input functions consisted (a) of a step function, and (b) of waveforms of shape A . t - exp(â€”t/t,@),
with peak values reached at the

timeslisted.

proach, as embodied in Eq. (2), involves an integration
of tissue activity over time, this problem of multiple so
lutions with a bolus input does not arise over the equiv
alent time period (Fig. 3, lower left); in fact, the curves

the error in calculated flow decreases as well, since the
inhomogeneity in the ROI with respect to flow is less.
The ability of the PET autoradiographic method to
quantify incremental changes in rCBF accurately is
illustrated in Table 2. The changes in flow that would be
measured with incremental changes in gray-matter flow
of 20 ml - min@ . hg@ are listed for various gray:white
tissue mixes. These measured changes closely reflect the
true weighted flow change in the ROI.
To simulate abnormal tissue such as a brain tumor in
which I'tmay vary widely, flows were calculated for an
ROI containing varying proportions of white matter and
tissue, with abnormal Asof 0.90 and 1.05 ml . g I, The
calculated flows that would be obtained in practice are
very close to the true weighted regional flows, with the

in tissue counts as a function

errors shownin Fig. 5. This is not surprising, giventhe

give rise to the same tissue activity in regions that have
different flows. The infusion times at which these mul
tiple solutions occur depend upon the shape of the input
function. With a bolus input reaching its peak in 10 see,
the first such time is at 84 see, while a faster-rising bolus
peaking in S sec leads to multiple solutions appearing
earlier, at 71 sec. Thus, there is a potential for multiple

solutions in the calculation of flow from a given tissue
activity with the tissue autoradiographic method. This
problem does not arise with a slowly changing infusion
input. However, since the PET autoradiographic

of time continue

ap

to remain

separated at 140 sec.
The effects of simulated abnormal tissue on rCBF
determination are shown in Figs. 4 and 5. Cerebral
ischemia or hyperemia was modeled by using as values

relative insensitivity of the model to the value of average

Ausedintheoperational
Eq.(2), asnotedabove.
Inaccuracy in the timing of the arterial activity curve
can cause large errors in rCBF measurement, as shown

for pure gray-matter flow 40, 60, 80, and 100 ml . min

in Fig. 6. A moderate 2-sec delay in the sampled arterial
curve with respect to the true arterial brain input

with Eq. (3). As seen in Fig. 4, the largest errors occur
with the highest gray flow, with the maximum error
being â€”6%in a 30% gray ROI. As gray flow decreases,

causes a 4â€”10%
over estimation of rCBF with a bolus
input, while with a larger 5-sec delay, errors of up to

.hgI inthecalculation
ofregional
gray-matter
countsactivity

+24% are obtained.

Of note, for the same degree of

delay, larger errors are obtained with a slowly changing
infusion input than with a bolus input. The effect of the
frequency of sampling of the arterial activity curve,
Ca(t), on calculated

flow was studied.

In practice,

dis

crete arterial samples are rapidly drawn at an interval
of about every 5 sec. We compared calculated blood flow
for this 5-sec and for a rapid I-sec sampling frequency,
using the bolus input function in Fig. 3, (upper left), in

40
60
True flowinROl (mImin@hg')

FIG. 2. RelationshIp between true weighted flow and tissue counts
in AOl that Is 80% gray matter (see text).

Volume 24, Number 9

ROI with varying mixes of gray and white matter. The
flows calculated from the less frequently sampled input
differed no more than 3.6% from those calculated using
the rapidly sampled input.
The effect of error in the measurement of regional
tissue activity with PET on the resultant calculated
rCBF is shown in Fig. 7. The percent error in activity
785
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FIG.3. Effectofshapeofarterialinputfunction
onuniqueness
of
solution for flow. Upper left: Illustrationof arterial inputfunctions
used, of form A . t - exp(â€”t/t,@,):
a bolus type of waveform peaking

at 10 sec, and slowlychanging input whose rising part simulates
infusion.Upperright Tissue activityas functionof time, withbolus
inputfor tiasue autoradiographicmethod.Activitycurves are plotted
for flows ranging from 10 to 100 ml - min1 - hg@. Below: Integrals

of tissueactivityforbolusinput,as usedinPETautoradiographic
method, showing no possibilityof multiplesolutions for flowover
time period indicated.

TIME

measurement is propagated as an approximately
equivalent percent error in rCBF. In addition, the
propagation of error in tissue activity measurement is
essentially independent of flow rate.

limitations of the physiological model used to calculate
flow from blood and local tissue radiotracer measure
ments must be understood.
Although the tissue autoradiographic method, as well
as its PET adaptation,

DISCUSSION

The ability to measure cerebral blood flow is critical
for an understanding of the pathophysiology of cere
brovascular and other neurological disorders. PET
makes possible, for the first time, the safe and accurate
in vivo quantification

of rCBF in man. However, for

reliable rCBF quantification with PET, the strengths and
786

(SEC)

is based on a one-compartment

model, which assumes regional tissue homogeneity, the
limited spatial resolution of PET will result in an ROI
containing a mix of gray and white matter that is het
erogeneous

in both flow and X. However, this study

demonstrates that the rCBF measured in such a region
will be very close to the true weighted gray and white
flows in the region. Eklof (8) has demonstrated that the
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U-

the routine use of an average A results in little error.
Thus, although it is based on a one-compartment model,
the PET autoradiographic method will accurately
quantify rCBF in inhomogeneous regions of tissue

0

in both normal brain and in conditions that may change

ID
C

regional flow or X.
The finding that a bolus input may be used in the PET
method without the risk of multiple solutions for flow (as
occurs in the tissue autoradiographic
method) has im

portant practical implications. Our PET method has
been implemented

@

.@

@

@

using as the diffusible tracer water

labeled with 0- 15, which has a 123-sec half-life. Thus,
40
60
100
the use of a slow infusion of radiotracer during the length
% Gray in ROl
of
the scan would result in considerable decay of the
FIG. 4. Percentage errors In calculated rCBF with various gray
tracer
during its infusion, with less activity being deliv
matter flows simulating hyperemla (100 ml . min1 - hg1) or
ischemla(60 and 40 mlâ€˜
mln@1âhg@'),
€¢ forvaryinggraywhitemixes. ered to the brain than is desirable for reliable PET im
White-matter flow Is 20 ml â€m̃in1 .
ages.
It is important to understand the effects of inaccuracy
tissue autoradiographic method accurately reflects the in tissue and arterial activity measurements on the cal
true weighted flow in a gray-matter region that is het culation of rCBF, and then to minimize the impact of
erogeneous in flow. Ginsberg et al. (15) used an auto
these inaccuracies if possible. A mismatch in timing
radiographic strategy with an external probe system to between the sampled peripheral arterial activity curve
measure global cerebral blood flow in the rat. Their and the arterial input to the brain was shown to cause
model predicted reliable estimates of rCBF in simulated large errors in the calculated rCBF. This finding provides
gray:white mixtures heterogeneous only in flow provided a motive for strategies to correct for these timing errors.
the white component was less than 25%. The analysis of One approach that has been implemented is to measure
our PET autoradiographic approach indicates that the the difference in arrival times of the radiotracer bolus
rCBF measured in an ROl that is heterogeneous in both between the brain and the peripheral sampling site. This
flow and X will be within 4% of the true weighted flow time difference is used to shift the peripheral-artery
regardless of the gray:white proportion.
activity curve appropriately in time before using it for
The finding that rCBF and local tissue radioactivity I-CBF calculation. Relatively infrequent sampling of the
are almost linearly related in the flow range likely to be arterial blood curve, e.g., every 5 sec, introduced rather
encountered in human studies is of practical importance. small errors in rCBF. However, these errors might be
Firstly, the image of tissue counts will linearly reflect reduced by using an automated method of blood sam
relative differences in flow in different regions of the pling to obtain a more nearly continuous curve, as has
brain during the scan. Thus, for certain applications, been done in animal experiments (7).
such as functional mapping of the brain, where only
Errors in measurement of tissue activity were found
relative changes in rCBF are sought, arterial blood to result in approximately equivalent errors in rCBF.
sampling might not be required. Secondly, as seen in Thus, improvements in PET scanner accuracy will be
Table 2, the technique will accurately reflect changes in directly reflected in the rCBF calculations. Furthermore,
regional gray-matter flow in a linear fashion, although
the change will be lessened by a factor equal to the
10
fraction of gray matter in an ROI. Finally, the propa
gation of error in tissue radioactivity measurement in the
5 . A=0.90 (----9
0
calculation of flow will be approximately linear (see
below).
The calculated blood flow was shown to be quite in
L@
@â€˜@%.::@::: ..
sensitive to the choice of average Xused in the PET op
erational equation. Ekiof (8) reported a similar behavior
for the tissue autoradiographic method with infusion
â€”uIJ
I
I
I
0
20
40
60
80
100
times less than 60 sec and flows less than 100 ml - min
0@.....

% Abnormal
Tissue
inROt

. hg â€˜
. Thisisa veryuseful
property,
since
it isnot,
possible in general to use a A weighted to the gray:white

proportions in the ROI, as these proportions are not
known in practice. In addition, although the A in ab
normal tissue, such as tumor, will generally be unknown,

Volume 24, Number 9

FIG. 5. Percentage errors In calculated rCBF for ROl containing
white matter with flow of 20 ml . min' â€¢
hg1 and X@, 0.88
ml . g1, and varying proportions of abnormal tissue, with flow of
80 ml - min'

. hg@1 and with partftion coefficients

of 0.90 and 1.05

ml.g1.
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20ml
INCREMENTAL CHANGESIN GRAY MAilERFLOW OF
TABLE2. MEASURED
CHANGESINrCBFWITh
â€¢
mi,r1 . hg@1Measured
for%

changes in rCBF
change

@ay
in AOlTrue

flow100â€”8080â€”60

In rCBF in AOlIndicated

60â€”4040â€”20

100

20

21.0

20.6

20.5

90

18

18.2

17.9

18.2

18.1

80

16

15.4

15.7

15.9

16.0

70
60

14
12

13.1
10.8

13.3
11.2

13.7
11.6

14.0
11.9

* Calculations

made

using

the same

simulated

conditions

as in Table

the nature of error propagation with the autoradiogra
phic method is more acceptable

than with the equilib

rium inhalation method using 0-1 5 carbon dioxide,
which is also currently in use to measure rCBF with PET
(16,17). In the latter method, because ofa very nonlinear

relationship between regional flow and tissue activity,
errors in activity measurement are amplified in the cal
culation of rCBF, and this error propagation changes
with local flow rates (18). These problems do not occur
with the PET autoradiographic method.
This simulation study did not address the issue of the
limitation

changes in gray

of water as a freely diffusible tracer (19). It

has been proposed to modify the operational equation
of the tissue autoradiographic method by inclusion of the
factor m = 1 â€”exp(â€”PS/f), where PS is the product of
capillary permeability and surface area (9). However,
when Eckman et al. (20) calculated the value of m in a

1. White

matter

is 20 ml . min1

- hg1.

account for diffusion limitation of the tracer is lacking,
and this complex issue was not included in our extension
of the method to PET. We have chosen to study this
problem experimentally by comparing blood flow mea
sured with 0-1 5-labeled water in our PET autoradi
ographic method to blood flow measured with the in
tracarotid injection of H215O. The details of these ex
periments in baboons are reported in the subsequent
paper in this series (4).
In conclusion, this study of the adaptation of the Kety
autoradiographic method shows-that it is well suited for
the measurement of rCBF in man with PET. An ap
preciation of the validity of assumptions in the model and

of its accuracy will lead to more precise quantification
of regional cerebral blood flow with positron emission
tomography.

simulation study, they found it was in fact not a constant,

but merely approached the value of 1 â€”exp(â€”PS/f)
asymptotically with time. Therefore, an appropriate
modification of the tissue autoradiographic method to

flow

20.2
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