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Two common assumptions made in most positron emission tomography (PET) cerebral biood
flow techniques have been examined in detail. These are (1) that the blood-borne radioactivity
component in the measured PET data is negligible, and (2) that differences in arrival time of
the arterial bolus across the brain cause insignificant biases in the estimated cerebral blood
fiow (CBF) values. Biases in CBF values due to partial failure of these assumptions have been
predicted by computer simulation studies and also quantitated for both dynamic and single
scan PET methods using H.'>0. Both computer simulations and measured PET data indicate
that these assumptions can sometimes cause significant errors in the estimated flow values.
The magnitude of these errors depends on the PET technique used (dynamic or static) and on
the interval of data included in the flow calculations. The bias caused when these
assumptions fail can be considerabty reduced by omitting ~40 sec of data immediately

following tracer administration from the CBF calculations.
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Positron emission tomography (PET), together with
the use of inert freely diffusible radioindicators, can pro-
vide quantitative measurements of local cerebral blood
flow (CBF). Examples of positron-emitting radioindica-
tors for estimating CBF include oxygen-15 ('*O) water
or [*OJcarbon dioxide (I-5), fluorine-18 (‘*F) fluoro-
methane (6,7), carbon-11- and ['*O]butanol (8,9), and
krypton-77 (10). The accuracy of the estimated CBF
values is dependent on (a) the statistical precision of
the measured data (both PET and arterial input func-
tion) and (b) the validity of assumptions made in the
kinetic model and in the parameter estimation scheme
used to calculate CBF. In this report we examine the
second of these two factors.

At least six assumptions exist that, if not completely
valid, will introduce bias into the blood flow estimates.
These are: (a) the CBF tracer equilibrates instanta-
neously between blood and brain tissue and, therefore,
the blood-borne radioactivity component of the meas-
ured PET data is negligible; (b) differences in arrival
time of the arterial bolus across the brain are insignifi-
cant; (c) a single fixed value of the tissue-blood partition
coefficient of water may be used for the entire brain
(static methods only); (d) the measured arterial input
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curve from the radial artery and the true arterial input
to the brain have the same shape; (e) each individual
region is homogeneous with respect to flow and parti-
tion coefficient; and (f) a two-compartment model con-
figuration (blood and a single tissue compartment) gov-
erned by two rate constants accurately describes the
true in vivo behavior of the radioindicator. If these
assumptions are valid, then the estimates of CBF should
be unbiased and independent of the temporal range of
PET data used in the calculation. However, the occur-
rence of varying CBF estimates with different PET scan
time ranges indicates that one or more of the assump-
tions is not entirely valid. This work focuses on the first
two of these six assumptions. The final four assump-
tions in the above list have been investigated and re-
ported by others (11-15).

We will first briefly review the model equations for
CBF PET studies and describe how more careful con-
sideration of the above assumptions affects the equa-
tions describing kinetic behavior. We then present re-
sults from computer simulation studies performed to
determine the magnitude of the biases encountered
during typical CBF studies. We also present results of
measured PET data acquired following intravenous
bolus administration of H,'’O. Finally, we discuss
the conditions under which failure of these assumptions
causes significant bias in estimated CBF values and
describe methods to minimize these sources of error.
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THEORY

The solution to the Kety-Schmidt blood flow model is
commonly written as:

C(t) =fC,(1)® e lWp+Ar )

where C(t) and C,(t) are the time varying radioactivity con-
centrations (¢Ci/ml) in tissue and arterial blood, respectively,
f is the local mass specific blood flow (ml of blood/ml of
brain/ min), p is the tissue-blood partition coefficient for H,O
(ml of blood/ml of brain), A is the decay constant for 'O
(1/min), and ® represents mathematic convolution.

Even though complete equilibration between tissue and
blood occurs during a single capillary transit for a freely
diffusible tracer, the arterial blood remains at a different
concentration than brain tissue. The early PET data will have
considerable contributions from arterial-borne radioactivity
and thus CBF estimates will be biased when blood corrections
are not made. When the tracer rapidly equilibrates between
blood and tissue and when the tissue-blood partition coeffi-
cient of the water is near unity (so venous and tissue concen-
trations are approximately equal), the blood volume compo-
nent can be approximated by the cerebral blood volume
(CBV), given in ml of blood/ml of brain, multiplied by the
arterial fraction of the total CBV (F,). The measured PET
data (Cper(t)) as a function of time becomes:

Crer(t) = (1 = CBV F)[fC(t) ® e 7P 1) @
+ CBV F, C,(1).

Note that f now actually represents perfusion of the brain
exclusive of the arterial vascular space and p represents the
effective partition coefficient between brain (exclusive of the
arterial vascular space) and blood. However, even if the venous
blood volume is 5% of the tissue volume and the true partition
coeflicient of water differs from unity by 20%, only a 1% error
in either f or p would result.

Due to differences in the lengths and diameters of separate
branches of the cerebral vasculature, there exist variations in
the arrival time of the radioactivity bolus to local regions of
the brain. These can be accounted for by variable temporal
shifts of the measured arterial input curve (at the radial artery)
with respect to the PET data sequence of each individual brain
tissue region. Thus, Eq. (2) can be rewritten as:

Crer((t) = (1 — CBV F)[fC,(t — ;) ® e 7P+

; 3)
+ CBV F, C(t — 1).

The arterial input C, is now a function of t;, which describes
the variable temporal shift of the measured arterial curve with.
respect to the measured tissue curve for each region i.

PET CBF techniques that use inert freely diffusible radioin-
dicators can be categorized into three groups: (a) steady-state
methods (4,5); (b) autoradiographic methods (2,3,19); and
(c) dynamic methods (1,6,7,10). All studies reported in this
work were performed using a bolus administration and, thus,
only the autoradiographic and dynamic methods were inves-
tigated. The effects of errors caused by violations of the
assumptions investigated in our study are considerably differ-
ent for steady-state methods than for bolus administration
methods and, therefore, will not be discussed further in this

paper.
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Dynamic methods estimate both flow and the tissue-blood
partition coefficient, while single scan methods estimate only
flow and therefore must assume a fixed and, for practical
implementation, a uniform value of the partition coefficient.
The dynamic analysis was performed using a weighted integral
lookup table technique (/8). The computational form of the
method appears as:

JE wi)C(1) dt _ £ [] wit)Ca(t) ® e 7P+ gt
JEwAC) dt [T w()Cu(t) ® e PPk gy’

@

where w,(t) and wx(t) are time-dependent weighting functions.
The weighting functions used in this work were w(t) = 1/ vt
and wy(t) = Vi. The leading f terms on the right side cancel
and f/p can be estimated by comparing measured data (left
side) to a calculated lookup table involving the arterial input
function and f/p (right side). Once f/p has been estimated f is
easily obtained by substituting f/p back into the integral
equation. Finally an estimate of p is obtained by dividing the
estimate of f by the estimate of f/p. Our selection of weighting
functions differs from that of 1 and t chosen in the original
description of the method (/8). Simulation studies show
slightly superior performance for the weighting function pair
of 1 /\/I and Vi compared with 1 and t in terms of reducing
both bias and uncertainty in the parameter estimates. This
rapid analysis technique has also been shown to perform
nearly as well as standard nonlinear least-squares techniques,
but with dramatic improvement in computation time (/5).

The single scan analysis was performed using a fixed value
for the tissue-blood partition coefficient, allowing the meas-
ured PET value to be written as a function of only one
unknown parameter f.

Ty T,y
I Ctydt=f J; Ca(t) ® e 17prak g, 5)

Blood flow is then easily calculated using either a lookup table
or an analytic relationship between the left and right side of
Eq. (5).

METHODS

Theoretical computer simulation studies were performed
to predict the biases encountered in estimated CBF values
caused by the arterial-borne radioactivity component of the
PET data. Simulated noise-free PET data were calculated
using the model equations [Eq. (1)] with the arterial input
function shown in Figure 1. Gray and white matter regions
are assumed to have blood flow values of 70 and 20 ml/100
ml/min, respectively. An arterial blood volume component
was added to the noise-free data according to Eq. (2). Blood
flow values were then estimated without accounting for the
blood-borne component by using either Egs. (4) or (5). CBF
values were estimated in a total of five ways using the two
different estimation techniques. The dynamic two-parameter
analysis was performed using either 4 min or 6 min of data.
The single scan analysis was performed using 40 sec, 100 sec,
or 240 sec of data. Longer data acquisition intervals provide
more total coincidence counts and therefore higher statistical
accuracy. However, the later data becomes less dependent on
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ARTERIAL INPUT FUNCTION
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FIGURE 1

Measured arterial input function time
course as measured from the radial
artery following intravenous bolus in-

TIME (sec.)

flow while becoming more dependent on the partition coeffi-
cient.

Equation 3 was used to predict changes in the estimated
CBF values caused by variations in the arrival time of the
arterial bolus across the brain. Simulated PET data was cal-
culated using Eq. (1). Again, gray and white matter regions
were assumed to have blood flow values of 70 and 20 ml/100
mi/min, respectively. CBF values were estimated using either
Eqgs. (4) or (5), but with the arterial input function shifted 3
sec either forward or backward in time.

Measured PET data was acquired on a TCC PCT-4600A
tomograph, with in-plane resolution of ~10.5-11.0 mm full
width at half maximum (FWHM) and axial resolution of
~10.0 mm FWHM. Blood flow studies were performed on
three normal volunteer subjects using an intravenous bolus
injection of 25-30 mCi of H,'*0O. PET scanning was always
initiated at the start of injection. A dynamic sequence of scans
was acquired as follows; six scans of 20 sec duration, two scans
of 1 min duration, and one scan of 2 min duration, totaling
nine scans in 6 min. The arterial blood concentration was
recorded continuously from the radial artery using a flow
through plastic scintillation detector (20). The detector was
placed ~8 cm from the tip of the catheter and blood was
withdrawn at a rate of 5.0 ml/min. The mean head to radial
artery arrival time difference used for timing of the measured
input function was determined by recording the total coinci-
dence events from the middle ring of the scanner at 1-sec
intervals and matching the leading edge of this curve to the
leading edge of the input curve measured at the radial artery.
The dynamic analysis was then performed by the weighted
integral lookup table method [Eq. (4)] using either the first
eight scans (4 min) or all nine scans (6 min). The single scan
analysis [Eq. (5)] was performed by summing data from three
scans (60 sec), five scans (100 sec), or eight scans (240 sec)
into a single data set. All values reported without the first 40
sec of data were obtained simply by omitting the first two
scans of the dynamic sequence from all calculations.

Estimates of the arrival time difference between a brain
region and the measured arterial input function were obtained
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jection of *0O-H.0. This input curve
was used for all theoretical computer
simulations.

360

by fitting the arrival time differential as an additional param-
eter in the model, instead of using a fixed mean value for the
arrival time as described in the preceding paragraph. The
input function, recorded on a l-sec time grid by the flow
through detector, was linearly interpolated to allow fractional
displacements of the input curve. Arrival time, CBF, and p
were simultaneously estimated by standard nonlinear least-
squares analysis. Calculations were made using the entire 6-
min dynamic sequence of PET data.

RESULTS

Theoretical effects of arterial blood volume on esti-
mated CBF values are described in Figure 2. Shown are
percent overestimations in CBF as a function of arterial
blood volume. Estimation of both blood flow and par-
tition coefficient was performed using the dynamic
information from 4 min or 6 min of data. Single scan
analyses were performed using an assumed partition
coefficient of 0.9 ml of blood/ml of brain and data
intervals of 60 sec, 100 sec, or 240 sec. The two left
panels show results when the data immediately follow-
ing bolus injection of tracer is included in the calcula-
tion. The two right panels show results when the first
40 sec of data are excluded.

Table 1 summarizes the computer simulation studies
showing the effect of including the first 40 sec of data
following tracer administration in the estimation pro-
cedure. These values are obtained by comparison of the
left and right panels in Figure 2. Given are the percent
increases in CBF when the estimation includes the first
40 sec of data. Results for three arterial blood volume
fractions are shown; 0.1 (near a major artery), 0.02
(high gray matter region), and 0.005 (typical white
matter region).

Functional images of CBF at two levels of the brain
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FIGURE 2
Theoretical effects of arterial blood
volume on estimated CBF values.

GRAY MATTER REGIONS

GRAY MATTER REGIONS

Shown are percent overestimations
in CBF as a function of arterial blood
volume fraction. A dynamic tech-
nique, estimating both blood flow
and partition coefficient, was per-
formed using both 4 min or 6 min of
data. A single scan technique, using
an assumed partition coefficient, was
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ately following bolus injection of
tracer is included in the calculation.
The early PET data can have signifi-
cant blood contributions even if the
arterial blood volume fraction is only
1% or 2%, resulting in overestima-
tions in CBF. The two right panels
show results when the first 40 sec of
data are excluded. The CBF overes-

PERCENT OVERESTIMATION N CBF

timations are considerably smaller.

for one control subject are shown in Figure 3. Each
brain level was analyzed with (top images) and without
(bottom images) the first 40 sec of PET data. A dynamic
analysis using 6 min of data was employed for these
calculations. Note the obvious effect of blood-borne
radioactivity on the estimated flow values in the regions
surrounding the carotid arteries when the early data is
included. Excluding the first 40 sec of data alleviates
much of this effect. Boundaries of typical regions of
interest (ROIs) for areas surrounding major arterial
vessels and for areas composed primarily of temporal
lobe gray matter, cerebellar white matter, and parietal
white matter are pictured in Figure 4. Similar sets of
ROIs were drawn for each subject.

Table 2 summarizes the measured percent differences
in estimated CBF with and without the first 40 sec of

TABLE 1
Theoretical Effect of the First 40 sec of PET Data on
Estimated CBF’
Scan duration Arterial blood volume fraction
(sec) 0.1 0.02 0.005
Dynamic
240 sec 65.4 71 25
360 sec 519 6.4 21
Static
60 sec 60.0 6.5 20
100 sec 33.8 46 1.0
240 sec 20.3 26 0.4

‘Table values give predicted percent differences in estimated
CBF with and without inclusion of the first 40 sec of data following
tracer administration. A positive result indicates higher estimated
CBF when the first 40 sec of data is used. These values were
obtained by comparing left and right panels of Figure 2.
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data. Positive values indicate higher estimates when the
first 40 sec of data is included. The means and standard
deviations were obtained from several regions on three
different subjects; arterial (n = 6), temporal (n = 8),
and white matter (n = 10). Each of the five rows
represents a different analysis of the same set of studies.
The measured results reported in this table compare
well with the theoretical predictions shown in Table 1.

Table 3 reports both theoretical and experimentally
measured changes in estimated CBF due to regional
differences in the arrival time of the arterial blood to
various regions of the brain. Three-second variations in
arrival time were simulated for several data acquisition
intervals for both the dynamic and static analysis meth-
ods. A positive time shift indicates a larger time differ-
ence between measured and actual arterial input func-
tions. The experimentally measured results are derived
from the same data reported in Table 2. Table values
are the mean change in CBF for gray and white matter
regions when the arrival of the arterial input function
is shifted in time. It can be seen that theoretical CBF
changes due to arrival time variations are in good
agreement with those changes seen in experimentally
measured data.

Table 4 presents the estimated arrival time differen-
tials between various brain regions and the measured
arterial input function when the arrival time is included
as a third model parameter for one of the subjects
reported in Tables 2 and 3. In addition, Table 4 com-
pares CBF values for estimated and fixed mean arrival
times, where the value of the fixed mean arrival time is
calculated as described in the Methods section. The top
two rows give the mean and standard deviation of the
estimated time differential (in seconds) between arrival
of radioactivity in the brain region and the radial artery.

The Journal of Nuclear Medicine



The third row gives the time differential between the
estimated arrival time and the fixed mean arrival time
of 11 sec for this subject. The fourth and fifth rows give
estimated CBF values using measured and then a fixed
constant arrival time, respectively. The final row gives
the percent change in estimated CBF when the arrival
time is fixed to a mean value instead of being estimated
as an additional parameter. These results are very sim-
ilar to results from the other subjects analyzed in this
manner.

DISCUSSION

There are many factors involved in the accurate
measurement of CBF with PET. Several groups have
carefully investigated CBF methods, analyzing the per-
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FIGURE 3

Functional images of local cerebral
blood fiow for one subject. Shown
are two levels of the brain acquired
from a single administration, each
analyzed with (top) and without (bot-
tom) the first 40 sec of PET data. A
dynamic analysis using data through
6 min postadministration was em-
ployed for each calculation. Note the
obvious effect of blood-borme radio-
activity on the estimated flow values
in the regions surrounding the carotid
arteries. Omitting the first 40 sec of
data alleviates much of this effect.
Decreases in the estimated flow in
temporal lobe regions can also be
observed when the first 40 sec of
data are omitted.

formance and potential sources of error in each meas-
urement technique. An indication that one or more of
the assumptions of a blood flow technique may not be
entirely valid is the presence of variable CBF estimates
as the temporal range of PET data included in the
measurement is altered. Raichle (3), Ginsberg (21), lida
(12), and co-workers at their respective laboratories
have seen this effect for autoradiographic CBF tech-
niques. Huang et al. (13) have observed similar effects
in dynamic CBF techniques. Several sources of error
causing time-dependent CBF measurements were iso-
lated and analyzed in these studies. They include (a)
tissue inhomogeneities, (b) uncertainty in the partition
coefficient, (c) dispersion of the measured input func-
tion, (d) time shifts between blood and tissue data, and
(e) validity of a single compartment model.

FIGURE 4

Images showing typical regions of
interest (ROIs) for areas surrounding
the carotid arteries, temporal lobe,
and white matter areas. A similar set
of ROIs was drawn for each subject.
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TABLE 2 TABLE 4
Measured Effect of the First 40 sec of PET Data on Regional Estimates of Arrival Times of the Arterial Input
Estimated CBF’ Bolus and Effects on CBF
Scan duration Arterial Temporal  White matter . I White
(sec) Mean + s.d. Mean+sd. Meants.d. Arterial T matter
Dynamic Left Right Left Right Left Right
240sec 752+309 11.8+6.1 1.7+76
Regional arrival time
St::co sec 659+284 11.1+6.1 26+6.2 (relative to radial artery)
60sec 59.1 + 185 8.0+ 42 03+7.1 Mean (sec) 152 140 102 108 8.7 96
+s.d. +0.7 +1.2 +0.6 +£0.8 +1.1 +1.8
100sec 37.0+ 115 56+28 1.1+43 e "
240sec  26.0 + 9.1 30+25 14432 Arrival time difference (s) 42 30 -08 -0.2 -23 -1.4
(estimated—fixed)
— F (mi/1 i 7.2 39. 4 49, 3 21,
“Table v give t diff in estimated C? ({n/tggamrlt/ic::;) 37.2 39.8 484 495 193 219
CBF with and without inclusion of the first 40 sec of PET data. A .
BF (mi/100 mi 46.1 469 47.2 485 18.1 20.
positive result indicates higher estimated CBF when the first 40 c (ﬁxgd{ar;vwm -—{":?)sec) 9 485 208
sec of data is used. Means and standard deviations are obtained % Change in CBF 239 17.9 —-2.5 —-2.0 —6.5 —5.3

from several regions from studies performed on three different
subjects; arterial (n = 6), temporal (n = 8), and white matter (n =
10). Each of the five rows represents a different analysis of the
same studies.

The present work examines two other common as-
sumptions made in both dynamic and single scan CBF
techniques that can cause error in the estimated flow,
resulting in temporally varying CBF values. These are
(a) that the blood-borne radioactivity component in the
measured PET data is negligible and (b) that differences
in arrival time of the arterial bolus across the brain are
insignificant. The effects observed when the first of these

TABLE 3
Percent Change in Estimated CBF due to Regional
Arterial Arrival Time Differences’

Theoretical Experimental

Scan duration  Time

(sec) diiff. Gray White Gray White

Dynamic
0-240sec +3 sec 104 8.0 119 116
-3sec -92 -78 -108 -9.1
40-240sec +3sec -0.1 1.3 0.6 15
-3 sec 02 -13 -03 -14
0-360sec +3 sec 88 6.1 10.5 8.7
-3sec -79 -55 -96 -75
40-360sec +3sec —0.6 0.6 0.3 1.3
-3 sec 08 -11 -02 -13

Static

0-60 sec +3 sec 125 13 13 120
-3sec -104 -100 -95 -98
40-60sec  +3 sec 11 25 0.8 21
-3sec -04 -25 -02 -16
0-240 sec +3 sec 11 13 14 1.7
-3sec -14 -13 -12 -17
40-240sec +3sec 57 -12 -42 -16

-3 sec 75 1.2 55 1.8

‘ Table values give percent change in estimated CBF when the
measured arterial input function is shifted +3 (later in time) and
-3 (eartier in time) seconds relative to the PET data. Theoretical
computer simulations and measured experimental results are
given for both dynamic and static scan techniques.
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‘The top two rows give the caiculated time differential (in
seconds) between regional arrival of radioactivity in the brain and
the radial artery (the site of arterial input function measurement).
Values are the mean and standard deviation of pixels within each
region. The third row gives the time difference between the
estimated regional arrival time and the fixed mean arrival time (11
sec for this subject). The next two rows give estimated CBF
values using both the measured arrival time and the standard
fixed arrival time. The bottom row gives the percent change in
CBF when the regional arrival time is fixed to a constant value
instead of being estimated for each pixel.

assumptions is not entirely valid has not, to our knowl-
edge, been reported previously. If the second assump-
tion is invalid, similar effects to those caused by incor-
rect time shifts between blood and tissue data are ob-
served. Both result in error caused by the measured
blood curve not being appropriately shifted in time
relative to the brain data. Previous work has described
this effect only for the autoradiographic method and
only with inclusion of the early data following admin-
istration. The present study reports effects not only for
these conditions but (a) when some early data is ex-
cluded from the CBF calculations (Table 3), (b) for
dynamic CBF estimates (Table 3), and (c) for regional
variations in arrival time of the bolus input that a single
shift between the blood curve and the mean tissue curve
cannot account for (Table 4).

Simulated and measured PET data consistently dem-
onstrate that much of the bias introduced into the CBF
values by arterial blood contamination can be effec-
tively eliminated by exclusion of the early PET data,
which contain high arterial radiotracer concentrations.
In the results presented in this paper, 40 sec of data
were excluded because the PET data was acquired as
20 sec scans. Therefore, only exclusions that were mul-
tiples of 20 sec could be tested with actual PET data.
Results strongly indicate that exclusion of 40 sec of
data is superior to exclusion of either 20 sec or 60 sec
of data. If the PET data were acquired on a finer time
grid, more intermediate values could be tested, how-
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ever, the processing time and data storage requirements
increase as the number of scans acquired in the dynamic
sequence increases.

Figure 2 shows that the effect of arterial blood con-
tributing to the measured PET signal begins to signifi-
cantly affect CBF estimates when the arterial blood
fraction reaches ~2%. At this level, overestimations of
CBF can range from 10% to 15%. There is some flow
dependence to this error with regions of lower flow
having increased error for the same arterial blood frac-
tion. When the first 40 sec of data are omitted from the
estimation calculations, a 2% arterial blood fraction
causes overestimations in CBF of only 1%-3%.

This effect is easily visible in the areas surrounding
the carotid arteries, as shown in Figure 3. The mean
CBF value of the regions around the carotid arteries,
shown in Figure 4, decreased from 60.2 to 31.7 ml/100
ml/min when the first 40 sec of data are excluded. The
effect is also noticeable in areas with high cerebral blood
volume, such as the temporal lobe regions where the
mean CBF value decreased from 63.6 to 57.5 ml/100
ml/min. CBF estimates using a dynamic analysis were
higher by an average of over 50% in regions surround-
ing the carotid arteries when all the data were included.
Similarly, gray matter region estimates typically in-
creased by 6%-8%, whereas, white matter region esti-
mates increased by only 2%-3%. This occurs because
there are two parameters that co-vary, one parameter
(f) adjusts to fit the early data that has blood contami-
nation and the second (p) adjusts to fit the remainder
of the data. The sensitivity of the single scan method to
the early data was found to vary considerably with scan
duration. If only a short interval of data was used, the
single scan method is equally or more sensitive to
arterial effects than the dynamic method. Increases in
flow values of up to 60% in areas near major arteries
and 6%-7% in gray matter regions were seen when the
first 40 sec of data were included. As progressively
longer scans were used, the bias from arterial-borne
radioactivity decreased because the fraction of the data
that had a significant contribution from blood-borne
radioactivity was decreasing. However, longer scan du-
rations for the single scan techniques become more
sensitive to other types of errors, such as bias encoun-
tered when using an incorrectly fixed tissue-blood par-
tition coefficient (11).

The two major limitations of performing this type of
correction are that (a) the first 40 sec of data also
contains the most useful flow information, and (b)
statistical requirements limit the amount of data that
can be omitted from the CBF estimations. For dynamic
studies, the biases due to a 1.5% arterial blood volume
are decreased from 5%-10% to <1% by omitting the
first 40 sec of data. However, exclusion of the early data
increases the percent root-mean-squared uncertainty in
estimated CBF from ~5% to ~8%. Therefore, part of
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the gain in accuracy obtained by removing the arterial
bias is lost as the CBF estimates become less precise.

Other methods of correction for CBV contamination
appear less promising. Estimation of arterial CBV as an
additional model parameter is difficult in dynamic stud-
ies due to the noise characteristics of PET data, and is
not even possible in static studies because only a single
parameter can be estimated. Another means of correct-
ing for arterial blood volume would be to measure CBV
with an additional PET study. However, this requires
extra scanning time and often presents registration
problems. Furthermore, the magnitude of the biases
does not seem to warrant taking an additional scan
when most of the error can be avoided by omitting
approximately the first 40 sec of data from the CBF
calculations.

Variations in the actual arrival time of the arterial
bolus of +3 sec from the mean arterial arrival time were
predicted by computer simulations to cause up to 12%
bias in estimated CBF values (Table 3). Results for the
autoradiographic methods are in good agreement with
those reported previously (12,19). In addition, dynamic
and short single scan protocols have greater biases than
do longer single scan protocols. As is the case with CBV
errors, omission of the early data decreases biases in
estimated CBF. Biases in the dynamic studies are re-
duced to <1.5%, while biases in static scans shorter
than 2 min are reduced to <2.5% when the first 40 sec
of data are excluded. In general, if the actual arrival
time is longer than the mean arrival time (positive time
shifts), biases in CBF are positive. One major exception
is that for the longer static studies this error reverses
and longer arrival times cause negative biases in CBF.
This is understood by considering how the integral of
the PET data changes as the limits of integration
change. A positive time shift causes both the starting
and ending limit to move later in time. Thus, when the
scan duration is short and includes data immediately
following tracer administration, the integral becomes
larger because early time points that are at low concen-
trations are replaced by later time points that are at
higher concentrations. As the scan duration increases,
or when early data are omitted, the integral does not
change as rapidly and biases due to timing errors be-
come less significant. Shifts of the measured input
function are seen to create changes in estimated CBF
that are in good agreement with those predicted by
theoretical calculations.

Inclusion of arrival time as an additional fitted model
parameter indicates that arrival of the arterial bolus
differs by several seconds between brain regions (Table
4). For example, arrival times near the carotid arteries
were consistently earlier, and arrival times in the cere-
bellum and white matter were consistently later than
those of cortical gray matter, with variations of up to
several seconds. However, fitting arrival time as an
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additional model parameter has limitations because of
the extra computational time required in a dynamic
analysis and because it can not be implemented in static
methods. Furthermore, while bias is reduced by includ-
ing a variable time shift into the model, the statistical
variation in the estimates of the other parameters (blood
flow and partition coefficient) will increase due to the
additional degree of freedom allowed in the fitting
process. As is the case with arterial blood contamination
problems, most of the error can be avoided by omitting
approximately the first 40 sec of data from the CBF
calculation.

The assumptions investigated in this paper are only
two of several made in PET CBF measurements. Many
groups have examined errors in blood flow estimates
resulting from statistical uncertainty in the PET meas-
urements as well as biases introduced by failure of
various model assumptions (3,11-19,21). Statistical un-
certainty in PET blood flow values is typically 5%-
10%. The magnitude of the biases discussed here range
from a few percent to >20% depending on the partic-
ular conditions, and thus are potentially a larger source
of error than statistical uncertainty. These biases are
also as or more significant than biases caused by other
previously examined assumptions, such as tissue im-
homogeneities, input function dispersion, and incorrect
values for the partition coefficient, which seldom cause
biases >10%-15%.

In conclusion, we have examined in detail two of the
more common assumptions made in PET cerebral
blood flow techniques. Biases in estimated CBF values,
when these assumptions fail to be completely valid,
were quantitated for both dynamic and single scan PET
methods. Both theoretical computer simulation studies
and measured PET data indicate that these biases can
be significant under normal scanning conditions, par-
ticularly in regions near the major arteries. Omission of
the early data following tracer administration (~40 sec)
from the estimation calculations has been shown to
considerably lessen the magnitude of the biases associ-
ated with these sources of error.
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