Noninvasive Estimation of Cerebral Blood Flow

The quantitative aspects of PET,
which allow regional measure-

ments of the concentration of radioac-
tivity to be made in absolute units, are
well known. To extract quantitative
information about physiological enti-
ties from a PET measurement or se-
ries of measurements (dynamic
study), both a tracer kinetic model and
an input function are required. The
model is a mathematical description of
the fate of the tracer within the body,
in particular within the tissue under
study, in terms of the relevant physi-
ological parameters. However, these
physiological parameters can only be
quantified if, apart from the tissue re-
sponse curve, the delivery of tracer to
the tissue (input function) is also
known.

In PET studies, measurement of the
input function usually requires arterial
cannulation and sampling, ideally with
continuous withdrawal and on-line
counting. In most cases, venous sam-
pling is unsatisfactory because of up-
take in the peripheral tissues and
delay and dispersion within the circu-
lation. The necessity to collect arterial
blood is seen as a drawback of quan-
titative PET. It requires a greater
commitment from both patient and
doctor. In particular, it can be a neg-
ative factor in the recruitment of nor-
mal controls. In activation studies, the
presence of an arterial cannula and the
manipulation of the blood lines during
a run could be confounding factors.

Wherever possible, techniques have
been developed aimed at avoiding
blood sampling altogether. The most
obvious situation is that in which the
heart is in the field of view of the scan-
ner. This provides the opportunity to
measure the input function with regions
of interest (ROISs) within the left atrium
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or ventricle (). For example, this has
been applied to the measurement of
myocardial blood flow (2). In the brain,
a reference tissue model has success-
fully been applied to receptor studies
(3,4). In this case, a region devoid of
receptors is used as an indirect input
function to a receptor-rich region to
measure the binding parameters. How-
ever, it is clear that this type of model
cannot be used for cerebral blood flow
(CBF) studies.

The measurement of CBF was one
of the first quantitative techniques to
be implemented in the use of PET (5).
Over the years, a number of different
methods have been described (6-9)
with the intent of increasing the accu-
racy of the measurement while main-
taining functional flow maps (i.e., cal-
culation of CBF on a pixel-by-pixel
basis). The latter property is impor-
tant for activation studies; it allows
statistical tests to be performed on im-
ages of CBF. However, all these
methods involve arterial blood sam-
pling. As mentioned earlier, especially
in the study of normal volunteers, this
can be a limiting factor in the recruit-
ment of subjects. Because many stud-
ies are directed toward the location of
centers of activation rather than the
measurement of the absolute change
in flow, at present, most activation
studies are performed without blood
sampling. Instead, statistical tests are
applied to the integral count images,
which are normalized to a global flow
of 50 ml/dl/min. A linear local relation-
ship (i.e., over a small range of global
activities) is assumed between counts
and flow. Although for very short scan
durations the relationship between
flow and counts is almost linear, in
practice, even for bolus injections, the
maximum signal-to-noise ratio is ob-
tained for a scan duration of approxi-
mately 90 sec. This results in a signif-
icant degree of nonlinearity. In
theory, nonlinearity could affect local
regressions (10) and thereby decrease
the sensitivity for actual changes. For

CBF studies that are performed as
part of a receptor or metabolism
study, quantitation is more important,
and arterial blood sampling has to be
performed. However, this is some-
what unsatisfactory if the receptor
study itself can be analyzed with a
reference tissue model.

Mejia et al. (11) attempted to quan-
tify CBF without blood sampling.
Their approach is different from the
reference tissue method mentioned
before in that they do not use a refer-
ence tissue with special characteris-
tics. Instead, they have taken the in-
novative approach of using the whole
brain as a reference and assuming that
global CBF is 50 ml/dl/min, an as-
sumption which is reasonably valid, at
least for normal brain (12). Mejia et al.
(11) show a good correlation between
their method and the autoradiographic
method (Table 1 and Figs. 8 and 9).
Although the autoradiographic method
probably cannot be used as the “gold
standard,” the comparison neverthe-
less demonstrates similar performance
levels of both methods in this series of
10 studies. In other words, flow maps,
similar to those obtained from the auto-
radiographic method, can be generated
without blood sampling. An increased
linearity between these flow values and
“true” flow compared with integrated
counts and ““true” flow would be ad-
vantageous for activation studies.
Apart from the theoretical higher sensi-
tivity, the magnitude of changes can
be quantified more reliably with this
technique than from count images
approaches. Although the patients’ re-
sults have been obtained with a dy-
namic scanning sequence, the simula-
tion studies (Fig. 4) would indicate that,
in practice, at least for activation stud-
ies, the number of frames could be re-
duced dramatically. Whether noninva-
sive CBF images have any advantages
over the present activation studies that
use integrated count images needs to be
addressed in the future.

The method reported by Mejia et al.
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(11) would be a real breakthrough if it
would allow for an absolute quantita-
tion of CBF. However, this has not
been achieved yet. First, there is a
strong dependence on the actual flow
in the whole brain ROI. This means
that the method cannot be applied in
patients in whom a change in global
CBF might be expected. Even in pa-
tients in whom global flow might be 50
ml/dl/min, errors can occur, which de-
pend on the selection of the whole
brain ROI. Perhaps a more serious
concern is based on the assumption
that the volume of distribution of wa-
ter (V) is 1 for all regions. Apart from
the fact that the V, is different for gray
and white matter, it is well known that
the V4 for a heterogeneous region,
such as the whole brain, is substan-
tially lower than the true value when it
is measured with nonlinear regression
of the tissue time-activity curve
(9, 13). The advantage of curve fitting,
which allows both CBF and V; to be
determined, is that tissue heterogene-
ity is primarily reflected in a bias of
V4, not CBF. On the other hand, if V4
is fixed, tissue heterogeneity will be
expressed as a bias in CBF. Although
the results of their initial study (Table
1) are promising, further studies will

be required to test whether the ap-
proach proposed by Mejia et al. (11)
can be truly quantitative. If quantita-
tive studies without blood sampling
can be achieved for CBF, application
to other tracers could be considered.
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