INVITED COMMENTARY

8F-FDG in Cardiology and Oncology:
The Bitter with the Sweet

neering work oii®F-FDG metabolism in from one study to the next) and re-
I n oncology and cardiology8F- the brain. The 2 principal elements ingional changes (e.g., variation in the
FDG has proven of great practical usethis controversy involved how “con- LC at different portions of the tumor or
Its use is so widespread that we oftestant’ the so-called lumped constanheart during the same study). Global
forget that the physiologic interpreta-(LC) really was and whethéfF-FDG, changes in the LC have been shown to
tion of the uptake and metabolism ofonce it had been phosphorylated, realipe produced by global changes in the
18F-FDG is by no means straightfor-was permanently trapped in the céik-  cardiac milieu (e.g., glucose, fatty ac-
ward and has been the subject of argu=DG is in some cases more easily tranges, and insulin) by Herrero et al2)
ment for decadesl). The article by ported across the cell membrane than iand others. Although such changes in
Herrero et al. 2) in this issue ofThe glucose, in both the brain and the heattC can make physiologic measure-
Journal of Nuclear Medicine revisits (and presumably in tumors). Further-ments problematic, many clinical car-
one of these fundamental interpretamore, once inside the celfF-FDG isin  diac 8-FDG scans look only at rela-
tional problems by asking whether car-general phosphorylated less easily thative ¥F-FDG uptake around the
diac®F-FDG metabolism really repre- is glucose. These 2 differences had to beyocardium (e.g., viability measure-
sents glucose metabolism. In so doinggorrected for when using measurementsients) during a single study. In such
Herrero et al. remind us that our un-of ¥F-FDG metabolic rate to infer glu- situations, global changes in the LC
derstanding of how to interpret imagescose metabolic rates. The combined efmight not be a serious practical prob-
of this “molecule of the century” is far fect of these differences was initially asdem. When'8F-FDG scans are used to
from complete: To what extent doessumed to be constant and was accountedonitor tumor therapy, however, such
18E-FDG uptake represent®F-FDG for by a constant scale factor relatingglobal changes in the LC could be
metabolism? To what extent do¥f- 18F-FDG metabolism to glucose metabproblematic. In the current paradigm,
FDG metabolism actually represenplism—the LC. To some extent theone assumes that reduction in glucose
glucose metabolism? And what doedrain’s metabolic processes (aroundise with therapy indicates tumor re-
measurement of glucose metabolismvhich the early controversy centeredsponse. If the LC changes during treat-
really tell us about energy consump-are quite simple compared with those ofnent, changes in glucose use would
tion? These are just a few of the questhe myocardium or perhaps even of tunot be mirrored by changes iH#F-
tions that come to mind. The article ofmors. The brain is isolated by the blood-FDG.
Herrero et al. focuses on only the secbrain barrier from most of the various The second potential change in the
ond of these questions, and only as iubstrates available in the blood. Nd.C would be the occurrence of re-
applies to myocardial imaging. None-such isolation exists for the myocardiumgional changes in the LC, in which, for
theless, the article serves as a stimulusr for tumors. Tumors are usuallyexample, one part of the myocardium
to reflect on how these mostly unanthought to be supplied by very “leaky” or tumor had an LC different from that
swered questions might affect the invessels, much more permeableewen of other parts. Such regional changes
terpretation of*®F-FDG PET imaging |arge molecules than are normal capeould conceivably result from regional

in both cardiology and oncology. illaries. The heart is a “metabolic changes in the myocardial or tumor
omnivore,” and a wide variety of dif- cells themselves or from regional
CAN '8F-FDG METABOLISM BE ferent substrates compete with gluchanges in the cellular milieu, such as
USED TO INFER GLUCOSE cose for energy production. Com-large differences in blood flow from
METABOLISM? pared with the brain (and even theone part of the tumor or heart to an-

There has been controversl) gbout heart), less is known about the mechether. If such regional blood flow
this question ever since Sokoloff's pio-anisms used by tumors to satisfychanges induced regional changes in
their energy needs3j. the LC, then thé®F-FDG distribution

Problems arise in interpreting car-would not reflect a similar pattern of
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troscopy and PET (4—7) primarily in
isolated heart preparations, athough
there have been some conflicting re-
sults in the literature. These studies
have primarily involved changing the
cardiac milieu through alterations in
glucose and insulin, although other
studies have suggested that large in-
creases in myocardial blood flow will
also alter the LC. In the current article
(2), Herrero et a. have made in vivo
measurements in dogs, examining how
well both 8F-FDG PET and 'C-glu-
cose PET mirrored actual glucose con-
sumption (determined with unlabeled
glucose by Fick methods). Herrero et
a. varied the myocardial milieu in a
variety of ways, changing substrate
availability, insulin levels, and cardiac
work (and therefore blood flow). Un-
der this variety of conditions, 18F-FDG
uptake rate, using a single fixed value
for the LC, had a significantly poorer
correlation with true glucose consump-
tion than did 1C-labeled glucose. Even
when an attempt was made to allow the
LC to vary using a previously reported
variable LC model (8), the agreement
between 8F-FDG and unlabeled glu-
cose remained poor and a significant
bias resulted.

Far less is known about whether
such effects might also occur in tu-
mors—does the LC change from one
tumor type to another, does it change
as the tumor grows, or with therapy?
Hariharan et a. (5) suggest, referring
to cardiac studies, that “ To validate the
tracer analog method, uptake of 18F-
FDG must be measured simulta-
neously with a true glucose tracer un-
der conditions similar to those in
vivo. ... " Thisiswhat has been done
in isolated heart preparations and is
what Herrero et al. (2) do in dogs in
vivo in the current article. It is an ap-
proach that also is needed for tumors.
Unfortunately, the measurements that
are proposed by Herrero et al. are con-
siderably more complex to perform
than are similar quantitative measure-
ments with 18F-FDG. 11C-glucose has a
shorter half-life and produces many
metabolites that are difficult to correct
for (1CO, and 1C-lactate). Nonethe-
less, Herrero et al. show that the mea-

surements can be performed in vivo,
albeit with some difficulty.

The observations of Herrero et a.
(2) are of obvious importance for car-
diac imaging (at least for measure-
ments in which absolute glucose use
rates are desired). Do any of these
findings help us understand what the
limitations for tumor imaging might
be? Given our limited understanding of
tumor metabolism (3) (and the wide ar-
ray of very different tumors), and given
the large variation of perfusion within a
tumor and across tumor types, we must
proceed with care. The articles question-
ing the constancy of the LC for hearts
must make us think carefully before we
accept 18F-FDG use as redly represent-
ing glucose metabolism in tumors. This
in no way detracts from the empiricaly
proven clinica utility of F-FDG in
both cardiac and tumor imaging. It Sm-
ply meansthat interpretation of the phys-
iologic significance of 8F-FDG mea
surements is not straightforward.

DOES '®F-FDG UPTAKE
REPRESENT '8F-FDG
METABOLISM?

There are 3 principal reasons that
the amount of 8F-FDG taken up by a
tumor or by the myocardium does not
necessarily reflect the 8F-FDG meta
bolic rate of that structure. First, 18F-
FDG uptake represents the tota
amount of 8F-FDG that is present in
the tissue at the particular time one
acquires the image. Often, that amount
will continue to increase (especialy in
tumors) long after the standard 1-h im-
aging time. Second (and related to the
first), 18F-FDG uptake is not equal to
the total amount of 8F-FDG that has
been metabolized (i.e., phosphorylat-
ed). Instead, it is the sum of F-FDG
that has been metabolized and 8F-
FDG that is as yet unmetabolized (e.g.,
in the blood within the tumor, in the
intercellular spaces, and within the
cells themselves). This amount can be
considerable, depending on the blood
concentrations of 8F-FDG at the time
of imaging— often quite high in oncol-
ogy imaging and even occasionally in
glucose-loaded cardiac subjects. Third,
the uptake depends on the injected
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dose (which is easy to correct for) and
the amount of 18F-FDG available to the
tumor or myocardial cells. This“avail-
able dose” in turn depends on how
much of the injected 8F-FDG is taken
up by other structures within the body.
Cdculations of standardized uptake
value attempt to compensate for this by
assuming that the amount taken up by
the rest of the body depends only on
total weight, or lean body mass, or
body surface area. For patientswho are
receiving radiation or chemotherapy or
have progressive metastatic disease,
this assumption is unlikely to be true.
Changesin 8F-FDG uptake of atumor
over time may therefore not reflect
changes in 8F-FDG metabolism over
time (9). More elaborate analyses of
the data, such as Patlak analysis or a
full 3-compartment model, avoid these
problems, but only at the expense of
requiring a dynamic acquisition and
requiring knowledge of the arterial ac-
tivity as a function of time, A(t). It
is possible that other normalization
schemes, such as some form of “sim-
plified kinetic analysis’ (10,11), might
be sufficient to minimize the difficul-
ties associated with variations in the
“available dose” (i.e., variations of the
input function) from one study to the
next. In addition, late imaging (12,13)
may serve to reduce the contribution of
unmetabolized 8F-FDG and reduce
the time dependence of 8F-FDG up-
take. It is possible that in the future
some new scheme for ¥F-FDG nor-
malization may be feasible, combining
the simplicity of standardized uptake
value with the increased accuracy of
Patlak analysis. Much work remains to
be done in this arena.

DOES GLUCOSE METABOLIC
RATE REFLECT ENERGY
CONSUMPTION?

In the heart it is clear that, even
discounting possible LC variahility,
1BF-FDG metabolic rate does not tell
one much concerning energy con-
sumption. Too many other substrates
can compete with glucose (including
both fatty acids and lactate). More im-
portant, the amount of energy pro-
duced per glucose molecule depends
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crucialy on oxygen supply. In tumors,
it isnot even completely clear what the
primary sources of energy production
are. In vitro studies indicate that glu-
tamine and glutamate might contribute
as much as 65%—80% of total energy
production under aerobic conditions
(3). In vivo studies have shown differ-
ing results. Even if glucose were the
only substrate in tumors, the energy
produced per molecule of glucose con-
sumed can of course vary by afactor of
19 depending on whether only glycol-
ysis occurs or whether oxidative phos-
phorylation also proceeds. Obviously
then, the glucose (and 8F-FDG) use
will vary greatly depending on the type
of metabolism taking place, for the
same rate of energy consumption. This
will depend presumably on flow-re-
lated oxygen supply and even on the
state of differentiation of the cells,
since it is thought that the degree to
which tumor cells depend on glycoly-
sisis related to how poorly differenti-
ated the cells are.

The bottom line is that we must not
let the proven clinical utility of 8F-
FDG in cardiology and oncology make
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us complacent. There still is an im-
mense amount to learn about even the
most basic aspects of metabolism and
BFE-FDG. Many more studies such as
that of Herrero et a. (2) and the in
vitro work that preceded it will be re-
quired before we fully understand what
BE-FDG uptake really means. In the
meantime, we must consider ourselves
fortunate that despite our limited un-
derstanding of the physiology, 8F-
FDG PET has cometo play a dominant
role in medical imaging.

Stephen L. Bacharach, PhD
Senthil K. Sundaram, MD
National Institutes of Health

Bethesda, Maryland
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