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EDITORIAL
FDG-PET in Oncology: There’s More to It Than Looking at
Pictures
“Things sweet to taste may prove in  dramatically increased glucose trans- deoxy-D-glucose cannot be converted
digestion sour.” port which was paralleled by marked to glycogen. Thus, the formation of 2-
William Shakespeare increases in the amounts of glucose deoxy-D-glucose-6-PO,, is the final

apidly proliferating tumor cells

metabolize glucose more rapidly
under anerobic than under aerobic
conditions. This inhibition of glycol-
ysis by oxygen, the “Pasteur effect,”
was first described by Pasteur and
later confirmed by Warburg and Mey-
erhof (/,2). Proposed explanations for
this phenomenon include, increased
concentrations of hexokinase in tu-
mors compared to normal tissue and
increased glucose transport into tu-
mors (3-5). Accelerated glucose trans-
port is among the most characteristic
biochemical changes that occur with
cellular transformation. In a recent
study, the molecular mechanism of
altered glucose transporter activity
was evaluated in cultured rat fibro-
blasts transfected with activated myc,
ras and src oncogenes (6,7). In cells
transfected with myc, the rate of 2-
deoxy-D-glucose transport was un-
changed. In contrast, transfection
with ras and src oncogenes resulted in
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transporter protein and messenger
RNA. Similarly, exposure of the cells
to the tumor promoting phorbol ester
12-O-tetradecanoyl phorbol-13-ace-
tate also resulted in accelerated glu-
cose transport and increased concen-
trations of transporter mRNA. These
results indicate that a significant
mechanism by which malignant
transformation  activates  glucose
transport is increased expression of
the structural gene encoding the glu-
cose transport protein.

The ex vivo evaluation of glucose
metabolism in tumors can be per-
formed with 3H or '*C-labeled glucose.
However, the fact that glucose is ex-
tensively metabolized in vivo requires
detailed chromatographic analysis of
the concentration of individual me-
tabolites. The introduction of radio-
labeled 2-deoxy-D-glucose by Soko-
loff et al. as a tracer of glucose metab-
olism has greatly facilitated these
measurements (8). Since this tracer
lacks a hydroxyl group in the 2 posi-
tion, the first glucose metabolite, 2-
deoxy-D-glucose-6-PO,, is not a sub-
strate for glucose-phosphate isomer-
ase and cannot be converted to fruc-
tose-6-PO,. For similar reasons, 2-

step in the absence of glucose-6-phos-
phatase, which catalyzes the reverse
reaction to 2-deoxy-D-glucose. Since
it is highly negatively charged, 2-
deoxy-D-glucose-6-PO, accumulates
intracellularly. Due to the isoteric re-
lationship between hydrogen and flu-
orine, the positron emitting glucose
analog 2-['®F]fluoro-2-deoxy-D-glu-
cose (FDG) can be used for the in vivo
measurement of glucose metabolism
in humans by PET.

Following injection, FDG is trans-
ported into the cells of most tissues by
facilitated diffusion, phosphorylated
to FDG-6-PO, and trapped intracel-
lularly (8-11). Thus, the annihilation
photons of 'F that are detected by
PET originate from FDG in plasma
and tissue and intracellular FDG-6-
PO,. Within 1 hr after injection, most
of the radiation emitted from tissues
with low concentrations of glucose-6-
phosphatase, such as heart, brain and
many tumors, comes from intracel-
lular FDG-6-PO,. Tissues with high
levels of this enzyme, such as liver,
kidney, intestine and muscle, accu-
mulate small amounts of FDG-6-PO,
and contribute a low level of back-
ground radioactivity to PET images.
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When plateau concentrations of FDG
are achieved in tissues with low con-
centration of glucose-6-phosphatase,
images of total '®F radioactivity reflect
relative rates of glycolysis. At earlier
times, knowledge of the rate constants
of the FDG model is required to in-
terpret imaging data in terms of gly-
colytic rates. These rate constants
have been determined for normal
brain and heart, and it has been dem-
onstrated that reliable data can be ac-
quired at = 45 min after injection.
Since similar data are not available for
most tumors, appropriate imaging
times have not as yet been defined.

At steady-state, in tissues with low
levels of glucose-6-phosphatase activ-
ity, the transport of FDG can be de-
scribed by the relatively simple three-
compartment Sokoloff model. In the
absence of significant glucose-6-phos-
phatase activity, the concentration of
FDG in tissue will eventually reach a
plateau. The plateau concentration
(Cy) represents the metabolically
trapped '®F label. The total availabil-
ity of FDG to tissue is given by the
product of local blood flow (F) and
the area (A) under the arterial plasma
curve. Thus, the product of local
blood flow (ml/min/g) and net capil-
lary extraction of FDG (E,) is the ratio
of Cr-to-A:

F.E, — C¢/A.

By the Fick principle, the glucose uti-
lization rate is:

F.E;i-[Glu]/LC = (C:/A)-[Glu]/LC,

where [Glu] is the plasma glucose con-
centration and LC is the so-called
“lumped constant,” equivalent to the
ratio of net extraction of natural glu-
cose to the net extraction of FDG. It
should be noted that this expression is
independent of any detailed compart-
mental model and does not specifi-
cally require knowledge of model rate
constants. Prior to the plateau, calcu-
lation of metabolic rate is model-de-
pendent, requiring assumptions about
capillary bed geometry, trans-capil-
lary transport, compartmentation at
the cellular level and dynamic meas-

urements of tissue and plasma FDG
concentrations.

The evaluation of glucose metabo-
lism from FDG images can be per-
formed at four levels of sophistication:

1. Qualitative inspection of static
images acquired after FDG
reaches plateau concentration.
This technique is useful for the
identification of focal areas of
high FDG accumulation that are
characteristic of aggressive tu-
mors and is the most commonly
used technique in clinical prac-
tice.

2. Semiquantitative analysis of pla-
teau images based on: (a) rela-
tive lesion radioactivity normal-
ized to injected dose and body
weight (SUV, DUR) or (b) re-
gion of interest (ROI) ratios.

3. Quantitative measurement of
the local glucose metabolic rate,
MRGIc (umol/100 g/min),
from images acquired at a single
time with a priori estimates of
the rate constants.

4. Quantitative measurement of
the local glucose utilization rate,
MRGlc, with independent meas-
urement of k;-ks. For this meas-
urement, a dynamic imaging
sequence with simultaneous ar-
terial blood sampling is used and
the model rate constants are es-
timated by fitting the tissue and
plasma FDG concentration data
to a compartmental model.

Although the Sokoloff model is rel-
atively insensitive to the rate con-
stants, k,-k; are not universal con-
stants and reflect ambient steady-state
conditions of transport and phos-
phorylation. Since method 3 relies on
an a priori knowledge of the rate con-
stants in the model, it is generally not
applicable to measurements of glu-
cose metabolism in tumors for which
population estimates of these param-
eters are not available and a dynamic
study must be performed (method 4).
Currently, values for these rate con-
stants are only available for some tu-
mors of the CNS.

FDG-PET in Oncology ¢ Fischman and Alpert

Even when dynamic PET data is
available, conversion of FDG data to
glucose metabolic rates relies on the
value of the lumped constant. The LC
is composed of six individual terms:

LC = (Km/vmax)(}n

A

(vmax/Km)FDG (¢> )
where K., and V., are the Michaelis-
Menton parameter for glucose and
FDG, A is the ratio of the distribution
volumes of FDG and glucose ¢ is a
measure of the amount of glucose-6-
phosphate that undergoes further me-
tabolism. It is defined as (1-r/v), where
r is the rate of glucose-6-phosphate
hydrolysis and v is the rate glucose
phosphorylation by hexokinase).

The value of the lumped constant
is highly dependent on the physiolog-
ical conditions that prevail during the
measurement. In general, major
changes in the lumped constant occur
whenever glucose utilization becomes
supply limited (12). A change in any
of the six parameters that contribute
to the lumped constant could signifi-
cantly alter its value.

Although the number of studies
comparing the Michaelis-Menton pa-
rameters for glucose and FDG in tu-
mors has been limited, the impor-
tance of this contribution to the
lumped constant has been considered.
For example, in a study of transplant-
able rat gliomas, it was shown that the
K for glucose in tumors was signifi-
cantly greater (p < 0.02) than in nor-
mal brain, however, the K, for 2-
deoxyglucose was similar in tumors
and normal brain (/3,/4). In tumors,
the K, for 2-deoxyglucose was greater
than for glucose. In contrast, the value
for Vmax was relatively constant for
glucose and 2-deoxyglucose in both
normal brain and tumor. From these
data, it was determined that the
lumped constant is increased 2.26-
fold in intracerebral glioma compared
to normal brain.

Changes in lambda and phi can also
affect the lumped constant (15-17).
Under pathological conditions, tissue
damage can alter normal cellular
compartmentation and it cannot be



assumed that the ratio of distribution
volumes for glucose and FDG re-
mains constant. For example, in
stroke, alterations in distribution vol-
ume ratio have been shown to influ-
ence the lumped constant more than
any other factor (16). Also, in patho-
logical tissue (particularly when a sig-
nificant degree of necrosis is present),
release of lysosomal acid hydrolases
can occur and these enzymes can hy-
drolyze glucose-6-phosphate and af-
fect phi.

Considering the number of sources
for variability in the lumped constant,
it is clear that the interpretation of
FDG data from any type of tumor
must proceed with extreme caution.
This is particularly important for the
interpretation of serial studies per-
formed during a course of chemo- or
radiation therapy. In fact, it is possible
that under some circumstances
changes in the lumped constant could
completely mask the effect of changes
in rate constants on glucose utilization
rate.

Although the lumped constant has
been measured for some types of CNS
tumors, values for other types of tu-
mor are totally lacking. To obtain this
information, experiments in animals
must be performed with each specific

_ type of tumor being evaluated.

Currently, it is well established that
FDG-PET imaging of primary brain
tumors is a useful procedure for: non-
invasive grading of gliomas, monitor-
ing tumor progression and evaluating
response to therapy (i.e., differentia-
tion of radiation necrosis from tumor
recurrence). FDG-PET has been used
to evaluate other types of tumors, in-
cluding lung carcinoma (1/8-21), head
and neck tumors (22-25), lymphoma
(26-30), musculoskeletal tumors (3/-
33), breast carcinoma (34-38), colo-
rectal carcinoma (39,40), liver tumors
(41) and thyroid tumors (42). How-
ever, with a few exceptions (4/), the
necessary metabolite basis for inter-
preting the imaging data is far less
developed than for CNS malignan-
cies. In most cases, the interpretation
of PET images from these tumors has
relied on extrapolations from the re-

sults of studies of primary brain tu-
mors.

Although to a first approximation,
FDG-PET can be used for the detec-
tion of malignant tissue, a definitive
evaluation of FDG images demands a
relatively high degree of metabolic so-
phistication in the observer. Under no
circumstances should FDG be treated
as a “contrast agent.” Similarly, the
mechanism of FDG accumulation is
significantly more complex than the
other radiopharmaceuticals used in
nuclear medicine, such as sulfur col-
loid, gallium citrate or MDP. Only by
considering the imaging data in the
context of the overall metabolic status
of the patient can the required level
of insight be achieved. In many ways,
the interpretation of an FDG study is
similar to the appreciation of a work
of art or a piece of music. When view-
ing a work of Picasso, even a relative
novice can discern the colors and
shapes, however, the eye of a true
connoisseur is required to appreciate
the full meaning of the work. Simi-
larly, although someone unschooled
in music theory can enjoy a Mozart
concerto, only individuals with the
appropriate technical training can ap-
preciate the underlying patterns in the
piece.

In this issue of the Journal, Lindholm
et al. (43) evaluated the effect of blood
glucose concentration on FDG uptake
in five patients with squamous cell
carcinoma of the head and neck
(tongue, 2 patients; hypopharynx with
neck metastasis, 1 patient; lip with
neck metastasis, 1 patient; larynx with
neck metastasis, 1 patient). Using a
60-min dynamic acquisition, they de-
termined SUVs and Patlak K; values
(44) for regions of interest drawn on
“hot spots” of tumorous and normal
tissue. In each patient, the study was
performed under both fasting and glu-
cose loaded conditions. In the fasting
study, plasma glucose and insulin lev-
els were measured at the time of FDG
injection and the plasma glucose
measurements were repeated 30 and
60 min later. In the glucose loaded
study, plasma glucose and insulin lev-
els were measured at —60, —30, 0, 30

and 60 min. The FDG metabolic rate
was determined by multiplying K; by
the average plasma glucose concentra-
tion during scanning. The lumped
constant was assumed to be one. Also
the metabolic index for FDG was cal-
culated by multiplying the SUV by
the average plasma glucose concentra-
tion. The SUVs and K;s were com-
pared by linear regression. The fasting
SUVs of the tumors ranged from 4.1
to 10.9, and after glucose loading the
values decreased significantly, ranging
from 2.2 to 5.9. The fasting K;s of the
tumors ranged from 0.021 to 0.067,
and after glucose loading the values
decreased significantly, 0.006-0.042.
The overall correlation between SUV
and K; was excellent. The SUVs for
the cerebellum also decreased with
glucose loading. In contrast, the SUVs
for normal tongue and neck muscle
increased with glucose loading. The
metabolic index of FDG of the tumors
increased by 10% with glucose load-
ing, while the FDG metabolic rate
increased by 36%. The increase in
FDG uptake in normal muscle ex-
plains the blurring of the PET images
that were recorded under glucose
loaded conditions. Based on these re-
sults, the authors correctly conclude
that plasma glucose concentration
should always be considered when
grading or staging tumors or trying to
correlate a change in FDG uptake
with treatment response.

Overall, this work represents an im-
portant contribution to the PET-on-
cology literature. However, several as-
pects of the discussion have been sig-
nificantly oversimplified and do not
adequately reflect the importance of a
detailed understanding of the overall
metabolic state of the tissues being
studied on FDG accumulation. For
example, an important consideration
when quantitating studies with glu-
cose loading is the effect of non-
steady-state conditions. This is a key
assumption in the Sokoloff model. If
steady-state does not prevail, the k’s
are no longer constant. Unfortu-
nately, this issue is not discussed.

In the present study, there is no
indication of possible explanations for
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the divergent effects of glucose loading
on SUVs and K;s for neoplastic and
normal tissues. These differences
could be explained by difference in
the degree of saturation of glucose
transporters in the different tissues
and differential sensitivity to insulin.
If it is assumed that the glucose trans-
porters of the tumors are saturated at
fasting glucose concentrations, further
increasing the plasma glucose concen-
tration should inhibit FDG transport.
Also, since it is well established that
glucose transport into muscle is highly
insulin-dependent, the measured 6.7-
15.7-fold increase in peak insulin level
induced by glucose loading could ex-
plain the increases in SUV and K.
However, even this explanation could
represent an oversimplification since
after glucose is transported into mus-
cle it is phosphorylated to glucose-6-
phosphate which can then inhibit hex-
okinase by an allosteric mechanism.
In this way, it is effectively competing
with ATP and the net inhibitory effect
depends on the ratio of glucose-6-
phosphate to ATP and thus the energy
state of the muscle. Thus, since the
background tissue for all the tumors
studied in this investigation was mus-
cle, the decrease in tumor definition
with glucose loading can be readily
explained. For tumors with normal
livers as background, hyperglycemia
should also blur tumor margins, how-
ever, the explanation for this effect is

Coronal

Post-
Prandial

Fasted

different. Since insulin is secreted by
the pancreas, the liver is exposed to
much higher concentrations of insulin
than other tissues. However, unlike
other peripheral tissues, liver cells are
freely permeable to glucose and he-
patic glucose transport is not sensitive
to insulin. Also, hepatic glucose phos-
phorylation is catalyzed by both hex-
okinase and a unique enzyme, gluco-
kinase. Glucokinase has a 100-fold
higher K, than hexokinase, is induc-
ible by insulin and is not allosterically
inhibited by glucose-6-phosphate. In
addition, insulin inhibits the enzyme
glucose-6-phosphatase, the final reac-
tion of gluconeogenesis. Thus, with
glucose loading, FDG phosphoryla-
tion is increased and dephosphoryla-
tion is decreased, leading to a net in-
crease in FDG-6-P trapping and in-
creased background activity. When
tumors are located in other insulin-
sensitive tissues, such as bone, mam-
mary gland, pituitary and peripheral
nerves, similar effects of glucose load-
ing on background FDG accumula-
tion might be observed. In contrast,
for insulin-insensitive tissues, such as
the brain and the gonads, the effect of
glucose loading on tumor to normal
tissue FDG accumulation is more de-
pendent on the relative number and
saturation of glucose transporters. To
develop a quantitative understanding
of FDG metabolism in oncology, it
will be necessary to determine the

Sagittal
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number and affinity of glucose trans-
porters in a variety of different types
of tumors. These measurements can
be performed by serial dynamic FDG
studies under experimental conditions
in which plasma glucose levels are
clamped at predetermined values.

In contrast to the results reported
by Lindholm et al,, it is possible that
in some situations glucose loading will
lead to improved tumor definition.
Recently, we observed this effect in an
FDG-PET study of a patient with a
pituitary tumor. In spite of instruc-
tions to fast before the study, this sub-
ject had lunch 2 hr before injection of
the FDG. Although FDG accumula-
tion in the brain was markedly de-
creased, accumulation of radioactivity
in the tumor was excellent (Fig. 1).
Approximately 1 wk later, the subject
was restudied under the usual fasting
condition. In the second examination,
accumulation of FDG in the brain
was greater but the level of radioactiv-
ity in the tumor was lower. The better
tumor-to-brain definition in the first
study was probably due to inhibition
of FDG uptake in the brain by glucose
and insulin stimulated FDG uptake
by the pituitary.

Another issue that was not consid-
ered by Lindholm et al. is the time at
which SUVs were determined. The
imaging protocol used was probably
adapted from FDG imaging of the
brain and there was no indication that

Transaxial

FIGURE 1. Representative
coronal, sagittal and transaxial
FDG images from a patient
with a pituitary tumor. The up-
per images were acquired
within two hours after the pa-
tient had eaten. The lower im-
ages were acquired in the fast-
ing state. In both studies, the
patient was injected with ~10
mCi of FDG and imaging was
performed 60 min later. The
images were normalized to in-
jected dose, imaging time and
body weight.



FIGURE 2. Representative transaxial
FDG image and time-activity curve from a
patient with non-small cell carcinoma of
the lung. After an overnight fast, the sub-
ject was injected with ~10 mCi of FDG
and serial PET images were acquired over
90 min. The displayed image was acquired
at 90 min postinjection.

the tumors achieved plateau concen-
tration within 60 min. If the level of
FDG accumulation is changing at the
time the SUV is measured, significant
errors in interpretation can be made.
This issue is of particular importance
in busy clinical PET centers where
several patients may be injected with
FDG at the same time and are imaged
when scanner time becomes available.
Recently, this problem occurred at
our institution. In the course of devel-
oping a clinical protocol for FDG-
PET imaging of non-small cell lung
tumors, we performed dynamic PET
imaging in a series of patients to de-
termine the time for optimal imaging.
Figure 2 shows a decay-corrected
time-activity curve for one of the sub-
jects. From this data, it is clear that
even at 90 min after injection of FDG,
plateau concentrations of radioactiv-
ity are not achieved. Similar results
were obtained for most of the patients
that were studied. These results
prompted us to take particular care in
evaluating nondynamic studies by the
SUV method. These results empha-
size that the FDG kinetics of every
type of tumor to be studied clinically
must be well understood for meaning-
ful results to be obtained.

The use of FDG for the qualitative
and quantitative evaluation of tumor
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metabolism is currently the fastest
growing arena of clinical PET. How-
ever, it is important to remember that
Sokoloff and colleagues spent many
years establishing the validity of the
deoxyglucose method under a very
narrow set of conditions: brain tissue,
steady-state and a specific species.
Haphazard extrapolations of the
method to pathophysiological condi-
tions are almost certain to lead to
confusing and inconsistent results, a
situation that will reflect badly on the
field of nuclear medicine. With FDG-
PET, fundamental aspects of tumor
biology can be applied to clinical di-
agnosis. However, only by considering
each type of tumor individually and
in the metabolic context of the patient
can meaningful results be obtained.

Alan J. Fischman

Nathaniel M. Alpert
Massachusetts General Hospital,
Boston, Massachusetts

Harvard Medical School

Boston, Massachusetts
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