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18F-FDG PET and, more recently, PET/CT have been established
as response biomarkers for monitoring cytotoxic or cytoreduc-
tive cancer therapies. With the advent of targeted cancer thera-
pies, which are predominantly cytostatic, '8F-FDG PET is
increasingly being used to monitor the therapeutic response to
these agents as well. The impressive outcome of '8F-FDG PET
studies in patients with gastrointestinal stromal tumors treated
with imatinib mesylate brought to the forefront the use of this bio-
marker for assessing the response to targeted therapies. The use
of 18F-FDG PET for this purpose has practical challenges, includ-
ing quantitative analysis and timing of scans. This review pro-
vides a summary of clinical studies of targeted therapies done
to date with '8F-FDG PET and provides guidance on practical is-
sues to ensure the optimal interpretation of imaging data in drug
development and for patient care.
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During the last 2 decades, '8F-FDG PET has been
extensively used as a biomarker to monitor responses to
various chemotherapy agents. An early reduction in the
PET signal, within days to weeks after the commencement
of treatment, has been shown to correlate well with
response and, in some cases, even survival (/). Although
several small studies have demonstrated the utility of '3F-
FDG PET in monitoring cytoreductive or cytotoxic treat-
ment, there really have been no large trials to date. The use
of BBF-FDG PET is not yet a standard approach for most
tumor types, and more work clearly is needed to make it a
standard of care.

The evolution of drugs directed at specific abnormalities
that drive the malignant phenotype—the so-called targeted
or mechanism-based drugs—has also taken place in the last
2 decades (Table 1) (2-6). These agents are predominantly
cytostatic in nature; that is, they halt the growth of tumors
rather causing significant tumor cell death. The promise of
developing such targeted therapies is exemplified by the
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regulatory approval of the BCR-ABL and c¢-KIT inhibitor
imatinib mesylate for chronic myeloid leukemia and gas-
trointestinal stromal tumors (GIST) (7—11), the vascular
endothelial growth factor inhibitor bevacizumab in combi-
nation with chemotherapy for the treatment of colon cancer
and non—small cell lung cancer (/2), and the epidermal
growth factor receptor (EGFR) inhibitor cetuximab in
combination with chemotherapy for the treatment of met-
astatic colorectal cancer (/3) or in combination with radi-
ation therapy for the treatment of squamous cell carcinoma
of the head and neck (/4).

Because of the cytostatic or targeted properties of such
agents, it is the contention of many oncologists and drug
developers that the traditional endpoints used to evaluate
cytotoxic therapies during early-phase clinical trials (phase
I and II), that is, radiologic size changes and maximum
tolerated dose, are insufficient and sometimes inappropriate
for assessing the biologic activity of targeted therapies (15—
18). In practice, however, these traditional methods are still
used in current phase I and II trials despite existing
knowledge. In a review of the literature on the subject of
cytostatic agents in 2004, Parulekar and Eisenhauer (75)
concluded that to enhance the use of nontraditional
methods, more research would be needed to define suitable
molecular measures of drug effects and the means to
incorporate them into drug development. The use of PET
to measure the therapeutic response has many advantages
over biopsy- and surrogate tissue—based measurements,
including the direct measurement of heterogeneous tumors
and metastases repeatedly over time with reduced statistical
bias (19).

It is against this background that we review the use of the
only licensed and most widely available PET biomarker,
I8F.FDG PET, for monitoring the treatment response in
clinical trials of targeted therapies and for patient care.
Compared with the number of citations regarding cyto-
reductive therapies, there are fewer citations on the use of
I8F.FDG PET for the evaluation of targeted or cytostatic
therapies. The impressive outcome of '8F-FDG PET studies
in patients with gastrointestinal stromal tumors treated with
imatinib mesylate brought to the forefront the use of this
biomarker for assessing the response to targeted therapies.
Therefore, we believe it is timely to review the literature on
this subject and to provide a summary of the practical
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TABLE 1. Cytostatic Agents Licensed or Currently Under Clinical Development

Agent Target of action Clinical phase

Antiangiogenic agents

Bevacizumab VEGF Licensed

Vatalanib VEGFR-1, VEGFR-2 Phase llI

Vandetanib VEGFR-1, VEGFR-2, VEGFR-3, EGFR Phase IlI

AGO13736 VEGFR-1, VEGFR-2 Phase Il

Sunitinib VEGFR, PDGFR, c-KIT, FLT3 Licensed

Marimastat MMP-1, MMP-2, MMP-3, MMP-7, MMP-9 Phase IlI

Prinomastat MMP-2, MMP-9 Phase Il

BMS 275291 MMP-1, MMP-2, MMP-8, MMP-9, MMP-13, MMP-14 Phase llI

Endostatin Capillary endothelial cells Phase IV
EGFR/HER2 targets

Gefitinib EGFR Licensed

Erlotinib EGFR Licensed

Lapatinib EGFR/HER2 Licensed

Cetuximab EGFR Licensed

Panitumumab EGFR Phase Il

Trastuzumab HER2 Licensed

Matuzumab EGFR Phase Il
ABL and SRC targets

Imatinib mesylate BCR-ABL, c-KIT Licensed

Dasatinib BCR-ABL, c-SRC Phase Il
Farnesyltransferase inhibitors

Tipifarnib CAAX Phase IlI

Lonafarnib CAAX Phase Il
Proteasome inhibitor

Bortezomib 26S proteasome Licensed
ERK inhibitors

Sorafenib Raf-1 kinase, BRAF, VEGFR-2, VEGFR-3, c-KIT, PDGFR- Licensed

PD184352 MEK1/2 Phase Il

CGP69846A c-RAF Phase Il
mTOR inhibitors

Temsirolimus mTOR Phase Il

Deforolimus mTOR Phase Il

Everolimus mTOR Phase Il
Estrogen blockers

Tamoxifen ER Licensed

Fulvestrant ER Licensed

VEGFR = vascular endothelial growth factor receptor; PDGFR = platelet-derived growth factor receptor; FLT3 = Fms-related
tyrosine kinase 3; MMP = matrix metalloproteinase; CAAX = carboxy terminal tetrapeptide motif of protein (c = cysteine, A = aliphatic
amino acid, X = terminal amino acid); ERK = extracellular regulated kinase; MEK = mitogenic extracellular kinase.

challenges and guidance to ensure the optimal interpreta-
tion of '8F-FDG PET data in the development of targeted
therapies and for patient care. A review of applications
follows an account of the biochemical mechanisms that
regulate '3F-FDG uptake.

18F-FDG AS PET TRACER

I8F-FDG is a glucose analog that is taken up into tumor
cells by glucose transporters. Within cells, it is phosphor-
ylated by hexokinase to '8F-FDG phosphate which, because
of the charge on the molecule, is trapped within cells;
unlike glucose 6-phosphate, '8F-FDG phosphate is not a
substrate for further glycolytic metabolism, and its level of
dephosphorylation to '8F-FDG is low (/,20). Most tumors
express high levels of glucose transporters together with
high activities of hexokinase and therefore show high levels
of '8F-FDG uptake (21,22). In breast cancer, for instance,

IBF.FDG uptake has been found to correlate with the
microvasculature for delivering nutrients, GLUT-1 for the
transport of '8F-FDG into cells, hexokinase for the entrance
of '8F-FDG into glycolysis, the number of tumor cells per
volume, the proliferation rate (also reflected in necrosis),
the number of lymphocytes (not macrophages), and hypoxia-
inducible factor la for the upregulation of GLUT-1 (22).
High levels of glycolysis and low levels of gluconeo-
genesis are hallmarks of tumor cells (23). The generally
accepted hypothesis is that most anticancer drugs decrease
I8F-FDG uptake because of a reduction in cell viability
through increased cell killing or cell cycle blockade (24).
An alternative mode of action involves the direct inhibition
of glucose transport or phosphorylation. Prenen et al. (25)
demonstrated that imatinib mesylate acts, at least in part,
by downregulating glucose transporter recruitment to the
plasma membrane; similar mechanisms have also been
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postulated for phosphatidylinositol 3-kinase inhibitors (26).
In general, drugs that directly target the glucose uptake
mechanism are expected to cause a rapid reduction in tumor
I8F_FDG uptake within hours to days; this effect is related
to pharmacodynamics rather than cell viability changes per se.

Preclinical imaging studies and ex vivo tissue analysis
have provided confidence that '8F-FDG PET may be a
useful pharmacodynamic or response biomarker for many
targeted therapies. For example, a decrease in '8F-FDG
uptake (55% after 48 h) was reported for lung cancer
xenografts treated with gefitinib (EGFR blocker) (27).
Furthermore, rat glioma xenografts treated with hypoxia-
inducible factor la inhibitor YC-1 showed a significant
decrease in '8F-FDG uptake after 3 d of treatment (28). In
addition, an early reduction in '8F-FDG uptake (24 h) was
reported for a GIST xenograft model after treatment with
imatinib mesylate (29). These studies suggested that many
cytostatic drugs may act earlier than or at least have the
same timing window for response assessment as cytore-
ductive therapies (weeks to months) (7,24).

We do not know whether '8F-FDG will be useful for all
cytostatic agents. Recent preclinical studies with some
targeted therapies, including mitogenic extracellular kinase
(30) and heat shock protein 90 inhibitors (37) in xenograft
models, have demonstrated that '8F-FDG PET may be less
sensitive as an early marker of the response to therapy;
other radiotracers, including 3’-deoxy-3'-'8F-fluorothymidine
(30) and ®3Ga-labeled anti-human epidermal growth factor
receptor 2 (HER2) (31), respectively, may be more sensitive in
these settings. These findings support the need (for cytostatic
agents) to design an imaging paradigm involving preclinical
testing before clinical imaging (32).

Next, we provide an overview of studies that have
explored the use of '8F-FDG PET as a response biomarker
in clinical trials or for patient care.

18F-FDG PET IN CLINICAL STUDIES OF TARGETED
ANTICANCER AGENTS

A PubMed search was performed with search terms such
as “cytostatic,” “targeted therapy,” and “FDG PET” as
well as names of individual agents. This search retrieved
cytostatic agents in various phases of development (Table 1).
A few of them have been licensed for clinical use. Notable
among these are imatinib mesylate, trastuzumab, and
bevacizumab.

c-KIT Inhibitors

No other targeted agent has generated as much interest in
response monitoring with '8F-FDG PET as imatinib mesy-
late (Table 2). Imatinib mesylate is now licensed for the
treatment of GIST as well as for the first-line treatment of
chronic myeloid leukemia. A PubMed search performed
with the terms “imatinib,” “FDG,” and “GIST” retrieved
31 studies in which '8F-FDG PET was used to assess the
response to therapy. The majority of GIST have activating
mutations in the genes for either KIT (75%—80%) or
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PDGFR (5%—10%), 2 closely related receptor tyrosine
kinases (52).

Early clinical studies with imatinib mesylate for GIST
revealed remarkable responses on '8F-FDG PET (Fig. 1).
I8F-FDG PET responses occurred as early as 24 h after
treatment and certainly within 1-2 wk (7,41,53-56). A
variety of imaging methods were used in the assessment of
I8F_FDG responses in these studies; these included visual
changes, maximum standardized uptake values (SUV .5,
and European Organization for Research and Treatment of
Cancer (EORTC) recommendations. It is possible that con-
sistency in the reporting of responses in these studies was
achieved because of the large changes in '8F-FDG uptake
characteristic of the tumor type and drug. The prevailing
hypothesis is that early changes in '8F-FDG uptake are
attributable to the effect of the drug on the glucose uptake
mechanism: GLUT transporter expression and hexokinase
activity (25,26). In some of these studies, tumors that showed
a rapid resolution of positive '8F-FDG PET results subse-
quently showed a decrease in size on follow-up CT at 8 wk
(7); therefore, '8F-FDG PET predicted the response on CT
(7,34). An early decrease in the PET signal SUV ,,,x (EORTC
guidelines) after the commencement of imatinib mesylate
treatment was also associated with longer progression-free
survival (92% vs. 12%) (55). Furthermore, international
(EORTC) PET response criteria (24) were compared with
CT Hounsfield units in this setting (34). A lack of change in
I8F-FDG uptake or an increase in '3F-FDG uptake was found
to correlate with progression and poor survival (34).

The successes of '8F-FDG PET in the early development
of imatinib mesylate had an impact on guidelines for the
management of GIST. The European Society of Medical
Oncology Guidance Working Group recommended that both
tumor size changes and tumor density changes on CT or
consistent changes on MRI should be considered in response
evaluations for GIST (57). 18F-FDG PET was recommended
for equivocal cases or when the early prediction of a response
is highly desirable, such as with preoperative cytoreductive
therapies (57). The use of combined PET/CT allows the
aforementioned CT criteria and PET metabolic activity to be
measured in a single setting (58). Resistance to imatinib is a
growing problem, with the most common mechanism of
resistance involving specific mutations in the genes for the
kinase domains of KIT or PDGFR. In this situation, other
targeted agents, such as sunitinib, are available (52,59); serial
I8F_FDG PET may be useful for monitoring the reversal of
drug resistance in this setting.

EGFR Inhibitors

The EGFR kinase inhibitors gefitinib, elotinib, and
cetuximab and, more recently, the EGFR/HER?2 dual kinase
inhibitor lapatinib have evoked interest because these
agents block membrane-bound receptor tyrosine kinases
that have important roles in tumor growth, resistance to
apoptosis, and metastatic potential (60-62). A response to
gefitinib was demonstrated for breast cancer in the neo-
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adjuvant setting, with rapid decreases in the Ki67 index
(63). High-profile failures were also reported; for instance,
the drug used in combination with chemotherapy for lung
cancer failed to improve overall survival in phase II and III
trials (64,65). Experimental studies predicted the utility of
I8F-FDG PET in monitoring the biologic activity of EFGR
antagonists. For instance, rapid reductions in |F-FDG
uptake—as early as 2 h in cultured gefitinib-sensitive cells
and within 48 h (by 55%) in gefitinib-sensitive xenografts—
were reported by Su et al. (27); this effect was not seen
in gefitinib-resistant cells (27). The decreases in '8F-FDG
uptake were attributed largely to reduced translocation of
GLUT-3 to the membrane (27). Despite this encouraging
preclinical report, we found only one small clinical study in
which '8F-FDG PET was used to monitor the response
to gefitinib. In 5 patients, early changes in the '®F-FDG
SUVax at 2 d were associated with a progression-free
interval of 12 mo (46). However, no conclusions could be
drawn because of the small sample size.

No '8F-FDG studies with erlotinib have been reported.

Because the antitumor effect of lapatinib is due in part by
its anti-EGFR effect (66), we performed a search of the use
of 8F-FDG in this setting. A single study of 29 patients
revealed the utility of '8F-FDG PET (47). In that study, a
partial response to lapatinib in a patient with trastuzumab-
resistant (HER2 and HER3 positive; estrogen receptor and
progesterone receptor negative) breast cancer was associ-
ated with a 60% decrease in the '8F-FDG SUV,,,,. stable
disease was associated with small to moderate (6% —42%)
decreases in the '8F-FDG SUV,,,,, and 2 of 3 patients with
progressive disease showed increases in the '|F-FDG
SUVax- In the patient who showed a partial response,
the emergence of resistance was detected with '8F-FDG
PET 2 mo before changes were seen on CT. In the patient
whose SUV,,.x decreased despite disease progression on
CT, the selected targeted lesions were assessed as stable
disease by CT, but a new lesion appeared 2 mo after the
start of treatment (47). These studies highlighted the need
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for consensus guidelines, such as those described by the
EORTC (24), for reporting '8F-FDG responses in patients
receiving targeted therapies so that small studies from
different institutions can be compared.

Finally, a phase II trial of cetuximab in combination with
leucovorin—5-fluorouracil-irinotecan for advanced gastric or
gastroesophageal junction adenocarcinoma was performed
with '8F-FDG PET and CT as endpoints for assessing efficacy
(48). '8F-FDG PET and CT scans were obtained at baseline
and after 6 wk of therapy; some patients had 6 more PET
scans at 6-wk intervals. '8F-FDG PET was used to classify
patients as metabolic responders and nonresponders. The
results showed that '8F-FDG PET could correctly differen-
tiate responders (who had a median time to progression of 16
mo) from nonresponders (who had a median time to pro-
gression of 11 mo) (48).

Phosphatidylinositol 3-Kinase-Mammalian Target of
Rapamycin (nTOR) Axis Inhibitors

The phosphatidylinositol 3-kinase—-mTOR axis is known
to regulate glucose homeostasis in mammalian cells (67—
69). Therefore, it has been postulated that '3F-FDG PET
will be useful in monitoring the response to pathway
inhibitors in this setting. Preclinical studies demonstrated
rapid decreases in hexokinase activity after treatment with
the mTOR inhibitor rapamycin; this finding could explain
the reduced '8F-FDG uptake in mouse tumors treated with
this drug (70). Despite this promise, the published literature
lacks examples of clinical '®F-FDG PET studies of mTOR
inhibition. This observation may reflect the small numbers
of drug candidates in this class undergoing clinical evalu-
ation with '8F-FDG PET as an endpoint. However, prelim-
inary reports on small cohorts of patients have been
presented at international meetings. For instance, Nogova
et al. (71) demonstrated the utility of '8F-FDG PET as a
pharmacodynamic biomarker of mTOR inhibition by ever-
olimus (RADOO1; Novartis Pharmaceuticals). In that study,
a 1.4%—89.1% change in the SUV,,,, was reported for 8
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patients at day 8, with partial recovery in 4 patients at day
28. Some of these changes could be classified as partial
metabolic responses according to the EORTC guidelines.
Furthermore, serial '8F-FDG PET responses in 19 patients
with gastrointestinal, uterine, and neuroendocrine carcino-
mas and sarcomas treated with rapamycin were classified as
partial metabolic responses (53%) and stable metabolic
responses (47%) (72). In that study, changes in the '8F-
FDG SUV,,.x were correlated with AKT activity but not
with tumor proliferation or clinical outcome. Therefore, more
research on the application of '8F-FDG PET in this setting
is needed. In particular, it will be useful to differentiate
effects on drug targets (AKT and translocation of glucose
transporters to the cell membrane) from effects on cell
viability and to determine how these affect clinical outcome.

Angiogenesis Inhibitors

These agents, which cause disruption of the abnormal
vasculature formed by tumors, have generated immense
interest during the last 2 decades. Unlike the situation for
other cytostatic agents, it is difficult to find surrogate
normal tissue biomarkers for assessment of the responses
to antiangiogenic agents, although levels of circulating
vascular endothelial growth factor have been used (73).
At present, dynamic contrast-enhanced MRI and radiola-
beled cyclic arginine-glycine-aspartic acid (RGD) peptide
ligands are being evaluated as biomarkers for angiogenesis
inhibition in tumors (74-76).

The antiangiogenic agent bevacizumab (Avastin; Roche)
has generated remarkable responses when used in combi-
nation with chemotherapy for the treatment of colorectal
liver metastases (/2). In a study in which colorectal liver
metastasis patients were treated with neoadjuvant bevaci-
zumab and irinotecan and underwent PET/CT, complete
PET responses were observed after 4 cycles of treatment
(44). In addition, '8F-FDG PET/CT correctly predicted
necrosis at pathology for 70% of patients, whereas CT
alone did so for 35% of patients (44). In an early clinical
trial of recombinant human endostatin, tumor blood flow
and '8F-FDG uptake were determined by PET for 25
patients on days 28 and 56; both parameters generally
decreased with increasing drug doses, but the effects were
complex and, in some analyses, nonlinear (45). Blood flow
increased at lower doses (30-60 mg/m?/d) but fell below
the baseline by approximately 20% at doses of 120 mg/m?/d
or more, with no further reduction at higher drug doses
(45). Interestingly, the '8F-FDG SUV continued to increase
through a dose of 180 mg/m?/d, before decreasing at doses
of 300 mg/m?/d or more (45).

Because '8F-FDG shows high levels of extraction in tissues,
changes in perfusion (decreases attributable to vascular prun-
ing or increases attributable to reduced interstitial pressure and
vascular normalization (77)) are likely to occur with anti-
angiogenic drug therapy and affect any static imaging proto-
col. The use of dynamic imaging may overcome this limitation
and allow better interpretation of '3F-FDG data, such as to
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what extent changes in the '8F-FDG PET signal are attribut-
able to effects on transport or phosphorylation.

These studies demonstrated that antiangiogenic drug
therapies may have a complex, possibly multiphasic effect
on '8F-FDG uptake and that dynamic analytic methods may
be required for assessing responses. It may also be prudent
to use multiple imaging approaches, such as blood flow
measurements, as described by Herbst et al. (45), or
hypoxia measurements, to fully understand the effects of
drug therapy on tumor biology. Furthermore, measurement
of the pharmacodynamic effects of antiangiogenic drug
therapies with '8F-FDG at an earlier time point (within
days) may be more appropriate than measurement at the
end of cycle 1 or 2 of therapy, which may be more
appropriate for monitoring changes in cell viability.

Endocrine Therapies

Although we have focused mainly on the utility of '8F-
FDG PET for more recently discovered cytostatic agents, it
is worth considering the literature on the oldest cytostatic
agents—endocrine therapies—and their use in breast can-
cer. Breast cancer is associated with increased glucose
metabolism because of the overexpression of GLUT-1 and
hexokinase activity (78). A multivariate analysis (79)
showed that a high SUV in primary breast cancer (SUV
of >4), together with axillary node involvement on PET,
was a highly significant independent prognostic factor for
disease-free survival. Baseline '8F-FDG uptake was also
correlated with prognostic markers in breast cancer, albeit
with variable results (80).

Therapy of breast cancer is dominated by the use of
estrogen receptor (ER) antagonists, such as tamoxifen and
fulvestrant, or by the depletion of estrogens with aromatase
inhibitors (63,81,82). ER expression determines sensitivity
to endocrine therapy (82). For example, in patients receiv-
ing extensive pretreatment for metastatic breast cancer, ER
levels determined by 16a-!8F-fluoro-17B-estradiol PET
predicted reductions in '8F-FDG uptake (after 1-3 cycles
of treatment) and objective responses (83). '8F-FDG PET
has been used in other studies to predict endocrine re-
sponses in breast cancer.

Studies with the single agent tamoxifen demonstrated an
increase in tumor '8F-FDG uptake at approximately 1 wk after
treatment in some patients (49,50,84). This effect also oc-
curred with aromatase inhibitors, such as letrozole, at early
time points (85). The increase in '8F-FDG uptake after
therapy—the so-called “metabolic flare” reflecting hormone-
induced changes in tumor metabolism—has been used as a
pharmacodynamic endpoint for an early response (49,50). For
instance, a metabolic flare after an estradiol challenge and then
PET with '8F-FDG showed that a flare of more than 12% from
the baseline was correlated with a response (percentage
change of more than 20.9%) to any hormonal treatment in
breast cancer and was also associated with better overall
survival (P = 0.0062) (49). Another study showed that !8F-
FDG uptake increased by 28.4% at about 1 wk after the
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commencement of tamoxifen therapy in patients who were
responders; the value was only 10% in nonresponders (50).
Because of the existence of 2 different types of '3F-FDG
modulation, trials involving endocrine therapy should be
appropriately designed to determine the biologic effects of
drug therapies. For instance, to avoid the flare response, that is,
to detect effects on cell viability, it is imperative to monitor
responses after one or more cycles of therapy.

Androgen Receptor Blockade

Although a reduction in the serum prostate-specific
antigen (PSA) level has been used in many studies as an
indicator of a response to antiandrogen blockade in prostate
cancer, it has been shown that a decrease in glucose uptake
by prostate cancer cells precedes the decrease in the PSA
level (86). The reason is that the PSA level in the circulation
decreases only after prostate cancer cells have undergone
apoptosis, a late event. A single clinical study reported the
utility of '8F-FDG PET done at baseline and 1-5 mo after
antiandrogen therapy with goserelin (51). '8F-FDG uptake
decreased to 66.4% of that at baseline in all 10 patients
studied, concomitantly with a reduction in the PSA level (51).

DISCUSSION

I8F_FDG has been used extensively for the evaluation of
cytoreductive therapies. Several guidelines have been de-
veloped to permit quantitative or at least semiquantitative
assessments of changes, notably, the EORTC guidelines
(24) and the National Cancer Institute guidelines (87). It is
expected that guidelines for patient preparation and acqui-
sition, reconstruction, and image analysis protocols will be
broadly similar for cytoreductive therapies and cytostatic
agents. For instance, it is just as essential to perform a
baseline scan for cytostatic therapies. These guidelines
need to be revised, however, to take into account the
unique mechanisms of action of targeted therapies. Key
among these is the issue of the optimal timing of PET scans
after treatment. The time courses of changes in '®F-FDG
uptake differ among therapeutic classes. Some of the
effects are related to pharmacodynamics, whereas others
are associated with reduced tumor cell viability (e.g., the
assessment of responses to cytoreductive therapies). For
example, imatinib mesylate decreases tumor '®F-FDG up-
take within hours to days of the commencement of treat-
ment, whereas endocrine therapies, such as tamoxifen,
increases '8F-FDG uptake within the same time frame. In
general, effects occurring from hours to days after the
initiation of treatment reflect pharmacodynamics (e.g., a
direct effect on glucose transporter expression or hexoki-
nase activity). Effects occurring after approximately 2-3
wk or after 1-3 cycles of treatment are more characteristic
of reduced cell viability.

Because the effects of targeted therapies on '8F-FDG
kinetics are not always known a priori, we hypothesize that
longitudinal preclinical studies with appropriate disease
models and in which changes in '3F-FDG uptake are
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compared with molecular biochemical changes ex vivo
could provide insights into mechanisms of action and
expected clinical '8F-FDG profiles of novel agents. For
most targeted therapies, the information from the literature
review presented here (Table 2) will support a baseline scan
followed by an early posttreatment scan, within 1 wk
(pharmacodynamic effects), and a scan after 1 or 2 cycles
of therapy (cell viability effects). For instance, with anti-
angiogenic therapies, it may be useful to evaluate drug
effects at multiple time points to allow the assessment of
drug effects on vascular pruning, normalization, and resul-
tant cell viability changes (77,88,89). More research is
required to support this suggestion. The optimal timing for
posttreatment scanning for cytostatic agents therefore will
be somewhat different from that proposed for cytoreductive
therapies (2 wk) by the EORTC (24).

One issue that is difficult to resolve at present is the
magnitude of change that can be considered significant. The
EORTC guidelines suggested a threshold of 25% for a partial
response. This proposed limit was met in a study of patients
receiving imatinib mesylate for GIST (7); changes on PET
were correlated with clinical outcomes. We do not expect
correlations between early changes on '8F-FDG PET and
clinical outcomes for all targeted therapies. With cytostatic
agents, itis important to understand the cause of the change in
I8F-FDG uptake rather than purely basing the interpretation
of change on test-retest reproducibility (90). Several new
therapeutic agents may affect glucose transporter expression
or hexokinase activity directly; in contrast, with cytoreduc-
tive therapies, the change is largely attributable to a reduction
in cell viability (24). The different mechanisms of action may
lead to differences in the correlation of changes in '8F-FDG
uptake with clinical outcomes. Therefore, it is not known
whether the same EORTC response criteria will be appro-
priate for all classes of molecularly targeted therapeutic
agents, particularly in the early assessment of pharmacody-
namics, as these changes may not predict clinical outcomes.
This topic should be reviewed further as more data on
cytostatic agents become available.

It is expected that most of the biologic effects of targeted
therapies will be predictable from preclinical studies, such
that a clinical trial is an extension of the preclinical proof of
concept. Despite their expected (theoretic) effects on glu-
cose metabolism, some drug classes may not affect '3F-
FDG uptake significantly. An example is the inability of
I8F.FDG PET to predict responses in tumors with BRAF
mutations treated with the mitogenic extracellular kinase
inhibitor PD0325901 (30); preclinical studies demonstrated
that 3’-deoxy-3'-'8F-fluorothymidine PET was a better
marker of therapeutic responses than '|F-FDG PET. In
addition to assessing metabolism, it is probably prudent to
examine the impact of therapy on perfusion, at least in a
subset of patients. Given the available data, we suggest that
all studies with antiangiogenic or antivascular therapies or
studies involving drugs with potential antiangiogenic ef-
fects should be undertaken initially with a dynamic imaging
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protocol to enable the dissection of perfusion effects from
true metabolism effects (91).

CONCLUSION

I8F.FDG PET and PET/CT are useful endpoints for
assessing responses to targeted therapies. The biologic
basis of changes in '8F-FDG uptake may be more complex
than those for traditional cytoreductive therapies. This
factor may affect the timing of posttreatment scans and
the clinical significance of the magnitude of changes.
Preclinical studies with appropriate disease models may
help to determine the optimal timing for imaging and the
biologic relevance of the changes seen.
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