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Abstract

Biochemical and molecular imaging of cancer using positron emission tomography (PET) plays
an increasing role in the care of cancer patients. Most clinical work to date uses the glucose
analogue [18F]fluorodeoxyglucose (FDG) to detect accelerated and aberrant glycolysis
present in most tumors. Although clinical FDG PET has been used largely to detect and
localize cancer, more detailed studies have yielded biological insights and showed the utility
of FDG as a prognostic marker and as a tool for therapeutic response evaluation. As cancer
therapy becomes more targeted and individualized, it is likely that PET radiopharmaceuticals
other than FDG, aimed at more specific aspects of cancer biology, will also play a role in
guiding cancer therapy. Clinical trials designed to test and validate new PET agents will need
to incorporate rigorous quantitative image analysis and adapt to the evolving use of imaging as
a biomarker and will need to incorporate cancer outcomes, such as survival into study
design.

Imaging plays an increasing role in the care of cancer
patients (1). Anatomic imaging, such as plain radiography,
computed tomography (CT), and magnetic resonance, is
most commonly used to detect and localize cancer, where
tumors are recognized and followed based on their density,
shape, size, and location. More recently, functional, biochemical, and molecular imaging methods have been
developed [e.g., [18F]fluorodeoxyglucose positron emission
tomography (FDG PET)], which are complementary to
anatomic imaging and are proving effective in guiding the
care of cancer patients (1 – 4). This review highlights the
application of PET using FDG and other tracers to cancer
patients, with an emphasis on the unique capabilities of PET
and its application to individualized and targeted cancer
therapy. The ability to generate a wide variety of radiopharmaceuticals is a major strength of the PET approach
(4, 5). Some newer PET imaging agents that have been tested
in patients will also be reviewed.
To understand where biological imaging may play a role in
caring for cancer patients, it is important to identify unmet
diagnostic needs (6). These include (a) more accurate cancer
detection and staging, (b) earlier and more predictive assessment of therapeutic response, and (c) better characterization of
tumor biology for directing the choice and aggressiveness of
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izing cancer sites, biochemical imaging by PET can identify
tumors based on features that are aberrantly expressed in the
tumor compared with normal tissue and complementary to
information from anatomic imaging. For example, the identification of regional lymph node metastases based on increased
glucose metabolism with FDG PET, combined with anatomic
imaging by CT, improves the accuracy of cancer staging compared with CT alone (7, 8). The complementary nature of PET
and CT data led to the development of combined PET/CT
devices, which can provide coregistered functional and anatomic information (9).
Biochemical and molecular imaging offers significant
advantages in evaluating response to cancer treatment. The
standard approach to assessing tumor response is based on a
change in tumor size (10, 11). However, a decline in apparent
tumor size is a relatively late event in response to cytotoxic
cancer treatment (Fig. 1). It is preceded by biochemical and
cellular changes that include a decrease in cell proliferation,
an increase in cell death, and a decline in the number of
viable tumor cells. These events can be detected by PET much
earlier than tumor size changes are apparent (12 – 17).
Furthermore, tumor bulk is not necessarily a reliable
indication of the risk of tumor progression after therapy
(18). Quantifying the residual tumor after therapy based on
in vivo tumor biology, characterized regionally using biochemical and functional imaging, provides a more clinically
relevant measure of response. Several studies have shown that
PET imaging measures of response are highly predictive of
patient outcomes, such as time-to-progression, disease-free
survival, and overall survival, often out-performing size-based
estimates of response (12, 13, 19 – 24).
Finally, characterization of tumor biology in vivo by
molecular imaging may help to determine how aggressive a
cancer is likely to be and how best to treat the cancer (25).
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Fig. 1. Diagram of steps in cancer
response. Dashed arrows, where PET
and conventional can measure changes
along the sequence of processes underlying
tumor response.

Traditionally, prognostic assays have been done by in vitro assay
of biopsy material. Molecular imaging data can be complementary to in vitro assays and provide information not possible by analysis of sampled material. Imaging is able to include
all tumor sites in the imaging field of view and thus estimate
tumor heterogeneity, which cannot be reliably measured in a
limited biopsy. PET can image the effect of drugs on tumors
in vivo because it can be done serially and noninvasively.
As such, PET imaging can be used together with in vitro assays
to guide the selection of cancer therapy (26). For example,
recent studies have shown that FDG PET strongly predicts
which iodine-refractory thyroid cancers are most likely to
progress and lead to patient death and identifies which patients
need aggressive treatment (27). This prediction is not possible
by analysis of thyroid cancer histology. In addition, PET
imaging may help identify appropriate targets for treatment. For
example, PET imaging of estrogen receptors (ER) in breast
cancer using [18F]fluoroestradiol (FES) PET can identify
regional ER expression and predict response to endocrine
therapy (28, 29). These are but a few illustrations of how
imaging can complement assay of tissue samples in directing
targeted cancer therapy.

FDG PET for Cancer Imaging
Underlying biology and approach. The development of FDG
dates to the work of Sokoloff et al. (30), who developed a
method to measure the regional cerebral glucose metabolic rate
in animals using [14C]deoxyglucose autoradiography. Subsequently, [18F]FDG was developed to provide the same
capability using PET imaging to quantify the regional concentration of the 18F label in humans (31, 32). FDG is transported
into cells and phosphorylated to FDG-6P by hexokinase in
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parallel to glucose; however, the presence of an F atom instead
of a hydroxyl group at the C2-position prevents FDG-6P from
being a substrate for enzymes further down the glycolytic
pathway. In most tissues, FDG-6P is trapped in cells and
provides an indication of metabolic rate. There is evidence that
FDG-6P can be slowly dephosphorylated in some tissues and
tumors, especially those that break down glycogen or synthesize glucose as part of their normal function, such as liver and
brain, where dephosphorylation is required (31, 33).
The most detailed method for quantifying regional glucose
metabolism uses dynamic PET imaging to capture the tissue
uptake curve for 60 to 90 min after injection with blood
sampling or imaging of a blood pool to measure the blood
clearance curve (22, 34). A compartmental model (Fig. 2)
applied to these data provides accurate estimates of physiologic
rate constants. The metabolic rate of glucose measured by
FDG PET, sometimes termed the metabolic rate of FDG, is
calculated from the flux of FDG from the blood to the
phosphorylated state, as shown in Fig. 2A (22, 34). Metabolic
rate of FDG is then estimated by the following: metabolic rate
of FDG = [Glucose]K i, where [Glucose] is the plasma glucose
concentration (mmoles/mL), K i is the flux constant from
compartmental analysis (mL/min/g), and metabolic rate of
FDG is quantified as mmoles/min/g. This analysis does not
assume a value for relative glycolytic flux of FDG and glucose,
the so-called ‘‘lumped constant’’ used in the original Sokoloff
formulation (30), but rather describes glucose metabolic rate
as assessed using FDG (33).
In clinical practice, dynamic imaging is time consuming
and difficult to do over extended imaging fields covering the
body. Most centers capture a single image of FDG uptake
60 min after injection as an approximate indication of glucose
metabolism (35). From this static uptake image, a simplified
uptake measure, usually known as the standardized uptake
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value (SUV) can be calculated as (34) SUV = C t / (i.d. / wt),
where C t is the tissue FDG uptake from the image (mCi/mL or
mCi/g), i.d. is injected dose (mCi), and wt is the patient weight
(kg). Depending on the units for uptake from the scanner, the
SUV will be unitless or have density units (g/mL). A SUV = 1
indicates uniform distribution of tracer, whereas SUV > 1
indicates accumulation. Tumors have considerably variable
uptake, but generally untreated tumors have maximum SUVs
of 3 or higher (36).
The use of FDG as a tumor detection agent is based on the
observation of Warburg (37) in the 1930s that cancer cells have
aberrantly high rates of glycolysis. The regulation of this process
is complex, and a large number of factors and possible
metabolic fates of glucose all influence the flux through the
glycolytic pathway measured by FDG (Fig. 2B). Some glucose is
used for biosynthesis via the pentose shunt; however, this
seems to account for a relatively small fraction of glucose use in
tumors (38). Tumor hypoxia may lead to anaerobic glycolysis
and an increased rate of FDG metabolism (39). However, much
of the increase in glucose use in tumors seems to be related to
accelerated flux through the glycolytic pathway, even under
aerobic conditions (40). An increased understanding of the
molecular pathways active in cancer cells suggests that key
molecules involved in accelerated cellular proliferation (e.g.,
mitogen-activated protein kinase) and decreased apoptosis,
such as AKT, may be responsible for an elevated glucose
consumption that relies heavily on aerobic glycolysis compared
with normal tissues (41 – 44). Some authors have suggested that
aberrant glycolysis dampens the apoptotic response to the
metabolic stresses of uncontrolled proliferation and is essential
to the cancer phenotype (40, 44, 45).
In addition to elevated glycolysis, tumors have differing and
often increased expression of glucose transporters and/or
hexokinase compared with normal tissues (40). This effect
contributes to variable selectivity of FDG versus glucose in
tumors compared with normal tissue, making the lumped
constant variable in tumors, but there is generally higher FDG
uptake relative to glucose in tumor than in normal tissues (46).
There is some debate as to the relative importance of glucose
transporters versus hexokinase activity in determining the level
of FDG uptake in tumors (47); however, data from both in vitro
(40) and in vivo studies (48) suggest that phosphorylation, and
not membrane transport, is rate controlling in most circumstances.
Several features have contributed to the widespread use of
FDG in the clinic (3). FDG, unlike glucose, is filtered in the
kidneys, leading to substantial clearance from the blood pool
by 1 h after injection. The enzyme responsible for FDG
retention, hexokinase, is plentiful and highly active, effectively
trapping the label in a short period after transport from the
blood or tissue. This combination of high target tissue uptake
and rapid blood clearance results in high-contrast images using
short-lived radiopharmaceuticals. Metabolism of FDG beyond
FDG-6P is minimal; therefore, there are few labeled metabolites
in the blood. There is just enough background uptake of FDG
to provide an ‘‘anatomic backdrop’’ to reference tumor location
without interfering with the ability to visualize tumors. Finally,
the nearly 2-h half-life of 18F permits regional supply of FDG
from a central facility. All these factors contribute to the
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desirability of FDG as a clinical cancer imaging agent and to its
increasing use in cancer imaging.
FDG PET for tumor detection. FDG PET is widely used for
cancer detection, mostly for staging the extent of spread of
newly diagnosed or recurrent cancers (3). The cancer types to
which PET is most commonly applied include lung, breast,
colorectal, lymphoma, melanoma, head and neck, sarcoma,
cervical, thyroid, and esophageal cancers (3, 8, 24, 49). There is
a wide range of FDG uptake in different tumors. Some tumors,
such as lung, melanoma, and aggressive lymphoma, have
reliably elevated FDG uptake compared with background in the
untreated state (8, 24, 50). Others, such as early prostate cancer
and well-differentiated hepatoma, have consistently low
uptake; therefore, FDG PET has not proven useful for cancer
detection and staging (51, 52). Yet others, such as breast,
sarcoma, and thyroid, display a range of FDG uptake, which
seems to depend on incompletely understood biological factors
(53 – 56).
One emerging concept is that aberrant glycolysis, and
therefore level of FDG uptake, is a marker of tumor
dedifferentiation compared with the host tissue. For example,
prostate and thyroid cancers that retain their endocrine
function (androgen responsiveness and iodine avidity, respectively) have low FDG uptake; however, the dedifferentiated
forms (androgen-refractory prostate cancer and iodine-negative
thyroid cancer) are much more likely to be visualized by FDG
PET (57, 58). Most studies suggest that FDG is not related in a
simple way to tumor biological factors, suggesting that FDG
PET provides an independent measure of in vivo tumor biology,
distinct from in vitro assays (54).
Because accelerated energy metabolism is not specific to
cancer, many noncancerous tissues will take up FDG, and falsepositive findings are relatively common (59, 60). Causes of
false-positive FDG uptake for tumor detection applications
include inflammation, metabolism in musculoskeletal tissues
and brown fat, and functional changes in response to
stimulating agents, such as marrow-stimulating cytokines.
Although the combination of PET and CT in PET/CT devices
adds specificity to the scanning process, sites of uptake
unrelated to cancer are common; therefore, considerable
experience is necessary to properly interpret clinical FDG PET
or PET/CT scans. Overall, low sensitivity for early-stage disease
and modest specificity limit the utility of FDG PET for cancer
screening and early diagnosis. However, FDG PET can be
extraordinarily helpful in appropriately selected patients with
an established cancer diagnosis, or strong suspicion of cancer,
to characterize the disease and determine its extent.
FDG PET for monitoring tumor response. The application of
FDG PET to clinical response monitoring has evolved somewhat more slowly that its use for staging and is currently
approved for reimbursement for this purpose in the United
States only for breast cancer (3). The earliest published studies
using FDG PET to monitor therapeutic response by Minn and
Wahl (17, 61) focused on advanced breast cancer treated with
chemotherapy and compared imaging results with response by
histopathology. These early studies showed that responders had
a f50% decline in FDG uptake 2 months into chemotherapy,
whereas nonresponders had an insignificant decline (17).
Subsequent studies done in a variety of cancers treated with a
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Fig. 2. Model of FDG kinetics
for estimating glycolytic flux
in tissues. A, diagram of
compartmental model of FDG
kinetics. B, diagram of
biochemical pathways in glucose
metabolism. Bold arrow, portion
measured by FDG PET.

variety of modalities support the utility of FDG PET for
response monitoring and show that serial FDG PET predicts
tumor response and in many cases patient outcome, such as
disease-free survival (3, 12, 13, 21, 22, 24).
The timing and extent of the change in FDG uptake in
response to treatment may vary with tumor type and importantly with the treatment. For cytotoxic chemotherapy, studies
in breast cancer, lymphoma, gastrointestinal cancers, and others
show the ability of FDG PET to discern response following a
single cycle of chemotherapy (12 – 17). The precise biological
factor associated with FDG decline after cytotoxic chemotherapy
is unknown and is undoubtedly related to both a decline in the
number of viable tumor cells and the rate of glucose
consumption per cell. Early data in patients using FDG and
thymidine PET suggested that declines in tumor proliferation
precede changes in glycolysis (15). Recent data using drugs
targeted to growth factor pathways up-regulated in some
tumors, such as imatinib to inhibit the c-kit pathway in the
treatment of gastrointestinal stromal tumor, suggest that
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alterations in glycolysis, and therefore FDG uptake, occur within
1 to 2 days of starting treatment (Fig. 3; refs. 62 – 65).
In this case, changes in FDG uptake may precede changes in
tumor proliferation and cell death (66). The exact mechanism of
this early change is unknown, but some recent studies implicate
a rapid decline in glucose transporter expression (66); however,
studies are needed to elucidate the precise mechanisms underyling changes in FDG PET as an indication of early response to
this class of drugs (42). Glycolysis changes may also occur early
in other forms of targeted therapy. For example, Mortimer et al.
(29) found that an increase in FDG uptake 1 to 2 weeks after
starting tamoxifen predicted subsequent breast cancer response.
This FDG increase was interpreted as an indication of the early
agonist or ‘‘flare’’ associated with tamoxifen therapy.
Measuring the response to radiotherapy remains more
problematic in that FDG uptake may not decline after
radiotherapy and may in fact increase early after treatment
(67). The mechanism underlying these findings is speculated to
be associated with a different and more prolonged period of
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cell viability and attempted repair before cell death for
radiotherapy versus chemotherapy or possibly an inflammatory
response to radiotherapy. In some studies, an increase in FDG
uptake at the tumor site after radiotherapy predicted a better
outcome. Spence et al. (23) found that an increase in FDG
uptake after radiotherapy of high-grade gliomas portended
better survival than an early decrease.
Some caution is needed in interpreting response data from
FDG PET, as results may vary depending on the tumor,
treatment, and time of assessment after therapy Most data on
response evaluation using FDG PET have come from small
trials comparing PET results with standard size-based criteria
or to pathology. A smaller number of studies have compared
FDG PET results for therapy monitoring with more robust and
more relevant end points, such as time-to-progression, diseasefree survival, and overall survival. In those trials where this has
been studied, serial FDG PET measures have been highly
predictive of patient outcomes (13, 21, 55, 68 – 70). Currently,
FDG PET is not as commonly used for response evaluation as
it is for detection and staging. For response, FDG PET is most
commonly used in lymphoma and breast cancer, where it has
approval for Medicare payment for response evaluation.
Emerging and increasingly used indications include response
evaluation in head and neck cancer, sarcoma, lung cancer, and
other tumors (67). Overall, FDG PET may be extremely
helpful for evaluating response, and this indication should
increase when prospective multicenter trials validate the
predictive capability of serial FDG PET over the course of
therapy. These studies need to consider carefully the timing of
posttherapy imaging, and the imaging study needs to be
quantified using measures such as SUV or metabolic rate of
FDG. Such trials are under way for some tumor types (e.g.,
lymphoma; ref. 71).

Biological insights from FDG PET. In addition to its clinical
role for cancer, FDG PET has provided some insights into
in vivo tumor biology. The ability to characterize tumor glycolysis in vivo has shown that tumors are unusually glycolytic,
out of proportion to metabolic needs for energy generation
(41). Using combined imaging with [11C]glucose and FDG,
Spence et al. (46) showed that the relative utilization of
glucose and FDG was different in brain tumors versus normal
brain, which suggested different enzymology and/or pathway
utilization. Whereas blood flow and glucose metabolism are
typically quite tightly coupled in normal tissues, Tseng et al.
(48) showed that they were uncoupled in untreated breast
cancer and that effective treatment brought the pattern of tumor
glucose metabolism closer to that of normal breast. These
studies used FDG PET in conjunction with other PET radiopharmaceuticals and have suggested not only that is the
glycolytic rate elevated in tumors compared with normal tissue
but also that the kinetics of glycolysis is aberrant in tumors
compared with normal tissues, further refining the nature of the
Warburg effect.
A striking feature of the FDG PET cancer literature is the
prognostic capability of FDG. A high metabolic rate indicated
by high FDG uptake seems to be an almost universal predictor
of poor outcome for many tumor types, including lung cancer,
breast cancer, sarcoma, lymphoma, glioma, and thyroid cancer
(27, 55, 72 – 76). This remarkable predictive capability applies
to a wide range of tumors treated in quite different ways, from
primary surgery (lung) to primary chemotherapy and radiotherapy (lymphoma), to surgery plus chemotherapy (breast
and high-grade sarcoma), to surgery plus external beam
radiotherapy and chemotherapy (glioma), and to surgery plus
radionuclide therapy (thyroid cancer). This predictive capability may stem from the fact that elevated glycolysis accompanies

Fig. 3. FDG PET imaging of gastrointestinal stromal tumor before and after treatment. In patients with gastrointestinal stromal tumors, tumor glucose utilization is very high
and these tumors can be readily visualized by [18F]FDG PET. A striking observation in patients with gastrointestinal stromal tumor who are treated with STI571 (Gleevec)
was the rapid and sustained decrease in FDG uptake determined by PETscan that was seen as early as 24-h one dose of STI571, and this was sustained over many
months. The high FDG levels seen in the kidney, ureter, and bladder are normal in both the pre-Gleevec and post-Gleevec images. Adapted with permission from Van den
Abbeele et al., 2001.
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several tumor and microenvironmental factors that have been
associated with poor prognosis, including accelerated proliferation (77), tumor hypoxia (78 – 80), and diminished apoptosis
(44, 45, 81). In some tumors (e.g., iodine-refractory thyroid
cancer), FDG PET can be helpful in predicting tumor
aggressiveness and identifying which patients need the most
aggressive treatment (27, 58).

Beyond FDG
Although FDG continues to play an increasingly important
role in the clinical management of cancer, it is likely that other
PET radiopharmaceuticals will also contribute in the near
future. FDG PET has important limitations, including the
ability to detect small-volume disease, early tumors, and less
aggressive and/or less glycolytic tumors. In some cases (e.g., in
routine staging of early disease for many cancers), the use of
FDG PET may not be helpful. Energy metabolism is associated
with tumor growth, but also with a variety of other biological
processes, including inflammation and tissue repair in response
to damage (4, 82). As cancer treatment becomes more targeted
and individualized to patient and tumor characteristics, more
specific PET radiopharmaceuticals will help guide treatment
selection by (a ) quantifying the therapeutic target, (b )
identifying resistance factors, and (c) measuring early response
to therapy (6). These applications are highlighted below, with
specific examples of the use of PET for each task. This is not
intended as a comprehensive review of new cancer imaging
approaches, for which the reader is referred to other recent
reviews (1, 2, 4, 5). We have concentrated this review on 18Flabeled PET agents and novel indications that are likely to have
near-term clinical utility.
Quantifying the therapeutic target. The trend toward more
specific therapy requires the ability to measure the level of
target expression in the tumor. Current examples of specific
targets (and examples of treatments directed at them) include
the ER (tamoxifen and letrozole), HER2 (trastuzumab),
epidermal growth factor receptor (gefitinib), and angiogenesis
(bevacizumab; ref. 83). Measuring the target expression at each
site of disease is a task for which PET is ideally suited. PET
imaging can determine whether the target is expressed at all
disease sites and can quantify the level of target expression at
each site. Current examples of PET imaging to measure target
expression include ER and androgen receptor imaging (84, 85);
HER2 imaging (86); imaging angiogenesis nonspecifically by
measuring blood flow (72, 87, 88) and by imaging specific
components expressed in neovasculature (89 – 91); and measuring novel targets such as matrix metalloproteinases (92). In
the future, it may also be possible to measure target expression
in conjunction with gene therapy using a transgene imaging
reporter (93).
PET imaging of ER expression in breast cancer provides a
good example of how imaging to identify target expression can
be helpful. ER expression in breast cancer is an indicator of
prognosis and predicts the likelihood of responding to
antiestrogen therapy. Assessment of ER expression in primary
breast cancer by in vitro assay of biopsy material by
immunohistochemistry is part of the standard care of breast
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cancer patients and weighs heavily in the choice of therapy
(94). A variety of agents has been tested for PET ER imaging
(95). A close analogue of estradiol, the labeled estrogen, [18F]16
a-17h-fluoroestradiol, has shown the most promise in quantifying the functional ER status of breast cancer, either in the
primary tumor or in the metastatic lesions (95). The
quantitative level of FES uptake in primary tumors correlates
with the level of ER expression measured by in vitro assay by
radioligand binding (96) and, in preliminary data from our
laboratory, by immunohistochemistry. FES PET provides
sufficient image quality to image metastatic lesions with high
sensitivity in patients with ER-positive tumors (84) at an
acceptable radiation dose to the patient (97).
An important use of FES PET will be to image and
characterize the entire volume of disease in an individual
patient, especially in patients with recurrent or metastatic breast
cancer, where tissue sampling at all sites is not feasible. Studies
using FES PET have shown heterogeneous FES uptake within
the same tumor and between different metastatic lesions (84).
PET ER imaging can be used, in analogy to assay of ER in biopsy
specimens, to predict the likelihood of response to hormonal
therapy and thereby guide appropriate selection of patients for
this type of treatment (Fig. 4). Studies by Mortimer et al. (29)
have shown that a high level of FES uptake in advanced tumors
predicts a greater likelihood of response to tamoxifen. Recent
results from our center show similar results for patients with
recurrent or metastatic breast cancer treated with a variety of
hormonal agents (28). These preliminary results show the
exciting potential of PET ER imaging to help guide appropriate,
individualized breast cancer treatment and point the way for
future clinical use.
Identifying resistance factors. Even when a tumor expresses
appropriate levels of the target, targeted therapy may fail if the
tumor also has characteristics that render it resistant to
treatment. Preliminary tests of PET agents for specific resistance
factors have been undertaken in animal models and are
beginning in patients. The ability to measure both the
therapeutic target and the specific resistance factors underlies
the emerging role of PET in early drug testing (98).
Tumor hypoxia imaging with PET has received considerable
attention and has been used in patients for several tumors (78).
Tumor hypoxia has been well established as a resistance factor
for radiotherapy, but evolving evidence indicates that it
promotes tumor aggressiveness via genomic changes that lead
to resistance to a variety of therapies (99). Although hypoxia
likely contributes to increased rates of glycolysis and upregulation of GLUT transporters, hypoxia cannot be inferred by
FDG PET. Rajendran (100) showed, for patients with a variety
of tumor types, that hypoxia could not be predicted by FDG
uptake. Several PET agents specifically designed to image tumor
hypoxia have been tested for hypoxia imaging (78). Of these,
[18F]fluoromisonidazole (FMISO) has the largest body of
preclinical validation studies and clinical experience (78),
although other PET hypoxia tracers have also been studied in
patients (101). Recent studies have shown that tumor hypoxia
measured by PET is highly predictive of patient outcome;
patients with hypoxia by PET had considerably earlier relapse
or progression (79, 101, 102). PET hypoxia imaging may
provide a means for selecting alternative therapeutic strategies
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Fig. 4. Examples of applications of PET to direct cancer therapy. A, FDG and FES PET for two different patients (top and bottom) show the ability to image target expression,
in this case the ER for breast cancer. Both patients had ER-expressing primary tumors; however, only the top patient had FES uptake in site of bone metastasis. The top
patient had an excellent response to letrozole, whereas the bottom patient failed multiple endocrine therapies. B, FMISO PETof a recurrent glioblastoma after initial resection
and treatment. FMISO uptake at sites of tumor recurrence seen on magnetic resonance imaging (MRI) portended a resistant and aggressive tumor, and the patients had
limited subsequent survival. C, FMISO PET fused with CT images can be used to direct targeted radiotherapy by conformal treatments. Fused images show isodose lines for
planned treatment and show how combined anatomic/metabolic imaging can direct target therapy. D, FDG and thymidine PET for a patient with a large lung cancer image
pretherapy (top) and sequentially after chemoradiation (middle and bottom).The patient had a significant partial response to treatment, which was shown earlier by thymidine
proliferation imaging than by FDG PET, and both preceded changes in size by CT.

in tumors resistant to standard treatments based on hypoxia
and may direct patients to regional therapy and/or agents that
are selective for hypoxic tissue (Fig. 4; refs. 79, 103).
Another area of active investigation in patients has
been characterization of drug efflux proteins, in particular
P-glycoprotein, which is a membrane transport protein for
which several xenobiotics (104) are substrates. P-glycoprotein
may mediate the enhanced efflux of several chemotherapeutic
agents, including agents like doxorubicin and Taxol that are
important in cancer treatment. Based on observations by
Piwnica-Worms et al. (105), Ciarmiello et al. (106) observed
that enhanced washout of the single-photon emission computed tomography agent, 99mTc-sestamibi (MIBI) predicted
resistance to epirubicin-based therapy of locally advanced
breast cancer. However, interpretation of MIBI images is
confounded by blood flow, which is another important factor
in the uptake and washout of MIBI (107). Alternative PET
radiotracers, such as [11C]verapamil have been developed as
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agents for imaging P-glycoprotein transport (108). We have
shown recently that verapamil PET can be used to measure the
effect of P-glycoprotein inhibition on drug transport into the
brain (109). Measurements of P-glycoprotein transport have
also been done using 18F-labeled agents, such as [18F]fluoropaclitaxel (110).
Measuring early response. As the choice of cancer treatments
expands, there will be an increasing need to measure the efficacy
of treatments as early as possible after initiation. With many
potentially effective treatments to choose from, it will
be important to identify ineffective treatments early for the
individual patient. Some new therapies, such as antiangiogenesis agents, may be cytostatic instead of cytoreductive, in
which case successful treatment may not lead to a decrease in
tumor size. Studies of FDG PET after a single dose of
chemotherapy have supported the ability of in vivo biochemical
imaging to measure early response (14, 16), although as
described earlier, changes in FDG uptake with early response
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may differ for different tumors and treatments. It is likely
that other imaging agents that more directly measure cell growth
and death will be even more effective at measuring early
response.
Decreased tumor proliferation is an early event in response to
successful treatment (111). This idea underlies the use of
labeled thymidine and analogues to image cellular proliferation
and early response to treatment (112). Thymidine is incorporated into DNA but not RNA; therefore, thymidine uptake and
retention in the tumor serves as a specific marker of cell growth
(111). Recent studies using [11C]thymidine and PET show
promise in assessing response, especially early response as
reviewed by Mankoff et al. (112). Because of the short half-life
of 11C (f20 min) and its rapid metabolism to thymine and
other metabolites, [11C]thymidine is not practical for routine
clinical use outside of academic centers. This problem spurred
the development of 18F-labeled, nonmetabolized thymidine
analogues to image tumor proliferation. The most promising
thus far is [18F]fluorothymidine (FLT; ref. 113). Studies in
several tumor types have shown that FLT uptake correlates with
in vitro measures of proliferation done on biopsy specimens
(reviewed in ref. 112). Several laboratories have ongoing
studies using FLT PET to measure response in several different
tumor types (114). However, as with FDG, the image of FLT
is confounded by transport limitations, unphosphorylated
FLT in tissue, and release of phosphorylated FLT from tissue
(115, 116). It is important to analyze FLT images quantitatively
to measure these kinetic effects before drawing conclusions
about the meaning of FLT uptake in tumors, and there may be
important differences between FLT and thymidine as markers of
proliferation (33, 116, 117).
Besides an early decline in cell growth, effective treatments
often lead to an early increase in cell death, often by apoptosis
(81). Radiopharmaceuticals directed at phosphytidylserine
residues that normally reside on the intracellular membrane
surface but that are translocated to the extracellular surface
during apoptosis have been developed for apoptosis imaging.

The single-photon emission computed tomography agent
Tc-Annexin V has shown the ability to image apoptosis
in vivo, but use of this metal-labeled agent was confounded by
high background, including liver uptake (118). In early studies
using this agent in patients undergoing cancer treatments, the
level of uptake in 99mTc-Annexin V correlated with in vitro assay
of apoptosis on biopsy material, but the level of uptake and
target-to-background ratio were only modest (119). Concern
has been expressed that the relatively small number of cells
undergoing apoptosis at any one time and the small time
window to have access to phosphytidylserine moieties during
the apoptotic process (120) may limit the widespread use of
Annexin V – based imaging. However, these same considerations
may provide an advantage for mechanistic studies of early
response that are important in determining optimal timing in
multiagent therapy. Annexin tracers labeled for use in PET will
offer better image quality, better quantification, and the ability
to measure smaller quantities of radiopharmaceutical and have
undergone preliminary validation in animals (121, 122).
Alternate approaches to imaging apoptosis are also being
explored (123). The ability to image both changes in cell
proliferation and cell death in response to treatment will be an
effective means of characterizing how tumors respond to
targeted therapy.
99m

Summary
Molecular and biochemical imaging by PET offers several
significant advantages for cancer imaging. Almost all of the
current clinical application of PET in cancer thus far uses FDG
and focuses on cancer staging. Future applications of PET to
cancer care will require further studies of FDG PET and
radiopharmaceuticals beyond FDG, rigorous quantification,
especially for response evaluation, and careful study design
to validate the information provided by PET imaging compared with both in vitro assay and with well-defined patient
outcomes.
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