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Abstract
Positron emission tomography (PET) is a noninvasive imaging technique that provides a
functional or metabolic assessment of normal tissue or disease conditions. 18F-fluorodeoxyglucose
PET imaging (FDG-PET) is widely used clinically for tumor imaging due to increased glucose
metabolism in most types of tumors, and has been shown to improve the diagnosis and subsequent
treatment of cancers. In this chapter, we review its use in cancer diagnosis, staging, restaging, and
assessment of response to treatment. In addition, other metabolic PET imaging agents in research
or clinical trial stages are discussed, including amino acid analogs based on increased protein
synthesis, and choline, which is based on increased membrane lipid synthesis. Amino acid analogs
and choline are more specific to tumor cells than FDG, so they play an important role in
differentiating cancers from benign conditions and in the diagnosis of cancers with low FDG
uptake or high background FDG uptake. For decades, researchers have shown that tumors have
altered metabolic profiles and display elevated uptake of glucose, amino acids, and lipids, which
can be used for cancer diagnosis and monitoring of the therapeutic response with excellent signal-
to-noise ratios.

Positron Emission Tomography (PET), a noninvasive imaging technique that detects the
gamma rays from positron-emitting isotopes has had a major impact on the diagnosis and
treatment of disease. PET enables clinicians to view and assess the human body from a
functional, biochemical perspective. As a highly sensitive and accurate nuclear medicine
imaging technology based on molecular biology, PET has a unique ability to assess the
functional and biochemical processes of the body's tissues, which are altered in the earliest
stages of virtually all diseases. PET detects these changes — often before anatomical or
structural changes have occurred and become evident on magnetic resonance imaging (MRI)
or computed tomography (CT). In the 1970's and 1980's, PET was mainly used for research.
During the early 1990's, the use of PET expanded into hospitals and diagnostic clinics as
more and more medical communities began to realize the utility of PET in clinical
applications, particularly in oncology for cancer staging, assessing treatment strategies, and
monitoring the effects of therapy with appropriate radiotracers. Reimbursement of studies by
Medicare and other third-party payers also contributed significantly to the growth in clinical
PET imaging. However, the spatial resolution of PET is not comparable to CT or MRI,
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which can provide detailed anatomical information. Therefore, the fused anatomical images
from CT and functional images from PET have long been appreciated, where the fusion is
achieved by software methods. While generally successful for the brain, software
approaches often encounter significant difficulties with the rest of the body. In 1998, the
first combined PET/CT scanner was developed and installed in the University of Pittsburgh
Medical Center,1 overcoming the limitations of PET and permitting the evaluation of both
metabolic and anatomic characteristics of disease. Since the first commercial PET/CT
scanner came into clinical practice in 2001, the combined PET/CT has proven to be a major
advance for detection of primary tumors, distant metastases, recurrence after treatment, and
for staging, restaging, and even monitoring therapy response in most cancers.2

The potential high sensitivity and specificity of PET are due to the high sensitivity of
radioisotopes and the special biocharacter of radiotracers, which are molecularly targeted
radiopharmaceuticals. Some radioisotopes that have been used for PET imaging include
carbon-11 (T1/2 = 20 min), nitrogen-13 (T1/2 = 10 min), fluorine-18 (T1/2 = 110 min),
copper-64 (T1/2 =12.7 h), and iodine-124 (T1/2 = 4.2 days), which are positron-emitting
isotopes used to label diagnostically useful compounds and provide functional or metabolic
information in PET imaging. When the positron-emitting radiotracer is administered to
patients, the nucleus emits a positron which travels a short distance, up to a few millimeters,
to meet an electron in tissue, resulting in the annihilation of the two particles. This
annihilation event produces a pair of 511-KeV photons that are emitted in opposite
directions. The resulting gamma rays are the signals detected by the PET system and
converted to images. Based on its half-life, F-18 is the most practical isotope for clinical
practice; C-11 is also applied in clinical research settings where there are on-site cyclotrons.
Among F-18 or C-11 labeled radiotracers used in oncologic applications of PET, FDG is the
most commonly used oncologic PET tracer and the only one approved by the Food and Drug
Administration (FDA) for routine clinical use. More than 90% of oncologic PET imaging is
performed using FDG. The uptake of FDG is substantially increased in most types of
cancers due to the increased metabolism of glucose by tumor cells, as is the case in most
lung, colorectal, esophageal, stomach, head and neck, cervical, ovarian, and breast cancers,
as well as melanoma and most types of lymphoma.3 In addition to increased glucose uptake,
increased protein synthesis in tumors induces high demand for amino acids. PET imaging
using amino acids and amino acid analogs has shown significant potential for tumor
detection in organ sites with an undesirable FDG-PET background or low FDG uptake
tumors. Furthermore, choline, as a building block of cell membranes, is greatly consumed by
rapidly proliferating tumor cells. Therefore, radiolabeled choline and its analogs are also
applied in tumor PET imaging. This chapter focuses on the use of FDG and other PET tumor
imaging agents under development.

FDG
FDG, an analogue of glucose, is metabolized similarly to glucose. FDG is transported across
cell membranes by glucose transporters and is enzymatically phosphorylated to FDG-6-
phosphate which cannot further undergo glycolysis and becomes metabolically trapped
intracellularly, in contrast to glucose-6-phosphate.4 The primary exception to the metabolic
trapping is in the liver, where a large concentration of phosphatase enzymes results in
dephosphorylation of the FDG-6-phosphate and clearance of FDG from the liver.

Cancerous cells need to activate specific metabolic pathways to develop into solid tumors
due to the significant gradients of critical factors for cell growth, such as oxygen, glucose,
other nutrients, and growth factors. Hypoxia occurs in tumor cells that are 100 – 150 μm
away from the nearest blood vessel and tends to be widespread in solid tumors. This tumor
microenvironment forces tumor cells to rely on the anaerobic metabolism of glucose, which
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provides a major energy source for tumor cells in hypoxic regions. The ability of tumor cells
to endure profound hypoxia indicates that their adaptation to hypoxic conditions is a crucial
step in tumor progression. Hypoxia-inducible factor (HIF)-1, the pro-survival transcription
factor, is involved in the response of both normal and tumor cells to hypoxia and consists of
two subunits, HIF-1α and HIF-1β. The HIF-1α subunit is rapidly degraded under normoxic
conditions while the β subunit is constitutively expressed. Under such low oxygen
concentrations, HIF-1α is stabilized and dimerizes with HIF-1β to form an active
transcription factor. The dimer then binds to the DNA sequence 5′-RCGTG-3′ (HRE),
located in the promoter of target genes. This subsequently leads to up-regulation of factors
that promote tumor growth and angiogenesis, including glycolytic enzymes and vascular
endothelial growth factor (VEGF) 5, 6.

Strikingly, tumor cells maintain a high glycolytic rate even under aerobic conditions, which
is known as aerobic glycolysis or the Warburg effect. 7-9 Even though one glucose molecule
produces only two ATPs by glycolysis, which is far less efficient in producing energy than
the TCA cycle (i.e., 36 ATPs per glucose), tumors that use glycolysis for their energy supply
may have a growth advantage over tumors that use the TCA cycle.10 Tumors metabolize
glucose by aerobic glycolysis partly through activation of oncogenes such as AKT, MYC,
RAS or loss of tumor suppressors, including p53, which are then further enhanced by
stabilization of the hypoxia-induced factor (HIF) via adaptive response to a hypoxic
microenvironment, or through pathways that stabilize HIF under non-hypoxic conditions.6
This is the basis for detection and monitoring of human cancers by FDG-PET.

As the only FDA approved oncologic PET tracer, FDG is applied in almost all types of
cancer diagnosis, staging, restaging, and in monitoring response to cancer treatment.3, 11

The stage at diagnosis is the most powerful predictor of survival, and treatments are often
changed based on the tumor stage; therefore, accurate staging is critical. Restaging is
performed after the treatment to detect residual tumor or suspected recurrence, and to
determine the extent of a known recurrence or distant metastasis. The power of FDG-PET is
fully demonstrated by detecting metastases through a single whole-body PET scan. The
purpose of using PET for disease monitoring is to provide an early assessment of therapeutic
response or treatment refractory disease.

Currently, the Centers for Medicare and Medicaid Services (CMS) covers FDG-PET
applications in initial and subsequent treatment strategies in most of the common cancers
including colorectal, esophagus, head and neck, lymphoma, non-small cell lung, and breast
cancer. Other cancers are covered with exceptions, or reimbursable under CMS' coverage
with evidence development paradigm (Table 1).12 In the following sections, the utility of
FDG-PET in oncology will be reviewed by its role in cancer diagnosis, staging, restaging,
and monitoring therapy response in the most common cancers.

FDG-PET Lung Cancer Imaging
Lung cancer is the leading cause of cancer death in both men and women, and accounted for
about 30% of cancer deaths in men and 26% of cancer deaths in women in the United States
in 2009.13 Eighty percent of lung cancer is non-small cell lung cancer (NSCLC), which has
the best opportunity for cure by radical surgical resection in the early stages of the disease.

FDG-PET has been widely used in the evaluation of patients with lung cancer. CMS covers
the use of FDG-PET in the Initial and Subsequent Treatment Strategies (formerly diagnosis
and initial staging of and the restaging, treatment monitoring, and detection of suspected
recurrence) of NSCLC.
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FDG-PET has been proven to be of immense value in the initial diagnosis,14 detection of
recurrent tumor,15, 16 and evaluation of response to therapy.17 In the PET in Lung Cancer
Staging (PLUS) Study in which NSCLC patients were randomized to staging by PET or
conventional imaging, Verboom et al. demonstrated that FDG-PET provided more accurate
staging than conventional workup, resulting in more appropriate management of patients
with unresectable disease. Patients with locally advanced or distant metastatic disease were
spared the morbidity of futile operations, and overall health care costs were reduced due to
fewer operations compared with those who were staged by conventional imaging.18 In a
systematic review of the literature, for the differentiation of benign and malignant
pulmonary nodules in over 1200 patients, pooled sensitivity and specificity of FDG-PET
was 96% and 80%, respectively; for nodal staging, the pooled sensitivity and specificity of
FDG-PET was 88% and 92%.19 Another study of 70 non-small cell lung cancer patients
showed that sensitivity, specificity and overall accuracy of FDG-PET was higher for the
detection of residual viable primary tumor at 95%, 80%, and 91%, respectively, than for the
presence of lymph node metastases at 77%, 68%, and 73%, respectively.20 FDG-PET shows
promise in detecting the recurrence of lung cancers in restaging evaluations, and is ideal for
differentiating recurrent or residual tumors from post-therapy changes. Both processes have
identical changes on CT, while a recurrent or residual tumor has FDG uptake, and post-
therapy changes typically show little or no FDG uptake.21, 22 In the aggregate, the overall
sensitivity, specificity, and accuracy of FDG-PET for lung cancers are very high for
primary, residual, and recurrent lung cancer diagnosis. While the combined PET/CT
increased the specificity and accuracy of FDG for lung cancer imaging compared to PET
alone, recently published studies of combined PET/CT showed that FDG-PET/CT had
additional value in detecting extrathoracic metastasis, such as metastasis in the intestine,
liver, adrenal gland, or skeleton.23, 24

Furthermore, FDG-PET has been successfully used in the early assessment of treatment
response.25, 26 De Geus-Oei and colleagues27 reported a typical example of a patient with
stage IV NSCLC and tumor lesions that responded to chemotherapy. FDG-PET showed a
65% decrease in standard uptake value (SUV) relative to baseline after two cycles of
chemotherapy. Figure 1 is an excellent example of FDG-PET/CT use for monitoring
therapeutic response. Because the changes in tumor glucose metabolism induced by
chemotherapy are predictive for patient outcome, the use of FDG-PET can help to stratify
patients by probability of progression-free and overall survival. While FDG-PET plays an
important role in lung cancer diagnosis and treatment strategy, FDG-PET/CT can provide
more specific and accurate information than FDG-PET alone. Lardinois, et al. demonstrated
that FDG PET/CT imaging for staging patients with NSCLC was superior to assessment
with either PET or CT alone and to visual correlation of separate PET and CT images.
Integrated PET/CT allowed for more accurate nodal staging, assessment of chest wall
infiltration, and differentiation between benign and malignant findings. PET/CT was also
useful for the detection of unsuspected distant metastases and for the direction of biopsies
for histopathologic evaluation.28

FDG-PET Breast Cancer Imaging
Breast cancer is the most common cancer in women, with a propensity for recurrence and
metastases. It is the second leading cause of death in women and accounted for
approximately 15% of cancer deaths in 2009.13 For localized cancers, the five-year survival
rate was greater than 96%, but survival decreased drastically with regional or distant
metastatic disease. FDG-PET has been widely used in evaluation of patients with breast
cancer. CMS covers FDG-PET use in the Initial Treatment Strategy (formerly initial
staging) and Subsequent Treatment Strategy (formerly restaging, monitoring of treatment
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response, and detection of suspected recurrence) of breast cancer, but it does not cover
initial diagnosis of breast masses or the staging of axillary lymph nodes.

Potential clinical applications of FDG-PET in breast cancer include detection and
differentiation of primary breast lesions, staging of axillary lymph nodes, detection of
residual and metastatic disease, and monitoring of the response to chemotherapy.29-31 A
systematic review and meta-analysis involving 2,460 breast cancer patients resulted in
sensitivities ranging from 20 to 100%, and specificities ranging from 65 to 100%.32

Belohlavek et al. 33 pointed out that the tumor-to-background ratio of FDG uptake is too low
in all breast cancers to be able to discover the smallest lesions. Furthermore, the tumor
contrast is less reliable due to the breast density, as dense glandular tissue has higher FDG
uptake than adipose tissue within the breast. Çermik et al. 34 have found 53% sensitivity for
primary lesions < 5 mm and 92% for lesions > 20 mm. Another study reported that the
sensitivity and specificity of FDG-PET/CT in large primary cancer with mean tumor size at
4.3±1.4 cm were 77% and 80%, respectively.30

Axillary lymph node status is the most powerful prognostic indicator in patients with breast
cancer. Several clinical studies have been carried out to evaluate the accuracy of PET in the
axillary staging of operable primary breast cancer.35-37 As for lymph node metastases, FDG-
PET is not sensitive enough to detect microscopic metastases in non-pathologically enlarged
lymph nodes, but for lymph node metastases larger than 3 cm, the sensitivity and specificity
of FDG-PET/CT at 97% and 100% is reported.35, 38 All these studies have suggested that
FDG-PET is useful in identifying tumors larger than 2 cm, but has limitations in detecting
micrometastatic disease.

FDG-PET is also widely applied to monitor the breast cancer therapy response.30, 39, 40

Duch et al. 27 reported a study of neoadjuvant chemotherapy (epirubicin +
cyclophosphamide + taxanes) response in large primary cancer with FDG-PET/CT with a
sensitivity of 77% and a specificity of 80%. This study demonstrated a more than 40%
decrease in SUVmax in responding tumors, whereas non-responding tumors showed an
increase, no change, or only a small decline, as mean SUVmax declined about 24% in FDG
uptake. All patients with a good prognosis had a SUVmax decrease of more than 40%.30 In a
study of patients with locally advanced breast cancer, the sensitivity, specificity, and
accuracy of FDG-PET/CT in detecting responders were 93%, 75%, and 87%, respectively.39

All the studies concluded that FDG-PET can predict response to chemotherapy in breast
cancer early in the course of treatment. Despite limitations in identifying micrometastases,
FDG-PET plays an important role in assessment of breast cancer response to chemotherapy
as well as other treatments such as hormonal therapy and radiation.

FDG-PET Colorectal Cancer Imaging
Colorectal cancer is the third most frequent cancer in both men and women, and accounted
for approximately 8% of cancer deaths in 2009 in the United States.13 Most individuals
diagnosed with colorectal cancer will have a favorable prognosis, but 20% of patients will
be found to have metastatic disease at the time of diagnosis. Metastases of colorectal cancer
typically involve the lung or liver; distant metastases without lung or liver involvement are
rare. A whole-body FDG-PET scan can detect cancer metastasis in a single exam setting.
CMS has approved coverage of FDG-PET in the Initial Treatment Strategy (formerly
diagnosis and initial staging) and Subsequent Treatment Strategy (formerly restaging,
monitoring of treatment response, and detection of suspected recurrence) for colorectal
cancer.

FDG-PET is rarely used for establishing a primary diagnosis of colorectal cancer due to its
lack of specificity and high cost. In addition to concentrating in neoplastic disease, FDG
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accumulates in the normal bowel wall, in unencapsulated lymph tissue within the cecum, in
premalignant colonic polyps, and in non-neoplastic inflammatory conditions affecting the
bowel. However, FDG-PET is useful in identifying local recurrence and distant metastasis
for preoperative evaluation.41-43 Integrated PET/ CT is an accurate modality for assessing
colorectal cancer recurrence and often leads to changes in patient management. Patient-
based analysis showed that the sensitivity, specificity and accuracy of FDG-PET were 80%,
69% and 75%, respectively, compared with 89%, 92%, and 90%, respectively, for PET/CT
in the diagnosis of recurrent colorectal cancer and metastasis.

Finally, FDG-PET is also applied to monitor the chemotherapeutic response in advanced
colorectal cancer, the effects of local ablative therapies, preoperative radiotherapy, as well as
for prognosis.

FDG-PET Lymphoma Cancer Imaging
Lymphoma is the most common primary hematopoietic malignancy in the United States.
Lymphoma often responds well to therapy, and the survival rate is generally 90% or higher
when the disease is detected during early stages, making it one of the most curable forms of
cancer.44 Lymphomas are categorized as Hodgkin's disease and non-Hodgkin's lymphoma,
and broadly divided into two groups: indolent and aggressive. Indolent lymphomas tend to
be slow growing, but generally incurable. Most of the aggressive lymphomas respond well
to treatment and are curable; therefore, the prognosis depends on the correct classification of
the disease.

The primary therapeutic modalities for lymphomas are chemotherapy and radiotherapy, as
surgery is generally not utilized in this disease when it is known to be lymphoma prior to
contemplation of surgery. Accurate imaging is crucial to treatment strategy, and FDG-PET
has become a useful imaging modality in the staging and treatment evaluation algorithm for
lymphoma by providing unique metabolic information. In addition, FDG PET may be
helpful to assess for histologic transformation of indolent lymphomas into more aggressive
histologies. While there may be overlap in FDG avidity of indolent and more aggressive
lymphomas as indicated by SUV measurements, FDG-PET can detect metabolic changes if
there is a baseline study, and FDG-PET can be used to direct biopsies for histopathologic
evaluation for suspected transformation. CMS covers the use of FDG-PET imaging for the
Initial Treatment Strategy (formerly diagnosis and initial staging) and Subsequent Treatment
Strategy (formerly restaging, monitoring of treatment response, and detection of suspected
recurrence) of both Hodgkin's and non-Hodgkin's lymphoma.

The utility of FDG-PET in the evaluation of lymphoma has been reviewed extensively.45,
46, 47 Several investigations have shown that PET is quite sensitive in detecting nodal and
extranodal manifestations of Hodgkin's lymphoma prior to treatment. Currently, FDG-PET
may be more accurate than anatomic imaging modalities in assessing treatment effects to
correctly identify patients with residual disease and predict therapeutic outcome.46 Persistent
FDG uptake during and after chemotherapy has a high sensitivity and specificity for
prediction of subsequent relapse; however, after completion of chemotherapy, FDG-PET
cannot detect microscopic residual disease that may lead to a subsequent relapse.

FDG-PET Head and Neck Cancer Imaging
Head and neck cancers have accounted for approximately 4-5% of all the malignant disease
in the United States in recent years. Head and neck squamous cell carcinoma (HNSCC)
comprises the vast majority of head and neck cancer, which often spreads to the lymph
nodes of the neck; this is commonly the first manifestation of the disease at the time of
diagnosis. Accurate staging is critical for selection of the appropriate treatment strategy.
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FDG-PET imaging is a very sensitive and valuable imaging tool for evaluation of head and
neck cancer. CMS covers the use of FDG-PET for the Initial Treatment Strategy (formerly
diagnosis and initial staging) and Subsequent Treatment Strategy (formerly restaging,
monitoring of treatment response, and detection of suspected recurrence) of head and neck
cancer.

FDG-PET plays an increasing role in diagnosis and management planning of head and neck
cancer.48-50 Kyzas and colleagues51 performed a meta-analysis involving 1236 cases to
address the diagnostic performance of FDG-PET in evaluating lymph node metastasis in
patients with HNSCC, and to compare its performance against standard diagnostic tools.
The sensitivity and specificity of FDG-PET were 80% and 86%, respectively, which was
superior to conventional diagnostic tests (75% and 79%, respectively). FDG-PET has good
diagnostic performance in the overall pretreatment evaluation of patients with HNSCC, but
may have limitations in detecting micrometastasis, due to the low FDG uptake of small
tumors without hypoxia.50 FDG-PET has become widely accepted as a standard modality
for evaluating HNSCC.

The metabolic activity of pretreatment FDG-PET scans as indicated by SUV can also be
used to predict prognosis. Machtay et al. 49 reported that two year disease free survival was
72% in patients whose lesions demonstrated SUV<9 × as opposed to 37% in those with
lesions with SUV>9. FDG-PET is very useful in the detection of recurrent HNSCC
following prior therapy, which has a high negative predictive value in the detection of
recurrent HNSCC. However, FDG-PET has lower utility for identifying occult nodal
metastases, and its positive predictive is somewhat lower, mainly due to false positive
readings related to inflammation, infection, post-treatment effects, or biopsy trauma.
However, FDG-PET/CT has proven to be a major advance for restaging, and for detection of
unknown primary HNSCC, distant metastases or second primary carcinomas, and recurrent
HNSCC in the post-treatment setting,48, 52-54 Post-treatment changes and physiologic
structures such as muscle and brown fat are easily distinguishable from abnormalities on
PET/CT images, yet are more challenging to differentiate by PET or CT alone. For the
detection of recurrent or residual disease at the primary site, as well as the detection of nodal
recurrence, PET/CT has been shown to be more sensitive (88-100%) and specific (75-100%)
than CT (sensitivity, 38-90%; specificity, 38-85%). The significant ability of PET/CT to
detect and accurately localize tumors makes it more attractive than PET alone (Figure 2).2

FDG-PET Esophageal Cancer Imaging
Esophageal cancer is one of the ten most common malignancies, with a high mortality rate
worldwide. Esophageal cancers have various histologic subtypes, primarily adenocarcinoma
(approx. 50-80% of all esophageal cancers) and squamous cell carcinoma. FDG-PET is
extensively applied in esophageal cancer evaluation. CMS covers the use of FDG-PET for
the Initial Treatment Strategy (formerly diagnosis and initial staging) and Subsequent
Treatment Strategy (formerly restaging, monitoring of treatment response, and detection of
suspected recurrence) of esophageal cancer.

FDG-PET is not used in initial diagnosis of esophageal cancer due to FDG uptake in
infectious esophagitis, Barrett's esophagitis without malignancy, inflammatory esophagitis,
and other benign diseases. FDG-PET plays a limited role in the evaluation of regional nodal
disease in patients with esophageal cancer, with a low sensitivity at 22-57%, but much
higher specificity at more than 90%.3 Compared to PET alone, PET/CT is highly sensitive,
specific, and accurate at regional and distant sites. At local sites, sensitivity was high, but
specificity was lower (50%) because of a high incidence of false-positive findings. Guo and
colleagues55 reported that the overall sensitivity, specificity, and accuracy of FDG-PET/CT
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for detecting recurrence of squamous cell carcinoma of the esophagus of 56 patients at all
sites were 93.1%, 75.7%, and 87.2%, respectively.

FDG-PET has shown promising results in assessing response to therapy and tumor control in
prognosis.56-58 Krause et al. 59 compared FDG-PET and FDG-PET/CT in assessment of
response after completion of therapy for esophageal cancer. Patients with a 50% or more
decrease in SUVmax in the primary tumors had significantly longer disease-free survival
than those with a less than 50% decrease in SUVmax. During therapy assessment, those
patients with more than a 30% decrease in SUVmax were set as responders, while those
patients with less than a 30% decrease in SUVmax were set as non-responders. The
prognosis of the responders showed significantly improved overall survival. Therefore,
assessment of response early in therapy is important in order to allow clinicians to modify
treatment strategy for non-responding patients.

FDG-PET Melanoma Imaging
Once a rare tumor, malignant melanoma is increasing in incidence and has approximately
doubled since 1970, with an estimated 68,720 new cases diagnosed in 2009.13 In its early
stages, melanoma is curable by means of surgical excision, and up to 85% of patients are
cured with treatment following diagnosis. However, the remaining 15% of patients present
with locally advanced or metastatic disease at the time of diagnosis. CMS covers FDG-PET
for the Initial Treatment Strategy (formerly diagnosis and initial staging) and Subsequent
Treatment Strategy (formerly restaging, monitoring of treatment response, and detection of
suspected recurrence) of melanoma, except for the initial staging of regional lymph nodes.

FDG-PET is applied clinically for the detection of the extent of local and regional disease
spread.60-62 A meta-analysis evaluating the accuracy of FDG-PET in staging and restaging
of cutaneous melanoma showed that FDG-PET is not useful in the evaluation of regional
metastases as it does not detect microscopic disease. However, FDG-PET is useful in the
detection of distant metastases and in the management of patients with cutaneous melanoma.
63 Crippa et al. 64 reported that FDG-PET for lymph node metastases from melanoma
showed a reasonable sensitivity and specificity for detecting the presence or absence of
lymph node metastases in patients with melanoma. FDG-PET detected 100% of metastases
≥10 mm, 83% of metastases 6-10 mm, and 23% of metastases ≤ 5 mm. Moreover, FDG-
PET had high sensitivity (> or = 93%) only for metastases with more than 50% lymph node
involvement or with capsular infiltration. However, even if it were able to detect small
volumes of subclinical macroscopic disease, FDG-PET cannot detect subclinical
microscopic disease with acceptable sensitivity. Wagner et al.65 also reported that FDG-PET
sensitivity for melanoma lymph node metastases is dependent on tumor volume.

FDG-PET Pancreatic Cancer Imaging
Pancreatic cancer, a malignant neoplasm of the pancreas, accounts for 6% of cancer deaths
in the United States.13 In 2009, 42,470 individuals were diagnosed with this condition and
35,240 died, making it the fourth leading cause of death from cancer in men and women.
The prognosis for pancreatic cancer is very poor because early pancreatic cancer often does
not cause symptoms, and the later symptoms are usually non-specific and varied. Thus, early
detection using effective diagnostic procedures is needed. CMS currently covers FDG-PET
only for the Initial Treatment Strategy (formerly diagnosis and initial staging) of pancreatic
cancer. FDG-PET for Subsequent Treatment Strategy (formerly restaging, monitoring of
treatment response, and detection of suspected recurrence) is reimbursable by CMS under
the coverage with evidence development through the National Oncologic PET Registry.
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Accurate preoperative staging is one of the most useful and effective applications of FDG-
PET in the management of patients with pancreatic cancer. Assessing the resectability of
pancreatic cancer may avoid unnecessary surgical procedures. A comparison study of PET/
contrast-enhanced CT, PET alone and PET/CT in assessing the resectability of pancreatic
cancer showed a sensitivity of 96-100%, and an accuracy of 70-88%, positive predictive
value of 61-82%, and negative predictive value of 96-100%. Therefore, use of FDG-PET in
assessing the resectability of pancreatic cancer is feasible and accurate, and PET/contrast
enhanced CT is superior to PET alone.66

Pancreatic cancer recurrence is often difficult to detect by conventional imaging. Sperti et al.
67 reported a study monitoring 72 patients after pancreatic cancer resection by FDG-PET
and CT. Tumor recurrence was detected in 35 of 63 patients by CT, while FDG-PET
detected 61 patients with recurrence, indicating that tumor relapse is detected by FDG-PET
earlier than CT. FDG-PET is a useful tool for predicting the prognosis in pancreatic cancer,
and for detection of distant metastases and hidden malignant disease.68, 69 An FDG-PET
evaluation of 98 patients with primary pancreatic cancer showed that the overall survival of
the group in which SUVmax was <an 7.5 was better than that of the group in which it was
>7.5.70

FDG-PET is useful and cost-effective in the pre-operative staging of pancreatic cancer.
FDG-PET is useful and cost effective in the pre-operative staging of pancreatic cancer.
However, using FDG-PET to differentiate cancer from inflammatory lesions does have
drawbacks. For instance, high FDG accumulation due to active, chronic and autoimmune
pancreatitis can mimic pancreatic cancer. FDG-PET can also result in false negatives,
missing lesions up to 33mm in diameter, due mainly to the low cellularity in desmoplastic
tumors.71 The role of FDG-PET in pancreatic cancer is not fully explored, and because of
the high lethality of pancreatic cancer, no results have yet shown that FDG-PET
significantly improves patients' prognoses.

False Positive FDG-PET Findings in Normal or Benign Conditions
FDG-PET holds great promise in the diagnosis of certain malignancies. However, FDG-PET
images must be reviewed carefully to avoid false-positive interpretations. A great amount of
information has been gathered about potential sources of false-positive results due to normal
body functions when using FDG-PET.

In addition to tumor cells, normal cells such as brain and heart cells consume large amounts
of glucose due to their high metabolic demand. Furthermore, glucose is used by the body for
healing and detoxification, so the kidneys and bladder both contain a byproduct of this
process, which can be imaged incidentally. Large muscle groups also metabolize glucose
when they are overexerted. As FDG-PET imaging is dependent on the successful uptake of
FDG, patients are routinely asked to fast for several hours to inhibit the circulation of
insulin, thereby minimizing the need for glycolytic absorption.

Brown adipose tissue, or brown fat, which is adrenergically innervated can also show high
FDG uptake due to its high concentration of mitochondria that are activated by adrenergic
outflow during physiologic and/or psychic stress. FDG uptake in brown fat tends to be
bilateral, symmetric and intense in the cervical, supraclavicular, mediastinal, paravertebral,
and perirenal areas. Children and teenagers have been shown to have more brown fat than
adults, and young thin female patients should be given special attention in monitoring FDG
uptake.72 FDG-PET/CT can be helpful in distinguishing brown fat from true pathology.

It is well known that infection and inflammation can lead to false positive FDG-PET results.
Surgery and radiofrequency ablation also induce increased FDG uptake as a result of

Zhu et al. Page 9

Semin Oncol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



inflammatory changes by enhanced inflammatory cell infiltration.73 Therefore, for early
detection of persistent or recurrent disease, a PET tracer other than FDG, with no increased
uptake in inflammatory lesions, would be desirable, such as 18F-fluorothymidine (18F-FLT)
which reflects cellular proliferation rather than less specific increased glucose metabolism.74

For patients receiving chemotherapy or radiotherapy, it is common to have increased FDG
uptake due to the enhanced inflammatory cell infiltration, so for monitoring therapy
efficacy, FDG-PET scans should be conducted generally no sooner than 4 to 6 weeks after
the last cycle of therapy or radiation to avoid potential false-positive results.

Amino Acid Analogs
Due to increased proliferation requiring active protein synthesis, many types of tumors have
increased amino acid uptake and upregulated amino acid transporters. Radiolabeled amino
acids and their analogs are another class of tumor imaging agents. They are metabolized
similarly to amino acids, which are transported across the cell membranes by amino acid
transporter proteins. Sodium-independent amino acid transport system L is a major route for
providing cells with large neutral amino acids, including branched and aromatic amino
acids, such as leucine, isoleucine, valine, phenylalanine, tyrosine, tryptophan, methionine,
and histidine.75 Studies have shown that many types of tumor cells have significantly
increased L-type amino acid transporter 1 (LAT1) expression.76-78 Kaira et al. 79 also
reported that metastatic tumor sites have significantly higher LAT1 expression than primary
tumors. This increased LAT1 is an excellent target for tumor imaging. PET imaging using
amino acids and amino acid analogs has shown significant potential for tumor detection.
PET imaging with amino acids and their analogs mainly include natural amino acids and
their synthetic analogs.

Natural Amino Acids
Most studies of the natural amino acids were performed using 11C-labelled amino acids. The
most prominent example is 11C-labeled methionine. PET imaging with L-methyl-11C-
methionine (MET-PET) shows promising results in detection and delineation of viable
tumor, especially in low-grade gliomas. MET-PET has been used in clinical management of
cerebral gliomas in initial diagnosis, differentiation of tumor recurrence, grading,
prognostication, tumor extent delineation, biopsy planning, surgical resection, radiotherapy
planning, and assessment of response to therapy.80 MET-PET is also used clinically to
distinguish malignant tissue from normal tissue or benign growths in head and neck cancer,
melanoma, ovarian cancer, and other tumors,81-84 but the short physical half-life of C-11
prevents its use in most nuclear medicine departments (i.e., those without an onsite
cyclotron).

SyntheticAmino Acids
Due to the limitations of natural amino acids, F-18 labeled syntheticamino acids have gained
great interest.85, 86 The synthetic amino acids and analogs, which are non-metabolizable
compounds without any efflux of labeled metabolites or with an efflux that is highly
restricted, have better imaging potential than natural amino acids due to high accumulation.
The radiolabeled synthetic amino acids can be classified into two groups: aromatic amino
acids and non-aromatic amino acids.

Radiolabeled aromatic amino acids are all tyrosine or phenylalanine analogs, and are
primarily system L substrates, including 2-18F-fluoro-L-tyrosine (18F-TYR), L-3-18F-alpha-
methyl tyrosine (18F-FMT), O-(2-18F-Fluoroethyl)-l-tyrosine (FET), and 6-18F-fluoro-L-3,4-
dihydroxyphenylalanine (FDOPA).87 FET and FDOPA have been extensively evaluated in
humans. FET-PET has shown to be valuable in the management of brain tumors. For
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differentiation of grade III and IV recurrent gliomas from grade I and II recurrences, Poperl
and colleagues88 demonstrated 92% specificity and 92% sensitivity using kinetic analysis.
FET demonstrates low uptake in inflammatory tissue compared to FDG and MET,
suggesting that FET may be superior for distinguishing neoplasms from inflammatory
lesions. FET-PET also has prognostic value in patients with resected glioblastoma
multiforme.89, 90, 91

FDOPA-PET has clinical utility in brain tumor imaging.92, 93 A study comparing FDOPA
and FDG for the detection of primary and recurrent brain tumors in 30 patients showed that
FDOPA had a sensitivity of 96%, as opposed to 61% for FDG.94 FDOPA also may have the
potential to differentiate low grade from high grade tumors.95 Additionally, FDOPA has
been used to evaluate extracranial neuroendocrine tumors.96

Alicyclic amino acids, 1-Amino-cycloalkane-1-carboxylic acids, are a class of α,α-dialkyl
amino acids with side chains that are covalently bonded to each other to form a cyclic ring.
In general, alicyclic amino acids are neither metabolized nor readily incorporated into
protein. Of this class of non-natural amino acids, 1-amino-cyclopentane-1-carboxylic acid
(ACPC), 1-amino-cyclobutane-1-carboxylic acid (ACBC), and its 3-fluoro analogue anti-1-
amino-3-18F-fluorocyclobutane-1-carboxylic acid (anti-18F-FACBC) have been evaluated in
humans. Anti-18F-FACBC is a synthetic L-leucine analog that has shown promising results
in a human patient with glioblastoma multiforme.97 Anti-18F-FACBC also has been
demonstrated to have excellent uptake within primary and metastatic prostate carcinoma
with little renal excretion compared to FDG (Figure 3).98 Anti-18F-FACBC uptake in
patients with newly diagnosed renal masses was examined, and relative amino acid transport
compared to the renal cortex was found to be elevated in renal papillary cell carcinoma but
not in clear cell carcinoma.99 Additionally, anti-18F-FACBC is relatively unique among
amino acids because it has low associated radioactivity in the urine, which simplifies the
interpretation of the genitourinary tract and pelvic images.

Choline
Choline is a precursor of phosphatidylcholine, which is a major constituent of membrane
lipids. Membrane lipid synthesis, as well as protein synthesis, is activated during cell
proliferation. Therefore, choline is consumed in large quantities by tumor cells.100

Carbon-11 choline (11C-choline) has been introduced as an oncological PET tracer for
evaluation of a variety of malignant tumors such as brain tumors, lung cancer, esophageal
cancer, colon cancer, bladder cancer, prostate cancer, and many other cancers.101 11C-
choline uptake is significantly greater in malignant tumors than in benign tumors, correlates
well with the degree of FDG accumulation within the lesion, and does not have the
disadvantage of high background activity owing to urinary tract excretion which can
interfere with FDG-PET evaluation.102 Most reports of 11C-choline involve prostate
cancer103-105 and brain tumor106, 107 imaging. Figure 4 shows a meningioma imaged
by 11C-choline with a very low background in comparison to FDG.108 Li et al.109 reported
using 11C-choline PET/CT imaging for differentiating prostate cancer from benign prostate
hyperplasia. 11C-choline imaging in breast cancer,110 head and neck cancer,111 and
hepatocellular carcinoma112 has also been reported. 18F-choline (FCH) shows advantages in
PET imaging due to F-18's much longer half-life in comparison to that of C-11. FCH's use
as a therapeutic response marker for prostate cancer with bone metastasis was reported
recently.103 A metastasis detected by FCH without any corresponding morphological
changes on CT was also reported.113 In the same report, FCH was studied in therapy
monitoring; when comparing pre- and post-therapeutic imaging, hormone treatment (HT)
responders showed reduced FCH uptake. These patients' images often did not demonstrate
significant morphological changes, once again reinforcing the major advantage of metabolic
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imaging over morphological imaging modalities (e.g., CT). Another analog of choline,
Fluoroethylcholine, has been shown to be effective in detecting prostate cancer in patients.
101, 114

Conclusion
FDG-PET is an excellent imaging tool for the diagnosis of primary tumor, recurrence, and
metastasis, staging, restaging, and monitoring treatment response in almost all common
tumors. Combined PET/CT, which provides functional and anatomical information together,
enhances the capability of PET. This enormous capability of PET in oncology is recognized
not only by research scientists and clinicians, but also by CMS which has approved coverage
of FDG-PET applications in the initial and subsequent treatment strategies for most of the
common cancers, such as colorectal, esophagus, head and neck, lymphoma, non-small cell
lung, breast, melanoma, thyroid, myeloma, and other cancers. Recognition and
understanding of the vital role of FDG-PET in management of the cancer patients greatly
benefits patients as well as the whole scientific field.

Although FDG-PET has shown great success in cancer diagnosis and assessment of
treatment response, FDG has the following limitations: (1) increased accumulation of FDG
in some benign processes, such as infectious and inflammatory lesions that can give false
positive results; (2) low sensitivity in well-differentiated low grade tumors that have
relatively low glucose metabolism and are much closer to normal tissue, including most
prostate cancers, carcinoid tumors, bronchoalveolar-cell carcinoma in the lung, and renal-
cell carcinoma; (3) low sensitivity in micrometastases in breast cancer and melanoma, and in
hypocellular cancers such as desmoplastic or mucinous tumors; and (4) increased FDG
accumulation in some normal body areas such as lymphoid tissue and brown fat which could
lead to false-positive results. Further, in assessing meaningful changes in FDG uptake in the
therapeutic response, a major criticism of FDG-PET from oncologists is the disparate (or
complete lack thereof) of quantitative systems. Positron Emission tomography Response
Criteria in Solid Tumors (PERCIST) is the initial framework for developing such a system
in the US.115

Other metabolic PET imaging agents, such as radiolabeled amino acids, amino acid analogs,
and choline have shown promising results in imaging brain tumors, prostate cancer, and
other tumors; however, compared to FDG, far less research has been done on these
oncological imaging agents. In addition to the PET tracers based on increased metabolism,
other tracers have been developed based on other features of tumor biology and the tumor
microenvironment such as proliferation, hypoxia, angiogenesis, and apoptosis. 18F-FLT, as a
proliferation indicator, has shown promising results in evaluation of tumor response to
therapy, and in the prediction of early response in the course of treatment.116, 117 As a
result, 18F-FLT has the potential to become the next FDA-approved PET radiotracer.

Successful PET tracers targeting specific cancer biomarkers are few in number. With the
discovery of oncologic biomarkers, the development of novel PET tracers with high
specificity in targeting oncologic biomarkers will be an important direction for research.
Current oncologic therapy has moved forward from cytotoxic treatment to personalized
therapy targeting specific molecular biomarkers which can be aided by PET imaging. With
the development of highly specific molecular probes, PET will play a major and integral role
in the diagnosis and monitoring treatment of cancer and other diseases.
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Figure 1.
FDG-PET/CT scans of a 63 year-old female with stage IVA adenocarcinoma of the lung
before and after 2 cycles of carboplatin and pemetrexed. Left panel images are pretreatment
images (A, B, C and D), while the right panel are posttreatment images (E, F, G and H). The
images from top to bottom are CT transaxials (A, E), CT and PET fused transaxials (B, F),
PET transaxials (C, G), and maximum intensity projection images (D, H).
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Figure 2.
FDG-PET/CT scans of a 41 year-old male with right base of tongue squamous cell
carcinoma before and after post-operative cisplatin and radiation. There is a persistent,
incidental hypermetabolic lesion in the right lobe of the thyroid gland. Left panel images are
pretreatment images (A, B, C and D), while the right panel are posttreatment images (E, F,
G and H). The images from top to bottom are CT transaxials (A, E), CT and PET fused
transaxials (B, F), PET transaxials (C, G), and maximum intensity projection images (D, H).
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Figure 3.
Coronal PET (A) and CT fused (B) anti-18F-FACBC images in a 71-year-old man
(restaging) with biopsy-proven prostate bed recurrence extending toward the left seminal
vesicle (arrow in A). Maximum-intensity-projection (MIP) image at 20 min (C)
demonstrates uptake in the prostate bed (arrow) but little bladder uptake (arrowhead).
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Figure 4.
A 58-year-old man with meningioma. (A) T1-weighted gadolinium-enhanced MRI shows an
enhanced lesion in the right lateral ventricle. (B) A 11C-choline PET image obtained at 5
min post injection demonstrates increased tumor uptake of 11C-choline and a tumor to white
matter (T/W) ratio of 29.10. (C) An FDG-PET image obtained at 50 min post injection
shows a tumor with a T/W ratio of 1.65.
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Table 1
Applications of FDG-PET covered by the Centers of Medicare and Medicaid (CMS) as of
April 3, 2009

Tumor Type Initial Treatment Strategy * Subsequent Treatment Strategy **

Colorectal Cover Cover

Esophagus Cover Cover

Head & Neck (not Thyroid, CNS) Cover Cover

Lymphoma Cover Cover

Non-Small Cell Lung Cover Cover

Ovary Cover Cover

Brain Cover CED

Cervix 1 or CED Cover

Small Cell Lung Cover CED

Soft Tissue Sarcoma Cover CED

Pancreas Cover CED

Testes Cover CED

Breast (female and male) 2 Cover

Melanoma 3 Cover

Prostate N/C CED

Thyroid Cover 4 or CED

All Other Solid Tumors Cover CED

Myeloma Cover Cover

All other cancers not listed herein CED CED

*
Formerly “diagnosis” and “staging”

**
Formerly “restaging” and “monitoring response to treatment”

CED: covered under CMS with evidence development paradigm

N/C = not covered

(1) Cervix: Covered for the detection of pre-treatment metastases (i.e., staging) in newly diagnosed cervical cancer subsequent to conventional
imaging that is negative for extra-pelvic metastasis. All other initial treatment strategies are CED.

(2) Breast: Not covered for initial diagnosis and/or staging of axillary lymph nodes; covered for initial staging of metastatic disease.

(3) Melanoma: Not covered for initial staging of regional lymph nodes. All other initial staging uses are covered.

(4) Thyroid: Covered for subsequent treatment strategy of recurrent or residual thyroid cancer of follicular cell origin previously treated by
thyroidectomy and radioiodine ablation and have a serum thyroglobulin >10ng/ml and have a negative I-131 whole body scan. All other uses for
subsequent treatment strategy are CED.

(This National Coverage Determination was last reviewed April 2009.)
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