
detectingmalignantlesions.20111imaging hassimilar prob
lems related to its physical and biologic properties; and
radioimmunoscintigraphy is limited by difficulties with
antigenmodulationand variabledepictionof tumorand
nontumor cells, as well as by physiologic hepatic and bowel
excretion. Positron imaging is unique in one respect: posi
tron emitters allow labeling of radiopharmaceuticals that
closelymimic endogenousmolecules,andtherearecontinu
ous developments ofnew biological tracers. â€˜8F-fluorodeoxy
glucose (FDG), which allows the evaluation of glucose
metabolism, is the most commonly used tracer in oncology
becauseof the practicalhalf-life of â€˜8F(110 mm) compared
with other positron emitters. This article will therefore focus
on FDG imaging. Although FDG shares some of the
limitationsofsinglephotonemitters,therelativelyhighratio
of tumor-to-backgroundcontrastin mostmalignantlesions
and the better resolution of PET accounts for the high
reported sensitivity and specificity of FDG imaging.

Tumor cells demonstrate increased glucose metabolism
(1) which is due, in part, to increased numbers of glucose
transporter proteins and increased intracellular enzyme
levels of hexokinaseand phosphofructokinase,among oth
ers, that promote glycolysis (2â€”4).PET imaging with the
glucose analog FDG can be used to exploit the metabolic
differencesbetweenbenignandmalignantcellsfor imaging
purposes (5,6). Although variations in uptake are known to
exist amongtumor types,elevateduptakeof FDG hasbeen
demonstrated in various malignant primary tumors. There
fore, various indications for FDG imaging have been
investigated, including differentiation of benign from malig
nant lesions, staging malignant lesions, detection of malig
nant recurrence and monitoring tumor therapy.

Increasingcost-effectivenessand decreasingthe number
of invasiveproceduresare currentlytwo of the major trends
in health care. Pursuant to these goals, considerable attention

has recently been directed toward the use of metabolic
imagingusingPET andFDG in theevaluationof patients
with cancer. Metabolic imaging, used in the appropriate
setting,allowssignificantreductionintheuseof morecostly
and invasive surgical methods for diagnosing and staging
diseasein patientswithsuspiciouslesions.

This article will focus primarily on body oncology diagnosis,
stagingand therapy monitoringusingfluorodeoxyglucose(FDG)
PETimaging.Commonpitfallsand artifactsin body FDGimaging
will be covered. Examples of diagnosis, staging and therapy
monitoring of brain tumor, colorectal cancer, lymphoma and
melanomawill be given. Importanceof correlationwith anatomic
imaging and practical use of FDG imaging in patient manage
mentwill be stressed.

KeyWords: emissionCT;fluorine;glucose;metabolism;neoplasms
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eeping abreast of the rapid advances in imaging
technologies is a challenge for both radiologists and clini
cians who must integrate these technologiesfor optimal
patient care and outcome at minimal cost. New develop
mentsin CT, MRI andultrasonographycontinueto improve
anatomic image quality, leading to improvements in lesion
detection, tissue characterization and relationship to vascu
lar structures.

Although functional imaging has limitations related to
resolutionand lack of landmarks, it can be of tremendous
help in identifying or characterizing malignant lesions not
seen or equivocal on anatomic imaging. Anatomic and
functional imagesprovide complementaryinformation and,
in many circumstances, registration of both sets of images is
necessary for correct interpretation. Registration can be
done visually or with various computerized methods that are
becoming more readily available.

Functional imaging with single photon emitters used in
the detection and staging of malignancies has well-known
limitations. 67Ga exhibits interference from physiologic
hepatic and colonic activity, which results in poor accuracy
in imagingintra-abdominaltumors,and accumulationat
inflammatory sites diminishes the specificity of 67Ga for
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will not be reimbursed for patients who have a negative PET
scan, unless it has been preapproved. HCFA is currently
reviewing data supporting reimbursement for patients with
brain tumors, colorectal cancer, lymphoma, melanoma and
head and neck cancer. The results of the review should be
available in 1999.

This article includes applications of FDG PET imaging
for brain tumors, colorectal cancer, lymphoma and mela
noma.

TECHNICAL CONSIDERATIONS

Emission images are obtained after the intravenous admin
istration of 370 MBq (10 mCi) FDG. Current PET systems
provide for the correction of soft-tissue attenuation, which is
measured by transmission scanning using an external posi
tron source. Registration of the transmission and emission is
necessary to provide images corrected for soft-tissue attenu
ation. In addition, the detectors are calibrated with an
external source of known activity (@Ge), and, therefore, the
true count rate can be determined in a region of interest
drawn on the images corrected for attenuation. Dynamic
scanning of an organ or lesion of interest after injection of
FDG and dynamic arterial blood sampling to obtain tissue
and plasma tracer concentration over time allow quantifica
tion of the actual metabolic rate using tracer kinetic model
ing. This approach is time consuming, cumbersome and
more invasive than obtaining a static image after the
radiopharmaceuticalconcentrationhasreacheda plateauat
the time of acquisition, usually 60 mm after intravenous
FDG administration. In oncology, true quantitation of glu
cose metabolism is usually not performed because of the
absence of knowledge concerning the lumped constant for
the quantification, and dynamic imaging is not possible over
the entire body. Static imaging of the entire body offers the
advantage of detecting additional unsuspected lesions in
addition to evaluating a specific lesion. Evaluation of static
PETimagescanbeperformedvisuallyorsemiquantitatively
using the standardized uptake ratio (SUR) or a lesion-to
background ratio. The SUR is the activity in the lesion in
microCuries per milliliter divided by the weight of the
patient in kilograms and the dose of FDG in milliCuries.
Semiquantitative evaluation offers a more objective report
ing of the uptake in the lesion. However, it does depend on
accurate soft-tissue attenuation correction that may be
affected by movement of the patient or error in repositioning
the patient on the table between the transmission and
emission scans, leading to inadequate registration of trans
mission and emission images. Modifications of the SUR that
may improve the semiquantitative evaluation of FDCi uptake
include using the body surface area (7) or the lean body
weight (8) instead of the weight of the patient; this is
significant because the distribution of FDG is higher in
muscle than in fat. FDG uptake is significantly influenced by
plasma glucose levels, because uptake is decreased when the
plasma glucose level is elevated (9â€”11).Correction for the
blood glucose level of the patient can also be done, but to

Although PET imaging may decrease the cost of health
care by reducing the number of invasive procedures, imple
mentation of clinical PET hasbeen hindered by the high cost
of PET systems, the need for immediate access to a source of

â€˜8F(i.e., a cyclotron and supportlaboratorymustbe close to
the site of use, because of the 110-mn half-life of l8@3),the
high maintenance and operating expenses of scanners and
cyclotrons and the limited reimbursement for clinical proce
dures by third-party payers. These combined factors have
resulted in the development by manufacturers of gamma
camera systems capable of performing positron imaging.
Thesesystemscanbe usedto imageconventionalradiophar
maceuticals used in general nuclear medicine and positron
emitting radiopharmaceuticals. The performance of these
camera-basedPET systems has improved markedly over the
past few years with the introduction of thicker NaI(Tl)
crystals, iterative reconstruction algorithms and attenuation
correction.

These new developments in medical imaging instrumenta
tion have contributed to the expansion of the number of

cyclotrons in the last decade and have driven the concept of
commercial FDG distribution centers, which makes FDG
more available. The expense of purchasing and operating a
cyclotron is no longer necessary to perform FDG imaging.
There areapproximately 200 cyclotrons in operation through
out the world. The largest concentration of cyclotrons for
medical radionuclide production is in the U.S. (n = 66),
followed by Europe (n = 48) and Japan (n = 33). Most of
these cyclotrons produce â€˜8F,and FDG is compounded and
used on site. Approximately 20 of these cyclotron sites
distribute positron-emitting radiopharmaceuticals from a
central cyclotron to satellite hospitals that have the imaging
equipment. The cost of producing FDG by thesedistribution
centers will decrease as there is an increased demand, and
because the many applications of FDG imaging are becom
ing established, the number of patients who will benefit from
FDG imaging is increasing.

Widespreadimplementationof FDG imaginghasalso
been hindered in the U.S. by the lack of reimbursement by
third-party payers. In the early l990s, certain brain tumors
and epilepsy cases became the first clinical indications
approved for FDG imaging by some private insurance
companies.In 1997, a Blue Cross/Blue Shield technology
assessment panel concluded that the data found in the
literature supported the use of FDG PET imaging in the
evaluation of solitary pulmonary nodules and the staging of
nonâ€”small-cell lung cancer. Other third-party payers now
have policies for paying for FDG imaging performed for
these indications. In January 1998, the Health Care Financ
ing Administration (HCFA), which regulates Medicare,
started reimbursement for solitary pulmonary nodules that
are <4 cm in size and indeterminate on CT scan and for the
initial staging of pathologically diagnosed nonâ€”small-cell
lung cancer. The restrictions of coverage are controlled by
G-codes that incorporate information such as studies per
formed before and after the PET scan.For example, a biopsy
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variations and benign conditions that accumulate FDG
(12â€”14).

The cortex of the brain normally uses glucose as its
substrate;therefore, FDG accumulation is normally high.
The myocardium, on the other hand, can use various
substratesaccording to substrate availability, hormonal
status and other factors including myocardial ischemia. In a
typical fasting state, the myocardium primarily uses free
fatty acids, but post-prandially or after a glucose load it
preferentially uses glucose (Fig. 1). When the chest is
evaluated with FDG to assess the presence of malignant
lesions,a long fastingstate(12 h) is preferableto avoid
artifacts caused by cardiac activity. For evaluation of
coronary artery disease, a glucose load is usually given to
promote cardiac uptake of FDG. Unlike glucose, FDG is
excreted by the kidneys into the urine. Accumulation of
FDG in the renal collecting system may create artifacts that
obscureevaluationof thatregion.This canbe avoidedby
keepingthe patientwell hydratedto promotediuresis.In
addition,hydrationandfrequentvoidingis advisedto limit
radiation to the genitourinarytract. Some institutionshave
advocated the administration of diuretics (furosemide, 20
mg intravenously, 20 mm after FDG administration) (Fig. 2).
For adequate visualization of the pelvis, placement of a
Foley catheter in the bladder with irrigation has been useful
in our experience.

In the resting state, there is little accumulation of FDG in
the muscular system, but after exercise, increased accumula
tion of FDG in selected muscular groups may mislead the
interpretation. For example, in the evaluation of head and
neck cancer, uptake in the muscles used for mastication or
laryngeal muscles may mimic metastases. Therefore, it is
important to keep the patient in the resting state (no eating or
talking) during the distribution phase after FDG injection.
Hyperventilationmayinduceuptakein thediaphragmand
stress-induced muscle tension is often seen in the trapezius
and paraspinal muscles. Muscle relaxants such asbenzodiaz
epines(diazepam,5â€”10mg orally,30â€”60mmbeforeFDG
administration) may be helpful in these tense patients.
Figure 3 shows a patient evaluated for recurrent lymphoma.
Thescanwithoutadministrationof musclerelaxantcouldbe

FIGURE 1. FDG PET scanwithoutattenuationcorrectionof
12-y-old boy evaluated for possible recurrent lymphoma. This
coronal imageshowsphysiologicalmyocardialuptake.Uptakein
mediastinumhastypical shapeof thymus.

date there are no strong supportive data that it increases the
sensitivity of FDG PET for tumor detection.

NORMAL DISTRIBUTION OF FDG

FDG is an analog of glucose and is used as a tracer of
glucose metabolism. Therefore, the distribution of FDG is
not limited to malignant tissue. FDG enters the cells by the
same transport mechanism as glucose and is intracellularly
phosphorylatedbyhexokinaseintoFDG-6-phosphate(FDG
6-P). In tissue with low concentration of glucose-6-
phosphatasesuch as the brain, myocardium and most
malignant cells, FDG-6-P does not enter into further enzy
matic pathwaysand accumulatesintracellularlyproportion
ally to the glycolytic rate of the cell. Some tissue such as

liver, kidney, intestine, muscle and some malignant cells
may have various degrees of activity of glucose-6-

phosphatase, and therefore do not accumulate FDG-6-P to

the same extent. To interpret FDG images, one must be
familiar with the normal distributionof FDG, physiological

B

FIGURE 2. FDG PET scan withattenuationcorrectionof 38-y-oldman evaluatedfor pancreaticcarcinoma.(A) Consecutive
transverseimagesthroughabdomenshowmarkedactivity in renalpelviscreatingartifactover regionof pancreas.(B)Corresponding
consecutiveslices repeatedafter hydrationand furosemideadministrationshowfocus of uptakecorrespondingto head of pancreas
(arrow).
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FIGURE3. FOG PETscanwithoutattenuationcorrectionof 10-y-oldboyevaluatedforrecurrentlymphoma.(A) Selectedcoronal
imagesdemonstratefoci of uptakein lowerneckand scatteredthroughoutmediastinum.Someof thesefoci are symmetricaland can
be definitivelyidentifiedas muscularuptakebut otherscannot. (B) FDG PETimageswere repeatedafter administrationof diazepam
(5â€”10 mg orally 30â€”60mm before FOG administration), foci of uptake are no longer seen, indicating that it was due to muscular
uptake.

t

misinterpretedasrecurrentlymphoma,whereasafteradmin
istration of diazepam, the scan is normal, indicating muscu
lar uptake.

Another source of misinterpretation is uptake in the
gastrointestinal tract, which varies from patient to patient.
There is usually uptake in the lymphoid tissue of Waldeyer's
ring, and prominent uptake in the cecum of many patients
may also be related to abundant lymphoid tissue in the
intestinal wall. The wall of the stomach is usually faintly
seen and can be used as an anatomic landmark, but
occasionally the uptake can be relatively intense (Fig. 4).
Uptake along the esophagus is also common, especially in
the distal portionand when thereis esophagitis;the esopha
gus is best identified on sagittal views (Fig. 5).

Thymic uptake can be present in children and in patients
with regenerating hemopoietic tissue after chemotherapy
(Fig. 1). Its typical â€œVâ€•shapeusually allows differentiation
from residual lymphoma. Marked diffuse bone marrow
uptake is also frequently seen after chemotherapy and
occasionally prevents evaluation of the bone marrow for
malignant involvement. In our experience, FDG uptake in
the bone marrow is sufficiently low 1 mo after completion of
chemotherapy to avoid that problem. Diffuse thyroid uptake
can be seenin thyroiditis and Graves' diseaseor can be a
normal variant (Fig. 6).

Inflammation in general can cause FDG uptake that can
be severe enough to be confused with malignant lesions
when there is granulomatous inflammation such as tubercu
losis, sarcoidosis, histoplasmosis and aspergillosis among
others.

If the radiophannaceutical extravasates into the soft tissue
at the site of injection, the tracer may accumulate in draining
benign lymph nodes due to lymphatic reabsorption. There
fore, when PET is performed for staging malignancies such
as melanomaor breastcancer,FDG shouldbe injected
through an intravenous catheter in the arm opposite the
primary lesion.

To avoid misinterpretation of FDG images, it is important
to standardize the environment of the patient during the
uptake period; to examine the patient for postoperative site,
tube placement, stoma, etc.; and to know the history and
time of invasive procedures or therapeutic interventions. In
addition, a 4-h fasting period is recommended, including no
consumption of beverages with sugar and no intravenous
dextrose; a 12-h fasting period is preferred if the chest is
evaluated, to prevent myocardial uptake. Drinking water
shouldbe encouragedto keep the patient hydrated and to
promote diuresis, which will limit artifacts from the renal
collecting system and radiation to the bladder. During the

.@
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FIGURE 4. FOG PET scanwithoutattenuationcorrectionof
67-y-old man evaluatedfor metastatic melanoma.These trans
verse (top), coronal (bottom right) and sagittal (bottom left)
imagesshow physiologicaluptakein stomach.
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FiGURE 5. FOG PET scan without attenuationcorrectionof 68-y-old woman with hiatal hernia evaluatedfor recurrent/metastatic
ovariancarcinoma.(A) Transverseimage (top) of chest showsfocus of uptakeposteriorlynear midline.On coronal (bottomleft) and
sagittal (bottomright) images,uptakeis lineartypical for esophagus.Widerarea of uptakeat gastroesophagealjunctioncorresponds
to hiatalhernia. (B)On consecutivesagittal images,uptakein esophaguscan be traced up to neck.

distribution phase, the patient should be relaxed and avoid
talking, chewing and any muscular activity. For evaluation
of the brain, sedatives should not be administered before the
end of the distribution phase.

BRAIN TUMORS

Patronas et al. (15) demonstrated that metabolic imaging
with FDG can differentiate recurrent brain tumor from
radiation necrosis. Since then, however, evaluation of cere
bral tumors has been recognized as a valid indication for
FDG PET imaging, after various investigators have docu
mented the usefulness of metabolic imaging to differentiate
low-grade from high-grade gliomas (16), to determine the
prognosis in patients with these lesions (17) and to differen
tiate recurrent tumor from changes due to therapy. Further
more, FDG PET has been used to differentiate lymphoma
from toxoplasmosis in patients with acquired immune
deficiency syndrome (18). Other types of central nervous
system tumors such as meningiomas (19) and schwannomas
(20) have also been evaluated with FDG PET. The glucose
metabolic rate in thesetumors appearsto be a good predictor
of their biologic behavior and aggressiveness. Metastases of
various non-central nervous system primary tumors seem to
have more variable FDG uptake (21). Pituitary adenomas
are benign tumors but usually have marked FDG uptake
(22).

Different regions in the brain have been used for reference
uptake in semiquantitative analysis (16â€”21,23)including
white matter and contralateral unaffected gray matter.

After several years of experience with PET at our
institution, patient treatment may be determined on the basis
of the results of PET, if access to the lesion for biopsy is
difficult. In other cases, PET may help provide guidance
during biopsy at the site of maximum activity, because some
tumors such as cerebral gliomas may be well differentiated
in some regions and contain highly atypical cells in others.
Numerous investigators have demonstrated that PET pro
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FiGURE6. FDGPETscanwithoutattenuationcorrectionof
53-y-oldwomanevaluatedfor lungcarcinoma.Transverse(top),
coronal (bottom left) and sagittal (bottom right) images show
diffuseuptakein thyroidgland.This hasbeenreportedin patients
without thyroid pathology and in patients with thyroiditis and
Graves'disease.
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Author
(ref)YearNo.

of
patientsCTPETSensitivity(%)Specificity(%)Accuracy(%)Sensitivity(%)Specificity(%)Accuracy(%)Yonekura

etal. (35)
Straussetal. (36)
Itoet al. (37)
Guptaet al. (38)
Falket al. (39)
Schiepers et al. (40)
Vitola et al. (33)
Oelbekeetal. (34)
Valketal. (41)
Ruhlmannetal.(42)1982

1989
1992
1993
1994
1995
1996
1997
1998
19973

29
15
16
16
76
24
61
99
5960

47

86
79
69100

100

100
58
9665

56
65â€”93

76
76100

100
100
90
87

90
93
93

100100

100
100
66
67

100
89
98
67100

100
100
87
83

95â€”98
93

92Total45447â€”8658â€”10056â€”9387â€”10066â€”10063â€”100
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FIGURE 7. Recurrentglioblastomamultiformeafter radiotherapyand chemotherapyin 45-y-oldwoman. (A) PET imagewith
attenuationcorrectionshowsfocus of FOGuptake(arrow)with accumulationsimilarto that of normalcortexconsistentwith recurrent
high-grade tumor. This finding was confirmed by biopsy. (B) Corresponding gadolinium-enhancedTi -weighted MR image
demonstrateslargeenhancingmass in rightmesialtemporal lobe (arrow).

vides critical information for the managementof patients
with cerebral neoplasms. Figure 7 shows an example of a
patient with recurrent high-grade glioma after radiation
therapy.

COLORECTAL CARCINOMA

DetectIon and StagIng of Recurrent
ColorectalCarcInoma

In 1996, there were approximately 133,500 new cases of
colorectal carcinoma diagnosed in the U.S., and 54,900
patients died of their neoplasmthat same year. Approxi
mately 14,000 patients per year present with isolated liver
metastasesat their first recurrence(24), and about 20% of
these patients die with metastases exclusively to the liver.
Hepatic resection of the metastases is the only curative
therapy in these patients but is associated with a mortality of

2%â€”7%(25) and has the potential for significant morbidity.
Early detection and prompt treatment of recurrences may
lead to a cure in up to 25% of patients (26). However, the
size and number of hepatic metastasesand the presence of
extrahepatic disease affect the prognosis. The poor progno
sis of extrahepatic metastases is believed to be a contraindi
cationto hepaticresection(27). Therefore,accuratenoninva
sivedetectionof inoperablediseasewithimagingmodalities
plays a pivotal role in selecting patients who would benefit
from surgery.

The measurement of serum levels of carcinoembryonic
antigen (CEA) may be used to monitor the detection of
recurrences with a sensitivity of 59% and specificity of 84%
but does not localize recurrent lesions (28). CT has been the
conventional imaging modality used to localize recurrence,
but it fails to demonstrate hepatic metastases in up to 7% of

TABLE 1
Staging Colorectal Carcinoma
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Author
(ref)YearNo.

of
patientsAccuracyPET(%)Oetection

of unsuspected
metastases(%)Clinical impact(%)Beets

etal. (45)
Schieperset al. (40)
Laietal. (46)
Oelbeke et al. (34)
Valket aI.(41)1994

1995
1996
1997
199835

76
34
61

15595â€”98
921

3 (10176)
32 (11/34)
28 (17/61)
36 (35/96)40(14/35)

29 (10/34)
28 (17/61)
34(17/73)Total37827

(731267)29(58/203)

patients and underestimates the number of lobes involved in
up to 33% of patients (29). In addition, metastases to the
peritoneum, mesentery and lymph nodes are commonly
missed on CT, and the differentiation ofpostsurgical changes
from tumor recurrence is often equivocal (30). CT portogra
phy (superior mesenteric arterial portography) is more
sensitive (80%â€”90%)than CT (70%â€”80%)for detection of
hepatic metastases (31) but has a considerable rate of
false-positive findings, lowering the positive predictive

value (32).
FDG PET is extremely useful for detecting both hepatic

and extrahepatic metastases from colorectal carcinoma
(33,34). Three indications for functional imaging are now
well established in patients with suspected recurrent colorec
wJcarcinoma:(a) risingCEAlevels in the absenceof a
known source; (b) equivocal lesion on conventional imag
ing; and (c) preoperative staging before curative resection of
recurrent disease. Several studies have demonstrated a
strong potential role for FDG PET as a functional imaging
modality for detecting and staging recurrent colorectal
carcinoma (Table 1) (35â€”44).

In the study of Delbeke et al. (34), the sensitivity and
accuracy of FDG PET in detecting metastatic colorectal
carcinoma are in the same range as those reported by other
investigators(33,35â€”40).FDG hadahigheraccuracy(92%)
than CT (78%) and CT portography (80%) in detecting liver
metastases,and although the sensitivity of FDG PET (91%)
was lower than CT portography (97%), the accuracy was
much higher, particularly at postsurgical sites. In addition,
PETimagingallowsevaluationof theentirebodywithout
additional radiation to the patient and can identify metastatic
disease to the chest, abdomen or pelvis that can guide
follow-up CT ofthese regions to evaluate the exact anatomic
location and potential resectability of these lesions. Outside
the liver, FDG PET is especially helpful in detecting nodal
involvement, differentiating local recurrence from postsurgi
cal changes and evaluating the malignancy of indeterminate
pulmonary nodules, indications for which CT has known
limitations. PET changed the surgical management in 28%
of patients, either by identifying a resectable metastasis or
by demonstrating unresectable extrahepatic metastasesthat
were unsuspected clinically, not seen or equivocal on CT.
Figure 8 shows a patient referred for resection of a solitary

TABLE 2
Clinical Impact of FOG PET in Patients with Colorectal Carcinoma

A
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FIGURE 8. 60-y-old woman with historyof colectomyfor
colorectal carcinoma was referred for resection of solitary liver
metastasis.FOG PET scan was obtainedfor preoperativestag
ing. (A) FDG PET images without attenuationcorrection shows
focus of uptake in the mid-upper pelvis to left of midline, in
addition to liver metastasis (not shown). (B) Correlation with
corresponding CT image shows soft-tissue density in left iliac
region (arrow) consistent with lymph nodes involved by tumor.
This was overlookedwhen CT scan was first interpretedwithout
PETscan.
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liver metastasis; FDG PET imaging detected an extrahepatic
metastasis, making this patient have a poor prognosis (poor
surgical candidate). The impact of FDG PET on surgical
management of the same magnitude has been demonstrated
by numerous investigators (Table 2) (34,40,41,45,46). Among
the combined 378 patients of these studies, PET detected
unsuspected metastasesin 27% and had a clinical impact in
29%.

False-negative lesions can be due to partial-volume
averaging, leading to underestimation of the uptake in small
lesions (< 1cm) or in necrotic lesions with a thin viable rim,
classifying these lesions asbenign instead of malignant.

Some inflammatory lesions, mainly granulomatous, can
have FDG uptake presumably due to activated macrophages
and can be mistaken for malignancies (47). FDG uptake
normally present in the gastrointestinal tract can occasion

ally be difficult to differentiate from a malignant lesion
(34,41).

Based on these data, patients referred to our institution to
be evaluated for resection of recurrent or metastatic colorec
tal carcinoma undergo FDG PET scan preoperatively. If only
a few liver metastases are seen, CT portography is per
formed to evaluate their resectability and the possible
presenceof smallmetastasesthatarebelow theresolutionof
PET. If extrahepatic foci of uptake are present on the PET
images (with or without liver metastases), a CT scan of the
corresponding region is obtained to confirm the presenceof
a lesion, even equivocal (versus normal bowel, for example)
and evaluate its resectability. In our experience, this ap
proach allows more accurateselectionof the patientswho
will benefit from surgery and, more importantly, patients
who will not benefit from laparotomy and liver resection
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FIGURE9. 26-y-oldmantreatedwith9 mochemotherapyforlymphomawasevaluatedforresidualdisease.(A)FOGPETimages
(withoutattenuationcorrection)showphotopenicregioncorrespondingto necroticportionof massand focusof uptakeat superiorand
medialportionof mass, indicatingresidualviable tumor. Patientwas treatedwith morechemotherapyand radiationtherapyfollowed
by bone marrowtransplant. (B) CT imageshows persistent large antenormediastinalmasswith central necrosis. (C) CT scan 5 mo
later still shows largeanteriormediastinalmass. (0) CorrespondingFDG PETimages(withoutattenuationcorrection)show no FOG
uptakeat that time, indicatinggood responseto therapy.

598 Tiii@JOURNALOF NUCLEARMEDICINEâ€¢Vol. 40 â€¢No. 4 â€¢April 1999

:.@ @:

. @., -- -. @.â€˜@@ w@.

: D

.J
@ -

., ,--,

I-

t
Â¶@

4I@

r



No.ofNo.oflymphnodeCTPETSensitivitySpecificityAccuracySensitivitySpecificityAccuracyAuthorsYearpatientsstations(%)(%)(%)(%)(%)(%)Gntters

et al.(71)199312100100100Steinert
et al.(72)199533539277Bonietal.(73)19951591Blessing

etal.(74)199520837493Oamian
et al.(75)199610041593Wagner
etal.(76)19971214100100Rinneetal.(77)

Macfarlaneetal. (78)1998199852*

48t

23121 2485
5768 4577 56100

100
92
8594

95
95
9198

98
88Holder

et al.(7@)199810355849483Steinert
et al. (80)1 9985510889Total40655-8545-8456-7774â€”10077-10088-100*Injtial

evaluation.tFollow-up.

because of unsuspected or unrecognized extrahepatic recur
rence. Among the 28% of patients for whom PET changed
the management, surgery was planned in one-third of the
patients and avoided in the other two-thirds.

Including FDG PET in the evaluation of patients with
recurrent colorectal carcinoma has been shown to be cost
effective in studies using both a retrospective review of costs
(41) and using decision tree sensitivity analysis (48).

MonItoring Therapy of Colorectal Carcinoma
FDG PET is also useful in monitoring therapy for

colorectal carcinoma. Two studies have shown that FDG
PET can differentiate local recurrence from scarring after
radiation therapy (35,36). However, FDG uptake immedi
ately following radiation may be due to inflammatory
changesand is not always associatedwith residual tumor
(49). The time course of FDG uptake after radiation has not
been studied systematically; it is, however, generally ac
cepted that 6 mo after radiation therapy, FDG uptake is
associated with tumor recurrence. Findlay et al. (50) moni
tored liver metastases from colorectal carcinoma after
chemotherapy with fluorouracil in 18 patients. They were
able to discriminate responders from nonresponders at 4â€”5
wk into their treatment by measuring FDG uptake before
and during therapy. Regional therapy to the liver by
chemoembolizationcanalsobe monitoredwith FDG PET
images. FDG uptake decreases in responding lesions. The
presence of residual uptake in some lesions can help in
guiding further regional therapy (51).

LYMPHOMA

Although the incidence of Hodgkin's disease (HD) and
non-Hodgkin's lymphoma (NHL) is only 8% of all malignan
cies, they are potentially curable malignancies. The extent of

the disease is the most important factor influencing relapse
free and total survival of patients (52). Conventional meth
ods for staging (CT and 67Ga) imaging have limitations
(53,54). Although 67Gaplays a role in the evaluation of the
presence of viable tumor in residual masses, it is not superior
to CT in staging untreated lymphoma (55).

Both HD and NHL have marked FDG uptake, and FDG
imaging is useful both for staging and monitoring therapy
(56â€”69).Several of these studies have shown that there is a
correlation between the degree of FDG uptake and the grade
of the lymphoma (58â€”61).There is, however, a large overlap
between low- and high-grade lymphoma.

Because lymphoma is not treated surgically and all
presumed lesions cannot undergo biopsy, from an ethical
and practical point of view, the true sensitivity, specificity
and accuracy of the imaging modalities used for staging
cannot be evaluated. Data found in the literature usually
compare two imaging modalities: concordant sites of disease
are considered true disease,and discordant sites are discrimi
nated by biopsy, when possible, or by clinical and radiologi
cal follow-up.

Staging Lymphoma
In a pilot study of 16 patients, Newman et al. (53) showed

that FDG PET is more accurate than CT in staging lym
phoma. In a more recent study comparing PET with
conventional staging in 18 patients, both staging algorithms
detected 33 of 37 lesions, but the lesions detected were not
the same (62). PET and conventional staging was concor
dant in 14 of 18 patients, PET was better than conventional
staging in 3 patients and PET was worse in 1 patient. The
authors compared the actual cost of both staging algorithms
in these patients ($36,250 for PET and $66,292 for conven
tional staging), demonstrating the cost-effectiveness of PET

TABLE 3
Staging Melanoma
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(62). Similar findings were reported by Moog et al. (63) in a
study including 27 patients with HD and 33 patients with
NHL. In these patients, PET showed lymphomatous involve
ment of 25 additional regions compared with CT (7 true
positive, 2 false-positive, 16 unresolved). CT showed 6
additional regions involved compared with PET (3 false
positive, 3 unresolved). Staging was changed due to PET in
4 patients. In another study, Moog et al. (64) demonstrated
that FDG PET imaging may provide more information than
CT for detection of extranodal lymphoma. Lymphomatous
involvement of the bone marrow is detectible on FDG PET
images in a high proportion of patients, reducing the need

for staging bone marrow biopsy (65). In some patients, FDG
PET imaging detects bone marrow involvement when the
posterior iliac crest biopsy is normal (66).

MonItorIng Therapy and DetectIon of PersIstent or
Recurrent Lymphoma

Although the sensitivity of CT and FDG imaging may be
comparable in diagnosing untreated lymphoma, CT is un
able to distinguish between active or recurrent disease and
residual scar tissue after therapy (67).

In a study of 34 patients with lymphoma, 32 had a residual
mass on CT after therapy (68). Of these 32 patients, FDG
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PET imaging showed no residual uptake in 17 patients and
accurately predicted complete remission (68). Figure 9
shows a patient with lymphoma for whom FDG PET was
useful in monitoring and guiding therapy. Another study
demonstrated that standard chemotherapy of patients with
NHL causes a rapid decrease of tumor FDG uptake as early
as7 d after treatment and continues to decline during therapy
(69). Uptake at 42 d after therapy was superior in predicting
the long-term outcome.

MELANOMA

Melanoma is the most aggressive of skin cancers and is
increasing in frequency, particularly in Caucasians in areas
of high sun exposure. Melanoma frequently spreads to
regional lymph nodes once the vertical growth phase
develops and is then likely to metastasize to any organ. The
presence of lymph node metastasesis well established as a
crucial prognostic indicator of this disease. The accurate
staging of disease extent in malignant melanoma remains
difficult. For early-stage melanoma, the approach developed
recently is identification, surgical resection and pathological
examination of the sentinel lymph node. The sentinel node is
the first draining node of the lymphatic bed draining a
malignant tumor. If the sentinel node is free of tumor, the
remainder of the nodes in that basin are likely to be free of
tumor, which obviates more radical lymph node dissection
(70).

For high-risk melanoma, FDG PET imaging may be
useful in detecting subclinical lymph nodes noninvasively
and metastases to other organs. In a pilot study for staging
melanoma in 12 patients, PET correctly identified 7 of 7
negative superficial lymph nodes and 6 of 6 superficial
lymph nodes involved by tumor (71). For deep lymph nodes
and visceral metastases,PET detected 15 of 15 metastases.
However in that study, the sensitivity of PET to detect small
pulmonary metastases was lower than that of CT. In another
study using whole-body FDG PET imaging in 33 patients
with 53 lesions, FDG PET had a sensitivity of 92% to detect
malignant lesions and a specificity of 77% without and
100% with clinical information (72). The findings on PET
affected therapy in 4 of 29 patients. Subsequent studies
totaling 406 patients (Table 3) have demonstrated the high
accuracy of FDG PET to identify both nodal and visceral
metastases from melanoma (71â€”80). False-positives in
cluded other malignancies, Warthin's tumor, leiomyoma of
the uterus, endometriosis and inflammatory lesions; false
negatives were skin lesions without mass effects and small
lesions (<0.5 cm). In a prospectivestudy of 100 patients
with high-risk melanoma (thickness > 1.5 mm) comparing
FDG PET imaging and conventional diagnostic methods,
PETwassuperiorin stagingmelanomaatprimarydiagnosis
and during follow-up both on a patient and lesion basis
(Table 3) (77). Potentially, patients that have a negative FDG
PETscancouldbefollowedbycloseclinicalobservation.A
retrospective review of the actual cost was performed and
showed that including PET in the evaluation of patients with

suspectedmetastatic melanoma saved approximately $1800
per patient, with a net savings-to-cost ratio of more than 2:1
(81). Figure 10 shows a patient with metastatic melanoma to
the mediastinum and spleen on CT. FDG PET demonstrated
additional unsuspectedmetastasesto the skeleton.

CONCLUSION

The applications for FDG PET are rapidly growing and
becoming more accepted in the field of oncology. FDG PET
imaging doesnot replaceother imaging modalities suchas
CT but appears to be very helpful in specific situations in
which CT has known limitations, such as differentiation of
benign from malignant indeterminate lesions on CT, differ
entiation of post-therapy changes versus recurrent tumor,
differentiation of benign from malignant lymph nodes and
monitoring treatment. The addition of FDG PET in the
evaluation of oncology patients in well-defined algorithms
including a combination of imaging studies appears to be
cost-effective by accurately identifying patients that will
benefit from invasive procedures and thus saving unneces
sary costly procedures on patients who will not benefit from
them.
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