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PET and PET-CT for Evaluation of Colorectal Carcinoma
Dominique Delbeke and William H. Martin

i

h

f

m

r

p

b

c

d

a

l

p

m

i

f

i

a

c

©

he evaluation of patients with known or suspected

ecurrent colorectal carcinoma is now an accepted indi-

ation for positron emission tomography using 18F-

uorodeoxyglucose (FDG-PET) imaging. FDG-PET does

ot replace imaging modalities such as computed to-

ography (CT) for preoperative anatomic evaluation

ut is indicated as the initial test for diagnosis and

taging of recurrence and for preoperative staging (N

nd M) of known recurrence that is considered to be

esectable. FDG-PET imaging is valuable for the differ-

ntiation of posttreatment changes from recurrent tu-

or, differentiation of benign from malignant lesions

indeterminate lymph nodes, hepatic and pulmonary

esions), and the evaluation of patients with rising tu-

or markers in the absence of a known source. The

ddition of FDG-PET to the evaluation of these patients

educes overall treatment costs by accurately identify-

ng patients who will and will not benefit from surgical

rocedures. Although initial staging at the time of diag-

osis is often performed during colectomy, FDG-PET
he evaluation of patients with extracranial neoplasms,
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maging is recommended for a subgroup of patients at

igh risk (with elevated CEA levels) and normal CT and

or whom surgery can be avoided if FDG-PET shows

etastases. Screening for recurrence in patients at high

isk has also been advocated. FDG-PET imaging seems

romising for monitoring patient response to therapy

ut larger studies are necessary. The diagnostic impli-

ations of integrated PET-CT imaging include improved

etection of lesions on both the CT and FDG-PET im-

ges, better differentiation of physiologic from patho-

ogic foci of metabolism, and better localization of the

athologic foci. This new powerful technology provides

ore accurate interpretation of both CT and FDG-PET

mages and therefore more optimal patient care. PET-CT

usion images affect the clinical management by guid-

ng further procedures (biopsy, surgery, radiation ther-

py), excluding the need for additional procedures, and

hanging both inter- and intramodality therapy.

2004 Elsevier Inc. All rights reserved.
HE RAPID ADVANCES in imaging technologies
are a challenge for physicians who must integrate

hese technologies for optimal patient care and outcomes
t minimal cost. Since the early 1990s, numerous tech-
ological improvements have occurred in the field of
adiological imaging. These include 1) multislice spiral
omputed tomography (CT), which permits the fast
cquisition of CT angiographic images and multiphase
nhancement techniques, and 2) positron emission to-
ography (PET) using 18F-fluorodeoxyglucose (FDG)

s a radiopharmaceutical that provides the capability for
maging glucose metabolism. Multiple indications for
olecular imaging using FDG are now well accepted in

he fields of neurology, cardiology, and oncology.1

The goals of oncologic imaging are lesion detection,
esion characterization, evaluation of the extent of the
eoplasm, staging for malignant lesions, and assessment
f the therapeutic response. Staging includes lesion
ocalization, evaluation of proximity to vessels, and
etection of nodal and distant metastases. Some of these
oals are better achieved with the high resolution of
natomical imaging techniques and others with molecu-
ar imaging using PET.

Molecular imaging using positron imaging is unique
n that positron emitters allow labeling of radiopharma-
euticals that closely mimic endogenous molecules, and
here are continuing efforts to development of new
iological tracers. FDG because of its relatively long
alf life and its ability to assess cellular glucose metab-
lism is the radiopharmaceutical most widely used with
he PET technology; it has been approved by the Center
or Medical Services for reimbursement by Medicare in
yocardial viability and in the presurgical assessment of
ntractable epilepsy.

A wide variety of malignant tumors avidly accumulate
DG. This is the result of increased numbers of glucose

ransporter proteins and increased intracellular enzyme
evels of hexokinase and phosphofructokinase, among
thers, which promote glycolysis.2-5 FDG-PET imaging
an be used to exploit the metabolic differences between
enign and malignant cells for imaging pur-
oses.6,7 The widespread oncologic applications includ-
ng differentiation of benign from malignant lesions,
taging malignant lesions, detection of malignant recur-
ence, and monitoring therapy have contributed to the
stablishment of the PET technology in many medical
enters in the United States, Europe, and progressively
hroughout the world. Improvements in the distribution
f FDG by commercial companies have now made FDG
vailable to many medical centers as well.

Although numerous studies have shown that the
ensitivity and specificity of FDG imaging is superior to
hat of CT in many clinical settings, the inability of FDG
maging to provide anatomical localization remains a
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210 DELBEKE AND MARTIN
ignificant impairment in maximizing its clinical value.
ecause FDG is a tracer of glucose metabolism, its
istribution is not limited to malignant tissue. To avoid
rrors, the interpreter must be familiar with the normal
attern and physiologic variations of FDG distribution
nd with clinical data relevant to the patients.8,9 It is also
mportant to standardize the environment of the patient
uring the uptake period so as to limit physiologic
ariations of FDG uptake, (eg, in activated muscular
issue). The problem of precise anatomical localization
f the foci of abnormal uptake and differentiation of
hysiologic from pathologic uptake is compounded by
he lower resolution and increased noise in the images of
any of the systems at the low end of the spectrum and

specially the hybrid gamma camera-based systems.
Limitations of anatomical imaging with CT are well-

nown and are related to 1) size criteria for differenti-
ting benign from malignant lymph nodes, 2) difficulty
ifferentiating posttherapy changes from tumor recur-
ence, and 3) difficulty differentiating nonopacified
oops of bowel from metastases in the abdomen and
elvis.
Close correlation of FDG studies with conventional

T scans helps to minimize these difficulties. In practice
or the past ten years, interpretation has been accom-
lished by visually comparing corresponding FDG and
T images. The interpreting physician visually inte-
rates the two image sets to precisely locate a region of
ncreased uptake on the CT scan. To aid in image
nterpretation, computer software has been developed to
oregister the FDG-PET emission scans with the high-
esolution anatomical maps provided by CT.10 Another
pproach that has gained wider acceptance recently is
he hardware approach to image fusion using multimo-
ality imaging with an integrated PET-CT imaging
ystem.11 The recent technical development of integrated
ET-CT systems provides CT and FDG-PET images
btained in a single imaging setting allowing optimal
oregistration of images. The fusion images provided by
hese systems allow accurate interpretation of both CT
nd FDG-PET studies.

These advances in imaging technologies bring another
hallenge to physicians at times when it is also important
o provide care at an acceptable cost. Increasing cost-
ffectiveness and decreasing the number of invasive
rocedures are currently two of the major trends in
ealth care. Pursuant to these goals, considerable atten-
ion has recently been directed toward the use of meta-
olic imaging using FDG-PET in the evaluation of
atients with cancer. Metabolic imaging, used in the
ppropriate setting, allows significant reduction in the
tilization of more costly and invasive surgical methods
or diagnosing and staging disease in patients with

uspicious lesions. u
ormal Distribution of FDG

To interpret FDG images, one must be familiar with
he normal distribution of FDG, physiological variations,
nd benign conditions that accumulate FDG.8,9,12 Some
hysiological variations are important for interpretation
f FDG in colorectal carcinoma. Uptake in the gastro-
ntestinal tract is variable from patient to patient and
ptake along the esophagus is common, especially in the
istal portion and at the gastroesophageal junction and in
he presence of esophagitis; the esophagus is best iden-
ified on sagittal views. The wall of the stomach is
sually faintly seen and can be used as an anatomical
andmark, but occasionally the uptake can be relatively
ntense. There is uptake in the cecum of many patients
hat may be related to abundant lymphoid tissue in the
ntestinal wall, among other factors. When marked
ctivity is present in the bowel, evaluation for recurrence
t the anastomotic site can be difficult. Mild-to-moderate
ptake is also usually seen at colostomy sites.
Unlike glucose, FDG is filtered by the glomerulus and

xcreted into the urine. The accumulation of FDG in the
enal collecting system may mask FDG uptake in adja-
ent organs. Therefore, the patient should be kept well
ydrated to promote diuresis. For optimal evaluation of
he pelvis, the bladder should be empty. Therefore,
atients are usually asked to void before acquisition of
he images and images are acquired from the pelvis to
he cranium. The administration of furosemide can
ccasionally be useful to avoid focal ureteral activity.
In the resting state, there is low accumulation of FDG

n the muscular system, but following exercise signifi-
ant accumulation of FDG occurs in selected muscular
roups, and may mislead the interpreter. Hyperventila-
ion may induce uptake in the diaphragm and stress-
nduced muscle tension is often seen in the trapezius and
araspinal muscles. Muscle relaxants such as benzodi-
zepines (diazepam, 5-10 mg orally, 30-60 min before
DG administration) may be helpful in these tense
atients. The PET-CT technology allowed characteriza-
ion of FDG uptake in metabolically active fatty tissue
brown fat) that was previously believed to be muscle
ptake.13 In patients with lung tumors and laryngeal
erve palsy, PET-CT images helped to localize unilateral
DG uptake at the base of the neck in the contralateral
ocal cord,14 allowing discrimination between physio-
ogical laryngeal uptake from metastasis or a second
rimary neoplasm.
Inflammation in general can result in FDG uptake that

an be severe enough to be confused with malignant
esions, especially when there is granulomatous inflam-
ation, including tuberculosis, sarcoidosis, histoplasmo-

is and aspergillosis among others.15 This is particularly
mportant when evaluating patients posttreatment; for
xample, sites of surgical intervention demonstrate FDG

ptake in the early healing phase due to inflammatory
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211PET AND PET-CT FOR COLORECTAL CARCINOMA
hanges. Inflammatory changes after radiation therapy
an make interpretation of FDG uptake challenging as
ell, although comparison with baseline FDG images

nd knowledge of the radiation port are helpful. Postra-
iation therapy uptake may persist for several months.
It is critical to standardize the environment of the

atient during the uptake period to examine the patient
or postoperative sites, tube placement, stoma, etc., and
o know the history and time of invasive procedure and
herapeutic interventions to avoid misinterpretation of
DG images. In addition, a 4-h fasting period is recom-
ended including no consumption of beverages with

ugar and no intravenous dextrose; a 12-h fasting period
s better if the chest is evaluated to prevent myocardial
ptake. Drinking water should be encouraged to keep the
atient hydrated and promote diuresis, which will de-
rease activity in the renal collecting system and the
ladder. Patients are advised to avoid strenuous exercise
or the preceding 24 h.

DIAGNOSIS AND INITIAL STAGING OF
COLORECTAL CANCER

Colorectal cancer is the third most common cause of
ancer in men and women and affects 5% of the
opulation in the United States and most western coun-
ries. The American Cancer Society estimates that there
re approximately 135,000 new cases of colorectal
ancer per year in the United States and approximately
7,000 patients per year die from this disease in the
nited States, representing 10% of all cancer deaths.
pproximately 70-80% of patients are treated with

urative intent and the overall survival at 5 years is less
han 60%. The diagnosis of colorectal carcinoma is
ased on colonoscopy and biopsy. The preoperative
taging with imaging modalities is usually limited be-
ause most patients will benefit from colectomy to
revent intestinal obstruction. The extent of the disease
an be evaluated during surgery.

Three studies have been performed to evaluate the
erformance of FDG-PET in the initial staging of colo-
ectal cancer. Abdel-Nabi and coworkers16 evaluated the
sefulness of FDG-PET for staging patients with known
r suspected primary colorectal carcinomas. In 48 pa-
ients, FDG-PET imaging identified all primary carcino-

as. They found that FDG and CT were equally poorly
ensitive for detecting local lymph node involvement,
oth with a sensitivity of 29%. FDG-PET was, however,
uperior to CT for detecting hepatic metastases, with
ensitivity and specificity of 88% and 100% respectively
ompared with 38% and 97% for CT. These data were
onfirmed in the studies of Mukai and coworkers17 and
antorova and coworkers,18 which also reported that
DG-PET changed the treatment modality in 8% of
atients and the range of surgery in 13%. False-positive
ndings include abscesses, fistulas, diverticulitis and

ccasionally adenomas. Figure 1 illustrates the example w
f a patient presenting with multiple hepatic lesions on
T, a biopsy revealed adenocarcinoma and no primary
as found. FDG-PET-CT imaging identified the primary

olon carcinoma (the color version of this figure is
vailable online).

In addition, a study of 110 patients has demonstrated
hat these precancerous adenomatous polyps can be
etected incidentally on whole body images performed
or other indications with a sensitivity of 24% (24/59).
he size of the lesions ranged from 5 to 30 mm. The
ositivity rate increased to 90% for lesions greater than
3 mm in size, and the false-positive rate was 5.5%
6/10).19 Although PET is not recommended for detec-
ion or screening for precancerous or malignant colonic
eoplasms, the identification of focal colon uptake
hould not be ignored.

Although the sensitivity of FDG-PET for the detection
f a primary colon carcinoma may be high, its role in the
reoperative staging is still debated except in high-risk
atients for whom surgery can be avoided if metastases
re identified.

DETECTION OF RECURRENT OR METASTATIC
COLORECTAL CARCINOMA

Approximately 70% of the patients are resectable with
urative intent but recurrence is noted in one third of
hese patients in the first 2 years after resection. Twenty-
ve percent of these patients have recurrence limited to
ne site and are potentially curable by surgical resec-
ion.20 For example, about 14,000 patients per year
resent with isolated liver metastases as their first
ecurrence, and about 20% of these patients die with
etastases exclusively to the liver.21 Hepatic resection is

he only curative therapy in these patients, but it is
ssociated with a mortality of 2 to 7% and has the
otential for significant morbidity.22 Early detection and
rompt treatment of recurrences may lead to a cure in up
o 25% of patients. However, the size and number of
epatic metastases and the presence of extra-hepatic
isease affect the prognosis. The poor prognosis of
xtra-hepatic metastases is believed to be a contraindi-
ation to hepatic resection.23 Therefore, accurate nonin-
asive detection of inoperable disease with imaging
odalities plays a pivotal role in selecting patients who
ould benefit from surgery.

onventional Modalities for Detecting and
taging Recurrence

The measurement of serum levels of carcinoembry-
nic antigen may be used to monitor the detection of
ecurrence with a sensitivity of 59% and specificity of
4% but does not localize recurrent lesions.24 Barium
tudies have been used for detection of local recurrence

ith accuracy in the range of 80%. However, barium
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212 DELBEKE AND MARTIN
tudies have been reported to be only 49% sensitive and
5% specific for overall recurrence.25

CT has been the conventional imaging modality used to
ocalize recurrence with an accuracy of 25 to 73%, but it

Fig 1. A 45-year-old female with multiple hepatic lesions

orkup failed to demonstrate a primary tumor. Whole-bo

FDG-PET) imaging was performed using an integrated PET-co

mages, FDG-PET images, and fusion images. A, FDG-PET ma

esions in the liver that are FDG-avid and 2) a focus of uptake in

pper pelvis demonstrates that the focus of uptake correspo

arcinoma. A repeat colonoscopy revealed colon carcinoma.
ails to demonstrate hepatic metastases in up to 7% of c
atients and underestimates the number of lobes involved
n up to 33% of patients. In addition, metastases to the
eritoneum, mesentery and lymph nodes are commonly
issed on CT, and the differentiation of postsurgical

ound to have adenocarcinoma at biopsy. The conventional

sitron emission tomography using 18F-fluorodeoxyglucose

tomography (CT) imaging system providing transmission CT

intensity projection (MIP) image demonstrates: 1) multiple

ht upper pelvis. B, A PET-CT transaxial view through the right

lesion in the wall of the cecum suggesting a primary colon
was f

dy po

mputed

ximum

the rig

nds to a
hanges from local tumor recurrence is often equivo-
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213PET AND PET-CT FOR COLORECTAL CARCINOMA
al.26-30 Among the patients with negative CT, 50% will be
ound to have nonresectable lesions at the time of explor-
tory laparotomy. CT portography (superior mesenteric
rterial portography) is more sensitive (80 to 90%) than CT
70 to 80%) for detection of hepatic metastases, but has a
onsiderable rate of false-positive findings, lowering the
ositive predictive value.31-34

In patients undergoing exploration for recurrent colo-
ectal cancer, the presence of adhesions or the limitations
f surgical exposure (transverse upper abdominal inci-
ion for liver resection) often preclude a detailed oper-
tive staging.

etection and Staging Recurrent
olorectal Carcinoma with FDG-PET

maging

A number of studies have demonstrated the role of
DG-PET as a functional imaging modality for detecting
ecurrent or metastatic colorectal carcinoma.35-56 Over-
ll, the sensitivity of FDG-PET imaging is in the 90%
ange and the specificity greater than 70%, both superior
o CT.

However, false-negative FDG-PET findings have
een reported with mucinous adenocarcinoma. White-
ord and coworkers57 reported that the sensitivity of
DG-PET imaging for detection of mucinous adenocar-
inoma (n � 16) is significantly lower than the nonmu-
inous adenocarcinoma (n � 93), 58% and 92%, respec-
ively (P � 0.005). They suspect that the low sensitivity
f FDG-PET for detection of mucinous adenocarcinoma
s due to the relative hypocellularity of these tumors.
imilar findings (41% sensitivity) have been reported in
subsequent series of 22 patients.58

Several studies have compared FDG-PET and CT for
ifferentiation of scar from local recurrence.36,37,40-42,46

T was equivocal in most cases and the accuracy of
DG-PET imaging was greater than 90%. In the largest
tudy (76 patients),42 the accuracy of FDG-PET and CT
ere 95% and 65%, respectively. Figure 2 shows an

xample of a common clinical scenario: a patient is
eferred with rising CEA levels and a negative conven-
ional workup; local recurrence is demonstrated on
DG-PET-CT images (the color version of this figure is
vailable online). This case also illustrates that concur-
ent PET-CT imaging permits a definite diagnosis
hereas identification of pathological FDG uptake along

he transverse colon would be equivocal on PET alone
nd a subtle soft tissue density at the anastomotic site
ould be equivocal on CT alone.
Other studies have compared the accuracy of FDG-

ET and CT for detection of hepatic metasta-
es.42,43,45,46,48 Overall, FDG-PET was more accurate
han CT. However, most of these studies suffered from a
ajor limitation: PET was performed prospectively

hile CT was reviewed retrospectively and performed at a
arious institutions, resulting in variable quality. Vitola
nd coworkers43 and Delbeke and coworkers45 reported
he comparison of FDG with CT and CT portography.
T portography, which is more invasive and more costly

han FDG-PET or CT alone, is regarded as the most
ffective means of determining resectability of hepatic
etastasis by imaging. FDG-PET had a higher accuracy

92%) than CT (78%) and CT portography (80%) for
etection of hepatic metastases. Although the sensitivity
f FDG-PET (91%) was lower than that of CT portog-
aphy (97%), the specificity was much higher, particu-
arly at postsurgical sites. A meta-analysis performed to
ompare noninvasive imaging methods (US, CT, MRI,
nd FDG-PET) for the detection of hepatic metastases
rom colorectal, gastric and esophageal cancers demon-
trated that at an equivalent specificity of 85%, FDG-
ET had the highest sensitivity of 90% compared with
6% for MRI, 72% for CT and 55% for US.59

Flanagan and coworkers47 reported the use of FDG-
ET in 22 patients with unexplained elevation of serum
EA level after resection of colorectal carcinoma, and
o abnormal findings on conventional workup, including
T. Sensitivity and specificity of FDG-PET for tumor

ecurrence were 100% and 71% respectively. Valk and
oworkers48 reported sensitivity of 93% and specificity
f 92% in a similar group of 18 patients. In both studies,
ET correctly demonstrated tumor in two-thirds of
atients with rising CEA levels and negative CT scans.
n example is illustrated in Fig 2.
Valk and coworkers48 compared the sensitivity and

pecificity of FDG-PET and CT for specific anatomic
ocations and found that FDG-PET was more sensitive
han CT in all locations except the lung, where the two
odalities were equivalent. The largest difference be-

ween PET and CT was found in the abdomen, pelvis
nd retroperitoneum, where over one-third of PET-
ositive lesions were negative by CT. PET was also
ore specific than CT at all sites except the retroperito-

eum, but the differences were smaller than the differ-
nces in sensitivity. Lai and coworkers44 in their study of
4 patients found that FDG-PET was especially useful
or detecting retroperitoneal and pulmonary metastases.
elbeke and coworkers45 concluded that outside the

iver, FDG-PET was especially helpful in detecting
odal involvement, differentiating local recurrence from
ostsurgical changes, and evaluating the malignancy of
ndeterminate pulmonary nodules—indications for
hich CT has known limitations. In addition, by the
ature of being a whole-body technique, FDG-PET
maging allowed identification of distant metastatic dis-
ase in the chest, abdomen, or pelvis, which might not be
n the field of view of routine CT staging exams.

A meta-analysis of 11 clinical reports and 577 patients
etermined that the sensitivity and specificity of FDG-
ET for detecting recurrent colorectal cancer were 97%

60
nd 76% respectively. A comprehensive review of the
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214 DELBEKE AND MARTIN
Fig 2. A 63-year-old male with prior colectomy for carcinoma presented with rising serum CEA levels; conventional workup

ailed to reveal a recurrence. Whole-body positron emission tomography using 18F-fluorodeoxyglucose (FDG-PET) imaging was

erformed using an integrated PET-computed tomography (CT) imaging system providing transmission CT images, FDG-PET

mages, and fusion images. A, FDG-PET MIP image demonstrates: 1) A focus of uptake in the left upper abdomen projecting over

he hilum of the left kidney and 2) Mild FDG uptake along the laparotomy mid-line scar caused by inflammatory changes. B, A

ET-CT transaxial view through the right upper pelvis demonstrates that the focus of uptake seen on PET corresponds to the wall

f the transverse colon in the region of the anastomosis indicating local recurrence. This case also illustrates that concurrent

ET-CT imaging permits a definitive diagnosis whereas identification of pathological FDG uptake along the transverse colon would
e equivocal on PET alone and a subtle soft tissue density at the anastomotic site would be equivocal on CT alone.
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215PET AND PET-CT FOR COLORECTAL CARCINOMA
ET literature (2244 patient’s studies) has reported a
eighted average for FDG-PET sensitivity and specific-

ty of 94% and 87% respectively compared with 79%
nd 73% for CT.61

Concurrent PET-CT imaging with an integrated sys-
em may be especially important in the abdomen and
elvis. PET images alone may be difficult to interpret
wing to both the absence of anatomical landmarks
other than the kidneys and bladder), the presence of
onspecific uptake in the stomach, small bowel and
olon and urinary excretion of FDG. If possible, images
f the abdomen and pelvis should be obtained with the
rms elevated to avoid artifacts due to motion and to
eam hardening artifacts on the CT transmission images.
oncurrent PET-CT imaging is helpful for differentiat-

ng focal retention of urine in the ureter for example
ersus an FDG-avid lymph node. The usefulness of
oncurrent PET-CT imaging providing fusion images for
ifferentiating physiologic from pathologic FDG uptake
n the abdomen has been reported in a study of 28
atients with abdominal tumors62 and in another study of
0 patients with ovarian malignancies.63

A more recent study of 45 patients with colorectal
ancer referred for FDG-PET imaging using an inte-
rated PET-CT system concluded that PET-CT imaging
ncreases the accuracy and certainty of locating lesions.
n their study, the frequency of equivocal and probable
esion characterization was reduced by 50% with
ET-CT compared with PET alone, the number of
efinite locations was increased by 25%, and the overall
orrect staging increased from 78% to 89%.64

At the time of this writing, most institutions acquire
T transmission images without intravenous contrast to
ermit optimal attenuation correction but CT images
ithout intravenous contrast do not allow visualization
f many hepatic metastases. Therefore, although hepatic
etastases are commonly seen as FDG-avid on the PET

mages, no corresponding lesions are seen on the non-
ontrasted CT transmission images. A standard of care
T with intravenous and oral contrast need to be
erformed if surgery is contemplated. Evaluation of the
ffects of intravenous and oral contrast agents on the
ttenuation correction of the PET images is ongoing.
ntravenous contrast appears as regions of high contrast
n CT images, especially during the arterial and arterio-
enous phase of enhancement. If these CT images are
sed for attenuation correction, overcorrection may create
rtifacts of increased uptake on the FDG-PET images.65

igh-density oral contrast agents66,67 and metallic im-
lants68 can create similar artifacts. However, the admin-
stration of low-density oral contrast results in only
inimal overcorrection and is not believed to interfere
ith accurate interpretation of the images.66,66 Review
f the images without attenuation correction is helpful to
iscriminate an overcorrection artifact from “true” up-

ake; and should be performed if there is abnormal v
ptake in a region of the body with accumulation of
ontrast agents or in a region of metallic implants.
akamoto and coworkers69 have compared standard
ptake value (SUV) measurements on PET images
orrected for attenuation with transmission maps ob-
ained using 68Germanium source and CT. They found
hat CT-based attenuation correction was overestimated
y 11% in the skeleton and 2% in soft tissue compared
ith 68Germanium-based attenuation correction. It is

mportant to take these differences in consideration if the
UV is used when comparing PET studies obtained with
ifferent protocols.
Serosal metastases can usually be precisely localized

n the surface of the liver. As in the chest, the CT
ransmission images have to be carefully reviewed for
etection of malignant lesions that may not be FDG-avid
uch as mucinous tumors or renal cell carcinomas for
xample.

mpact of FDG-PET Findings on Patient’s
anagement

The greater sensitivity of PET compared with CT in
iagnosis and staging of recurrent tumor results from two
actors: early detection of abnormal tumor metabolism,
efore changes have become apparent by anatomic imag-
ng, and the whole body nature of PET imaging, which
ermits diagnosis of tumor when it occurs in unusual and
nexpected sites. FDG-PET imaging allows the detection
f unsuspected metastases in 13-36% of patients and has
clinical impact in 14 to 65%.41,42,44-48,50,54-56,70,71 In the

tudy of Delbeke and coworkers,45 surgical management
as altered by PET in 28% of patients, in one-third by

nitiating surgery and in two-thirds by avoiding surgery.
n a survey-based study of 60 referring oncologists,
urgeons, and generalists, FDG-PET performed at initial
taging had a major impact on the management of
olorectal cancer patients and contributed to a change in
linical stage in 42% (80% upstaged and 20% down-
taged) and a change in the clinical management in over
0%. As a result of the PET findings, physicians avoided
ajor surgery in 41% of patients for whom surgery was

he intended treatment.72 In a recent prospective study of
1 patients evaluated for resection of hepatic metastases,
linical management decisions based on conventional
iagnostic methods were changed in 20% of patients
ased on the findings on FDG-PET imaging, especially
y detecting unsuspected extrahepatic disease.71 In a
eta-analysis of the literature, FDG-PET imaging

hanged the management in 29% (102/349) patients.60

he comprehensive review of the PET literature has
eported a weighted average change of management
elated to FDG-PET findings in 32% of 915 patients.61

Although survival is not an endpoint for a diagnostic
est, Strasberg and coworkers70 have estimated the sur-

ival of patients who underwent FDG-PET imaging in
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216 DELBEKE AND MARTIN
heir preoperative evaluation for resection of hepatic
etastases. The Kaplan-Meier test estimate of the over-

ll survival at three years was 77% and the lower
onfidence limit was 60%. These percentages are higher
han those in previously published series that ranged
rom 30% to 64%. In the patients undergoing FDG-PET
maging before hepatic resection, the three-year disease-
ree survival rate was 40%, again higher than that
sually reported.

linical Impact of Concurrent PET-CT
maging

From the diagnostic point of view, the CT obtained for
ttenuation maps can also be used for precise localiza-
ion of the foci of uptake with the help of the fusion of
natomical and molecular images. Published data re-
arding the incremental value of concurrent PET-CT
mages obtained with an integrated system compared
ith PET alone, or compared with PET correlated with
CT obtained at a different time, are limited but

onclude the following: 1) Improvement of lesion detec-
ion on both CT and FDG-PET images, 2) improvement
f the localization of foci of FDG uptake resulting in
etter differentiation of physiologic from pathologic
ptake, and 3) precise localization of the malignant foci,
or example in the skeleton versus soft tissue, or liver
ersus adjacent bowel or node. Concurrent PET-CT
usion images affect the clinical management by guiding
urther procedures, excluding the need of further proce-
ures, and changing both inter- and intramodality ther-
py.73-77 For example, precise localization of metastatic
ymph nodes could result in a less invasive and more
fficient surgical procedure or guide the biopsy of a mass
o FDG-avid regions of the tumor. Concurrent PET-CT
usion images have the potential to provide better maps
han CT alone to modulate field and dose of radiation
herapy including in patients with colorectal carci-
oma.78,79

After performing 100 oncology studies using an inte-
rated PET-CT system, the investigators at Pittsburgh
niversity concluded that combined PET-CT images
ffer significant advantages, including 1) more accurate
ocalization of foci of uptake, 2) distinction of pathologic
rom physiologic uptake, and 3) improvement in guiding
nd evaluating therapy.76,80 A study of 204 patients (34
ith gastrointestinal tumors) performed at Rambam
edical Center81 using an integrated PET-CT system

oncluded that the diagnostic accuracy of PET is im-
roved in approximately 50% of patients. In that study,
ET-CT fusion images improved characterization of
quivocal lesions as definitely benign in 10% of sites and
efinitely malignant in 5% of sites. It precisely defined
he anatomic location of malignant FDG uptake in 6%
nd led to retrospective lesion detection on PET or CT in
%. The results of PET-CT images had an impact on the

anagement of 14% (28/204) of patients, 7/28 patients s
ith a change of management had colorectal cancer
epresenting 20% (7/34) of patients with gastrointestinal
umors. The changes in management in the 7 patients
ith colorectal cancer included guiding colonoscopy and
iopsy for a local recurrence (n � 2), guiding biopsy to
metastatic supraclavicular lymph node (n � 1), guiding

urgery to localized metastatic lymph nodes (n � 3) and
eferral to chemotherapy (n � 2). Similar conclusions
ere found in a study of 173 patients performed at
anderbilt University, 24 of which had colorectal carci-
oma.82

It is also important to be aware of the potentially
seful additional information provided by the indepen-
ent interpretation by a radiologist experienced in body
maging of the noncontrasted CT portion of the study
btained with integrated PET-CT systems. An analysis
f 250 patients demonstrated that these findings are
ncommon (3% of patients) but could be important
nough to warrant alterations in clinical management.83

ost Analysis

Including FDG-PET in the evaluation of patients with
ecurrent colorectal carcinoma has been shown to be cost
ffective in a study using clinical evaluation of effec-
iveness with modeling of costs and studies using deci-
ion tree sensitivity analysis.48,84,85 In both type of
tudies, all costs calculations were based on Medicare
eimbursement rates and a $1800 cost for a PET scan.

In a management algorithm where recurrence at more
han one site was treated as nonresectable, Valk and
oworkers48 evaluated cost savings in 78 patients under-
oing preoperative staging of recurrent colorectal carci-
oma. This study was limited to preoperative patients,
nd demonstrated potential savings of $3003/patient
esulting from diagnosis of nonresectable tumor by PET.

In 1997, Gambhir and coworkers84 used a quantitative
ecision tree model combined with sensitivity analysis
o evaluate cost issues if all patients presenting with
ecurrent colorectal cancer undergo FDG-PET imaging.
he conventional strategy for detection of recurrence
nd determination of resectability using CEA levels and
T was compared with the conventional strategy plus
ET for all patients presenting with suspected recur-
ence. The assumptions included prevalence of resect-
ble disease of 3%, sensitivity and specificity of 65%
nd 45% respectively for CT, and 90% and 85% for
ET. The conventional strategy plus PET showed an

ncremental saving of $220/patient without a loss of life
xpectancy.

Park and coworkers84 used the decision tree sensitiv-
ty analysis to evaluate the cost of adding FDG-PET
maging in the evaluation of patients referred for sus-
ected recurrence based on elevated CEA levels and
andidates for hepatic resection. The CT plus PET

trategy was higher in mean cost by $429 per patient, but
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217PET AND PET-CT FOR COLORECTAL CARCINOMA
esulted in an increase in the mean life expectancy of 9.5
ays per patient.

FDG IMAGING TO MONITOR THERAPY OF
COLORECTAL CARCINOMA

FDG-PET is most helpful to monitor patients with
dvanced-stage colorectal carcinoma that is associated
ith a poor prognosis. Systemic chemotherapy with
-fluorouracil often in combination with radiotherapy
as demonstrated effective palliation and improved sur-
ival.86 A preliminary study on 6 patients demonstrated
he FDG uptake decreased in the primary tumor during
adiation therapy whereas the size did not change on
T.87 Another study of 44 patients demonstrated that
DG-PET imaging can differentiate local recurrence
rom scarring after radiation therapy.88 However, in-
reased FDG uptake immediately following radiation
ay be due to inflammatory changes and is not always

ssociated with residual tumor. The time course of
ostirradiation FDG activity has not been studied sys-
ematically; it is, however, generally accepted that FDG
ctivity present six months after completion of radiation
herapy most likely represents tumor recurrence. A
ase-controlled study of 60 FDG-PET studies performed
months following external beam radiation therapy for

ectal cancer found a sensitivity of 84% and specificity
f 88% for detection of local pelvic recurrence.89 A pilot
tudy of 15 patients with primary rectal carcinoma
emonstrated that FDG-PET imaging adds incremental
nformation for assessing the response to preoperative
adiation and 5-fluorouracil-based chemotherapy.90

Hepatic metastases can be treated with systemic che-
otherapy or regional therapy to the liver. A variety of

rocedures to administer regional therapy to hepatic metas-
ases have been investigated including chemotherapy ad-
inistered through the hepatic artery using infusion pumps,

elective chemoembolization, radiofrequency ablation,
ryoablation, alcohol ablation and radiolabeled 90Y-mi-
rospheres.91-94 There are preliminary reports suggesting
hat the response to chemotherapy in patients with
epatic metastases can be predicted with PET. Respond-
rs may be discriminated from nonresponders after four
o five weeks of chemotherapy with fluorouracil by

easuring FDG uptake before and during therapy.95

egional therapy to the liver by chemoembolization can
lso be monitored with FDG-PET imaging as shown by
itola and coworkers96 and Torizuka and coworkers.97

DG uptake decreases in responding lesions and the
resence of residual uptake in some lesions can help in
uiding further regional therapy. Langenhoff and co-
orkers98 have prospectively monitored 23 patients with

iver metastases following radiofrequency ablation and
ryoablation. Three weeks after therapy, 51/56 metasta-
es became FDG negative, and there was no recurrence
uring 16 months follow-up; whereas among the 5/56

esions with persistent FDG uptake, 4/5 recurred. Data in a
maller series of patients supports their findings.99,100

igure 3 illustrates residual/recurrent tumor adjacent to a
ite of radiofrequency ablation detected on FDG-PET
ut not on the CT images (the color version of this figure
s available online). Wong and coworkers101 have com-
ared FDG-PET imaging, CT or MRI and serum levels
f CEA to monitor the therapeutic response of hepatic
etastases to 90Y-glass microspheres. They found a

ignificant difference between the FDG-PET changes
nd the changes on CT or MRI; the changes in FDG
ptake correlated better with the changes in serum levels
f CEA. Figure 4 illustrates the use of FDG-PET
maging to monitor the efficacy of regional therapy to
he liver with 90Y-microspheres. In summary, prelimi-
ary data suggest that FDG-PET imaging may be able to
ffectively monitor the efficacy of regional therapy to
epatic metastases but these data need to be confirmed in
arger series of patients.

LIMITATIONS OF FDG IMAGING

Tumor detectability depends on both the size of the
esion and the degree of uptake, as well as surrounding
ackground uptake and intrinsic resolution of the imag-
ng system. False-negative lesions can be the result of
artial volume averaging, leading to underestimation of
he uptake in small lesions (less than twice the resolution
f the imaging system) or in necrotic lesions with a thin
iable rim, falsely classifying these lesions as benign
nstead of malignant. The sensitivity of FDG-PET for
etection of mucinous adenocarcinoma is lower than for
onmucinous adenocarcinoma (41-58% versus 92%),
robably because of the relative hypocellularity of these
umors.57,58

In view of the known high uptake of FDG by activated
acrophages, neutrophils, fibroblasts and granulation

issue, it is not surprising that inflamed tissue demon-
trates FDG activity. Mild-to-moderate FDG activity
een early after radiation therapy, along recent incisions,
nfected incisions, biopsy sites, drainage tubing and
atheters, as well as colostomy sites can lead to errors in
nterpretation if the history is not known. Some inflam-

atory lesions, especially granulomatous ones, may be
arkedly FDG-avid and can be mistaken for malignan-

ies; this includes inflammatory bowel disease.
FDG uptake normally present in the gastrointestinal

ract can occasionally be difficult to differentiate from a
alignant lesion. Incidental colonic FDG uptake in 27

atients without colorectal carcinoma has been corre-
ated with colonoscopic and/or histolopathologic find-
ngs.102 Diffuse uptake in 8 patients was normal and
ssociated with a normal colonoscopy. Segmental up-
ake was due to colitis in 5/6 patients. Focal uptake in 7
atients was associated with benign adenomas. The
linical history, physical examination, pattern of uptake

nd correlation with anatomy as seen on the CT images
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218 DELBEKE AND MARTIN
re more helpful in avoiding false-positive interpreta-
ions than semiquantitative evaluation by SUV.

COST AND REIMBURSEMENT ISSUES

Until recently, the implementation of clinical PET was
indered by the high cost of PET systems, the need for
ccess to a cyclotron and support laboratory for FDG
roduction, high maintenance and operating expenses of
canners and cyclotrons, and lack of reimbursement for
linical procedures by third-party payers. The third-party
eimbursement situation for oncologic PET has improved
n recent years. In July 2001, the Center for Medical
ervices approved and implemented reimbursement by
edicare for six types of malignant tumors including

olorectal carcinoma. This coverage is for diagnosis, stag-

Fig 3. A 46-year-old female with a history of colon cance

adiofrequency ablation. Contrast-enhanced CT and positro

maging with an integrated PET-computed tomography (CT)

ith contrast revealed necrosis corresponding to the pre

orresponding PET-CT transaxial view through the dome of

ecrosis observed on CT, indicating persistent/recurrent tum
ng and restaging, but not monitoring therapy. fl
POTENTIAL NEW PET TRACERS FOR
CLINICAL USE

Besides evaluation of glucose metabolism with FDG,
ET can assess various other biologic parameter such as
erfusion, metabolism of other compounds, hypoxia and
eceptor expression. Some of these radiopharmaceuticals
re labeled with positrons emitters that have a short
alf-life, such as 15O (T1/2 � 2 min), 13N (T1/2 � 10
in), and 11C (T1/2 � 20 min). The short half-life of

hese radioisotopes prevents any timely distribution of
he radiopharmaceuticals labeled with them and there-
ore, their use is restricted to institutions having a
yclotron and associated laboratories and personnel
n-site. Some tracers labeled with 18F, such as 18F-

nted with a liver metastasis and underwent treatment with

sion tomography using 18F-fluorodeoxyglucose (FDG-PET)

system were performed 2 months after therapy. A, The CT

seen hepatic metastasis at the dome of the liver. B, A

er reveals a focus of FDG uptake adjacent to the region of
r prese

n emis

imaging

viously

the liv
uorothymidine (FLT), currently are investigated for
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Fig 4. A 60-year-old male with prior colectomy for carcinoma

presented with multiple hepatic metastases. He underwent regional

therapy to the right lobe of the liver with 90Y-mcrospheres. Whole-

body positron emission tomography using 18F-fluorodeoxyglucose

(FDG-PET) imaging was performed using an integrated PET-CT imag-

ing system before therapy, 2 months, and 4 months after therapy. A,

FDG-PET maximum intensity projection (MIP) image before therapy

demonstrates multiple FDG-avid hepatic metastases in both the right

and left lobe of the liver. B, FDG-PET MIP image 2 months after regional

therapy to the right lobe of the liver with 90Y-mcrospheres demon-

strates some residual FDG uptake in the right lobe hepatic metastases

indicating a good response to therapy. However, there is persistent

FDG uptake in the untreated left lobe metastases with a new focus

indicating progressive left lobe disease. C, FDG-PET MIP image 4

months after regional therapy to the right lobe of the liver with
90Y-mcrospheres demonstrates increased FDG uptake in both the right

and left lobe hepatic metastases indicating progression of disease. A

new FDG-avid focus is also seen at the base of the right lung indicating
a new pulmonary metastasis.
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220 DELBEKE AND MARTIN
linical use and may have applications for evaluation of
atients with colorectal carcinoma.

racer of Bone Metabolism
18F-fluoride was first described as a skeletal imaging

gent in the 1960’s but then was replaced by the
9mTc-labeled diphosphonate radiopharmaceuticals.103

ith the widespread applications of FDG-PET in oncol-
gy, PET imaging systems are becoming more widely
vailable, and there is a renewed interest in18F-fluoride.
lthough the mechanism of uptake for 18F-fluoride is

imilar to that for other bone-imaging radiopharmaceu-
icals,104 the spatial resolution of the PET technology is
uperior to that of both planar and SPECT imaging using
he 99mTc-radiopharmaceuticals. Because of the better
patial resolution and routine acquisition of tomographic
mages, 18F-fluoride PET imaging offers potential ad-
antages over bone scintigraphy in detecting metastases.
n a study of 44 patients, Schirrmeister and coworkers105

emonstrated that twice as many benign and malignant
esions were detected with 18F-fluoride PET compared
ith planar scintigraphy. It was also possible to better
ifferentiate benign from malignant lesions with PET
ecause of the better resolution, particularly in the spine.
n a further study, the same authors demonstrated the
reater accuracy of 18F-fluoride PET leading to a change
f management in a group of patients with breast
ancer.106 Although skeletal metastases are not common
n colorectal cancer, 18F-fluoride may have a role in the
uture if skeletal metastases are suspected clinically.

racers of DNA Synthesis

The rate of DNA synthesis can be assessed using
1C-thymidine or FLT. Thymidine is a DNA precursor and
llows direct assessment of tumor proliferation. In the early
ineties, Higashi and coworkers107 demonstrated that in
itro uptake correlates with the tumor proliferative rate.

hen, other investigators demonstrated in an animal tumor r
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