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O N T H E C O V E R

At top is the PET-controlled therapy arm of a proposed design for
randomized trials evaluating the impact of PET on disease management.
Patients are randomized either to this arm or to standard therapy.
At bottom are 18F-FDG PET/CT studies of a patient with soft-tissue
sarcoma of the right thigh. The patient was treated with presurgical
chemotherapy, and histopathologic analysis revealed 95%
treatment-induced necrosis. This finding was reflected by a marked
decrease in tumor 18F-FDG uptake. Quantitatively, tumor SUV
decreased from 10.0 to 1.0. In contrast, there was no major change in
tumor size on CT (arrows).
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Commentary

Combined 18F-FDG PET/CT is

rapidly becoming a mainstay in the
management of many types of cancer
both in clinical practice and in clinical
trials, serving as a tool for improving
patient management as well as for
accelerating drug development. This
modality makes possible the facile,
noninvasive evaluation of both meta-
bolic and anatomic information—a
tremendous advantage over other cur-
rently available diagnostic tools. It
brings closer the possibility of person-
alized care in cancer management.

This supplement to The Journal of
Nuclear Medicine brings together a
collection of articles that discuss the
current state of knowledge on the use of
18F-FDG PET/CT in the care of cancer
patients. The authors discuss its role in
the continuum of cancer care—a role
encompassing the broad spectrum of
screening, diagnosis, initial treatment
planning, treatment monitoring, and
detection of early recurrence.

The first prototype PET/CT scanner
was developed by David Townsend
and colleagues, with support by a grant
from the National Cancer Institute.
Within a few years after his successful
demonstration of feasibility, all major
manufacturers of imaging devices
were offering combined PET/CT scan-
ners for sale. The rapid clinical adop-

tion of these devices is a testimony to
the perceived value of combined ana-
tomic and functional information in
clinical oncology.

As with the advent of any significant—
indeed, transformational—technology
in patient management, the growth of
18F-FDG PET/CT into a prominent tool
in cancer care has many implications,
not only in the realm of clinical care but
also in the larger framework of societal
issues. For instance, the potential of
this technology in future algorithms,
be they cancer screening, diagnosis, or
treatment monitoring, has to be consid-
ered in the context of appropriate
cohorts, scientific rationale, and the
associated financial, legal, and radiation
burdens.

There is a growing body of litera-
ture in this new arena, and there is
much more to be done. The National
Cancer Institute hopes to work with
the academic community, pharmaceu-
tical companies, and device manufac-
turers in helping to plan and enable
additional evaluations of the role of
18F-FDG PET/CT in various aspects of
the care of cancer patients.

Lalitha K. Shankar
Daniel C. Sullivan

Cancer Imaging Program
National Cancer Institute

Bethesda, Maryland
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Daniel C. Sullivan
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Introduction

Two years ago, The Journal of
Nuclear Medicine published a supple-
ment that introduced to a large read-
ership the technical background of
in-line PET/CT (1,2) and software image
fusion (3,4). Also discussed were im-
aging protocols (5,6) that were applied
to the first clinical studies with PET/CT
for evaluating cancer patients (7–10)
and for planning radiation therapy (11).

Since Townsend and Beyer (12)
introduced the concept of PET/CT im-
aging only 6 years ago, state-of-the-art
CT imaging technology has been
combined with high-end PET systems.
Acceptance and clinical use of these
hybrid systems have been widespread.
In 2005 alone, more than 500 PET/CT
units were sold. According to industry
estimates, more than 1,700 PET and
PET/CT units were currently in use
and more than 1,300,000 patients
underwent whole-body PET/CT and
PET studies in the United States in
2005. Supported by a large body of
evidence documenting the superior
diagnostic and logistic performance
of PET/CT over PET or CT alone for
diagnosing, staging, restaging, and
treatment monitoring of most major
types of cancer, the proliferation
of PET/CT has prompted an ever-
increasing clinical use of cancer glu-
cose metabolism imaging.

Despite the impressive growth of
PET/CT, there is no consensus on the
optimum clinical use of PET/CT and
its implementation into patient man-
agement. It was this absence of a con-
sensus that prompted the development
of this supplement to The Journal of
Nuclear Medicine. It is clear that
efficacious use of PET/CT requires
close collaboration between physi-
cians from different clinical specialties
and subspecialties. Rather than being
asked to suggest practice guidelines,
the contributors to this supplement

were asked to explore and describe
how PET/CT imaging is used in their
own clinical practice. Oncologists,
internists, and general practitioners,
as well as radiologists and nuclear
medicine physicians, are frequently
overwhelmed by the need to select—
from among the different imaging
modalities—the one that best serves
the needs of their patients. Selecting
the ‘‘best’’ PET/CT protocol for a given
clinical problem adds another layer of
complexity for referring physicians
and practicing imaging specialists,
who need to avoid redundancies in
diagnostic tests that frequently involve
radiation. Contributors to this supple-
ment were asked to provide a conceptual
framework for the clinical integration
of PET/CT in which imaging special-
ists join forces with oncologists or
epidemiologists to provide a subjective
but realistic and balanced view of the
most efficacious use of PET/CT.

Evidence up to September 2006 in
support of the clinical integration of
PET/CT is summarized by Czernin
et al. (13) in this supplement. Schöder
and Gönen (14) critically review
whether and how PET/CT could be
used for cancer screening, a topic that
has created considerable controversy.
The authors conclude that the clinical
and statistical relevance of occasion-
ally detected cancers is likely too low
to justify populationwide screening
efforts with these 2 imaging modali-
ties. The integration of PET and PET/
CT into the risk-adapted therapy of
lymphoma is presented by Kasamon
et al. (15), who demonstrated that PET/
CT improves the accuracy of staging
and response assessment over that
with CT alone. Israel and Kuten (16)
propose that 18F-FDG PET/CT can
make a difference in the diagnosis and
care of patients with cancer recur-
rence, whereas Weber and Figlin (17)
discuss whether and how PET/CT

imaging can improve the treatment
monitoring of cancer patients. Kuehl
et al. (18) suggest that PET/CT cannot
replace all separate CT studies and
that specific CT protocols are still
needed in the management of some
cancer patients. The integration of
PET/CT into the management of head
and neck and thyroid carcinoma is
presented by Quon et al (19), who also
propose a management algorithm that
includes PET/CT. Finally, the poten-
tial role of PET/CT in improving the
planning of radiation therapy is dis-
cussed by Grégoire et al (20).

This supplement does not intend to
provide practice guidelines. Rather, it
reflects the authors’ experience and
approach to the implementation of
PET/CT into clinical practice. It is
hoped that the supplement will be
a useful resource for physicians in best
utilizing the benefits of PET/CT for
their patients and, at the same time,
will stimulate the future development
of practice guidelines.

Johannes Czernin
Heinrich R. Schelbert

David Geffen School of Medicine
UCLA

Los Angeles, California
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Screening for Cancer with PET and PET/CT:
Potential and Limitations

Heiko Schöder1 and Mithat Gönen2
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Certainty? In this world nothing is certain but death and taxes.
Benjamin Franklin

Screening for cancer remains a very emotional and hotly debated
issue in contemporary medical practice. An analysis of published
data reveals a multitude of opinions based on a limited amount of
reliable data. Even for breast cancer screening, which is now
widely practiced in the United States and many European coun-
tries, there is continuing controversy regarding the appropriate
age limits for screening mammography and, in fact, concerning
the value of mammography itself. Similarly, there is no agree-
ment as to whether screening for lung or prostate cancer is
meaningful as currently practiced. Recommendations and deci-
sions regarding cancer screening should be based on reliable
data, not good intention, assumptions, or speculation. Therefore,
we first explain the underlying principles and premises of screen-
ing and then briefly discuss current controversies regarding
screening for breast, prostate, and lung cancers. Recently, some
authors advocated CT, PET, or PET/CT for whole-body screen-
ing without support from reliable data. We discuss the potential
financial, legal, and radiation safety implications associated
with whole-body CT or PET cancer screening. We conclude
from the available data that neither CT nor PET/CT cancer screen-
ing is currently warranted. Far from providing a desirable binary
answer (presence of absence of cancer), in nonselected pop-
ulations the procedures frequently yield equivocal or indetermi-
nate findings that require further evaluation, with associated
costs and potential complications. The clinical and statistical
relevance of occasionally detected cancers is likely too low to
justify population-wide screening efforts with these 2 imaging
modalities. Ultimately, the true utility, or lack thereof, of PET
and PET/CT for cancer screening can be assessed only in a pro-
spective randomized trial. Because of prohibitive costs and the
required length of follow-up, it is unlikely that such a trial will
ever be conducted. Rather than spending time and resources
on screening studies, medical practitioners should continue us-
ing whole-body PET/CT for diagnosing, staging, and restaging
cancer and for monitoring treatment effects. Researchers should
also investigate the utility of whole-body PET/CT for the surveil-
lance of selected groups of patients who have cancer, who have

completed curative treatment, but who remain at high risk for
recurrent disease.

Key Words: cancer screening; PET; PET/CT

J Nucl Med 2007; 48:4S–18S

In 2005, an estimated 1,373,000 people in the United
States were diagnosed with cancer, and about 570,000 died
of cancer (1). Over the years, there has been considerable
interest in screening as a means for reducing cancer-related
mortality for a number of malignancies, including cancers
of the breasts, colon, prostate, lungs, uterine cervix, and ova-
ries. In fact, screening has become popular in the United
States. Recent statistics from the National Cancer Institute
(NCI) demonstrated that about 70% of women aged 40 y or
older in the United States had had a mammogram in the last
year, more than 80% of women aged 18 y or older had had
at least 1 Papanicolaou smear during the last 3 y, and 58%
of men aged 50 y or older had had a prostate-specific anti-
gen (PSA) test in the last year (2). The NCI estimates that
3%–35% of premature deaths from cancer could be avoided
through appropriate screening (3). The NCI also suggests
that screening might reduce cancer morbidity because treat-
ment for earlier-stage cancers is often less aggressive than
that for more advanced cancers. Nevertheless, there is as
yet no convincing evidence that screening for lung, ovarian,
colon, and prostate cancers translates into a reduction in
mortality from these diseases.

Because screening, by definition, is undertaken in an ap-
parently healthy population and because the fraction of can-
cers detected by screening is often in the range of 2%–5%
(4–6), the vast majority of participants in screening tests
derives no clear benefit from the tests, other than peace of
mind. Peace of mind, however, may be misleading when the
sensitivity of the test used for cancer detection is too low.
At the same time, individuals who receive a false-positive
diagnosis because the specificity of the test is too low may
be subject to unnecessary worry and emotional trauma.
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The use of CT for cancer screening (directed either at a
single organ or at the entire body) has been debated among
radiologists for at least the last 5 y. It is also the subject of
passionate and apparently never-ending controversies. 18F-
FDG PET or PET/CT has also been proposed for screening.
Many imaging specialists can quote examples from their
daily practice in which imaging studies conducted for 1 pur-
pose detected other, unexpected, abnormalities. With CT,
lung lesions can be discovered during screening for coronary
calcification (7,8), or extracolonic lesions in the abdomen
can be identified in subjects undergoing CT screening for
colon cancer (9,10). Whole-body PET may detect an unex-
pected second primary cancer or premalignant lesions (11).
However, in contrast to what common sense might suggest,
these incidental findings do not prove that the screening of
nonselected groups of individuals is reasonable. We have
tried to weigh the available evidence for and against whole-
body screening studies. Findings and conclusions are pre-
sented against the background of ongoing debates regarding
the usefulness of cancer screening programs.

SCREENING: DEFINITION AND PURPOSE

Screening is defined as the investigation of a group of
usually asymptomatic individuals to detect those with a
high probability of having or developing a given disease
(12). To be suitable as a target disease for screening, a
disease should represent a significant health problem, have
a long asymptomatic natural history, and have an effective
intervention that favorably influences the outcome of the
disease. The disease should have a relatively high preva-
lence to justify the cost of the screening program. Screen-
ing should identify all or most people with the index
complaint (true-positive results), identify few people with-
out the disease as having the disease (false-positive results),
and be inexpensive, safe, effective, and easy to apply to a
target high-risk population (13–16). The potential benefit to
individuals identified as having the disease by screening
should offset the cost for the test as well as the inconve-
nience and potential harms incurred by the many partici-
pating individuals who do not have the disease. The aim of
screening is to eliminate, or at least significantly delay, death
from that disease. Therefore, any cancer screening technique
should focus on malignancies for which earlier detection
will reduce mortality or morbidity. This notion is based on
the premise that cancer at an earlier stage (smaller size) is
more likely to be amenable to curative treatment. Accord-
ingly, the goal is a reduction in the absolute number of
advanced (nonresectable) cancers, which should translate
into a decrease in disease-specific mortality.

In the assessment of the quality of any diagnostic test,
including a screening test, 3 pertinent questions arise. Does
the test accurately and reproducibly detect or measure the
disease? Does a new test improve on existing methods for
detecting the disease and predicting mortality or other
clinically relevant events? Does the test reduce mortality,

improve quality of life, or lower costs without subjecting
patients to unnecessary risk? However, screening is differ-
ent from diagnostic or therapeutic interventions because the
majority of individuals who undergo a screening test do not
have the disease in question. Therefore, the costs and poten-
tial risks associated with the test are spread across a wider
group of individuals. In addition, the costs and potential
harms of screening generally occur in the short term, whereas
any benefits are typically realized only in the long term.

STATISTICAL CONSIDERATIONS

The quality of a diagnostic test is judged by sensitivity,
specificity, positive predictive value (PPV), and negative pre-
dictive value (NPV). Sensitivity and specificity are charac-
teristics of the test itself and are not related to the population
being tested. In contrast, the predictive value of a given test
is closely related to the prevalence of the disease in the
population under study. Therefore, PPV and NPV should
always be interpreted in the context of the disease prevalence
in the study group (Bayes’ theorem). For instance, when a
hypothetical test with a sensitivity of 90% and a specificity of
80% is applied in a population with a disease prevalence of
5%, the PPV will be only 19%, whereas the NPV will be
99%. When the same test is applied in a population with a
disease prevalence of 95%, the PPV will be 99%, and the
NPVwillbe30%.Accordingly, inapopulationwitha lowprev-
alence of disease (the usual setting for any cancer screening
program), the predictive value of a positive test result will
remain relatively low, and in a population with a high prev-
alence of disease, the predictive value of a negative test result
will again be relatively low.

Given that the prevalence of individuals with cancer is
generally below 5% in many screening programs (5,14,17),
the PPV of a positive screening test result is bound to be
low, even if the test is highly sensitive and specific for that
disease. To detect more true-positive cases than false-
positive cases in a cohort with a 5% disease prevalence, a
screening test must have an exceedingly high sensitivity—
greater than 95%—if the specificity is slightly below 95%
and vice versa. Although desirable, in reality, most screen-
ing tests do not meet this high standard, which means that
the screening program must absorb the cost of many false-
positive results. It might be argued that, most importantly, a
screening test should have high sensitivity. However, high
sensitivity at the expense of lower specificity will cause a
high rate of false-positive cases (e.g., granulomatous dis-
ease instead of cancer in a lung nodule) as well as an in-
creased detection of ‘‘pseudodisease,’’ that is, overdiagnosis
of disease that would not have affected survival or quality
of life for the affected individual (see later discussion). Con-
versely, a test with a high specificity will ensure the cost-
effectiveness (cost per year of life saved) of the screening
program. Because of referral bias (only individuals with
suspected disease are referred for further evaluation), it is
difficult to determine the true accuracy of a screening test.
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In fact, accuracy could be determined only by monitoring
all screened individuals for an appropriately long period of
time. If the follow-up is too short, then some disease might
be missed, and the test sensitivity might appear to be
artificially high. If the follow-up is too long, then new
disease might develop in the interim, and the test sensitivity
might appear to be artificially low.

BIASES ASSOCIATED WITH SCREENING TESTS

Because of space limitation, we only briefly describe some
potential pitfalls in designing or analyzing screening studies.
Good reviews of this matter are available elsewhere (16–18).

Lead-time bias refers to the apparent differences in dis-
ease-specific survival (time from cancer diagnosis to death):
In individuals with disease detected by screening, the time
frame spans from the date of screening to death, whereas for
nonscreened individuals, the time frame spans from the
clinical presentation of disease to death. Because screening
detects cancer in asymptomatic individuals, their survival
will always be longer than that of nonscreened individuals
because disease was detected at an earlier point in time. This
situation remains true even if screening does not delay the
ultimate time of death and if earlier treatment has no benefit.

Length bias occurs because a given disease may progress
at various rates in different patients. Tumors that grow more
slowly have a longer detectable preclinical phase than
rapidly progressing cancers. Tumors that grow more slowly
are easier to detect and more likely to be detected by
screening (rapidly growing tumors may develop and appear
clinically in the interim between 2 consecutive screening
tests). Therefore, screening generally detects cancer with a
better prognosis.

Overdiagnosis bias occurs when screening detects tu-
mors that would otherwise have remained occult during the
lifetime of that individual: the individual would have died
with, rather than from, the disease. There are 2 possible
scenarios: An individual may be bound to die from other
diseases before the cancer becomes lethal, or screening
detects a less aggressive malignancy that is not life threat-
ening or that does not interfere seriously with the quality of
life before the individual dies from other conditions (e.g.,
slowly growing prostate cancers in older men).

Stage shift and selection bias are other potential pitfalls
in screening studies (16). The impact of bias on the results
of a screening trial can be reduced through proper study
design; a randomized controlled trial, in which study
participants are randomized to a given test versus observa-
tion, generally provides data that are more stable and
resistant to criticism than case–control or cohort studies.
Further, mortality, rather than survival, should be recorded
as the outcome measure.

CANCER SCREENING TRIAL DESIGNS

There are 5 study designs that are generally used in
judging the evidence from a clinical trial, including screen-

ing studies (3). The highest level of statistical evidence is
derived from randomized controlled trials. However, these
trials are very expensive, require tens of thousands of
participants, are affected by noncompliance, and take many
years to complete. In imaging trials, the technology under
investigation could have advanced by the time the trial is
concluded (e.g., multidetector [64 or more rows] CT with
true isotropic resolution instead of simple helical CT and
PET/CT instead of PET alone). If a large randomized
controlled trial is not feasible for financial or logistic
reasons, then one has to rely on other trial designs, such
as cohort studies, and indirect outcome measures, such as
the earlier detection of cancer (19,20). In addition, one
might investigate whether the test leads to a reduction in the
number of interval cancers that become clinically apparent
between 2 consecutive screening sessions (21,22). A re-
duction in the number of interval cancers would suggest
that the time interval between sessions is appropriate and
that the test itself is sufficiently sensitive for detecting
rapidly growing cancers, thereby excluding length bias.

APPROPRIATE OUTCOME MEASURES

The terms ‘‘mortality’’ and ‘‘survival’’ are frequently used
when reporting the outcome of screening studies. Unfortu-
nately, both terms are oftentimes, and incorrectly, used
synonymously. Survival is a case-based measure; it shows
the percentage of individuals diagnosed with cancer who are
still alive at a certain time point (usually 5 y) after the time of
diagnosis. In this case, the denominator includes only indi-
viduals diagnosed with cancer. In contrast, mortality is a
population-based measure; it shows how many people are
dying of cancer within a given population (usually quoted as
per 100,000 individuals). In this case, the denominator
includes individuals diagnosed with cancer and all healthy
individuals.

Because of lead-time bias, the 5-y survival for a given
cancer will almost always improve with the introduction of a
cancer screening test. However, because the incidence of
cancer (number of new cases detected per 100,000 individ-
uals) will almost always increase with screening, the fol-
lowing 2 prerequisites must be met for cancer mortality to
decline as well: (a) more cancers must be detected at an
earlier stage with screening than without, and these cases
must be curable; and (b) the vast majority of screen-detected
cancers must be clinically relevant (if screening only leads to
overdiagnosis of cancer, this could actually increase cancer
mortality if the cause of death in individuals so diagnosed
were to be coded as ‘‘died of cancer,’’ whereas another
medical condition would have been assumed to be the cause
of death if that individual had never undergone screening).

The gold standard parameter by which to measure the
efficacy of a cancer screening test is a reduction in mor-
tality. Disease-specific mortality has been the most widely
accepted end point in randomized clinical trials. It requires
that the cause of death be determined accurately and that
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screening and subsequent treatment have negligible effects
on other causes of death. However, some recent reviews
of randomized cancer screening trials suggested that mis-
classification of the cause of death is a common problem,
leading to an overestimation of the effectiveness (or an
underestimation of the harms) of screening (23–25). There-
fore, all-cause mortality may be a more accurate end point
for screening trials (23–25). This parameter depends only
on the accurate documentation of deaths and when they
occur; that is, it is not affected by misclassification of the
cause of death. Therefore, it unequivocally accounts for
complications of the screening process itself and related
procedures attributable to false-positive screening test re-
sults. Unfortunately, a screening trial with all-cause mor-
tality as the sole end point would require a prohibitively
large number of individuals to be enrolled (most screening
participants might not die during the trial) (26).

If data from a randomized controlled trial are not avail-
able, then evidence obtained by other trial designs, such as
stage shift or improved survival rates, compared with those
of historical controls, is sometimes used to demonstrate the
effectiveness of a screening program (19). However, these
parameters are not very reliable or accurate. It is also some-
times naively assumed that current improved survival rates
for patients with cancer, compared with those for historical
controls, are attributable to mass screening efforts, although
such improvements may reflect only improved treatment,
lead-time bias, or overdiagnosis. Indeed, in a recent anal-
ysis researchers found that for many cancers, changes in 5-y
survival rates are essentially unrelated to trends in disease-
specific mortality, suggesting that improvements in survival
were largely attributable to earlier diagnosis and detection
of subclinical cases that might never have appeared clini-
cally (27).

Although there is currently no universally accepted
cancer screening trial design or outcome parameter, most
authors would agree that the highest level of statistical
evidence and the greatest benefit for screening program
participants is related to mortality reduction in a random-
ized controlled trial. Eventually, however, the true efficacy
(or lack thereof) of a screening test will be shown only once
the test is applied in general practice.

CURRENT CONTROVERSIES IN CANCER SCREENING

Screening for prostate and breast cancer is widely prac-
ticed in the United States, in accordance with recommen-
dations issued by various committees and task forces.
Proponents of screening with CT or PET like to quote the
apparent success of breast and prostate cancer screening
programs to lend credence to their attempts to introduce CT
or PET as a new screening technique for lung cancer or
whole-body assessment. However, contrary to expectation,
our attempt to gather data to confirm the efficacy of current
cancer screening programs proved to be a sobering expe-
rience. Neither breast cancer nor prostate cancer screening

is without controversy; in fact, in the eyes of some critics,
both tests fail to show any benefit in terms of mortality
reduction at all. Regardless of various recommendations for
prostate cancer screening with PSA testing and digital
rectal examination (28–30), it is now widely acknowledged
that the effectiveness of this approach remains unproven. A
recent case–control study found no evidence for a survival
benefit associated with PSA testing and digital rectal
examination (31). It is hoped that ongoing trials, such as
the European Randomized Study of Screening for Prostate
Cancer (32) and the Prostate, Lung, Colorectal, and Ovar-
ian (PLCO) cancer screening trial (33), will provide more
definitive answers regarding the benefits of prostate cancer
screening. However, conclusive data regarding the effects
of screening on prostate cancer mortality are not expected
until 2008–2010. The ultimate value of lung cancer screen-
ing with CT is also uncertain at present. Here we present a
summary of the current controversies in breast and lung
cancer screening in the hope that it will further a realistic,
evidence-based reassessment of current efforts to institute
cancer screening programs with PET or PET/CT.

BREAST CANCER

About 211,000 new cases of breast cancer were diag-
nosed in 2005, and 40,400 patients died of this disease (1).
Breast cancer screening has been proposed as a means of
reducing mortality from breast cancer and has been prac-
ticed for more than 30 y in many developed countries. It has
been estimated that cancer is detected in 5–7 of every 1,000
women on the first screening mammogram (prevalence)
and in 2 or 3 of every 1,000 women who undergo regular
screening mammography (incidence) (5). Over the years,
thousands of women have been enrolled in breast cancer
screening trials worldwide, but controversy on the efficacy
of screening mammography continues to date. Proponents
and opponents of breast cancer screening (including phy-
sicians and biostatisticians) differ in their assessment of
the quality of past mammography screening trials, in the
interpretation of the trial results, and in their preference for
the appropriate end point (26). Disagreement remains re-
garding whether past trials proved that breast cancer screen-
ing is meaningful. For instance, Fletcher and Elmore (34)
estimated that 4–6 lives could be saved if 1,000 women
aged 50–69 y underwent yearly screening mammograms for
a total of 10 y. On the basis of the average cure rate for
non-screening-detected breast cancer, they calculated that
screening mammograms can reduce breast cancer mortality
by about 30%. In contrast, a meta-analysis of 8 randomized
trials conducted by the U.S. Preventive Services Task Force
in 2002 (35) concluded that screening mammography leads
to a 16% reduction in breast cancer mortality in women
aged 50 y and older. It was estimated that 1,224 women
would have to undergo yearly screening mammograms over
a 14-y period to save 1 life. Gotzsche and Olsen (36)
reviewed the same 8 screening mammography trials and
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arrived at a very different conclusion. These authors partic-
ularly focused on the methodological quality of the screening
studies and found baseline imbalances between screening
and control groups in 6 of the 8 trials and inconsistencies in
the number of women randomized in 4 trials. Only in these
methodologically inferior trials did mammography appear
to ‘‘save lives’’ (the pooled relative risk for breast cancer
mortality was 0.75, and the 95% confidence interval [CI] was
0.67–0.83). In contrast, the meta-analysis of the 2 trials that
were considered of sufficient quality found no effect of
screening on breast cancer mortality (pooled relative risk:
1.04; 95% CI: 0.84–1.27), nor was there any positive effect
on all-cause mortality (pooled relative risk: 0.99; 95% CI:
0.94–1.05). These authors concluded that ‘‘screening for
breast cancer with mammography is unjustified.’’ In a sub-
sequent analysis (25), the authors confirmed these findings
and emphasized that screening leads to more aggressive
treatment without proven benefit.

In 2003, a Swedish cohort study reported that screening
reduced breast cancer mortality on the basis of lower
mortality in women who had their breast cancer diagnosed
during the screening period (1978–1997) than in women
diagnosed with breast cancer before the introduction of
mammography screening (1958–1977). More cancers were
detected and treated in the screening group, leading to
better survival (37). Others have classified the results of this
trial as uninterpretable because of length and lead-time
biases (38). Another recent study (39) estimated that screen-
ing reduced the mortality from breast cancer in the United
States by 15% over the last 2 decades, but critics note that
similar declines in breast cancer mortality have also been
reported from countries without a national screening pro-
gram (40). On March 25, 2006, the British Medical Journal
(41) published a series of articles on screening mammogra-
phy in which the rate of overdiagnosis of breast cancer was
estimated to be 10%–30%.

Partly in recognition of the above-described controversy
and trial limitations, some authors have suggested that it
may be more appropriate to stream women into different
screening regimens on the basis of breast characteristics or
risk factors (22). Finally, it should be noted that the cumula-
tive risk for having a false-positive mammogram result can
approach 50% over a 10-y interval with yearly screening
studies. This means that after 10 y of annual screening in
the United States, 1 in 2 women will have at least 1 false-
positive mammogram result (42).

LUNG CANCER SCREENING TRIALS

About 172,600 new cases of lung cancer were expected
in 2005, and 163,500 patients were projected to die from
this disease (1). Screening for lung cancer, originally with
sputum cytology analysis and chest radiography and more
recently with CT, has been proposed as a means to reduce
mortality from this disease, but study results have created
considerable controversy (4,43–47). Earlier trials showed

no significant differences in lung cancer mortality between
screened and control groups (17,48). Patients with lung
cancer in the screened group were more likely to undergo
surgical resection and lived longer than individuals in the
control group, but equal numbers of individuals in both
groups ultimately died from the disease. Thus, the apparent
improvement in lung cancer survival was largely attribut-
able to various biases (see earlier discussion), but screening
did not affect the ultimate outcome of the disease.

Over the last 6 y, the controversy has focused on the role
of screening CT (14,17,49–51). In several cohort studies
(without control groups) from the United States, Europe,
and Japan (4,6,43–46,52), low-dose CT imaging was
performed for screening and was followed by immediate
biopsy for suspicious lesions or high-resolution CT for
further characterization of indeterminate nodules. Individ-
uals were monitored at 1-y intervals with low-dose CT and
similar management. This approach allowed for the detec-
tion of many early-stage lung cancers (4,43–46). At base-
line scanning in these studies, lung cancer was detected
with prevalences of 1.1% (46) to 2.7% (4); differences may
be related to the age and risk of the screened populations.
The rate of detection of lung cancer on annual follow-up
scans (incidence) was about 1% (6,43,46). About 58%–
100% of cancers on baseline CT scans and 67%–100% of
cancers during follow-up scans were stage I disease. For
instance, in the Early Lung Cancer Action Project study
(21), lung cancer was diagnosed in 27 of 1,000 individuals
during baseline CT (prevalence: 2.7%), and 23 of 27 cases
were stage I malignancies. In the follow-up of this cohort,
1,184 CT scans were obtained and revealed a total of 30
new lung nodules, of which 7 were cancers (incidence:
0.7%). The median size of these lesions was 8 mm.

Although intuitively favorable, these results do not prove
that a reduction in lung cancer mortality will occur with CT
screening. Although it is better to detect lung cancer earlier
than later, there may not be a linear relationship between
tumor size and likelihood for metastasis (53) and, thus,
likelihood for cure with early intervention. In fact, there
is no clear cutoff in primary tumor size to predict when
metastasis occurs. Otherwise, treatment with curative intent
should render a patient with early lung cancer disease free for
the rest of his or her life. However, even with stage I lung
cancer, the average 5-y survival rate is only 47%, not 100%.
Quite likely, many other biologic factors (e.g., histology,
degree of neovascularity, and genetic alterations) and per-
haps even random variability among primary tumors (54)
may determine metastatic potential. Opponents of screening
CT, therefore, contend that it remains unclear whether the
detection of early-stage disease represents a true stage shift
(earlier detection of clinically relevant disease associated
with a decrease in the number of advanced lung cancers) or
overdiagnosis (no decrease in lung cancer mortality; instead,
only an increase in the number of detected lung cancers
chiefly because of sophisticated technology, but no change in
the rate of advanced cancers, i.e., no decrease in the number
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of cancers that are not amenable to treatment or that are likely
to fail treatment with curative intent) (52,55).

Because of these concerns, many epidemiologists and
physicians involved in the diagnosis and treatment of lung
cancer have argued that the benefits of CT screening can be
proven only in a large randomized controlled trial (17).
Indeed, several such trials are now under way in the United
States, Japan, and Europe. In the meantime, the U.S. Pre-
ventive Services Task Force (56) has concluded that it is not
possible to assess the efficacy of lung cancer screening with
CT on the basis of currently available data. The American
Cancer Society currently suggests that patients discuss with
their physicians the potential costs and benefits of lung
cancer screening with CT (28). At the end of 2005, a con-
sensus statement made by the Society of Thoracic Imaging
concluded that there is currently insufficient evidence to
justify recommending CT screening for lung cancer to
patients, including those at high risk for lung cancer (55).

WHOLE-BODY SCREENING WITH CT

For a while, whole-body CT was marketed aggressively
as the ‘‘one-stop shop’’ for detecting occult cancer and car-
diovascular diseases. Although malignancies and coronary
artery disease were in fact detected in many participants,
the overall results were disappointing. Many self-declared
CT screening practices have closed their doors, sometimes
ending mired in financial distress and in lawsuits. A large
study conducted at the University of California, San Diego,
highlighted the logistical challenges and other problems
associated with whole-body screening CT (57). Between
January and June 2000, screening CT was performed for
1,192 individuals. A total of 76% (902/1,192) of these
subjects were self-referred; the others were referred by a
physician for a whole-body screening test. Participants
were charged $1,000 for the screening CT. A total of 3,361
findings were detected in 1,030 of the 1,192 individuals
(mean of 2.8 per individual). The proportion of individuals
with abnormal findings increased with age (43% if ,40 y
and 99% if .70 y). Most of the ‘‘abnormalities’’ were
benign and likely without clinical consequence (e.g., pa-
renchymal scars in the lungs, vascular calcifications, calci-
fied mediastinal lymph nodes, and simple cysts of the liver
and kidneys). CT-detected abnormalities led to recommen-
dations for the individual or referring physician in 37% of
cases; of note, the most common recommendation (69%)
was that for a follow-up imaging study. It was concluded
that the low prevalence of abnormal findings in individuals
younger than 40 y would not justify screening CT. At the
other extreme of the spectrum, screening CT may not be
meaningful in individuals older than 70 y. Although the
expected prevalence of cancer increases with age, the 99%
prevalence of CT-detected abnormalities in older people,
combined with the frequent need for further evaluation,
also limits its application in this age group. Thus, screening

CT may be beneficial, if at all, only in well-defined age and
risk groups.

18F-FDG PET FOR CANCER SCREENING

There is limited information about the true performance
of whole-body PET for cancer screening. Data that might
help to investigate this issue are derived from few case
series analyzing the frequencies of malignancies inciden-
tally detected during whole-body PET imaging and from
PET screening studies conducted in Asian countries. These
data are discussed in the following sections.

INCIDENTAL ABNORMAL 18F-FDG UPTAKE DURING
WHOLE-BODY PET

18F-FDG PET occasionally detects previously unknown
malignant or premalignant lesions that are unrelated to the
disease for which the scan was performed. Although most
clinicians can readily provide anecdotal evidence for this
finding, Agress and Cooper (11) published their findings
from a large study of 1,750 patients with cancer. 18F-FDG
PET was performed for the evaluation of a variety of malig-
nancies, and 58 foci of abnormal but unexpected 18F-FDG
uptake were identified in 53 patients, that is, a frequency
of 3.3%. Follow-up, available for 42 individuals, proved a
malignant or premalignant condition for 30 individuals (1.7%
of the entire study population). Further, 3 of 9 nonmalignant
lesions were considered clinically important and required
surgical or medical intervention. Although this study high-
lights the value of whole-body PET for the evaluation of
patients with cancer, it does not provide a true estimate
of the rate of detection of clinically occult malignancies,
because dedicated follow-up was available only for indi-
viduals with abnormal 18F-FDG uptake and because non–
18F-FDG-avid disease could have been missed in other
individuals.

THYROID AND INTESTINAL LESIONS FOUND
POSITIVE BY PET

Palpable thyroid nodules are detected in 4%–7% of the
general population in the United States and at somewhat
higher frequencies in areas or countries affected by iodine
deficiency. With the increasing use of ultrasound and other
imaging techniques, thyroid nodules are now discovered in
30%–60% of the general adult population (58–61). The vast
majority of these nodules are benign; only 2%–5% of all
thyroid nodules (60), 6%–9% of nonpalpable nodules (62),
and 9%–13% of nodules selected for fine-needle aspiration
represent cancer (61). With PET or PET/CT, the rate of
such incidentally detected (hypermetabolic) thyroid nod-
ules is 1%–3% (63–65). Cumulative experience in more
than 20,000 PET studies has been reported. In a study by
Kang et al. (63), 29 of 1,340 individuals (2%) showed
either diffuse (n 5 8) or focal (n 5 21) 18F-FDG uptake in
the thyroid gland. Histologic analysis was available for 15
of the 21 hypermetabolic nodules and revealed papillary
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carcinoma in 4 (27%). In a study of 8,800 patients with
cancer, incidental focal 18F-FDG uptake was noted in 101
individuals, and diffuse uptake was noted in 162 individ-
uals. Tissue diagnosis, obtained predominantly for focal
lesions, proved cancer in 24 instances (66). Other authors
(64,65) have reported that up to 50% of hypermetabolic
thyroid nodules are malignant. All of these studies were
limited by the fact that cytologic verification was available
for only two thirds of the findings or fewer. The true
prevalence of cancer in hypermetabolic thyroid nodules is
therefore still somewhat unclear.

Unexpected abnormal 18F-FDG uptake in the abdomen
has been the subject of several reports and often can be
attributed to colon adenomas, which may be precursors for
colon cancer, or frank malignancies. Yasuda et al. (67)
reported abnormal focal 18F-FDG uptake in 24% of 59
adenomas found at endoscopy and in 90% of all adenomas
that were $1.3 cm. Pandit-Taskar et al. (68) observed focal
18F-FDG uptake in the abdomen, unrelated to the disease
for which the PET had been ordered, in 16 of 1,000 patients
with cancer. A definitive diagnosis could be rendered for 14
lesions, and 12 of them were malignant or premalignant.
Using PET/CT, Israel et al. (69) reported incidental abnor-
mal 18F-FDG uptake in the abdomen in 58 of 4,390 patients
with cancer (1.3%). Follow-up was available for 34 patients
and showed malignant or premalignant conditions for 20
(58% of verified lesions; 0.5% of the entire study popula-
tion). Kamel et al. (70) reported abnormal abdominal 18F-
FDG uptake with a frequency of 3% in 98 of 3,281 patients.
Follow-up was available for 69 of these 98 patients (70%);
cancer was detected in 13 individuals (19%), and another
29 (42%) had precancerous lesions. Eight of the 13 patients
(62%) with incidentally detected colon or esophageal car-
cinoma were eligible for curative surgical resection.

In conclusion, abnormal focal 18F-FDG uptake in the
thyroid gland or abdomen is a rare finding but, when it
occurs, requires further evaluation because a significant
fraction of such lesions represent either malignant or pre-
malignant conditions, usually at a state when curative treat-
ment is likely to succeed. It should be noted that these PET
scans were performed for patients with cancer, many of
whom may have an increased likelihood for developing
second primary malignancies (e.g., because of the presence
of certain mutations in tumor suppressor genes in patients
with cancer). Therefore, it is possible that the frequency with
which focal 18F-FDG uptake indicates cancer is lower among
healthy individuals participating in screening studies. Nev-
ertheless, in current clinical practice, in which whole-body
PET is essentially used only in the evaluation of patients with
cancer, one must conclude that incidental focal 18F-FDG
uptake will require further evaluation.

LUNG CANCER SCREENING WITH 18F-FDG PET

In 3 recent studies, the sensitivity of 18F-FDG PET for
the detection of T1 lung cancers ranged between 68% and

95% (46,71,72). Marom et al. (72) determined the sensi-
tivity of 18F-FDG PET in 185 patients with T1 lung cancer
(192 lesions; mean size: 2.0 cm; range: 0.5–3.0 cm). A total
of 95% (183/192) of all lesions showed increased 18F-FDG
uptake (greater than mediastinal blood-pool activity),
whereas the PET findings for the remaining 9 lesions (size:
0.3–2.5 cm; mean, 1.3 cm) were negative. The rate of detec-
tion tended to be lower for carcinoid tumors and broncho-
alveolar cell carcinomas (BAC; the PET findings for 5/6
and 7/11 tumors were positive, respectively). The data ap-
peared encouraging because the sizes of the lesions studied
seemed to be in the range of tumors that one would expect
in a lung cancer screening study. For instance, in the Early
Lung Cancer Action Project study (4), the diameters of can-
cers detected at baseline CT were between 2 and 5 mm in
1 case, 5 and 10 mm in 14 cases, 11 and 20 mm in 8 cases, and
21 and 45 mm in 4 cases. However, upon yearly follow-up
(43), 16 of 30 additional cancers had a diameter of between
2 and 5 mm, 7 were between 6 and 10 mm, 4 were between
11 and 20 mm, and only 3 were between 21 and 25 mm.

Less optimistic data were reported from the Mayo Clinic
(71). This institution participates in an NCI-sponsored
prospective trial that assesses the role of CT in screening
for lung cancer. A small subset of screened individuals with
lung nodules also underwent 18F-FDG PET at the discretion
of their pulmonologists. At the time of publication, CT
screening had detected 62 lung cancers among the 1,520
participants, apparently including both baseline and follow-
up scans. Twenty of these individuals (with 22 cancers) also
underwent PET. With a threshold of 18F-FDG uptake of
greater than mediastinal blood-pool activity or a standard-
ized uptake value (SUV) of greater than 2.5, the PET
findings for 14 of the 22 cancers (68%) were positive, the
PET findings for 7 (32%) were negative, and the PET find-
ings for 1 were considered indeterminate. The mean lesion
size was 10 mm in both the positive and the negative groups
and therefore smaller than that in the aforementioned study
(72). Based on their appearance on CT, nodules were
classified as solid, semisolid, or ground-glass opacity.
Two of the 22 lung cancers detected by the screening
program were ground-glass opacities, corresponding to
BAC on histologic analysis; both had negative PET find-
ings. Likewise, 6 of the 22 cancers were semisolid nodules,
and only 3 of these 6 were detected by PET. Indeed,
ground-glass opacities (n 5 2) and semisolid nodules (n 5 3)
accounted for the majority of the 7 cancers with negative
PET findings. The relatively lower rate of positive PET
findings among T1 cancers in this study was likely related
to differences in tumor histology and lung nodule compo-
sition. Although the study had selection bias, it confirmed a
lower rate of detection of BAC and adenocarcinomas with
BAC features by PET (72–74). Moreover, as one should
expect, among malignant lesions, the probability for pos-
itive PET results is inversely related to the number and
density of viable tumor cells within the lesion; that is, the
probability for cancer detection in solid nodules is greater
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than that in semisolid nodules, which is greater than that in
ground-glass opacities. Therefore, the use of 18F-FDG PET
for the evaluation of ground-glass opacities was discour-
aged to reduce the number of false-negative results.

In a prospective study from Italy, researchers combined
CT and 18F-FDG PET to screen for lung cancer (46). They
enrolled 1,035 individuals who were older than 50 y and
who had smoked for at least 20 y. All patients underwent
baseline and annual low-dose CT for 5 y. Calcified nodules
or lesions with maximum diameters of less than 5 mm were
considered benign, and the patients were scheduled to un-
dergo follow-up with CT 1 y later. Dedicated spiral CT was
performed for suspicious, noncalcified nodules with diam-
eters of greater than 5 mm, with measurements of contrast
enhancement on CT. Noncalcified nodules with diameters
of greater than 5 mm were further characterized by their
contrast enhancement on CT, and those that demonstrated
an enhancement of greater than 30 Hounsfield units were
biopsied. At baseline, lung cancer was detected in 11
individuals (prevalence: 1.1%); at the 1-y follow-up, lung
cancer was detected (incidence) in another 1.1%. Fifty-five
percent of lung tumors detected at baseline and all 100% of
those identified at follow-up were stage I cancers. 18F-FDG
PET was performed for all noncalcified nodules with di-
ameters of greater than 7 mm. An SUV of greater than 2.0
was considered suggestive of malignancy, requiring biopsy.
At baseline, PET was performed for 29 individuals with
indeterminate lung nodules and identified lung cancer with
an accuracy of 86% (8 true-positive results, 3 false-positive
results, 17 true-negative results, and 1 false-negative re-
sult). Three of 4 stage I cancers (,2 cm) and all 5 stage II
or III cancers were found positive by PET, with mean SUVs
of 2.0 and 13.4, respectively. PET contributed to establish-
ing the correct diagnosis in 43% (6/14) of cases with
indeterminate findings on high-resolution CT. On the other
hand, 3 of 5 biopsies for benign nodules were triggered by
false-positive PET findings (caused by bronchiectasis, in-
flammatory pseudotumor, and lymphocytic infiltrates).
Two well-differentiated adenocarcinomas of 8 and 11 mm
were false negative on PET. At the 1-y follow-up, PET was
performed for 13 individuals with indeterminate nodules.
Eleven of these 13 were eventually diagnosed with cancer.
PET had an accuracy of 85% (10 true-positive results,
1 false-positive result, 1 false-negative result, and 1 true-
negative result). The authors suggested that the combination
of low-dose CT and 18F-FDG PET for the evaluation of
selected patients with indeterminate nodules might be a rea-
sonable approach to lung cancer screening.

However, uncertainty remains. Screening detects mainly
slowly growing cancers, but 18F-FDG uptake in lung cancer
is directly related to tumor aggressiveness and proliferation
rate (75). Further, the SUV for 18F-FDG accumulation in
lung cancer is inversely related to prognosis. Does this mean
that lung lesions with negative PET findings do not require
immediate intervention? Which patient (or physician) would
want to live with the uncertainty that a lung lesion might be

malignant, even if the risk for sudden growth or metastasis
remains low? In any event, because negative PET findings
cannot exclude malignancy (sensitivity may be as low as
67% (71)), continued follow-up for that lesion will still be
necessary. In addition, the problem of false-positive PET find-
ings in a cancer screening program will need to be addressed.

18F-FDG PET FOR WHOLE-BODY CANCER
SCREENING

‘‘More bang for the buck’’ is a commonly used idiom
in American English and has sometimes been applied to de-
scribe the expected major benefits from cancer screening
with whole-body 18F-FDG PET. But could it be that people
are asked to pay ‘‘a lot of bucks’’ for ‘‘little bang’’?

Proponents of PET for cancer screening (76) tend to refer
to the intense 18F-FDG uptake in many primary malignan-
cies, thereby suggesting high sensitivity for tumor detection.
Moreover, because PET is generally offered as a whole-body
imaging study, it has the potential to reveal 1 or several
malignancies anywhere in the body. In contrast, in current
screening studies, efforts are focused on a particular organ
(mammography for breast cancer, colonoscopy for colorec-
tal cancer, and PSA measurements for prostate cancer). 18F-
FDG PET is a standard diagnostic test and is already in use
for cancer screening in at least some institutions in the United
States and on a more widespread basis in Japan (77) and
Taiwan (78). It is now hoped that PET/CT will add both
sensitivity and specificity to the PET interpretation by iden-
tifying physiologic tracer uptake as such and delineating
cancerous lesions with low or no 18F-FDG uptake.

Opponents of screening PET (79) refer to the unproven
benefits and high costs. They also criticize published PET
screening studies for their poorly defined inclusion criteria,
unsatisfactory gold standard, and lack of cost-effectiveness
data. There are also some concerns about creating a false
sense of security from negative PET results and about the
potential risks associated with unnecessary radiation.

Following is a summary of the relevant data.
Chen et al (78) described a cancer screening program in

Taiwan that includes PET or PET/CT, ultrasound, and as-
sessment of tumor markers. Individuals with abnormal find-
ings undergo further evaluation; all others are monitored
clinically for at least 1 y. Among a group of 3,631 individ-
uals, this program detected 47 malignant tumors (1.3% of
the population). Thirty-eight of these 47 cancers had true-
positive PET results (sensitivity: 80%). For a subset of 32
individuals eventually diagnosed with cancer, screening PET
was performed in the form of PET/CT, which led to the
detection of 28 of 32 malignancies by the PET component
of PET/CT, whereas only 15 of 32 lesions were identified by
the CT component of PET/CT. Data on false-positive PET
results and technical details were not reported.

In the imaging center at Lake Yamanaka, Japan (77),
members of a health club undergo screening for cancer with
blood tests, ultrasound of the neck and abdomen, chest CT,
and whole-body PET or PET/CT. A total of 3,165 individuals
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were studied between 1994 and 1999, and follow-up was
at least 10 months. Within 1 y after screening, malignant
tumors were discovered in 67 individuals (2.1%). Thirty-six
cases had true-positive PET results (sensitivity: 54%), and
most of these malignancies detected by screening were
potentially curable. Thirty-one cases had false-negative
PET results; 22 of the malignancies were detected by other
imaging studies or PSA measurements. About one half of
the false-negative PET findings occurred in patients with
urologic malignancies, possibly related to urinary excretion
of 18F-FDG and low 18F-FDG uptake in many primary
prostate cancers. The total number of false-positive cases
was not reported, but 5 individuals underwent surgery be-
cause of false-positive PET results; their final diagnoses
were thyroiditis, tuberculoma, organizing pneumonia, and
chronic maxillary sinusitis. The authors noted that 10 of the
cancers detected by screening were found only by 18F-FDG
PET (1 lung, 1 breast [6 mm], 1 thyroid, 4 colorectal, 1 lym-
phoma, 1 parapharyngeal, and 1 chronic myelogenous leu-
kemia). It should be noted that CT of the abdomen or pelvis
was not part of the screening program. It is possible that the 4
colorectal cancers would have been found otherwise. The
authors admitted that their data do not provide justification
for public funding of PET cancer screening. Therefore,
members of the health club pay the cost for the screening
program. The authors noted that some false-positive find-
ings, such as thyroiditis, can now be avoided because of the
knowledge that diffuse thyroid uptake is essentially always
benign. There was bias insofar as the results of conventional
imaging studies were known at the time of interpretation of
the PET scans.

These initial data were recently updated as part of a
survey among 11 PET centers in Japan (76). Approximately
40,000 individuals underwent ‘‘sophisticated cancer screen-
ing’’ with 18F-FDG PET and other imaging modalities,
including ultrasound of the neck, breast, and abdomen or
pelvis; whole-body CT; and abdominal MRI. Cancer was
detected in 526 cases (1.32%). The most commonly de-
tected tumors were cancers of the thyroid, lungs, colon,
prostate, and breasts. About two thirds of the malignancies
detected by screening showed recognizable 18F-FDG up-
take. The percentage of cancers detected by PET as a
fraction of all cancers identified in this nationwide effort
was highest for colon cancer (89%; PET findings for
91/102 detected cancers were positive), followed by thyroid
cancer (PET findings for 87% of detected cancers were
positive), breast cancer (80%), lung cancer (72%), and
cancer of the stomach, esophagus, and pancreas (about 66%
each). We are surprised by the high rate of detection of
gastric and pancreatic cancers by PET. As one would ex-
pect, malignancies with low rates of detection included ovar-
ian and renal cancers (PET findings for 33% were positive),
prostate cancer (PET findings for 18% were positive), and
bladder cancer (PET findings for 0% were positive). Hence,
lower rates of detection for certain tumors were related to
urinary excretion of 18F-FDG (kidneys and bladder), low

cell density (signet ring cancer of the stomach or scirrhous
tumor of the breast), low 18F-FDG metabolism (some lung
adenocarcinomas, especially BAC; hepatomas; and most
primary prostate cancers), or small lesion size. The authors
admitted that lesions with diameters of less than 1 cm will
be detected only occasionally, because partial-volume ef-
fects and lack of count recovery significantly lower the
target-to-background ratios for these small tumors.

In summary, although interesting, none of these data
permits determination of the efficacy of PET for cancer
screening. There is no information regarding the cost-
effectiveness of PET in the screening setting. These ques-
tions can be answered only in a prospective randomized
trial that analyzes disease-specific mortality rates in the
screened population and a control group.

VALUE OF PET/CT

PET/CT is more accurate in detecting cancer and pro-
vides fewer equivocal findings than PET alone (80–83), CT
alone, or separately acquired PET and CT studies in a head-
to-head comparison (84). For cancer staging, PET/CT is
also more accurate than either modality alone, as shown for
lung cancer (85,86), colorectal cancer (83), and lymphoma
(87). Antoch et al. investigated the TNM staging accuracy
of PET/CT in 260 patients with a variety of malignancies
(88). Histopathologic and clinical follow-up at 311 6 125 d
(mean 6 SD) served as a standard of reference. PET/CT
had a significantly higher TNM staging accuracy (84%)
than side-by-side PET plus CT (75%), CT alone (63%), or
PET alone (64%). Values were slightly different for T, N,
and M staging, but the same general trend toward superior
accuracy of PET/CT was observed.

Although these studies suggested that PET/CT might be
more sensitive and specific for cancer detection than either
modality alone, none of them proves that this new imaging
technology should be used for cancer screening attempts.

FINANCIAL CONSIDERATIONS

Affordability and availability are critical issues when a
screening test is introduced. Affordability, like everything
in life, is a measure of assets and worry. Whole-body can-
cer screening studies with either CT or PET (now perhaps
with PET/CT) are currently not covered by insurance
companies but are offered ‘‘at market price’’ to interested
individuals in the United States and Japan. For the partici-
pating individuals, the cost of the test is usually not a matter
of major concern. Some may be motivated by true concern
about their elevated risk for cancer (e.g., strong family
history of breast or colon cancer or greater than 20 pack-
year history of cigarette smoking), whereas others may
be driven by curiosity and the desire to obtain a routine
examination (with the thinking that ‘‘my body deserves at
least the same level of attention as my car’’). This small
fraction of the population has sometimes been character-
ized as ‘‘the worried well’’ (89). However, regardless of the
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immediate cost of the screening imaging study, downstream
costs resulting from further evaluation of true-positive or
false-positive findings, which will usually burden the health
care system as a whole (rather than being charged to the
screened individual), must also be considered. Some les-
sons for screening PET can be learned from recent screen-
ing CT studies.

LESSONS FROM WHOLE-BODY SCREENING CT

Because there is no reliable information on the eventual
costs of whole-body screening CT, which could be derived
only from a randomized trial, Beinfeld et al. (90) used
Monte Carlo decision analysis to estimate the potential
effect of this test on health outcome and health care costs in
a hypothetical cohort of 500,000 asymptomatic individuals.
Potential benefits (from earlier detection of disease) and
complications (from unnecessary intervention for false-
positive screening findings) were compared for individuals
undergoing 1-time whole-body CT and those who had no
screening. The costs and effectiveness of the screening pro-
gram (years of life gained from early detection and treat-
ment of disease) were modeled. The model considered 8
conditions likely to be detected by whole-body CT: cancer
of the ovaries, lungs, liver, kidneys, colon, and pancreas;
aortic aneurysms; and coronary artery disease. On the basis
of prior publications (57), the model considered that 90%
of participants had at least 1 positive finding but that only
2% had any of the aforementioned diseases detected. This
analysis showed that screening CT was associated with a
minimal gain in life expectancy of only 6 days (in an effort
to adjust for lead-time bias, the authors assumed that only
50% of the expected gain in survival was real and that 50%
was attributable to lead-time bias). The average cost per
screened individual was $2,513, and the incremental cost-
effectiveness ratio (dollar amount spent to improve out-
come) was $151,000 per year of life gained. The evaluation
of false-positive or equivocal findings accounted for more
than 30% of the total costs. Whereas these results depend
on the prevalence of the disease in the population studied
and on the diagnostic performance (sensitivity or specific-
ity) of the test itself, even under the most favorable as-
sumptions (similar sensitivity, specificity higher than that
published, and CT scan cost that is 50% of the published
cost), 1-time whole-body screening CT would not be cost-
effective compared with currently accepted medical inter-
ventions. Moreover, a large burden to the health care
system would result from the definitive assessment of
false-positive or equivocal CT findings. Therefore, CT
screening does not appear to be appropriate in a population
with an average risk for any of the 8 conditions. Like any
model or study, this one also has some limitations, but it
presents an honest effort to assess the effectiveness of CT
screening. The sobering news is that, despite heated propa-
ganda, the test may be nothing more than an expensive
exercise in futility.

ARGUMENTS AGAINST WHOLE-BODY SCREENING
WITH 18F-FDG PET

To place the debate over screening PET in the proper
context, it is worthwhile to recall some facts. The current
Medicare reimbursement for whole-body 18F-FDG PET is
about $2,000; free-market rates are somewhat higher. The
median household income in the United States in 2004 was
$44,389 (91). Therefore, we would expect that spending
money on screening PET is not a priority and would not be
considered reasonable for the majority of households in the
United States. Modeling studies such as the aforementioned
study for screening CT are not available for PET imaging.

All of the above-described financial considerations should
also be placed in the larger context of health care spending in
society as a whole. For instance, President Bush is currently
promoting plans for ‘‘consumer-directed health care,’’ which
would enable families to make annual, tax-deductible de-
posits into a personal health savings account. The official
goal is to put ‘‘consumers’’ in charge of their own health care,
thereby promoting both quality control and cost control in
the health care business. We find it entirely conceivable that
individuals motivated by true concern about their elevated
risk for cancer, but also those driven by curiosity, might want
to undergo whole-body screening tests. It may be overly
optimistic to expect that the average consumer could fully
grasp the intricacies of current debates on cancer screening.

Accordingly, a large number of unnecessary and expen-
sive screening tests might be done if individuals were
subjected to irrational and misleading advertisements for
screening PET or CT. Further, in 2006, the U.S. health
sector will absorb about one sixth of the gross domestic
product, a share projected to reach 18.7% by 2014 (92,93).
Although whole-body screening studies with CT or PET
may be paid for by consumers, subsequent evaluation of
false-positive and false-negative findings will likely burden
the health care system as a whole. Consider, then, that
about 21% of adults and 12% of children in the United
States are now without health insurance of any kind (94).
Given this background, we consider it unjustified to spend
the limited financial resources of the health care system for
the wrong purpose by conducting whole-body cancer
screening examinations of unproven benefit.

RADIATION DOSIMETRY CONCERNS

One of the criteria for a successful screening test is little
morbidity for nondiseased individuals. For CT or PET, this
criterion requires consideration of the radiation dose. The
biologic effect of radiation will vary with the specific kind
of radiation used and the distribution of the dose among
healthy organs. These factors are accounted for by calcu-
lating the effective dose (ED), S(radiation dose to organ i ·
relative biological effectiveness · tissue i weighting factor);
the unit is millisieverts.

The radiation dose from CT depends largely on 4 factors:
the exposure time (s), x-ray tube current (mA), tube voltage
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(kV), and table increment (or pitch). The absorbed dose, as
well as the ED, is proportional to the milliampere · seconds
(i.e., the product of the exposure time and the tube current)
and to the square of kilovolts. Most diagnostic studies will
be performed at 120–140 kV, whereas the tube current will
be adjusted according to the clinical question and the body
region. For instance, at many institutions, chest CT is per-
formed with a tube current of between 200 and 300 mA.
Low-dose CT for attenuation correction and basic anatomic
information (140 kV, 80 mA, tube rotation of 0.8 s per ro-
tation, pitch of 3:1) can be performed with an ED of 9 mSv
(95). The ED for 18F-FDG is 0.029 mSv/MBq, or 10 mSv
from 370 MBq of 18F-FDG (96). Accordingly, with the
aforementioned CT parameters and injection of 370 MBq
(10 mCi) of 18F-FDG, the ED equivalent for the entire
study will be about 19 mSv. Depending on the specific CT
protocol and the 18F-FDG activity, the ED equivalent for
whole-body PET/CT may range between 10 mSv (scout
view, low-dose CT with 120 kVp, 60 mA, and 370 MBq of
18F-FDG) and 25 mSv (same procedure but followed by a
diagnostic CT scan at 120 kVp and 200 mA) (97).

These doses can be compared with those for other radio-
logic tests that are used for screening purposes. For an
average coronary calcium scoring study with electron-beam
CT, the ED is between 0.7 mSv (98) and 1.3 mSv (99). The
ED is slightly higher when CT coronary angiography is per-
formed, variably estimated at 1.1 mSv (98) or at 1.5 mSv
for men and 2.0 mSv for women (99). The radiation dose
for cardiac studies is somewhat higher with multidetector
CT than with electron-beam CT, approaching 1.5–5.2 mSv
for men and 1.8–6.2 mSv for women for the purpose of
calcium scoring and 6.7–10.9 mSv for men and 8.1–13.0
mSv for women for the purpose of coronary angiography
(99). The typical dose for chest CT is in the range of 5–7
mSv (98), but a range of 3–27 mSv has been reported (100).
The typical dose for CT of the abdomen and pelvis is in the
range of 8–11 mSv (98). The estimated doses from whole-
body screening CT with multidetector CT are 11.6 mSv for
men and 13.5 mSv for women (101).

All of the above-described data should be interpreted in
the context of natural (nonmedical) background radiation.
According to NCRP (1987b) (http://www.ncrponline.org/
Publications/93press.html), the average natural radiation
dose in the United States is 3.6 mSv/y. Incidentally, the
ED for 1 round-trip transatlantic flight between New York
and Paris can be estimated at about 0.12 mSv. Man-made
radiation is generally believed not to be significantly harm-
ful as long as it does not exceed the average background
radiation level.

To place things in perspective, the International Com-
mission on Radiological Protection has suggested that there
is a real (stochastic) risk of 5% per sievert for inducing
malignancy from radiation exposure (102). This means that
5 of 100 individuals exposed to an ED of 1 Sv would develop
cancer. If this concept could be applied to lower-level
radiation exposure (a notion that is currently not proven),

then one would have to assume an additional 5 radiation-
induced malignancies among 100,000 individuals exposed to
an ED equivalent of 1 mSv/y. In our view, radiation from an
ever-increasing number of medical imaging studies is clearly
a concern, but in the overall debate about screening CT and
PET, it is only a minor contributing factor. If the efficacy of
these studies for reducing cancer mortality could be proven,
then concerns about radiation dose might be of lesser
importance as long as the principle of ‘‘as low as reasonably
achievable’’ is upheld. However, because there is currently
no such evidence, dosimetry concerns remain an additional
factor in cautioning against indiscriminate screening efforts.

LEGAL IMPLICATIONS

Marketing PET or CT as a screening tool for cancer
detection may have considerable legal ramifications (103–
105). Apart from misdiagnosis and oversight of findings in
the screening scan, such procedures may also include com-
plications as part of follow-up studies, which may prove
unnecessary, or the lack of recommendation for follow-up
(106); technical parameters of how the PET or PET/CT
study was acquired may also be considerations (107). There-
fore, it would appear wise for institutions offering screen-
ing PET or PET/CT to obtain at least comprehensive
informed consent from interested individuals.

BELIEFS VERSUS FACTUAL EVIDENCE

In a recent survey in the United States, 87% of partic-
ipants stated their belief that routine cancer screening is
almost always a good idea and that earlier cancer detection
saves lives (108). Similarly, 68% of women believe that
screening prevents or reduces the risk of contracting breast
cancer (109). In preparation for writing this article, we con-
ducted a (nonscientific) survey among residents, fellows,
technologists, and pharmacists within the Nuclear Medicine
Service at Memorial Sloan-Kettering Cancer Center, asking
the following questions: Do you think that whole-body PET
screening is effective in detecting cancer at an early, poten-
tially curable state? Should whole-body 18F-FDG PET be
marketed as a screening study to healthy, asymptomatic
individuals? Would you be willing to have a whole-body
18F-FDG PET screening examination? All 20 participants
answered the first question with ‘‘yes.’’ Although nobody
seemed to favor marketing PET or PET/CT as a screening
tool to the public, at least 14 individuals were curious
enough to undergo a screening PET examination if it were
offered to them at no cost (1 additional fellow stated ‘‘yes,
if I were over the age of 50’’). It is likely that similar results
would be obtained if this survey were presented to a larger
group of health care professionals.

Although curiosity can enhance the quest for diagnosis
and innovation, it is often not recognized that subjecting
patients (or asymptomatic individuals) to unnecessary test-
ing and treatment carries its own risk. Apart from the initial
costs, testing may result in further expense and harm as an
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explanation for false-positive results is pursued, producing
a cascade effect resembling a ‘‘chain of events (which)
tends to proceed with increasing momentum, so that the
further it progresses, the more difficult it is to stop’’ (110).
Physicians sometimes pursue equivocal or simply unclear
findings in the hope of finding the ‘‘right answer.’’ Yet, as
noted by the previous editor of the New England Journal of
Medicine, ‘‘absolute certainty in diagnosis is unattainable,
no matter how much information we gather, how many
observations we make, or how many tests we perform’’
(111). Although this statement was made in reference to ex-
cessive diagnostic testing, it applies just as well to screen-
ing efforts. Underlying motives for excessive testing
(screening) may include pressure from peers and supervi-
sors, the convenience with which a test can be ordered,
demands by the patient or family, and the desire to avoid
malpractice claims. Physicians themselves may be curious
about test results or ignorant about the test (screening)
characteristics; some may simply have financial interests
(advertisement of screening CT or PET in the news media).
In many cases, excessive testing, including unnecessary
screening, may detect abnormalities, the majority of which
will have no bearing on the patient’s health status (e.g.,
lung granuloma) but which will trigger a number of sub-
sequent (imaging) studies. Above all, it must be realized
that ‘‘however large the risk reduction [from screening],
risk will remain’’ (112).

SIMPLE FINAL MESSAGE CONCERNING PET IN
CANCER SCREENING

It is clear that PET and PET/CT can detect subclinical
cancers as well as a number of other clinically important or
potentially important conditions, such as an abdominal
aortic aneurysm. Negative 18F-FDG PET results may reas-
sure curious healthy individuals that no obvious, clinically
relevant cancer is present, as long as the malignancy in
question is known to be 18F-FDG avid. However, negative
18F-FDG PET results cannot exclude small malignancies of
any kind (but those may be clinically irrelevant at the time
of the test) and cannot exclude the presence of certain
malignancies with known low 18F-FDG uptake (e.g., BAC,
small primary prostate cancers with a low Gleason score,
and mucinous pancreatic or ovarian neoplasms). Stated
simply, it is probably better to have negative rather than
positive PET screening test results. Positive or equivocal
PET screening test results will require further evaluation,
and many findings will in fact be false-positive findings. It
is possible that PET/CT would perform better than either
imaging modality alone in the screening setting; for in-
stance, PET might demonstrate lesions in bone marrow or
small lesions overlooked by CT; conversely, CT might
identify abnormalities not seen on PET because of low
18F-FDG uptake or high background activity. Nevertheless,
small lesions or those limited to the mucosa might still be
undetected. Neither whole-body CT nor whole-body PET
or PET/CT can be applied in a cost-effective manner to the

general population. Whether either test can be effective and
cost-effective for cancer screening in certain high-risk
groups remains to be determined. However, at present it
is largely unclear which subgroup of individuals might
benefit from these tests. Moreover, far from being the
ultimate screening test, screening PET or PET/CT may
prove to be a treacherous endeavor and open a Pandora’s
box of undesirable issues.

PET AND PET/CT IN SURVEILLANCE OF PATIENTS
WITH CANCER

Different from the application of PET for screening is its
use in the surveillance of patients with cancer after suc-
cessful treatment of the primary disease with curative
intent. The results of such efforts, if published at all,
usually are based on a retrospective analysis of clinical
imaging studies. Unless a clear algorithm has been estab-
lished, these studies are often ordered at an arbitrary
schedule, sometimes on the basis of symptoms and some-
times not. However, limited evidence suggests that PET
imaging for surveillance may be more sensitive and perhaps
more accurate than either clinical examination or other
imaging studies. For instance, Lowe et al. used 18F-FDG
PET in the surveillance of patients who had head and neck
squamous cell carcinomas and who were considered to be
at high risk for recurrence on the basis of the biological
factors of the primary tumors (113). Sixteen of 30 patients
developed recurrence in the first year after therapy; all
recurrences were identified by 18F-FDG PET, and for 5 pa-
tients, PET was the only test to show the recurrent disease.
A similar application of PET or PET/CT would likely also
be useful in the surveillance of patients with aggressive
lymphoma (114) and bone and soft-tissue sarcomas.

CONCLUSION

18F-FDG PET and PET/CT can detect subclinical cancers
in some individuals, but many pertinent questions remain
unanswered. On the basis of the limited reliable data
available, it is impossible to assess the efficacy of PET
and PET/CT for cancer screening. No firm recommendation
can be given, but it is unlikely that these tests can be used in
a meaningful and cost-effective manner for population-wide
cancer screening. Future studies will have to investigate the
potential use of PET as a screening tool in well-defined
populations and in a disease-specific manner. In a some-
times emotional debate, it is important to remember that the
real benefit from screening is derived from earlier initiation
of treatment, not simply earlier detection of cancer. To
avoid biases inherent in many screening studies, the desired
outcome from earlier treatment should be a measurable de-
crease in cancer mortality. Because it is difficult to convey
the risks and potentially misleading comforts associated
with screening tests to the general population, it is even
more important to demand reliable data before recommend-
ing a new, expensive screening modality. For now, it would
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seem appropriate that institutions offering screening PET or
PET/CT counsel participating individuals regarding the
limitations and potential risks (limited sensitivity, detection
of false-positive findings requiring further evaluation, and
radiation dose) of the test. Despite limited data, we foresee
a potential role for PET/CT as a surveillance tool in well-
defined, high-risk patients with cancer; this test may prove
effective and, by eliminating other imaging studies, perhaps
also cost-effective in the early detection of recurrent ma-
lignancies.
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Imaging with 18F-FDG PET is increasingly accepted as a valuable
tool for lymphoma management. A recent shift in the use of PET
and PET/CT in medical practice has become evident. We se-
lected aggressive lymphomas as a platform for the discussion
of these imaging modalities in oncology patients and the result-
ing management questions. Methods: On the basis of our clini-
cal experience and a review of the literature, we evaluated the
emerging role of 18F-FDG PET in staging, response assessment,
risk stratification, and tailored therapy. We explored the biologic
meaning of true-positive or true-negative PET results in assess-
ing tumor killing and the implications for risk-adapted therapy of
lymphoma. Results: PET/CT improves the accuracy of staging
and response assessment over that of conventional anatomic
imaging. The strong prognostic value of PET for aggressive lym-
phomas is established, whether the imaging is performed at the
end of therapy or after only a few cycles of chemotherapy. How
to modify therapy on the basis of PET results is not yet estab-
lished, although it is clear that high-risk patient subsets can be
reliably identified. Conclusion: PET/CT improves the accuracy
of staging and response assessment over that of CT alone. A
negative midtreatment PET result does not indicate the absence
of a viable tumor or that therapy can be abbreviated or reduced in
intensity. Similarly, a positive PET result does not necessarily in-
dicate a viable tumor or that extending or intensifying treatment
will benefit the patient. In assessing response, it is possible that
prognosis rests not only on whether the PET result is positive or
negative but also on the intensity of the signal. Although the prog-
nostic value of PET for lymphoma is now clear, how to tailor ther-
apy accordingly is a separate matter that requires further
investigation.

Key Words: PET; PET/CT; lymphoma; prognosis; response

J Nucl Med 2007; 48:19S–27S

Metabolic imaging with 18F-FDG PET has recently
come to the forefront of cancer management. This change
has been quite pronounced for both Hodgkin’s lymphoma
and non-Hodgkin’s lymphoma (NHL).

In patients with lymphoma, the size of a mass is only
somewhat indicative of the number of viable tumor cells,
especially after therapy. Metabolic imaging with 18F-FDG
PET provides a more reliable measure of cancer burden, as
the intensity of uptake reflects the number of viable cancer
cells (1,2). PET addresses this and other limitations of ana-
tomic methods of staging and response assessment. Accord-
ingly, in the past few years, the clinical applications of PET
and PET/CT for lymphoma have evolved from staging to
response assessment and now to response-adapted therapy.

STAGING

18F-FDG PET improves the detection of occult splenic
disease (3), bony lesions, and small tumor foci over that of
CT and is superior to 67Ga scintigraphy for the detection of
infradiaphragmatic disease (4). However, because of par-
tial-volume effects, PET may fail to detect tumors that are
smaller than the spatial resolution of the scanner and may
incorrectly estimate their sizes (5,6). As a functional imag-
ing tool, PET also may not permit the precise localization
of lesions. Consequently, nontumoral 18F-FDG uptake (e.g.,
that attributable to physiologic uptake, infection, or inflam-
mation) may be less readily distinguishable from and may
be misinterpreted as tumor.

PET combined with CT, however, provides complemen-
tary information. PET/CT allows more precise anatomic
localization as well as more reliable tumor measurements.
Such images have usually been acquired separately, but ded-
icated fusion scanners are becoming more widely available.
CT generates anatomic maps or full-quality diagnostic
scans and attenuation correction data for PET (7), thereby
improving diagnostic accuracy (8,9). For example, in an
analysis of 48 discordant sites on dedicated combination
scans, PET was determined to be correct in 83% of cases, of
which 78% involved a site with positive PET but negative
CT results often attributable to small lesion size (7).

The contribution of PET to the primary staging of lym-
phoma has been established (10). PET complements but
cannot replace bone marrow biopsy for lymphoma (11,12).
Compared with anatomic imaging, metabolic imaging often
correctly leads to either upstaging or downstaging in approx-
imately 10%–40% of patients with Hodgkin’s lymphoma or
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NHL, variably influencing management (Fig. 1) (7,10). For
lymphoma, metabolic imaging is particularly important in
distinguishing disseminated disease from localized disease
that might be amenable to irradiation. It cannot be over-
emphasized, however, that one should not defer urgent
treatment initiation (such as that for symptomatic or highly
aggressive lymphomas) to obtain a PET or PET/CT scan.

RESPONSE ASSESSMENT

Residual, even bulky masses after therapy completion are
frequent in both Hodgkin’s lymphoma and NHL but cor-
relate poorly with survival (13). Masses often do not regress
completely after adequate (curative) treatment because of
fibrosis and necrotic debris. The anatomic response cate-
gories of ‘‘complete remission unconfirmed’’ or ‘‘clinical
complete remission’’ were created in recognition of the
problem that, particularly in patients with lymphoma, ana-
tomic response criteria often underestimate the chemother-
apeutic effect. However even patients described as having
stable disease by conventional anatomic criteria may be
cured. It has been demonstrated that adding PET to post-
therapy CT is especially useful in identifying which of
these patients have achieved satisfactory functional remis-
sion (5,14).

It therefore makes sense to adopt a response classifica-
tion for lymphoma that integrates tumor size and metabolic
response. The reasons are many and include the improved
accuracy of PET/CT over that of CT alone (8,9), the ability
of metabolic imaging to help differentiate viable tumor

from fibrosis or necrosis in residual masses (15), and the
prognostic and potential therapeutic implications. Addition-
ally, changes in tumor size can be slow and may not reflect
the real-time treatment effect.

Such a classification was recently proposed for aggres-
sive NHL (5). This classification combines traditional
(largely anatomic) response definitions with the PET result,
which is scored as ‘‘completely negative’’ or ‘‘positive.’’ On
retrospective analysis, these new criteria predicted progres-
sion-free survival more accurately than traditional anatomic
response criteria (5). These criteria are an important step
forward and require validation in prospective studies. Inte-
grated response criteria are similarly needed for Hodgkin’s
lymphoma.

However, a central and as-yet-unresolved question is
how and when to best define a metabolic response. Con-
ventional response criteria can be easily standardized be-
cause they are based on relatively straightforward tumor
measurements (16). However, 18F-FDG uptake is not binary
but lies on a continuum, as does tumor size (Fig. 2). The
prognostic implications were illustrated in an analysis of
midtreatment PET for NHL (17), in which patients with
minimal residual uptake had survival outcomes intermedi-
ate between those of patients with positive scan results and
those of patients with negative scan results (Table 1).

An arbitrary designation of positive or negative results is
attractive for formulating standardized metabolic response
criteria as well as for planning clinical trials in which
treatment is modified on the basis of the PET result.

FIGURE 1. PET/CT for staging of Hodgkin’s lymphoma. CT
showed involvement only in right neck. PET/CT (A: coronal
views; B: transverse views; MIP 5 maximum-intensity projec-
tion) showed that normal-size (9-mm) upper mediastinal lymph
node was clearly metabolically active, changing stage from I to
II. This finding is relevant if consolidative radiation after
chemotherapy is planned. Incidental normal scalene muscle
uptake was noted on coronal PET.

FIGURE 2. Defining positive PET results after treatment. After
3 cycles of chemotherapy for NHL, midtreatment PET/CT
showed persistent, metabolically active disease in mediastinum
(enhancing rim with central necrosis [arrow] in A; nodular
pattern in B). After BMT in clinical trial, PET/CT showed
decreased but persistent metabolic activity (C) compatible with
either inflammation or residual malignancy, raising questions
about management and prognosis. Uptake was in location of
prior residual mass and was cephalad and distinct from thymus.
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However, the reproducibility of the response designation
may be compromised if it is based on qualitative (visual)
criteria. Quantitative or semiquantitative measures, such as
standardized uptake values, although more complex and
time-consuming, are potentially highly reproducible (23).
A clear cutoff for an adequate (clinically meaningful) reduc-
tion in the standardized uptake value remains to be defined
in large trials (24) and may vary on the basis of tumor his-
tology and type of treatment. It should be noted, however,
that conventional anatomic response definitions are also quite
arbitrary and are not based on strong outcome data (6).

RISK STRATIFICATION AND RESPONSE ASSESSMENT

Midtreatment (interim) 18F-FDG PET has emerged as a
powerful prognostic tool that complements and is more
informative than established prognostic indices for lym-
phoma (19,25).

PET and PET/CT have clearly enhanced the ability to
risk stratify patients. Independent groups have established
that 18F-FDG PET, whether performed after treatment (at
the completion of all therapy) (18,26) or midtreatment (af-
ter only a few cycles of chemotherapy) (17,19) for aggres-
sive NHL, is highly predictive of progression-free and overall
survival. In patients with newly diagnosed NHL, represen-
tative studies have demonstrated disease progression rates
of 71%–100% if the midtreatment PET scan result is
regarded as positive but only 8%–16% if the midtreatment
PET scan result is regarded as negative (Table 1). Time to
treatment failure also tends to be significantly shorter in pa-
tients with a persistently abnormal midtreatment PET result
(Table 1). For example, in patients with NHL, the median
times to treatment failure have been found to be 1.5–10 mo
in patients determined to have a positive midtreatment PET
result and 24–35 mo if the midtreatment PET result is de-
termined to be negative (17,19).

More recently, dedicated studies of midtreatment PET
for Hodgkin’s lymphoma were also published (Table 2).
The negative predictive value of midtreatment PET (i.e., the
probability of patients with negative PET results achieving
durable remission) has been consistently high (at least 94%).
Notably, however, the positive predictive value (i.e., the
probability of patients with positive PET results having
disease progression) has been quite variable (approximately
62%–90%).

Survival outcomes depend not simply on whether the
PET result becomes negative but also on the rapidity with
which it happens. Of particular clinical significance is that
most patients who have lymphoma and who achieve dura-
ble remission will have negative PET results after the first
few (2–4) chemotherapy cycles. In fact, the kinetics of the
metabolic response during even the first week of chemo-
therapy have been found to be prognostic (29). PET thus
permits the earlier identification of high-risk patients
(Fig. 3) and could shape individualized, response-adapted
therapy.

RESPONSE-ADAPTED THERAPY

It has become increasingly clear that PET, whether per-
formed midtreatment or after therapy completion, brings
new meaning to the definition of an adequate therapeutic
response. The management implications are many. How-
ever, to better understand the role of PET as a measure of
lymphoma treatment effectiveness, a brief discussion of the
biology underpinning the clinical observations is in order.

Meaning of Midtreatment or Posttreatment PET Results

Cancers are usually not diagnosed until they reach a size
of 10–100 g, or 1010–1011 cells (Fig. 4). In the idealized
setting, external-beam radiation and cytotoxic chemother-
apy kill cancer cells by first-order kinetics; that is, a given
treatment dose will kill the same fraction, not the same
number, of cancer cells regardless of the size of the tumor
(30). Thus, a dose of therapy that produces a 90% (1-log
unit) reduction in tumor mass will have to be repeated at
least 10 times to eliminate a newly diagnosed cancer (ob-
viously ignoring immunologic effects that could potentially
improve treatment efficacy or resistant subpopulations of
cancer cells that would worsen it). Moreover, cure of lym-
phoma with 6 cycles of therapy, assuming no interval
regrowth, requires at least 1.5 log units of tumor cell
killing per cycle, or a 99.9% reduction in the number of
viable cancer cells after 2 cycles. The limit of resolution of
18F-FDG PET for detecting lymphoma generally ranges
between 0.5 and 1.0 cm (7,31), which translates to a tumor
size of approximately 0.1–1.0 g, or 108–109 cells. It there-
fore follows that PET likely can only measure the first 2–3
log units of tumor cell killing, depending on the initial size
of the tumor (Fig. 4).

Accordingly, a true-positive PET scan result at the end of
6 cycles of therapy likely signifies that the cancer is resis-
tant because probably fewer than 2 or 3 log units of tumor
cells have been eliminated. Conversely, a true-negative PET
scan result at the end of therapy might be expected to have
less predictive value because the tumor cell killing could be
quite heterogeneous, including patients whose tumors were
completely eliminated and those whose tumor cell killing
was as small as 2 log units. Whereas a negative PET scan
result at the end of treatment is probably not able to dis-
tinguish between 2 and 10 log units of tumor cell killing, a
midtreatment scan may be able to do so. Because a true-
positive PET scan result at the end of 2 cycles of therapy
suggests that fewer than 2 or 3 log units of tumor cells have
been eliminated, it is unlikely that the 10 or 11 log units
needed for cure will be eradicated by 6–8 cycles. A true-
negative PET scan result after 2 cycles of therapy implies
the opposite; that is, the rate of tumor cell killing for this
lymphoma is sufficient to produce cure (Fig. 4).

False-Positive Results

Relatively common potential causes of false-positive
readings on 18F-FDG PET for lymphoma patients include
inflammation, infection, supraclavicular adipose tissue
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(brown fat) (32), thymic hyperplasia (thymic rebound), and
bone marrow uptake attributable to granulocyte colony-
stimulating factors. Experienced interpreters and the use of
PET/CT likely can reduce but not totally eliminate false-
positive readings on initial imaging or imaging after therapy.

Timing of Metabolic Imaging

The optimal number of cycles before midtreatment PET
and the optimal interval between last treatment and PET are
matters of debate. After chemotherapy, a minimum 10-d
window has been advised to permit the chemotherapeutic
effect and to bypass transient fluctuations in 18F-FDG

FIGURE 4. Kinetics of tumor cell killing and relationship to
PET. Line B represents minimum rate of tumor cell killing that
would lead to cure. Line A represents even more brisk tumor
response that would produce cure after only 4 cycles of
chemotherapy. Both of these lines would be associated with
negative PET scan results after 2 cycles of chemotherapy. In
contrast, line C represents rate of tumor cell killing that would
be associated with negative PET scan results after 4–6 cycles of
chemotherapy but would not produce cure. Importantly, PET
scan results for line C would be positive after 2 or 3 cycles.

FIGURE 3. PET/CT for early risk stratification. Midtreatment
PET/CT after 3 cycles of chemotherapy for diffuse large B-cell
lymphoma showed dramatic anatomic response (baseline
imaging not shown) but persistent metabolic activity in multiple
mediastinal and para-aortic lymph nodes. Despite modification
of chemotherapy in clinical trial, 2 mo later patient developed
abdominal pain and was found to have fulminant disease
progression (not shown). MIP 5 maximum-intensity projection.
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uptake that may occur early after treatment, that is,
‘‘stunning’’ of tumor uptake (2).

Most of the outcome data for PET after treatment are
from studies involving chemotherapy; relatively few data
are thus far available for patients treated with radiation,
radioimmunotherapy, or other biologic therapies. Longer
and more variable intervals (spanning weeks to months)
have been advised after radiation therapy (33), because
tumor response is more gradual and because inflammation
can confound the PET result. The optimal timing is not yet
known and may depend on the radiation dose (33). The
time course of the metabolic response to radioimmunother-
apy has begun to be defined for lymphoma (34).

Histologic Evaluation

The clinical utility of 18F-FDG PET depends on the path-
ologic subtype but not necessarily on the grade of tumor
(12). For example, in 1 series, 18F-FDG PET detected
98% of follicular (low-grade) lymphomas but only 67% of
marginal-zone lymphomas (which are also low grade) (12).
Most of the PET data are for B-cell lymphomas, as T-cell
lymphomas are comparatively rare.

Classical Hodgkin’s lymphoma deserves special consid-
eration in this regard. In NHL, as in most solid-tumor
malignancies, the bulk of the tumor is composed of malig-
nant cells. Curiously, in Hodgkin’s lymphoma, typically
less than 1% of the tumor mass comprises malignant cells;
the remainder is a benign inflammatory infiltrate. Thus, the
PET signal almost certainly originates not only from the
malignant cells but also from the infiltrating lymphocytes
that comprise the bulk of the tumor. This PET signal that
originates from infiltrating lymphocytes is expected to
affect overall 18F-FDG uptake before as well as after treat-
ment. The variable positive predictive value of PET for
Hodgkin’s lymphoma (Table 2), as opposed to NHL, may
simply be attributable to the relatively small number of
high-risk patients but may also reflect this difference in
tumor histology.

MANAGING POSITIVE POSTTHERAPY PET RESULTS

Whereas there are defined approaches to managing re-
lapsing or refractory lymphoma, how to manage positive
PET results in an otherwise ‘‘responding’’ patient is not
established and is the basis for ongoing and emerging trials.
Certainly, positive PET results after the completion of
therapy raise concern, and it may be tempting to extend
or escalate therapy in patients with such results. However, it
is not yet known which management strategies are most
likely to translate into a clinical benefit. For the purposes of
illustration, we consider several scenarios involving posi-
tive posttreatment PET results outside a clinical trial.

Extending Course of Chemotherapy

Viable lymphoma that persists despite 6 cycles of CHOP
(cyclophosphamide-doxorubicin-vincristine-prednisone) or
ABVD (doxorubicin-bleomycin-vinblastine-dacarbazine)

treatment is very likely to be inherently resistant to that
regimen. This conclusion is based on the kinetics of tumor
killing (30). Therefore, it is doubtful that additional cycles
of the same chemotherapy will benefit a patient, even if
there has been a seemingly brisk response on the basis of
CT criteria.

Adding Radiation

Because of its cumulative late toxicities and questionable
impact on overall survival, the role of consolidative radiation
for Hodgkin’s lymphoma and NHL is controversial. This is
particularly the case for bulky or limited-stage disease. There
is promise for PET/CT in helping to guide not only radiation
planning but also the decision to use radiation.

Let us assume that, after a full course of chemotherapy,
residual 18F-FDG uptake in a mediastinal mass is known
to represent viable tumor rather than inflammation. It is
possible that radiation therapy may eradicate disease that
has persisted despite a full course of chemotherapy. On the
other hand, such disease may very well be radioresistant as
well as chemoresistant; thus, consolidative radiation would
increase the risk of therapeutic toxicities without signifi-
cantly reducing the tumor burden. These toxicities, in turn,
could complicate future and potentially curative treatments,
such as blood or marrow transplantation (BMT). For
example, pulmonary function in a patient with Hodgkin’s
lymphoma may deteriorate because of the combined insult
of bleomycin and radiation.

Chemoresistance and radioresistance coexist commonly
in patients with relapsing lymphoma. For example, salvage
radiation is less likely to be beneficial for Hodgkin’s lym-
phoma that relapses early (less than 1 y) after chemotherapy
(35), and it is not uncommon for disease to recur in a
previously irradiated site. It follows that there may be even
less benefit to the use of radiation for disease that remains
18F-FDG avid after a full course of chemotherapy. Efforts are
needed to better guide patient selection in this regard. Outside
a clinical trial, one should not assume that radiation is the
natural next step for eradicating residual lymphoma.

Intensifying Treatment with BMT

High-dose therapy with autologous BMT is superior to
nonmyeloablative therapy for patients with relapsing aggres-
sive NHL, but only provided that the disease is chemosen-
sitive (i.e., first responds to a trial of salvage chemotherapy)
(36). The benefit of early transplantation (in first remission)
is a matter of debate but is most apparent in high-risk
patients (37). Because of the morbidity, the 5%–8% mor-
tality rate, and the expense of autologous BMT, better ways
of selecting patients for this intensive approach are needed.
Traditionally, such patients have been stratified on the basis
of validated prognostic indices (38); however, these are
population-based, rather than patient-specific, parameters.
Given the prognostic power of PET, it is possible that
PET/CT may help to optimize patient selection for BMT.
For example, early BMT could be avoided in patients who
were identified as high-risk patients by standard prognostic
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indices but whose PET results became negative after 2 or 3
cycles of chemotherapy.

In the nonprotocol setting, we would not advocate BMT
solely on the basis of a residually positive PET scan result
after first-line therapy. This is because the positive predic-
tive value of PET is not 100%. Because of the clinical
consequences, we would first advocate either biopsy con-
firmation of disease persistence or follow-up radiographic
assessment to confirm disease progression.

It has been appreciated that PET has significant prog-
nostic value when performed before transplantation
(39,40). Metabolic imaging before transplantation has thus
expanded the concept of chemosensitive or chemoresistant
relapse (39). Because of relatively poor outcomes, skepti-
cism has been generated about the appropriateness of BMT
for patients who have persistently positive PET results after
salvage nonmyeloablative chemotherapy. However, although
it is tempting to regard a PET result as positive or negative
for the purposes of treatment decisions, there clearly is a
continuum. It is possible that lymphoma with ‘‘mild’’ 18F-
FDG uptake may be less resistant (and hence more ame-
nable to cure) than lymphoma with intense uptake. The
effectiveness of BMT, then, may rest not only on whether
the PET result is positive but by how much. Because such a
scenario is unlikely to be an all-or-nothing situation, we
would not deny patients BMT solely on this basis. Indeed,
some of these patients may stand to benefit most from
treatment intensification.

MANAGING NEGATIVE PET RESULTS

What about de-escalation of therapy on the basis of nega-
tive PET results? It should be emphasized that, in studies to
date, patients with negative midtreatment PET results and a
favorable outcome still completed a full course of therapy.
Some may find it tempting to shorten the chemotherapy
course or omit consolidative radiation therapy if an interim
PET result is regarded as negative. Data are not yet avail-
able to support this approach, although trials are ongoing or
planned.

It is also critical to keep in mind that a negative PET
result does not necessarily indicate total eradication of
disease (Fig. 5). Rather, as discussed previously, it simply
implies a certain amount of cell killing. Thus, patients with
true-negative midtreatment or posttreatment PET results
represent a heterogeneous group in terms of relapse risk.

INDIVIDUALIZED THERAPY BASED ON PET OR PET/CT

We propose a conservative algorithm for integrating PET/
CT into the management of aggressive lymphomas on the
basis of available published data. The addition of PET is
certainly helpful in staging and improves diagnostic accuracy
but should not unduly delay prompt initiation of treatment if
such is indicated. In our experience, it is generally very
helpful to obtain a baseline PET study for future comparison.
At present, for early therapy monitoring and risk stratifica-

tion, midtreatment PET/CT is best obtained in the context of
a clinical trial, because of the great uncertainties about how to
manage the results. It is, however, clear that a true-positive
midtreatment PET result is associated with a significantly
increased risk of treatment failure.

PET/CT can be more routinely considered after therapy
completion to document the depth of remission. Before-
hand, however, one should consider whether and how the
information will influence patient management. Outside a
clinical trial, if a PET result after therapy is positive but
there is otherwise no evidence of persistent or progressive
disease, other confirmation of disease persistence should be
sought before treatment is modified. One option is to obtain
a biopsy of the suspected lesion. However, this option may
be risky, impractical, or impossible, depending on the site.
An attractive, noninvasive alternative is to wait and reassess
soon afterward with repeat imaging (e.g., repeating PET or
PET/CT in 1 or 2 mo).

FIGURE 5. PET/CT for monitoring response and remission
status. After 4 cycles of chemotherapy for peripheral T-cell
lymphoma (baseline imaging not shown), PET/CT (A) was
negative for active disease, and patient completed 2 more
cycles. Two months after therapy completion, worrisome symp-
toms developed, and PET/CT (B) showed multiple 18F-FDG–avid
lymph nodes above and below diaphragm. CT at that time was
not definitively abnormal but at 2 mo later showed definitive
tumor progression. This case indicates that negative PET after
treatment does not mean absence of active tumor and also
indicates how PET/CT can be more sensitive than CT for
detecting early recurrence. MIP 5 maximum-intensity projection.
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Uptake on 18F-FDG PET commonly precedes the devel-
opment of morphologically or clinically evident disease
progression (Fig. 5). At present, however, the role of PET/
CT rather than CT for routine surveillance is still in evolu-
tion. One must weigh the added expense and radiation
exposure of sequential PET/CT scans and also consider the
particular clinical situation. The clinical impact of detecting
relapse early depends on the types of treatment available
(palliative vs. curative) and the biology of the lymphoma
(indolent vs. aggressive). For example, early detection is
less important for patients with indolent NHL treated with
palliative rather than curative intent. On the other hand, re-
lapse of a highly aggressive lymphoma is best detected early,
so as to permit the institution of therapy before clinical
deterioration occurs. Potentially curative therapies, such as
BMT, may also be available, as in patients with diffuse large
B-cell lymphoma or Hodgkin’s lymphoma. Because radio-
graphic surveillance is advised for aggressive lymphomas,
PET/CT may have an expanding role for patients with such
lymphomas.

Because the management implications are potentially
great, the importance of the oncologist clarifying a positive
PET finding with the radiologist cannot be overemphasized.

CONCLUSION

The integration of PET and PET/CT adds a new dimen-
sion to response and risk assessment in lymphoma. There is
potential not only to improve the outcomes of suboptimally
responding patients through earlier intervention but also to
spare low-risk patients from overly aggressive treatments.
Thus, more precise tailoring of the treatment plan to the
individual patient on the basis of the PET/CT result should
be feasible.

Many of the diagnostic and management questions con-
sidered here are relevant to other tumor types. For instance,
how positive is positive after treatment? What constitutes
an adequate metabolic response? What is the appropriate
threshold for changing management on the basis of a mid-
treatment or posttreatment PET result? Given the many
potential causes of a false-positive or false-negative PET
result and until more clinical data emerge, a conservative
strategy seems best in the nonprotocol setting. The prognos-
tic value of PET for lymphoma has been established, and the
next step is to define how to use this information to optimize
patient outcomes. Ideally, through the use of PET/CT, the
choice of therapy, its intensity, and its duration will become
better suited to the biology of the individual patient.
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Early detection of recurrence is clinically important and can im-
prove the prognosis and survival of patients with cancer. CT,
considered the primary method of investigation because of its
low cost and widespread availability, provides high-resolution
anatomic details but may underestimate the actual tumor burden
by overlooking small tumor clusters in areas of distorted anatomy
after treatment. 18F-FDG PET is an effective whole-body imaging
technique that detects metabolic changes preceding structural
findings. However, the specificity of PET is impaired by false-
positive or equivocal results attributable to the lack of precise an-
atomic landmarks and to sites of increased 18F-FDG uptake of
nonmalignant etiology. PET/CT provides fused images that dem-
onstrate the complementary roles of functional and anatomic as-
sessments in the diagnosis of cancer recurrence through the
precise localization of suspected 18F-FDG foci and their charac-
terization as malignant or benign. In addition to the accurate di-
agnosis and definition of the whole extent of recurrent cancer,
PET/CT has an impact on patient management because it can
assist in defining potential candidates for surgery for cure, plan-
ning the appropriate surgical or radiotherapy approach, and re-
ferring patients with unresectable disease to other therapeutic
options.
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Early diagnosis of relapsing malignancies is important
for planning future therapeutic strategies which, if initiated
without delay, aim either to cure or to prolong disease-free
survival and to improve the quality of life of patients with
cancer. Although it is commonly appreciated in the on-
cologist community that there is a gap between diagnostic
capabilities and the curative treatment options for relapsing
cancer, a variety of therapeutic strategies can be applied for
recurrent malignancies. The correct and timely identifica-
tion of local–regional recurrence or of a single metastasis

will affect the choice of definitive, often curative ther-
apy, such as surgery, innovative ablation procedures, or
3-dimensional intensity-modulated radiotherapy, preceded by
aggressive systemic chemotherapy regimens when indi-
cated. A relevant example is the case of colorectal cancer,
in which early detection of local recurrence or liver metas-
tases, at a stage when still resectable, can provide up to
40% long-term survival with treatment (1). Patients with
limited disease and treated for cure have a better prognosis
and prolonged survival. The diagnosis of disseminated
recurrence indicates that curative resection, often mutilat-
ing, or the administration of high doses of radiation is likely
to be more detrimental than helpful. Systemic treatments,
such as chemotherapy, hormones, immunotherapy, or
radioimmunotherapy, need to be considered in these
situations.

The diagnostic armamentarium for the detection of
recurrent tumors includes a multitude of laboratory and
imaging tests as well as various invasive procedures. Tumor
markers are biologic substances that are produced and
secreted by malignant tumors and that enter the circulation
in detectable amounts. Ideally, if tumor specific and if de-
tectable in the presence of minimal disease, these markers
could be used to screen, diagnose, and monitor the response
to the treatment of cancer.

At present, tumor marker measurements are used mainly
for the assessment of recurrent malignancies. Rising levels
in serum can precede the detection of overt disease by other
diagnostic modalities, with a time interval that may range
from a few months to 2 y (2–4). However, significant
drawbacks limit the clinical usefulness of tumor marker
measurements. A progressive increase in circulating tumor
marker levels is suggestive of but not definitive for the
diagnosis of a recurrence. Although increasing tumor marker
levels may be the earliest indication of recurrent cancer,
with high levels being measured in malignancies with
various histologies, false-positive results may be found in
some benign and physiologic conditions as well (5,6). On
the other hand, a large proportion of patients with further
proven recurrent tumors, such as colorectal cancer, may
have normal blood marker levels (7,8).
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Rising marker levels do not indicate the localization of
cancer. No correlation has been found between levels in
serum or velocity of rising marker levels and the extent
of recurrent disease, a clinical parameter with a major
impact on the further choice of the appropriate treatment
modality (5). The routine use of tumor marker measure-
ments has not led to a substantial improvement in the
survival of patients with malignancies such as colorectal
or ovarian cancer (5,9). If the tumor sites cannot be
detected, then further investigation of the abnormal results
of this test will involve sophisticated technology and
invasive procedures and may increase the level of a
patient’s anxiety.

When recurrent cancer is clinically suggested, localiza-
tion is of utmost importance for planning the appropriate
management strategy and is based, as a rule, on conven-
tional imaging procedures, such as CT, MRI, or ultrasound.
Diagnosis of recurrent malignancy by high-resolution ana-
tomic imaging modalities is based on the detection of a new
abnormal mass or a change in the size of a known lesion
caused by renewed cancer growth (8,10).

CT is the primary tool for the clinical routine evaluation
of patients with suspected recurrence because of its avail-
ability and relatively low cost, despite its rather low sen-
sitivity and specificity for the follow-up of tumors after
therapy (11). Although it is considered by surgeons to be
the gold standard for assessing the resectability of cancer
(12), CT may significantly underestimate the real tumor
burden, leading to unnecessary surgery, often mutilating
and with wide margins (13). Between 60% and 90% of
patients with colorectal cancer, rising carcinoembryonic
antigen (CEA) levels, and negative CT results had viable
tumors at surgery, with only about half of them being
resectable (14,15). Up to 50% of patients considered suit-
able for curative surgery on CT are found to have un-
resectable, disseminated disease during surgery (14).

CT criteria for malignancy that are based on size, such as
the presence of enlarged lymph nodes with a diameter of
15 mm or more, have been shown to represent an inaccurate
estimate of tumor involvement (13). New lesions detected
on follow-up CT studies can be the expression of recurrent
malignant disease or of inflammatory conditions. Fibrotic
or necrotic tissue that develops inside a tumor mass after
treatment cannot be differentiated by CT from a viable
malignant tumor (16). CT results are particularly difficult to
interpret in regions with distorted anatomy after surgery or
radiation treatment (15).

Diagnosis of cancer by PET after the injection of 18F-
FDG is based on the increased use of glucose by viable
malignant cells. Abnormal cancer-related 18F-FDG uptake
is attributable to metabolic alterations and increased gly-
colysis that occur in malignant tissues. 18F-FDG PET is
extensively used for the detection of recurrent cancer. PET
has the ability to scan the whole body including, as a rule,
the area from the head to the midthighs, without exposing
the patient to additional radiation and therefore improves

the rate of detection of recurrent cancer. The potential to
demonstrate the presence of extensive disease can lead to a
reduction in further morbidity and expenses related to
unnecessary radical treatment (17).

Cancer-related metabolic abnormalities usually precede
structural changes and are readily detected by PET (17,18).
PET is a highly sensitive imaging test for the detection of
occult recurrences, such as those seen in colorectal cancer
(14,19). A meta-analysis including 11 studies with 577
patients showed that 18F-FDG PET had an overall sensi-
tivity of 97% and a specificity of 75% for the diagnosis of
recurrent colorectal cancer (20). For recurrent ovarian
cancer, the sensitivity of PET ranged between 80% and
94% and the specificity ranged between 75% and 84%
(10,18).

However, even when PET is used as the initial diagnostic
modality in patients with a clinical suggestion of recur-
rence, there appears to be no significant decrease in the
number of further diagnostic procedures performed. Al-
though PET, as a stand-alone modality, performed well for
the diagnosis of colorectal tumor recurrence in a patient-
based analysis, with a sensitivity of 86% and a positive
predictive value of 96%, these same performance indices
were significantly lower in a lesion-based analysis, 57%
and 78%, respectively, mainly because of the relatively
large number of lesions defined as equivocal or inconclu-
sive (14). Although cancer relapse can be diagnosed by
PET months and even years before it becomes evident on
CT, the detection of early 18F-FDG–avid metabolic changes
caused by recurrent tumors is impaired by the intrinsic
limitations of this imaging modality. Small tumors may be
missed, and increased tracer uptake also may be of phys-
iologic or benign etiology (6,19). In patients with known,
previously treated cancer, in particular, increased 18F-FDG
uptake may be associated with treatment-related inflamma-
tory conditions (21,22). In addition, PET has a relatively
high interobserver variability. A comparison of PET results
from 2 independent readers showed differences in the
interpretation of approximately 7% of the studies with
suspected sites of recurrent cancer (23). False-positive or
inconclusive PET reports often require additional confir-
matory, at times invasive, examinations.

PET and CT may yield incongruent findings. Each
modality offers only a partial solution for the diagnostic
challenges of the early detection of recurrent cancer and the
precise assessment of its extent. Hybrid PET/CT provides
the precise anatomic localization of areas of increased 18F-
FDG uptake and combines structural and metabolic assess-
ments of pathologic processes during a single diagnostic
session (Fig. 1) (24–26). Simultaneously available anatomic
and functional data define the presence, localization, and
extent of cancer and are more sensitive and specific than
either PET or CT data alone. The topographic coordinates
of CT are of major significance for further tissue sampling,
particularly in the presence of small hypermetabolic foci
suggestive of recurrent tumors (Figs. 2 and 3). PET/CT is a
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valuable tool for determining whether a patient is a poten-
tial candidate for surgery with curative intent, for planning
or optimizing the surgical approach, for planning localized
radiotherapy, or for the referral of patients with extensive
disease to systemic treatment options.

PET/CT has been reported to improve the localization
of up to 1 in 3 malignant lesions diagnosed on PET and to
define the malignant nature of up to 1 in 6 hypermetabolic
foci detected on PET with no associated structural changes
on CT (25). In the absence of anatomic lesions, biopsy of
abnormalities detected only by PET is difficult to perform.
Tissue samples are, however, mandatory to confirm the
suspected relapse and to start new treatment (27). The
alternative strategy of relying only on observation and
clinical follow-up of findings suggestive of relapse may
result in a missed opportunity to resect and cure limited
disease (11).

Unexpectedly at first, PET/CT has shown an additional
benefit. Through mapping of abnormal PET findings on the
CT component of the combined study, previous CT exam-

inations that were analyzed de novo showed up to 15%
additional, previously missed malignant lesions that were
only retrospectively detected (25). The significant improve-
ments in CT technology in recent years have provided
exquisite anatomic details but, probably because of the
large amounts of data that must be examined, may lead to
misinterpretations, even when imaging studies are per-
formed at the highest imaging standards (28).

PET/CT adds a new dimension to the management of
cancer by optimizing the accurate decision-making process.
Precise diagnosis followed by appropriate treatment
choices has a significant impact on the cost of cancer
management, especially through avoidance of superfluous
expensive diagnostic procedures. The planned therapeutic
path may be obsolete in a particular patient, and knowing
this spares discomfort and side effects resulting from
unnecessary treatment and also shortens the time for refer-
ral to a more appropriate treatment strategy. Better presur-
gical identification of the subgroup of patients who may
benefit from curative resection or a radical course of
radiotherapy improves the risk-to-benefit ratio as well as

FIGURE 1. PET/CT precisely localizes suspected foci of
abnormal 18F-FDG uptake for diagnosis and estimation of
extent of recurrence. A 66-y-old man with colon cancer, stage
C, after surgical removal of primary tumor, was assessed for
recurrence suggested by elevated levels of CEA serum marker.
Results of CT scan performed 2 wk before present examination
were negative. (A) 18F-FDG PET study (coronal slices) demon-
strates foci of abnormal 18F-FDG uptake in right and middle
abdomen. (B) Transaxial slices at level of these findings show
paramedian left and right abnormal 18F-FDG foci seen on PET
(left), localized by PET/CT (center) to slightly enlarged para-
aortic lymph nodes, as demonstrated on CT (right), consistent
with metastatic lymphadenopathy. (Focus of increased 18F-
FDG uptake in right abdomen is localized by PET/CT to
physiologic bowel activity.) On basis of these findings, chemo-
therapy regimen was changed from adjuvant protocol to drug
combination used for treatment of metastatic disease. At
follow-up 5 mo later, tumor markers had returned to normal,
and repeat PET/CT results were negative. Patient is being
reevaluated for consideration of consolidation radiotherapy to
area of involved lymph nodes.

FIGURE 2. PET/CT detects and characterizes pattern of
metastatic spread. An 80-y-old woman with ovarian cancer,
after surgery and chemotherapy, was assessed for recurrence
suggested by elevated levels of CA-125 tumor marker. CT scan
performed 16 d before present examination showed inconclu-
sive findings in liver and renal cysts. (A) 18F-FDG PET study
(coronal slices) demonstrates focal area of increased tracer
uptake (marker) in right upper abdomen, adjacent to right
kidney. (B) Transaxial slices at level of this suspected lesion
show focus of increased 18F-FDG uptake on PET (left), localized
by PET/CT (center) to mass (4 cm in diameter) in close proximity
to duodenum, as demonstrated on CT (right). On basis of
detection of single site of recurrence, it was decided to embark
on curative approach, and patient was referred for surgery.
Peritoneal metastasis was completely removed, and no other
sites of disease were found in abdominal cavity. At follow-up 6
mo later, tumor marker had returned to normal levels, repeat
PET/CT results were normal, and there was no evidence of
active malignancy.
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the cost-to-benefit ratio in the therapeutic decision-making
process for recurrent cancer.

Hybrid PET/CT opens new pathways for the optimized
management of recurrent cancer. Being able to work with
one of the first PET/CT devices in a routine clinical setting
(Discovery LS; GE Healthcare), both nuclear medicine
physicians and clinical teams involved in patient care over
the last 5 y at our center accumulated extensive experience
in the use of hybrid imaging of cancer. For the purpose of
this contribution, we reviewed the referral criteria and
number of PET/CT studies performed at our center over
the last 2 y. During the period from 2004 to 2005, we
performed 4,100 PET/CT studies in patients with solid
tumors. In 1,055 of these patients (26%), the cause for
referral was the suggestion of recurrent cancer on the basis
of clinical, laboratory, or prior imaging findings. The most
frequent types of tumors referred for suspected relapse or
for restaging of a newly diagnosed recurrence included
lung and breast cancers, malignancies of the gastrointesti-
nal tract (mainly colorectal cancer), gynecologic tumors

(mainly ovarian), and tumors of the head and neck. Al-
though, as stated previously, this is a summary of data at a
single institution, we believe that the data represent, at least
in part, generally used current referral patterns.

The following text is a partial summary of specific issues
related to the role of hybrid imaging in the evaluation of
recurrent disease of various types of malignancies.

COLORECTAL CANCER

Colorectal cancer is one of the most frequent malignan-
cies in the Western world. Approximately one third of
patients with newly diagnosed colon cancer will develop
liver metastases. Liver metastasectomy is the only thera-
peutic option for cure. A meta-analysis comparing the
performances of CT, MRI, and 18F-FDG PET for the di-
agnosis of colorectal liver metastases in over 3,000 patients
evaluated in 61 studies concluded that PET had a signifi-
cantly higher sensitivity than both CT and MRI in a patient-
based analysis. However, a lesion-based analysis showed
similar performances for all of the modalities (29).

Detection of the presence of liver metastases is not the
only important criterion for treatment planning. Defining
the precise extent and localization of disease is of major
significance. A study by Selzner et al. (30) comparing
contrast-enhanced CT and PET/CT in patients with colo-
rectal cancer metastatic to the liver concluded that both
modalities had similar performances for the diagnosis of
hepatic metastases, with sensitivities of 95% and 91%,
respectively. However, hybrid imaging proved superior for
the diagnosis of recurrent disease at the site of or in close
proximity to previous hepatic surgery, with a specificity of
100% (vs. 50% for contrast-enhanced CT), as well as for the
diagnosis of recurrence at the site of the primary tumor.
PET/CT also had a superior rate of detection of extrahepatic
dissemination, with a sensitivity of 89%, compared with a
64% sensitivity for CT. The surgeons (coauthors of Selzner
et al. (30)) indicated that PET/CT is now their diagnostic
imaging modality of choice for assessment of the resectabil-
ity of liver metastases in patients with colorectal cancer (30).

PET/CT also has been described, although in small series
of patients, as a useful diagnostic test for the detection of
residual or recurrent tumor after radiofrequency ablation
of liver metastases in patients with colon cancer (31). If
confirmed in larger cohorts, these initial encouraging re-
sults will provide additional evidence for the clinical utility
of PET/CT in the assessment of patients with metastatic
colorectal cancer.

Local recurrence of rectal cancer develops in approxi-
mately one third of patients undergoing curative resection,
and early diagnosis is essential. With appropriate treatment,
local control and relatively long-term survival can be
obtained in one third of patients. PET/CT was shown to
play an important role in the accurate diagnosis of presacral
recurrence, mainly because of the exclusion of the pres-
ence of active malignancies in almost one half of suspected

FIGURE 3. PET/CT defines whole extent of recurrence in areas
with complicated anatomy showing changes after treatment. A
46-y-old woman with breast cancer, after right mastectomy 9 y
ago, presented with local recurrence and was referred for PET/
CT study for treatment planning. (A) 18F-FDG PET study (coronal
slices) demonstrates area of intense 18F-FDG uptake in right
breast, consistent with known local recurrence. Additional small
focus of slightly increased tracer uptake is seen in anterior chest
wall (marker). (B) Transaxial slices at level of this equivocal 18F-
FDG focus on PET (left) show that focus is localized by PET/CT
(center) to lymph node in right internal mammary chain (9 mm in
diameter), retrospectively identified on CT (right). After these
PET/CT findings were obtained, patient was started on hormone
therapy with aromatase inhibitor letrozole (Femara; Novartis).
On basis of PET/CT findings, radiotherapy was planned to
include internal mammary chain, in addition to irradiation of axilla
and supraclavicular fossa. After completion of external radiation,
patient received 192Ir brachytherapy implant. At 30 mo after
therapy, patient was without evidence of disease, and PET/CT
results were negative.
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18F-FDG foci localized by fused images to displaced nor-
mal organs (32). In a study including 51 patients, PET/CT
had an accuracy of 88% for the diagnosis of recurrent
colorectal cancer, compared with a 71% accuracy for PET.
Software-based coregistration of PET and CT failed in 24%
of the same study population and therefore should not be
considered a routine clinical alternative approach (33). In
an additional study, the overall PET/CT performance for
recurrent colorectal cancer in the abdomen, the liver, and
extraabdominal sites showed a sensitivity of 89%, a spec-
ificity of 92%, and an accuracy of 90% (34). The metabolic
information provided by PET and superimposed on topo-
graphic CT landmarks optimized subsequent surgical and
radiation treatment planning by differentiating surgical scar
from recurrence and by precisely localizing malignant
tissue and delineating its boundaries (35).

The current principal clinical indications for PET/CT in
recurrent colorectal cancer at our institution include restag-
ing for patients in whom a single site or limited disease has
been diagnosed by other imaging modalities, confirming
disease resectability before definitive surgery, and assessing
suspected occult recurrence in patients with rising tumor
marker levels (mainly CEA), with abnormal clinical symp-
toms, or with equivocal conventional imaging results.

OVARIAN CANCER

Ovarian cancer spreads early during the course of disease
by direct extension and at a later stage by intraperitoneal
seeding and by lymphatic and hematogenous routes. Omen-
tal and peritoneal implants as well as splenic and bowel
involvements are common (36). Imaging diagnosis of
regional or distant metastases is difficult, and interpretation
of PET, in particular, may be suboptimal if malignant foci
are localized in the vicinity of nonspecific bowel uptake,
hydronephrotic kidneys, or dilated ureters. The specificity
of PET is lower than its sensitivity, ranging between 54%
and 86% (36).

PET/CT overcomes most of these limitations. Several
studies have reported high performance indices for the use
of PET combined with CT in the assessment of recurrent
ovarian cancer (37–39). In 1 of these studies, for example,
PET/CT had a sensitivity of 88%, a specificity of 71%, and
an accuracy of 85% for the early diagnosis of recurrent
ovarian malignancies (38). PET/CT was also able to detect
more malignant sites than was PET or CT alone (40).
Hybrid imaging differentiates between adjacent sites of
physiologic and malignant 18F-FDG uptake and defines the
pattern of metastatic peritoneal seeding, otherwise a diag-
nostic imaging challenge, sparing unnecessary invasive
diagnostic and therapeutic procedures in patients with
extensive disease (Fig. 2).

We perform PET/CT studies for patients with newly
diagnosed recurrent ovarian cancer mainly to improve the
surgical planning of resectable disease. Another frequent
clinical indication is the suggestion of recurrence by rising

levels of tumor markers (mainly CA-125) in the presence of
a negative clinical examination.

BREAST CANCER

Breast cancer is the most frequent malignancy in women.
Follow-up for the early detection of recurrence is important
because the 5-y survival of patients with disseminated
disease is significantly shorter than that of those who have
only regional disease. A meta-analysis involving over 800
patients in 16 publications indicated that PET had a mean
sensitivity of 93% and a mean specificity of 82% for the
diagnosis of recurrent breast cancer (41). The availability of
various new therapies for relapsing breast cancer makes
early detection as well as determination of the extent of
disease and its precise localization of utmost importance.

Initial data regarding the particular role of PET/CT in
breast cancer have indicated an improvement in the accu-
racy of restaging of recurrent disease from 79% with PET
to 90% with PET/CT; these results have only marginal
statistical significance (42). PET/CT, however, increased
the diagnostic confidence in approximately one half of the
evaluated patients with breast cancer (43). PET/CT may
precisely localize and thus characterize foci of increased
18F-FDG uptake in the chest wall (Fig. 3). It plays an
important role in the diagnosis of bone metastases, provid-
ing information regarding the presence or absence of
structural skeletal lesions on CT as well as their degree of
metabolic activity (44–46). Following the increased clinical
use of serum tumor marker measurements, noninvasive
PET/CT can decrease the time lag between diagnosis and
treatment of relapsing breast cancer and therefore increase
the chances for cure or long-term palliation (47).

Patterns of referral for PET/CT in breast cancer include
patients with elevated levels of tumor markers (mainly CA-
15-3, mucin-like carcinoma–associated antigen and, less
frequently, CEA or CA-125), patients with local recurrence
or single brain metastases for which resection is considered,
exclusion of disseminated disease, and patients with diffuse
pain and negative conventional imaging study results.

LUNG CANCER

Lung cancer is monitored early after surgery for the
diagnosis of treatment-related complications. Later during
the course of the disease, patients enter a monitoring program
for detecting recurrence. Early diagnosis of local relapse and
mainly of a second primary lung cancer may enable poten-
tially curative treatment or effective palliation (48). CT is
limited in its capabilities to distinguish between nonspecific,
inflammatory, treatment-related changes and malignancies
(49,50). 18F-FDG PET has a high sensitivity but a lower
specificity because of increased tracer accumulation in irra-
diated tissues and inflammatory changes after surgery.

PET/CT improves the diagnosis of recurrent lung can-
cer and has an impact on subsequent management and
treatment planning. Compared with PET as a stand-alone
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procedure, PET/CT increased the true-positive rate from
75% to 89% and had calculated positive and negative
predictive values of 89% and 93%, respectively. More
important, PET/CT changed the management of 29% of
patients by resulting in the elimination of previously plan-
ned diagnostic procedures, by resulting in the initiation of a
previously unplanned treatment option, or by inducing a
change in the planned therapeutic approach (51).

The main PET/CT referral patterns in this category in-
clude patients with single known sites of recurrence in the
torso or single brain metastases for the assessment of their
resectability status, and patients for whom conventional
imaging modalities, mainly CT, show abnormal but unclear
findings at sites of previous surgery or radiation.

CANCER OF HEAD AND NECK

Cancer of the head and neck requires precise discrimi-
nation of local–regional recurrence from inflammation after
radiotherapy or surgical scar. This task is challenging
because of the presence of persistent, significant edema
after treatment, regardless of the presence of active malig-
nancy. Biopsy for tissue sampling is associated with high
morbidity. The trauma of multiple invasive procedures in
heavily irradiated tissue may lead to radionecrosis or
superimposed infection and failure to heal.

The region of the head and neck is characterized by very
complex anatomy. 18F-FDG is physiologically present in
normal structures such as vocal cords, cervical muscles, or
activated brown fat in the neck and shoulder girdle and is
taken up by inflammatory changes in recently irradiated
areas. PET has been shown therefore to produce a relatively
high ratio of false-positive results in studies performed
because of suspected recurrent head and neck cancer (52).
Hybrid imaging may decrease the incidence of false-positive
results. PET/CT was reported to determine the precise
localization of approximately two thirds of foci of abnormal
18F-FDG uptake in the region of the head and neck, with a
significantly higher incremental value in patients previously
treated with surgery or radiotherapy than in those with newly
diagnosed tumors. PET/CT had an impact on management in
18% of patients (52).

In carcinoma of the larynx in particular, laryngeal edema
that persists after radiation treatment confronts the surgeon
with a diagnostic dilemma, with recurrent cancer being
found in 50% of patients. Laryngeal biopsy is the diagnos-
tic gold standard but can cause additional edema, radio-
necrosis of cartilage, and impairment of airways requiring
tracheotomy and is confounded by up to 30% false-negative
results. A positive PET/CT study can accurately guide a
biopsy to the hypermetabolic foci in an edematous larynx
and achieve 2 goals: decreasing tissue-sampling errors and
avoiding damage to nonmalignant normal but edematous
laryngeal structures. PET/CT was recently reported to have
a sensitivity of 92% for the detection of recurrent cancer of
the larynx (53). PET/CT had a significant impact on patient

care and modified the further diagnostic or treatment
strategy in 59% of patients with laryngeal cancer, mainly
by eliminating previously planned invasive diagnostic pro-
cedures. The performance of PET/CT in patients with
laryngeal cancer was even better for the diagnosis of distant
metastases, with an accuracy of 100%, probably because
treatment-related changes are not encountered outside the
cervical region (53).

The main clinical indications for PET/CT in this group of
tumors differ from most scenarios described for other types
of tumors. The presence of severe anatomic distortion after
surgery and the reluctance to perform biopsy in heavily
irradiated tissues have defined the noninvasive PET/CT
procedure as the first diagnostic step in patients with
clinically suggested recurrence of head and neck malig-
nancies. Patients are referred for PET/CT mainly to eluci-
date the etiologies of local–regional edematous changes, of
newly palpable cervical lymphadenopathy on physical
examination, and of new or persistent clinical symptoms.

THYROID CANCER

Thyroid cancer is monitored mainly with measurements
of serum thyroglobulin, with the first suggestion of recur-
rence being based on the presence of increasing marker
levels. The next diagnostic step in this group of patients is
total-body radioiodine scintigraphy which, if abnormal,
indicates the need for high-dose radioiodine treatment.
Patients with non–iodine-avid recurrent thyroid cancer pose
a therapeutic dilemma because they will not respond to 131I
treatment. Patients with a single resectable metastasis have
the best chances for long-term survival. Ultrasound may
reliably detect regional recurrence in the neck and direct
the resection of cervical sites. 18F-FDG is taken up by
metastatic non–iodine-avid thyroid cancer as a result of a
tumor dedifferentiation process, and PET therefore pro-
vides important prognostic information (54). Initial studies
in small series of patients showed PET/CT to be superior to
either PET or CT alone for approximately 25% of patients
by identifying recurrent tumors or metastatic lymphade-
nopathy before surgery (55). PET/CT had a reported sen-
sitivity of 66% and a specificity and a positive predictive
value of 100% for the diagnosis of recurrent thyroid cancer.
Despite a lower negative predictive value, PET/CT pro-
vided additional, previously unknown information that
altered further management in 40% of patients (56). An-
other study reported similar results for patients with iodine-
negative suspected recurrence of thyroid cancer, with an
improved diagnostic accuracy of PET/CT of 93%, com-
pared with an accuracy of PET of 78%. In addition, fused
images led to a change in management in 48% of patients
(57). Initial observations in a small series of patients sug-
gested that stimulation with thyroid-stimulating hormone
before hybrid imaging may further improve PET/CT re-
sults, including those in patients with only slight to mod-
erate increases in thyroglobulin levels (58).
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The main clinical indications for PET/CT in this category
at our institution include all patients who have well-
differentiated thyroid cancer, who have a suspected recur-
rence because of rising thyroglobulin levels, and who have
negative 131I whole-body scintigraphy results. Less fre-
quent indications include palpation of newly enlarged cer-
vical lymph nodes or further assessment of the nature of
single pulmonary nodules detected by CT.

CONCLUSION

In the early years, PET and CT were regarded as com-
peting procedures, and much effort was invested into
comparing and proving their respective advantages and
limitations. The medical community has now come to the
understanding that neither of these modalities can provide
the single answer to complex clinical questions. PET/CT, a
single-step metabolic and structural whole-body imaging
procedure, is being advocated, and rightly so, as the tool of
the future in challenging clinical scenarios, such as early
diagnosis and restaging of recurrent cancer (59).

The ultimate measurement of the clinical value of a new
diagnostic test is the assessment of its impact on further
patient management. Although PET has been confirmed
as a good and effective test for the diagnosis of cancer
recurrence, hybrid PET/CT appears to be the better tool for
the estimation of tumor extent. PET/CT may therefore
allow for optimized planning of the surgical approach or
radiotherapy fields and dosage as well as for the referral of
patients with disseminated disease to palliative treatment
modalities. Although this technique has already been
applied at a limited level, large-scale randomized trials
addressing the clinical utility of PET/CT may lead to a
change in the routine diagnostic algorithm and follow-up
protocols for patients with cancer by providing correct and
early diagnosis of recurrence as well as by establishing its
precise significance for further clinical management.
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Monitoring Cancer Treatment with PET/CT:
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PET with the glucose analog 18F-FDG is increasingly being used
to monitor the effectiveness of therapy in patients with malignant
lymphomas and a variety of solid tumors. The use of integrated
PET/CT instead of stand-alone PET for treatment monitoring
poses some methodologic challenges for the quantitative analy-
sis of PET scans but also provides the opportunity to integrate
morphologic information and functional information. This inte-
gration may allow the definition of new parameters for assess-
ment of the tumor response and will also facilitate the use of
PET in research studies as well as in clinical practice. This review
addresses how CT-based attenuation correction may affect the
quantitative analysis of 18F-FDG PET scans and summarizes
the results of recent studies with PET/CT for treatment monitor-
ing for lung cancer and gastrointestinal stromal tumors. The re-
view concludes with an outlook on how PET/CT could make a
difference in drug development and clinical management for pa-
tients.
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itoring; patient outcome
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Within the last 5 y, PET/CT (1) has almost replaced
stand-alone PET for imaging of patients with cancer, and
there is little doubt that in the near future, most oncologic
PET will be PET/CT. PET/CT improves the anatomic
localization of abnormalities identified by PET and reduces
the number of false-positive studies by facilitating identi-
fication of the physiologic accumulation of 18F-FDG in nor-
mal organs, such as skeletal muscles or the genitourinary
tract. One source of false-positive findings with 18F-FDG
PET, metabolically active brown adipose tissue, had not
even been identified until PET/CT became available. Sev-
eral studies have now indicated that for a variety of cancers,
PET/CT has significantly higher staging accuracy than PET
or CT alone. Perhaps most importantly, the anatomic infor-
mation provided by PET/CT has made it much easier to

communicate 18F-FDG PET findings to referring physi-
cians and has markedly improved their confidence in the
test results. In summary, tumor staging by PET/CT has
many advantages and no apparent disadvantages compared
with tumor staging by stand-alone PET.

The situation is different for the quantitative analysis of
18F-FDG PET scans and treatment monitoring. For these
purposes, PET/CT also offers several potential advantages,
but there are also some technical challenges that may limit
the accuracy of PET/CT for assessing treatment effects.
The major concern is that CT-based attenuation correction
may be inaccurate because of differences in the photon
energies used for PET and CT, misregistration of the PET
and CT datasets, and the administration of contrast agents.

In this review we first discuss potential methodologic
challenges in the use of PET/CT for treatment monitoring.
The second part of the review addresses how PET/CT may
improve evaluation of the tumor response by combining
anatomic information and functional information. Both
parts attempt to address the question of whether data anal-
ysis and image interpretation are different for PET/CT and
PET. In the third part of the review, we summarize the
results of recent studies with PET/CT for treatment mon-
itoring. Because the number of such studies is still very
limited, it is currently not possible to draw firm conclusions
about whether PET/CT makes a difference. Therefore, this
review concentrates on general concepts for the use of
PET/CT and not on specific results for individual tumor
types. In other words, it addresses whether PET/CT can make
a difference rather than answering the question of whether
PET/CT does make a difference. Concepts for the use of
PET/CT in drug development and clinical practice are dis-
cussed in the fourth part of this article. This part addresses
whether monitoring tumor response by PET/CT imaging
can make a difference in drug development or clinical prac-
tice. To avoid overlap with other, current reviews on treat-
ment monitoring with PET (e.g., 2–5), we do not aim to
provide in this article an overview of the diagnostic per-
formance of PET for assessing the tumor response in various
diseases; instead, we specifically address how PET/CT may
be integrated in drug development and disease manage-
ment. Although many tracers may be used for PET/CT in
the future, this review discusses only 18F-FDG PET/CT,
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because there are currently only very limited published data
on the use of PET/CT for treatment monitoring with tracers
other than 18F-FDG.

METHODOLOGIC CHALLENGES OF PET/CT

With PET/CT, attenuation maps generated from CT scans
are generally used to correct PET emission scans for photon
attenuation. CT-based attenuation correction provides sev-
eral important advantages for clinical PET but also poses
some methodologic challenges for the quantitative analysis
of PET studies and monitoring of the effects of therapy.

With stand-alone PET, attenuation correction is generally
achieved by transmission scans with positron-emitting ra-
dioactive sources (6). Because of the limited counting rate
capability of PET detector systems, these scans need to be
acquired over several minutes to obtain sufficient count sta-
tistics for the generation of accurate attenuation maps. The
segmentation of transmission images has allowed a signif-
icant reduction in the duration of a transmission scan, but
the duration of the transmission scan (about 2–3 min per
bed position) still significantly contributes to the overall
duration of a whole-body PET study. Furthermore, trans-
mission data can be contaminated by the 511-keV photons
emitted by the PET tracer, resulting in underestimation of
the true photon attenuation in areas with high radioactivity
concentrations, such as the bladder or tumors with very
high levels of tracer uptake (6).

All of these limitations of attenuation correction with
radioactive sources are eliminated by CT-based attenuation
correction. A whole-body CT scan with a multidetector sys-
tem lasts only a few seconds. The duration of a whole-body
PET study can therefore almost be halved by CT-based
attenuation correction. Furthermore, the much higher pho-
ton flux of CT reduces the noise of attenuation maps and
eliminates underestimation of the photon attenuation caused
by contamination of the transmission data with emission
photons.

However, the much shorter duration of the CT scan can
also result in significant misregistration of PET and CT
images. Although PET images are averaged over several
breathing cycles, CT scans are acquired during a single
breathing cycle. Consequently, the positions of the lungs
and liver are likely to differ between PET and CT images,
resulting in incorrect attenuation correction of the PET
emission data.

In addition, PET uses monoenergetic 511-keV photons,
whereas the x-ray tube of a CT scanner emits a spectrum of
photons with an effective energy of approximately 70 keV.
Because of this difference in photon energies, the attenu-
ation coefficients derived from CT images need to be scaled
appropriately to be used for attenuation correction of PET
images (7). This process is not straightforward, because the
scaling factors are dependent on the tissue type; therefore,
CT images need to be segmented before they can be used
for attenuation correction of the PET data. Several studies

have evaluated how misregistration of PET and CT images
because of respiratory motion and scaling of the attenuation
correction factors influences the qualitative and quantitative
analyses of PET scans with 18F-FDG. The results of these
studies are briefly summarized in the following sections.

Misregistration of PET and CT Image Data

If a CT scan is acquired during maximum inspiration,
then the position of the diaphragm on the CT images will
be up to several centimeters lower than it is on the PET
images. In this situation, if the CT scan is used to correct
the PET emission data for photon attenuation, then the
measured activity concentration in the upper regions of the
liver will be underestimated, because photons are attenu-
ated more significantly by liver tissue than by lung tissue
(8). Acquiring CT scans during expiration significantly re-
duces the misregistration of PET and CT images, because
during a normal respiratory cycle, the chest is in the expi-
ratory position much longer than it is in the inspiratory
position (8). However, the midexpiratory position of a
normal breathing cycle may be difficult to reproduce volun-
tarily during CT acquisition. In 1 study with midexpiratory
CT scans for attenuation correction, the misalignment of
the diaphragm on PET and CT scans was more than 1 cm on
50% of the scans and more than 2 cm on 34% of the scans.
For lung tumors ranging in size from 0.9 to 2.3 cm, this
misalignment resulted in an underestimation of 18F-FDG
uptake by up to 50% (9).

Because of the difficulties in reproducing the average
midexpiratory position during CT studies, many centers are
currently using shallow free breathing for the acquisition of
CT scans (10). The average respiratory movement of lung
tumors during shallow breathing has been reported to be
on the order of 2 mm in the mediolateral and anterior–
posterior directions, whereas craniocaudal movement is, on
average, 4 mm (11). However, the degree of respiratory
movement varies significantly with the location of a tumor
(12), with significantly more craniocaudal respiratory move-
ment occurring in the lower lung fields (mean 6 SD, 12 6

6 mm) than in the upper lung fields (2 6 2 mm). Larger
lesions that are attached to the chest wall or vertebral
bodies demonstrate only minimal movement. Nevertheless,
for small pulmonary lesions, respiratory gating or respira-
tory averaging of CT scans can significantly improve
the accuracy of quantitative measurements in 18F-FDG
PET/CT studies (9,13).

Scaling of CT-Based Attenuation Coefficients and
Influence of Contrast Agents

The attenuation of photons by a given material depends
on their energy and the density of the material. High-energy
photons are attenuated less than low-energy photons, and
high-density materials attenuate photons more efficiently than
low-density materials. However, attenuation is also influ-
enced by the effective atomic number (Z) of the material.
At the energy levels of CT, photons primarily interact
through photoelectric effects, whose likelihood is proportional
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to Z4. In contrast, the 511-keV annihilation photons used
for PET are almost exclusively attenuated by Compton
scattering, which shows little dependence on Z. This means
that materials with a high Z attenuate CT photons much
more efficiently than the 511-keV photons emitted during
positron decay, whereas differences in photon attenuation
are much smaller for materials with a low Z (7). For
example, at 70 keV (the effective mean energy of photons
emitted by a 140-kVp x-ray source), the mass attenuation
coefficient of water is 1.8 times higher than it is at 511 keV.
For calcium, however, the attenuation coefficient is 4 times
higher at 70 keV than at 511 keV. For iodine, the ratio of
the attenuation coefficients at 70 and 511 keV is more than
36 (7,14). Therefore, it is not feasible to scale CT images
with a single factor to generate a correct attenuation map
for 511-keV photons. It is necessary to segment a recon-
structed CT scan into different tissue types (with different Z
values) and then use the appropriate scaling factor for each
individual tissue type. Errors in the segmentation process
cause incorrect attenuation correction factors and result in
incorrect quantitative data in the attenuation-corrected PET
emission scan.

Studies have shown that it is sufficient to segment CT
images into 3 tissue types (air, water, and bone) to generate
an accurate attenuation map for PET from CT images (7,15).
However, in the presence of CT contrast agents, this ap-
proach results in incorrect attenuation correction factors,
because the attenuation of the 511-keV photons by the con-
trast agents is overestimated as a result of their high Z values
and the resulting high level of attenuation of the x-ray
photons (16). Therefore, the true activity concentration in
contrast agent–filled blood vessels is overestimated (16). In
contrast-enhancing tumors, a similar effect has been ob-
served, but studies have suggested that, on average, the
increase in the measured tumor 18F-FDG uptake is small
(14,17–19). Nevertheless, in individual lesions, larger vari-
ations have been reported (14,19). For accurate measure-
ments of tumor 18F-FDG uptake, it may therefore be
preferable to acquire a low-dose non–contrast-enhanced
CT scan for attenuation correction before the PET emission
scan is acquired and to obtain a separate, contrast-enhanced
(diagnostic) CT scan after the PETemission scan is obtained.

Combining Anatomic Information and Functional
Information with PET/CT

Quantitative parameters derived from PET studies are
generally based on activity concentrations. For example,
standardized uptake values (SUVs) describe the ratio be-
tween the activity concentration in the tumor and the (hypo-
thetical) activity concentration in the whole body, if the
radioactivity were homogeneously distributed throughout
the patient. Similarly, metabolic rates describe the amount
of glucose metabolized per gram of tissue per unit of time.
Therefore, tumor growth or shrinkage does not necessarily
affect SUVs or metabolic rates, because a tumor could
grow or shrink without a change in the metabolic rate per

gram of tissue. As a consequence, SUVs or metabolic rates
only incompletely capture the tumor response to therapy,
because they do not reflect total tumor metabolic activity
but instead reflect metabolic activity per gram of tissue.

To overcome this limitation, Larson et al. proposed sev-
eral years ago (20) that the metabolic rate or SUV of a
lesion be multiplied by its volume to obtain ‘‘total lesion
glycolysis.’’ In untreated tumors with high levels of glucose
metabolic activity, it is frequently straightforward to esti-
mate tumor volumes in PET by including voxels with an
activity concentration above a certain threshold in the tumor
volume. During or after treatment, however, it can be
challenging to determine tumor volumes in PET, because
contrast between the tumor and surrounding normal tissues
is frequently low and no clear tumor borders can be iden-
tified. With integrated PET/CT, it is now possible to mea-
sure the tumor volume in CT and multiply this volume by
the SUV measured in PET to obtain total lesion glycolysis.

Multiplying tumor volume and 18F-FDG uptake is only
1 of several approaches to combining morphologic infor-
mation and anatomic information for a better assessment of
the tumor response. For example, it has been shown for
esophageal cancer that changes in the tumor volume 2 wk
after the start of chemotherapy are significantly correlated
with the histopathologic tumor response (21,22). Therefore,
it will be important to determine in future studies whether
early metabolic and volumetric changes provide indepen-
dent prognostic information and whether the accuracy of
response prediction by 18F-FDG PET can be improved by
defining response criteria that are based on metabolic and
volumetric changes. Integrated PET/CT greatly facilitates
such studies (23), because PET and CT scans are acquired
during the same imaging session (Fig. 1).

FIGURE 1. 18F-FDG PET/CT studies in patient with soft-tissue
sarcoma of right thigh. Patient was treated with presurgical
chemotherapy, and histopathologic analysis revealed 95%
treatment-induced necrosis. This finding was reflected by
marked decrease in tumor 18F-FDG uptake. Quantitatively,
tumor SUV decreased from 10.0 to 1.0. In contrast, there was
no major change in tumor size on CT (arrows).
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In addition to measurements of changes in tumor size,
CT information may be used to improve partial-volume
correction of quantitative parameters derived from PET
images. Currently, the most commonly used approach for
partial-volume correction is to assume that the tumor is
approximately spheric, demonstrates homogeneous tracer
uptake, and is located in a homogeneous background.
Under these assumptions, the ‘‘true’’ radioactivity concen-
tration in the tumor can be calculated by dividing the
background-corrected activity concentration in the tumor
by the recovery coefficient of a sphere of the same size
(24). These simple assumptions may be appropriate in some
clinical situations, such as a solitary pulmonary nodule
surrounded on all sides by lung tissue. Frequently, however,
tumors have an irregular shape and background activity is
heterogeneous. In a patient with a pulmonary mass located
close to the mediastinum, defining background activity can
be quite arbitrary, because one can choose either the medi-
astinal blood pool or the lung to represent the background.
Under these circumstances, the validity of the simple
partial-volume correction algorithm described earlier can
be questioned. With the use of coregistered CT images,
more sophisticated partial-volume correction methods (25)
that may improve quantitative measurements of tracer con-
centrations in tumors can be developed.

CT images may also be helpful for placing regions of
interest (ROIs) to analyze PET studies more accurately and
reproducibly. Currently, various approaches are being used
to define ROIs on 18F-FDG PET scans. These include
manually contouring the outer borders of the tumor in
1 slice or several slices, using semiautomated algorithms
based on threshold values, or placing a fixed ROI in the
area of the tumor with the highest level of 18F-FDG uptake.
Because all of these approaches are, to some extent, user
dependent, some researchers have advocated using the
pixel with the maximum SUV for data analysis. However,
the maximum SUV is the most sensitive to statistical noise
as well as image reconstruction and postprocessing param-
eters. Using the anatomic information from CT images to
define tumor extent and copying the ROIs to PET images
may allow a more reproducible definition of ROIs.

All of these approaches to integrating functional informa-
tion and morphologic information provide exciting opportu-
nities for improving treatment monitoring in patients with
cancer. However, it is probably at least equally important that
PET/CT greatly facilitates the integration of treatment mon-
itoring with PET in clinical practice and medical research.
With stand-alone PET, PET and CT scans are performed
separately, frequently at different institutions. This scenario
makes timely scheduling of follow-up studies complex,
increases the time burden for patients, and may result in
conflicting image interpretations. Integrated PET/CT helps
to avoid these problems, because PET and CT scans for
assessment of the tumor response can be obtained in 1 imag-
ing session and the results of PET and CT can be jointly
reported. These seemingly trivial but important practical

factors are likely to considerably increase the acceptance of
PET as a tool for monitoring the tumor response to therapy.

Examples of Treatment Monitoring with PET/CT

Pöttgen et al. (26) recently evaluated PET/CT for mon-
itoring presurgical therapy in patients with locally ad-
vanced non–small cell lung cancer (NSCLC). PET/CT
scans were acquired during shallow breathing, and no
respiratory gating was used. Fifty consecutive patients with
stage IIIA/IIIB NSCLC treated by presurgical chemoradio-
therapy were retrospectively analyzed. Patients underwent
3 cycles of platinum-based induction chemotherapy fol-
lowed by chemoradiotherapy (total dose, 44–45 Gy). Pre-
treatment PET/CT scans were obtained about 3 d before the
initiation of therapy and again after induction chemother-
apy as well as after the completion of chemoradiotherapy.
Tumors in 37 patients were considered to be resectable
after chemoradiotherapy, and these patients underwent tho-
racotomy. Tumors with more than 90% necrosis were clas-
sified as responding. The 18F-FDG uptake of the primary
tumor and metastatic lymph nodes was quantified on the
basis of the maximum SUV. 18F-FDG uptake was corrected
for partial-volume effects by measuring lesion size on CT
and dividing the background corrected maximum SUV by
the recovery coefficient of a sphere with the same diameter.

Relative changes in tumor 18F-FDG uptake from the
baseline scan to the first follow-up scan (after the comple-
tion of chemotherapy) were highly significantly correlated
with the histopathologic response (area under the receiver
operating characteristic curve, 0.88; P 5 0.005). Changes
in tumor 18F-FDG uptake from the baseline scan to the
second follow-up scan (after chemoradiotherapy) had a
similar predictive value (area under the receiver operating
characteristic curve, 0.86; P 5 0.008). At this time, a
relative decrease in tumor 18F-FDG uptake of between 45%
and 62% predicted the histopathologic response with sen-
sitivities ranging from 94% to 70% and specificities rang-
ing from 86% to 71%.

The study of Pottgen et al. (26) indicates that in patients
with locally advanced NSCLC, quantitative analysis of
routine whole-body 18F-FDG PET/CT studies is feasible
and allows an accurate prediction of the tumor response.
The reported diagnostic accuracy for assessment of the
histopathologic response was comparable or superior to that
in a previous study evaluating stand-alone PET for patients
with locally advanced NSCLC and undergoing presurgical
therapy (27). The study of Pottgen et al. (26) also illustrates
the use of the CT information from a PET/CT study to
correct the measured tumor 18F-FDG uptake for partial-
volume effects.

Two studies (28,29) evaluated the use of 18F-FDG PET/CT
for monitoring the treatment of gastrointestinal stromal
tumors (GIST) with the tyrosine kinase inhibitor imatinib
(Gleevec; Novartis Pharma). Both confirmed the finding of
previous studies with 18F-FDG PET that tumor 18F-FDG
uptake rapidly decreases during treatment with imatinib.
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Furthermore, they demonstrated how assessment of the tu-
mor response can be improved by in-line PET/CT for pa-
tients with multiple metastatic lesions. The 18F-FDG uptake
of untreated GIST is variable, with some tumors demon-
strating only mildly increased metabolic activity. In a study
by Antoch et al. (29) of 20 patients with GIST, PET de-
tected 135 lesions, whereas CT revealed 249. Lesions
missed by PET included intraabdominal deposits that were
incorrectly classified as 18F-FDG uptake in normal bowel
as well as pulmonary metastases. Integrated PET/CT de-
tected 282 lesions (P , 0.001). In a study by Goerres et al.
(28) of 15 patients with GIST, 66 lesions were identified by
PET, whereas 96 lesions were found by CT. Because not all
metastatic lesions were found by stand-alone PET at base-
line and new PET-negative lesions developed in some pa-
tients during treatment, the response assessment by in-line
PET/CT was overall more accurate than that by PET alone.
Conversely, the response assessment by CT was limited by
the fact that tumor shrinkage in response to imatinib ther-
apy was slow. Therefore, Antoch et al. (29) used the fol-
lowing algorithm to combine tumor response assessments by
PET and CT. The tumor response was assessed by PET
according to the criteria of the European Organization for
Research and Treatment of Cancer (EORTC) (30), whereas
the response assessment by CT was based on response
evaluation criteria for solid tumors (RECIST). If either CT
or PET data indicated progressive disease, then the re-
sponse was classified as progressive disease. If 1 reading
was no change and the other was a complete response, then
the consensus was designated a partial response. If either
CT or PET data suggested no change but the other imaging
modality indicated a partial response, then the final deci-
sion was based on the density of the lesion on CT, as mea-
sured by Hounsfield units (HU). Decreasing HU indicated a
response, whereas a lack of change in HU was interpreted
as no change. With these criteria, the tumor response could
be assessed by in-line PET/CT with an overall accuracy of
95% after 1 mo of gefitinib therapy. The accuracies of PET
and CT alone were only 85% and 44%, respectively. In
summary, the studies of Antoch et al. and Goerres et al.
(28,29) demonstrated how response criteria integrating
morphologic information and functional information can
be defined. Furthermore, they showed that assessment of
the tumor response by CT is not limited only to measure-
ments of tumor size, because changes in HU can provide
additional information.

CONCEPTS FOR TREATMENT MONITORING WITH
PET/CT IN DRUG DEVELOPMENT AND CLINICAL
PRACTICE

Need for New Tools to Monitor Tumor Response to
Therapy

Assessment of the tumor response to therapy plays a cen-
tral role in drug development as well as in clinical man-
agement for patients. Currently, the response is mainly
evaluated by measuring tumor size with CT and classifying

tumor shrinkage according to standard criteria, such as
those of the World Health Organization (WHO) or RECIST
(31,32). The original WHO response criteria were based on
bidimensional measurements of the tumor and defined re-
sponse as a decrease of at least 50% in the sum of the
product of the longest perpendicular diameters of measured
lesions. The rationale for using a 50% threshold for the
definition of response was based on data evaluating the
reproducibility of measurements of tumor size by palpation
and on planar chest radiographs (31,33). The more recent
RECIST introduced by the National Cancer Institute and
the EORTC criteria standardized imaging techniques for
anatomic response assessment by specifying minimum
requirements for acquisition parameters in CT and provid-
ing size thresholds for measurable lesions. In addition, in
RECIST, the longest bidirectional diameters were replaced
with the longest unidimensional diameter as the represen-
tation of a measured lesion (32). RECIST defines response
as a 30% decrease in the largest diameter of a tumor. For a
spheric lesion, this value is equivalent to a 50% decrease in
the product of 2 diameters.

Metaanalyses combining the results of several large
phase II and phase III studies have shown that the tumor
response based on WHO criteria or RECIST is correlated
with patient survival for some tumor types (34). However,
there is considerable variability between individual studies,
and the same response rate can be associated with com-
pletely different survival rates in different studies (35). For
some tumor types, metaanalyses found no or only a very
weak correlation with patient survival (36,37). Given the
history of response criteria outlined earlier, these observa-
tions are probably not unexpected. Current response criteria
were designed to ensure a standardized classification of
tumor shrinkage in response to therapy. They were not
developed on the basis of clinical trials correlating tumor
shrinkage with patient outcome. Although tumor shrinkage
may generally be expected to be associated with a better
outcome of therapy, it is also clear that there are disease-
and treatment-specific differences. For example, a certain
degree of tumor shrinkage in a patient with NSCLC may
indicate a relatively good prognosis in comparison with that
for other patients with NSCLC. However, the same degree
of tumor shrinkage may be associated with a relatively poor
prognosis in a patient with Hodgkin’s disease, because
Hodgkin’s disease is much more sensitive to chemotherapy
and, consequently, tumor shrinkage is, on average, much
more pronounced in Hodgkin’s disease than in NSCLC.

Furthermore, morphologic alterations may not be ade-
quate for evaluating the response to newer cytostatic agents,
with which anatomic changes may be absent or slow to be
manifested. This situation is perhaps best illustrated by
2 large phase III trials evaluating epidermal growth factor
receptor (EGFR) kinase inhibitors in patients with advanced
NSCLC (38,39). In a study of 731 patients (39), the overall
response rate for patients receiving the EGFR kinase in-
hibitor erlotinib (Tarceva; Genentech/OSI Pharmaceuticals)

40S THE JOURNAL OF NUCLEAR MEDICINE • Vol. 48 • No. 1 (Suppl) • January 2007



was only 8.9%. Nevertheless, erlotinib improved the me-
dian overall survival rate by more than 50% compared with
that obtained with a placebo (P , 0.001). A similar study
evaluating the EGFR kinase inhibitor gefitinib (Iressa;
AstraZeneca) included 1,692 patients with advanced
NSCLC (38). In that study, the overall response rate was
8.2%. Thus, if response rates were good predictors of patient
survival, then gefitinib treatment should result in a survival
benefit similar to that obtained with erlotinib, because the
response rates for erlotinib and gefitinib (8.9% and 8.2%,
respectively) were almost identical. However, this was not
the case. In contrast to erlotinib, gefitinib did not improve
the survival rate compared with that obtained with a
placebo (hazard ratio, 0.89; P 5 0.08). The results of these
2 studies demonstrated that response rates for targeted
drugs may be low despite significant clinical benefit and
that response rates may be poor predictors of patient
survival.

Currently, the response rate in phase II studies is the
major criterion for whether or not to further pursue a drug
candidate in large phase III trials. At least for EGFR kinase
inhibitors, it is now unclear what a certain response rate
means for the efficacy of a drug. For example, if a new
EGFR kinase inhibitor were to show a response rate of 9%
in a phase II study, one could interpret this as a positive
result because erlotinib has been shown to significantly
improve patient survival at this response rate. However, one
could also argue that this response rate does not justify
further testing of the new drug because gefitinib has been
shown to be ineffective at this response rate.

Promise of 18F-FDG PET/CT for Monitoring Tumor
Response in Clinical Trials

Several studies have suggested that quantitative changes
in tumor 18F-FDG uptake 2–3 wk after the start of therapy
have been shown to correlate well with subsequent tumor
shrinkage and patient survival. Thus, 18F-FDG PET has the
potential to improve disease management by signaling the
need for early therapeutic changes in nonresponders, thereby
avoiding the side effects and costs of ineffective treatment.
Furthermore, as an early indicator of clinical benefit,
18F-FDG PET may also facilitate oncologic drug develop-
ment by shortening phase II trials and detecting clinical
benefit earlier in phase III investigations.

18F-FDG PET is also attractive for monitoring treatment
with certain protein kinase inhibitors, because many sig-
naling pathways targeted by protein kinase inhibitors also
have a well-established role in regulating tumor glucose me-
tabolism. For example, the protein kinase Akt is a central
regulator of cellular apoptosis (40,41) but is also involved
in the regulation of glucose use (42). Recent experimental
data suggest that the activation of Akt may be a key factor
for the markedly induced glucose use of cancer cells (43,44).

As mentioned earlier, 18F-FDG PET has already been used
in clinical studies to monitor the response of GIST to
treatment with imatinib (29,45–47). A marked reduction in

tumor metabolic activity was noted as early as 24 h after the
first dose of imatinib (45,48). Moreover, extensive anatomic
abnormalities observed by CT persisted at a time when
metabolic alterations had already resolved. This rapid change
in 18F-FDG uptake appears to be mediated by the transloca-
tion of glucose transporters from the plasma membrane to the
cytosol and precedes cell death (49). These data suggest that
18F-FDG PET may become a valuable tool for monitoring
treatment with imatinib and potentially other protein kinase
inhibitors. For example, experimental studies have shown
that treatment with EGFR kinase inhibitors results in a rapid
inhibition of glucose transport that precedes cell death or
growth inhibition in sensitive tumors (50,51).

Changes in Disease Management Based on
18F-FDG PET/CT

Currently, treatment monitoring with 18F-FDG PET prob-
ably has the highest impact on disease management for
malignant lymphomas. Several studies have indicated that
patients with metabolically active residual masses after the
completion of chemotherapy have a poor prognosis com-
pared with patients with nonmetabolic residual masses (4).
On the basis of these data, it has been proposed that 18F-
FDG PET be integrated into the International Workshop
Criteria for assessment of the response of aggressive non-
Hodgkin’s lymphoma (52). At many centers, PET/CT is
now frequently used to assess tumor viability in patients
with residual masses after the completion of chemotherapy
to guide additional therapy, such as radiotherapy. Further-
more, 18F-FDG PET/CT is often performed after 2 cycles of
chemotherapy to assess the tumor response. The goal is to
tailor the intensity and type of treatment to the individual
patient’s prognosis to achieve cure with the least possible
toxicity by minimizing the treatment for patients with a
good prognosis and intensifying the treatment for patients
with a poor prognosis (4).

For solid tumors, 18F-FDG PET has shown similar
encouraging data for the early differentiation of patients
with a favorable prognosis from those with an unfavorable
prognosis (27). However, for most solid tumors, 18F-FDG
uptake does not decrease as rapidly as it does for malignant
lymphomas. As a consequence, quantitative measurements
of tumor 18F-FDG uptake are helpful for differentiating
between responding and nonresponding tumors, whereas
visual analysis is frequently sufficient for the evaluation of
18F-FDG PET scans for patients with lymphomas, because
the metabolic activity of responding lymphomas decreases to
background levels within the first few chemotherapy cycles.
Despite encouraging data, 18F-FDG PET/CT currently has
less impact on the management of solid tumors than it does
on that of malignant lymphomas, mainly because the effec-
tiveness of second-line therapies is currently limited. In the
absence of therapeutic options, improved assessment of the
tumor response will not substantially change disease man-
agement. However, this situation is likely to change in the
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future, when more second-line therapies, such as protein
kinase inhibitors, become available.

Already, an early assessment of the tumor response has
the potential to guide the presurgical chemotherapy or
chemoradiotherapy of solid tumors. Presurgical or neo-
adjuvant therapy is frequently used to decrease tumor size
and improve resectability in patients with locally advanced
disease. However, for several tumor types, such as esoph-
ageal or lung cancer, the impact of presurgical therapy on
patient survival is small. Importantly, many studies have
demonstrated that not all patients benefit a little from pre-
surgical therapy but that a subgroup of patients responds
very well and has excellent survival after neoadjuvant ther-
apy and surgical resection. The majority of patients does
not respond to therapy, and their survival is not better than
that after surgical resection alone. Therefore, early identi-
fication of nonresponding tumors would be highly benefi-
cial to avoid unnecessary toxicity and costs (53).

The MUNICON trial recently showed that quantitative
measurements of tumor 18F-FDG uptake can be used to in-
dividualize neoadjuvant therapy (54). This trial included
patients with locally advanced adenocarcinomas of the
esophagogastric junction and scheduled to undergo presur-
gical chemotherapy followed by surgical resection. 18F-FDG
PET was performed before therapy and after a short, 2-wk
course of cisplatinum-based chemotherapy. If tumor 18F-
FDG uptake decreased by more than 35% at the time of the
second PET scan, the patients underwent the full, 3-mo
course of chemotherapy. Otherwise, the patients underwent
immediate tumor resection. An interim analysis of this study
confirmed that 18F-FDG PET allows the selection of patients
with a high probability of a histopathologic response (54).

Future Validation of 18F-FDG PET/CT for Monitoring
Tumor Response

Currently, there is no generally accepted definition for a
metabolic response in 18F-FDG PET. The EORTC published
preliminary criteria for assessment of the tumor response in
1999 (30). However, at that time, only a limited number of
data on the use of 18F-FDG PET for treatment monitoring
were available. Since then, a significant number of studies on
treatment monitoring with 18F-FDG PET have been pub-
lished, and there is now a need to standardize the criteria used
for monitoring anticancer therapy with 18F-FDG PET.

On the basis of the current data regarding the test–retest
reproducibility of 18F-FDG PET, a 20% decrease in tumor
18F-FDG uptake appears to be a reasonable working defini-
tion for a metabolic response. However, this definition of a
metabolic response should be reevaluated in a multicenter
setting, because the current data on test–retest reproduc-
ibility are based on 2 small single-center studies performed
several years ago (55,56). Furthermore, it should be noted
that a high test–retest reproducibility of 18F-FDG PET can
only be achieved if the scans are acquired and analyzed
according to a strict protocol. Specifically, patients must be
examined in the fasting state, baseline and follow-up

studies must be acquired at the same time after 18F-FDG
injection, and blood glucose levels must be stable.

The National Cancer Institute recently published recom-
mendations for acquiring 18F-FDG PET studies in clinical
trials; these recommendations describe in detail how patient
preparation and the timing of data acquisition affect the
quantitative assessment of tumor glucose metabolism by
18F-FDG PET (57). These recommendations will make
quantitative measurements of tumor 18F-FDG uptake more
consistent across different sites. However, further standard-
ization of image acquisition and reconstruction parameters
still appears to be necessary. This is not a trivial task, be-
cause PET detector technology and image reconstruction
algorithms are constantly evolving. Therefore, recommen-
dations for standardized parameters will quickly become
outdated. Furthermore, vendor-specific differences in de-
tector technology and image reconstruction algorithms may
make it impossible to define parameters that are applicable
across different scanner types. Consequently, it will be chal-
lenging to standardize the measurement process across dif-
ferent generations of PET scanners and across scanners
from different manufacturers. It may be more feasible to
standardize the results of the measurements. Instead of man-
dating specific acquisition and reconstruction parameters,
the standard would request that measurements of activity
concentrations in a phantom be within certain limits. Such
an approach for standardization would be much more flex-
ible, because image acquisition and reconstruction param-
eters could be scanner specific, as long as the results of the
phantom measurements are comparable to those obtained
with other scanner types.

A metabolic response defined on the basis of the test–
retest reproducibility of 18F-FDG PET will only describe
the minimum effect of therapy that can be reliably deter-
mined in an individual patient. Thus, the definition is
independent of specific tumor types or specific forms of
therapy and may therefore be most appropriate for clinical
trials evaluating new anticancer drugs. For established
forms of therapy, it may be feasible to optimize response
criteria. For example, in patients with high-grade malignant
lymphomas, a mean decrease in 18F-FDG uptake of more
than 45% has been observed within 24 h after the admin-
istration of the first dose of chemotherapy (58). In patients
with solid tumors treated by presurgical chemotherapy, a
change in 18F-FDG uptake of 30%–35% within the first few
weeks of chemotherapy has been found to provide the
highest accuracy for the prediction of histopathologically
complete or subtotal tumor regression (27). Further valida-
tion of criteria for a metabolic response will require multi-
center trials demonstrating that quantitative measurements
of tumor 18F-FDG uptake are robust and can be obtained
with similar accuracies at multiple institutions.

One goal of such trials will be to determine whether
changes in tumor 18F-FDG uptake during therapy may be
used as a surrogate end point in clinical trials. A surrogate end
point must correlate with the true clinical outcome and fully
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capture the net effect of treatment on the clinical outcome
(59). Thus, studies demonstrating a strong correlation be-
tween changes in 18F-FDG uptake and patient survival are
necessary but not sufficient to establish a metabolic response
in PET as a surrogate end point (60). A new form of therapy
may result in a clinical benefit without causing a metabolic
response early in the course of therapy, whereas others may
induce a metabolic response not associated with a favorable
clinical outcome. A frequently cited example for the diffi-
culties in using surrogate end points in clinical trials is the use
of bone mineral density measurements for assessment of the
efficacy of drugs for the treatment of osteoporosis. It has been
established that a low bone mineral density is associated with
an increased risk of fractures. Some forms of treatment, such
as bisphosphonates, increase bone mineral density and
decrease the risk of fractures (61). In contrast, treatment
with fluoride increases bone mineral density but does not
decrease the risk of fractures (62). Thus, although a loss of
bone mineral density is correlated with osteoporosis, bone
mineral density is not a useful surrogate end point for mon-
itoring treatment with fluoride.

Therefore, a series of randomized trials will be necessary
to determine whether a metabolic response can be used as a
surrogate end point in clinical trials. The general concept
would be to include 18F-FDG PET in several randomized
phase III trials comparing the efficacies of a class of chemo-
therapeutic drugs for a certain disease. A consistent asso-
ciation of higher metabolic response rates with improved
patient survival in these trials would provide evidence that a
metabolic response may be used as a surrogate end point in
this disease and for this class of drugs.

The second goal will be to develop strategies for the in-
dividualization of tumor therapy by 18F-FDG PET. Figure 2
shows a potential design of trials addressing this question.
Patients would be randomized to receive either standard

or ‘‘PET-controlled’’ therapy. Patients undergoing PET-
controlled therapy would receive standard therapy for a
brief period of time (for example, 1 treatment cycle). Then
the treatment response would be assessed by 18F-FDG PET.
Patients classified as metabolic responders would continue
to receive the standard treatment, whereas an alternative
treatment would be used for metabolic nonresponders.
Examples of alternative treatments are immediate surgical
resection instead of continued neoadjuvant therapy, the use
of different, second-line, chemotherapy regimens, or the
use of targeted drugs, such as protein kinase inhibitors. The
end point of these studies would be costs, treatment-
induced morbidity, and overall survival (Fig. 2).

CONCLUSION

PET/CT has the potential to make a difference in mon-
itoring the tumor response to therapy by integrating ana-
tomic and functional measures of treatment effects. Perhaps
even more importantly, PET/CT is likely to increase the
acceptance of PET as a tool for assessing the tumor re-
sponse in medical research and clinical practice, because
anatomic and functional measurements can be obtained in
just 1 imaging session and jointly reported. This property
will facilitate randomized multicenter studies validating the
impact of treatment monitoring with PET/CT on disease
management for larger groups of patients.
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Stage-adapted treatment in oncology relies on correct tumor
staging for patients with malignant diseases. To ensure accurate
assessment of the tumor stage in thoracic and abdominal dis-
eases by PET/CT, both CT and PET need to be optimized. In
this setting, different malignant diseases require customized
imaging protocols. Although in the clinical setting of therapy as-
sessment, PET/CT with integration of low-dose, nonenhanced
CT may be sufficient, tumor staging may require a more sophis-
ticated CT protocol. This review focuses on potential CT proto-
cols for imaging cancers of the chest and abdomen. Examples
of CT protocols are presented and discussed for non–small cell
lung cancer, breast cancer, colorectal cancer, gastrointestinal
stromal tumors, and interventional liver therapy.
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Stage-adapted treatment in oncology relies on correct
tumor staging for patients with malignant diseases. Since
the introduction of CT more than 25 y ago, this radiologic
procedure has become widely used and can be considered
the imaging modality of choice for many tumor entities.
Not only CT but also all morphologic imaging modalities,
including ultrasound, conventional radiography, and MRI,
share the same mechanism for detecting malignant dis-
eases. The main principle of these imaging procedures is
the identification of morphologic tissue alterations caused
by the underlying malignancy. CT depicts changes in tissue
attenuation measured in Hounsfield units (HU). These
attenuation differences may show as either hypodense or
hyperdense areas representing focal lesions in parenchymal
organs, in bone, or in enlarged lymph nodes.

Early generations of CT scanners were capable of se-
quential scanning only. As a result, small lesions could be

missed because of partial-volume effects or patient move-
ment during the examination. These limitations applied to
the chest and upper abdomen in particular. Additionally,
lengthy examination times allowed for only a single phase
of intravascular contrast enhancement; multiphase exami-
nations were not possible. The next generation of CT scan-
ners allowed for helical scanning with faster protocols,
which enabled volumetric data acquisition and larger scan
volumes. The development of multislice CT, which currently
accumulates data with up to 64 detector rows, led to
3-dimensional imaging with isotropic voxels, perfusion
imaging of whole organs, and cardiac imaging. During this
process of development, CT became preferable to MRI
because CT is easier to perform, faster, and less expensive.

In daily clinical routine, every clinical question mandates
a tailored CT protocol that defines the scan direction, the
collimation, the field of view, the potential administration
of intravenous or oral contrast material, and the use
of dedicated breathing instructions. This review focuses
on CT protocols for PET/CT of tumors of the chest and
abdomen.

DEFINING DIAGNOSTIC CT

From the radiologist’s point of view, fully diagnostic CT
requires the following: sufficient spatial resolution with an
acceptable signal-to-noise ratio, the administration of an
appropriate amount of oral or intravenous contrast material
if there are no contraindications, and a radiation dose as low
as reasonably achievable to allow diagnostic information
to be obtained (requires tube current modulation).

Sufficient spatial resolution with an acceptable signal-to-
noise ratio mandates the use of appropriate detector colli-
mation. Given the fact that most PET/CT scanners currently
in use are equipped with at least 2 or 4 detector rows, the
chosen detector collimation should be as large as possible
(1.5–2.5 mm) to enable the acquisition of a whole-body
scan in a reasonable time frame (,60 s). Nevertheless,
the collimation should not exceed 2.5 mm to enable the
reconstruction of datasets at 2.5-mm increments suitable for
3-dimensional postprocessing.
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Lesion detection by CT is based on attenuation differ-
ences between the lesion and its surrounding structures.
Most parenchymal organs and most pathologic conditions
are characterized by attenuation values of 30–80 HU. Thus,
on nonenhanced CT datasets, tumor detection can be com-
promised because of similar attenuation values for the
lesion and its harboring organ. To overcome this limitation,
contrast agents have been introduced to CT. On the basis of
long experience with contrast-enhanced CT in the imaging
of oncology patients (1,2), the use of intravenous or oral
contrast material also may be of benefit for PET/CT in many
situations. The advantages include the detection of additional
lesions with no or only minor tracer uptake, the characteri-
zation of focal lesions on the basis of specific contrast
material dynamics, and the more accurate localization of
small lesions in the vicinity of blood vessels, the intestine, or
parenchymal structures (3). However, the use of intravenous
contrast material in PET/CT is rather controversial. Some
studies have indicated an overestimation of the standardized
uptake value (SUV) in the presence of CT contrast material
after CT-based attenuation correction of PET data (4,5). The
magnitude of SUVoverestimation attributable to intravenous
contrast material depends on the density of the administered
contrast material (5). Only small differences in SUVs have
been found in comparisons of nonenhanced and enhanced CT
data (6). In clinical practice, the effect of intravenous contrast
material on attenuation correction tends to be negligible and
makes the routine use of intravenous contrast material in
PET/CT practical (7).

A way to minimize potential PET artifacts is to tailor the
contrast material administration protocol to the needs of the
PET/CT scan. This can be achieved by modifying the CT
scan direction from craniocaudal to caudocranial and adjust-
ing the phasing and timing of the contrast material injection
(5). The most important issue in adapting the CT protocol
to the needs of PET/CT is to avoid contrast material–
associated artifacts caused by a contrast bolus in thoracic
veins. This goal can be properly achieved by scanning
caudocranially rather than craniocaudally. Another method
for avoiding a CT contrast bolus is to use a saline chaser
immediately after the contrast material injection. Of course,
the contrast agent administration needs to be adjusted to the
CT scanner specifications, such as the tube heat capacity,
rotation time, and number of detector rows. Therefore, a
higher tube heat capacity and a shorter rotation time allow
for faster scanning of a given extended imaging range in the
z-axis. Like scanning protocols for CT alone, protocols with
intravenous contrast material in PET/CT will have to be
modified continuously as new scanners become available
(8,9). It is important to state that patients who have recently
undergone contrast-enhanced CT before being referred for
PET/CT may not need additional contrast-enhanced PET/
CT if the previous dataset is available for image correlation.

The radiation dose must be considered an issue in CT.
Except for indications such as tumor screening, CT alone is
usually performed in a full-dose manner, especially for

tumor staging. When integrating full-dose CT in PET/CT,
the radiation dose from CT may amount to approximately
15–20 mSv for a scan from the head to the upper thighs.
Therefore, the major portion of radiation exposure in PET/
CT can be attributed to the CT component in such an
imaging scenario (10). If CT is performed in a low-dose
manner, the radiation burden can be reduced 5-fold to 3–4
mSv. A low-dose CT component may be used for attenu-
ation correction and anatomic localization of focal tracer
uptake in PET. However, there is ongoing debate as to how
much additional information may be derived from low-dose
CT compared with full-dose CT as part of PET/CT (11,12).
On the one hand, low signal-to-noise ratios and streak arti-
facts may limit the diagnostic value of low-dose CT; on the
other hand, diagnostic CT may not be required in all PET/
CT examinations. In younger patients with a potentially
curative malignant disease, radiation exposure must be con-
sidered an issue. Furthermore, assessment of the response
of a tumor to therapy is mainly based on functional data
rather than morphology. In this situation, low-dose, non-
enhanced CT will be sufficient. Thus, the decision as to
how much CT is required in PET/CT should be based on
the PET/CT indication rather than on a rigid concept in-
fluenced by the pride of place.

PROTOCOL CONSIDERATIONS FOR TUMOR STAGING

For the staging of tumors of the chest and abdomen, all
potential sites of metastases need to be evaluated. There-
fore, whole-body coverage is needed. On the basis of scanner
limitations, whole-body PET/CTwas initially performed in a
‘‘non-whole-body’’ manner, covering the head and neck, the
chest, the abdomen, the pelvis, and the upper thighs. The
lower legs were scanned only in specific situations. Modern
PET/CT scanners have an axial field of view of more than
2 m, offering a ‘‘real’’ whole-body scan from head to toe
without patient repositioning. However, even today, most
PET/CT examinations are performed from the head to the
upper thighs to reduce examination times under those of a
real whole-body protocol.

The current standard protocol used for whole-body PET/
CT at our institution with a PET/CT scanner with dual-slice
helical CT (Biograph Duo; Siemens Medical Solutions) is
shown in Table 1. The CT protocol was adjusted to meet
the needs of the PET scan by maintaining the capability to
perform diagnostic CT. This protocol includes the use of
negative oral contrast material (13), iodinated intravenous
contrast material (14), a breathing protocol to reduce breath-
ing artifacts, and an adequate tube current.

In patients with tumors of the chest and abdomen, we
normally limit our whole-body scan to an examination of
the base of the skull, neck, chest, and abdomen down to the
upper thighs. In patients with malignant melanoma or pe-
ripheral sarcoma, the upper extremities and lower extrem-
ities are included in the scan, but at the cost of an increase
in examination time. The arms and hands can be examined
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positioned above the head by extending the CT scan
cranially. Fixation of the arms and patient cooperation are
required to avoid motion artifacts. Positioning aids such as
foam molds or vacuum-lock bags are used in addition to the
standard arm rest to ensure less patient motion and better
image coregistration (Fig. 1) (15).

The examination of the lower limbs requires an addi-
tional examination after repositioning of the patient. For
scanning of the patient from head to toe, we use a divided
protocol, starting with a whole-body scan including the
arms and the head in the supine, head-first position. After
that, the patient is repositioned in the supine, feet-first

TABLE 1
Whole-Body PET/CT Protocol

Step Details

Patient preparation Administration of 1.5 L of negative oral contrast material after intravenous administration of 18F-FDG

Removal of metallic materials from scan area (e.g., zippers, removable bracelets, fashion items,

piercings)
Fixation of intravenous access (mostly antecubital vein; central venous catheter or port) and connection

to intravenous injector pump

Patient positioning Patient position in scanner: head first, supine

Arms above head, supported by positioning aids (e.g., cushions)
Positioning aids for knee or ankle

CT overview scan (scout

or topogram)

Covered area: head, neck, chest, abdomen, and middle of thighs

Whole-body CT scan Scan direction: caudocranial
Scan delay: 50 s after start of intravenous contrast material injection*

Scan from base of skull to upper thighs

Tube current: 100 mAy

Tube voltage: 130 kVy

Slice thickness: 5 mm; increment: 2.5 mmy

Breathing protocoly: instruct patient to breathe in shallow manner until middle of abdomen is reached

and then instruct patient to hold breath during expiration; allow shallow breathing after middle of
chest is reached

Whole-body PET scan Scan direction: caudocranial

Shallow breathing throughout scan

*Adjusted to specific scanner capabilities.
yCT parameters adjusted to specific scanner capabilities.

FIGURE 1. Patient supported with dif-
ferent positioning aids on PET/CT table.
(A) For whole-body PET/CT, arms are
raised above head and supported by
foam cushion to avoid truncation artifacts
during scanning of thorax and abdomen
(arrow). Furthermore, head is placed
within foam cushion and may be addi-
tionally supported with vacuum-lock bag
to prevent head motion (blue vacuum-
lock bag). (B) Legs are supported by
another foam mold to inflect patient’s
knees and to ensure comfortable posi-
tioning during scanning. (C) For head and
neck scanning, vacuum-lock bag is de-
flated to fix head and neck within foam
cushion (arrows). Thus, possible moving
artifacts can be avoided. (D) Additionally,
arms are placed on or beside patient’s
trunk to avoid truncation artifacts in head
and neck area.
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position. Both scans are performed with intravenous con-
trast material and a small overlap in the groin (Table 2).
Like the 2 whole-body protocols (Tables 1 and 2), all other
protocols listed in Tables 3–7 have been optimized for dual-
slice CT.

PROTOCOL CONSIDERATIONS FOR THERAPY
ASSESSMENT

In contrast to whole-body PET/CT tumor staging, the use
of low-dose, nonenhanced CT for attenuation correction
can be recommended in most cases when PET/CT is
performed for the follow-up of patients who have thoracic
and abdominal tumors and who are undergoing therapy.
This approach seems feasible because the functional pa-
rameter of glucose metabolism is far more sensitive than
morphologic measurements for assessing treatment re-
sponse. We do, however, recommend initial full-dose,
contrast-enhanced PET/CT with an adequate tube current
for staging before the start of therapy to ensure detection
and accurate localization of all lesions. Especially with the
use of nephrotoxic chemotherapy (i.e., cisplatin and mito-
mycin), the aspect of renal protection is of clinical impor-
tance and further supports the use of nonenhanced CT.

IS THERE A NEED FOR PET/CT OF BRAIN?

There are protocols including the brain (16) in the field
of view as well as protocols starting the scan at the base of
the skull (14). 18F-FDG is the PET tracer most often used
in oncologic staging. On the basis of the inherent tracer
characteristics of 18F-FDG, physiologic uptake within the
brain is strong. Therefore, small brain metastases may be
difficult to detect by 18F-FDG PET. PET/CT can increase
the sensitivity over that of PET alone for the detection of
small brain metastases if performed in a full-dose manner
and with contrast agents. However, the detection of brain
metastases by CT alone is usually performed with a delay
of approximately 10 min after contrast medium injection to
allow for high lesion-to-background contrast. In addition, a
higher tube current is required for this scenario than for a
normal whole-body PET/CT scan to provide a sufficient
contrast-to-noise ratio in the brain, because the contrast-to-
noise ratio is typically reduced by the skull with a lower
tube current. Neither a long delay of approximately 10 min
nor a higher tube current is currently implemented in any
whole-body protocol. An additional PET/CT scan of the
brain after a whole-body protocol may be another option.
However, even contrast-enhanced CT of the brain has been

TABLE 2
Whole-Body PET/CT with Examination of Lower Limbs

Step Details

Patient preparation See Table 1

Patient positioning for body imaging Patient position in scanner: head first, supine

Arms above head, supported by positioning aids (e.g., cushions)
Positioning aids for knee or ankle

CT overview scan (scout or topogram) Covered area: lifted arms, head, neck, chest, abdomen, and middle of thighs

Body CT scan Scan direction: caudocranial

Scan delay: 50 s after start of intravenous contrast material injection*
Scan from lifted arms or hands to groin or upper thighs

Tube current: 100 mAy

Tube voltage: 130 kVy

Slice thickness: 5 mm; increment: 2.5 mmy

Breathing protocoly: instruct patient to breathe in shallow manner until middle of

abdomen is reached and then instruct patient to hold breath during expiration;

allow shallow breathing after middle of chest is reached
Body PET scan Scan direction: caudocranial

Shallow breathing throughout scan

Repositioning Patient is taken from scanner table and allowed to urinate

Patient is positioned feet first, supine, on scanner table
CT overview scan (scout or topogram) Covered area: pelvis, lower limbs, and toes

CT scan of lower limbs Scan direction: craniocaudal

Scan delay: 60 s after start of intravenous contrast material injection*
Scan from pelvis or groin to feet

Tube current: 100 mAy

Tube voltage: 120 kVy

Slice thickness: 5 mm; increment: 2.5 mmy

No breathing protocol

PET scan of lower limbs Scan direction: craniocaudal

Shallow breathing throughout scan

*Adjusted to specific scanner capabilities.
yCT parameters adjusted to specific scanner capabilities.
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found to be less sensitive than contrast-enhanced MRI
(17) for detecting cerebral lesions; therefore, an additional
MRI scan of the brain may be the best solution if brain
metastases are suspected. Nevertheless, elective inclusion
of the brain in whole-body PET examinations has been
recommended, depending on the clinical context (18). The
inclusion of the brain in the field of view of whole-body
PET/CT should be based on the individual patient
history, the known extent of malignant disease, and clinical
findings.

ADDITIONAL LOW-DOSE CT FOR DETECTION OF
PULMONARY NODULES

The detection of small pulmonary nodules and the
correct classification as either benign or malignant must
still be considered a challenge for whole-body 18F-FDG
PET/CT. PET regularly misses these small lesions because
of its limited spatial resolution and the fact that small
hypermetabolic nodules may not be identified because of
constant movement of the lungs during the emission time
per bed position. If CT is performed during shallow
breathing, breathing artifacts may hamper lesion detection
by CT. The use of an additional low-dose CT scan during
maximal inspiration after a PET/CT scan may be advanta-
geous (19), because it allows for better delineation of small
perivascular lesions, especially in the lower lungs (Fig. 2).
In this context, we currently perform an additional 40-mA
low-dose CT examination during inspiration after a PET/
CT examination (Table 3). The number of pulmonary
lesions detected is increased with this protocol. However,
just as with stand-alone CT, the differentiation of a gran-
uloma from a metastasis is considered difficult in most
cases. Thus, further radiologic follow-up of these small,
18F-FDG PET–negative CT-positive lesions is required. In
radiology, low-dose CT is widely used as a tool for lung
cancer screening. There is evidence that CT detects earlier-
stage and smaller lung cancers with higher sensitivities than
other screening methods, such as conventional chest radi-
ography. However, so far there is no consensus about the
use of low-dose CT as a screening tool. Up to now, no CT
screening trial has been able to demonstrate a reduction in
lung cancer mortality (20). An important issue in the use of
CT for tumor screening is the additional radiation exposure,

TABLE 3
Whole-Body PET/CT with Additional Low-Dose

CT of Chest

Step Details

Patient preparation See Table 1
Patient positioning See Table 1

CT overview scan (scout

or topogram)

See Table 1

Whole-body CT scan See Table 1

Whole-body PET scan See Table 1

Low-dose chest CT Scan direction: caudocranial

No contrast enhancement
Scan from middle of liver to

cervicothoracic junction

Tube current: 20–40 mA*

Tube voltage: 110 kV*
Slice thickness: 5 mm*

Breathing protocol*: instruct

patient to take deep breath
and hold breath

*CT parameters adjusted to specific scanner capabilities.

TABLE 4
Combined Head–Neck and Whole-Body Protocol

Step Details

Patient preparation See Table 1
CT overview scan (scout or topogram) Covered area: head, neck, chest, abdomen, and middle of thighs

Dedicated head–neck CT scan Patient position in scanner: head first, supine

Arms beside chest and abdomen as for conventional PET scan
Positioning aids for knee or ankle

Head fixation with vacuum-lock pillow

Scan direction: craniocaudal

Scan delay: 40 s after start of intravenous injection of 60 mL of contrast agent*
Scan from above calvaria to upper chest, depending on covered body area, with

2 PET bed positions

Tube current: 160 mAy

Tube voltage: 130 kVy

Slice thickness: 3 mmy

Dedicated head–neck PET scan Scan direction: caudocranial

Shallow breathing throughout scan
Whole-body PET/CT scan* See Table 1

Scan area slightly overlapping that of head–neck scan

*Adjusted to specific scanner capabilities.
yCT parameters adjusted to specific scanner capabilities.
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resulting in an increased risk for lung tumors even with
low-dose protocols (21). Therefore, a reduction in the tube
current to the lowest reasonable level of milliamperes is
necessary for performing an additional CT scan of the
chest. A reduction in the tube current to 60 mA was found
to result in satisfactory quality of the chest CT images (22).
In the thorax, a further reduction in the tube current to 40
mA may yield satisfactory image quality and reduce the
overall radiation exposure (23).

BREATHING PROTOCOL FOR WHOLE-BODY PET/CT

The need for a special breathing protocol for CT acqui-
sition depends on the body region evaluated. When only
areas away from the diaphragm are scanned, the patient can
breathe shallowly during CT. Continuous shallow breathing
may also be used for CT acquisition as part of a whole-body
PET/CT scan; however, image coregistration has been
found to be most accurate if the CT scan is acquired during
normal expiration (24). Thus, whole-body staging of tu-
mors of the chest and abdomen with PET/CT benefits from
a CT breath-hold protocol (25,26). An optimal protocol
would include CT data acquired for the whole body during
normal expiration, but this goal may be difficult to achieve
with CT scanners that have fewer than 64 detector rows.
Even with 64-slice scanners, such a protocol may not be
feasible in uncooperative or severely sick patients. A com-
promise is to ask the patient to hold his or her breath during
normal expiration for the time that is needed to scan the

upper abdomen (liver and spleen) and lower lungs. The
required scan time is typically less than 20 s.

IS IT NECESSARY TO ADJUST CT PARAMETERS TO
NUMBER OF CT SCANNER DETECTOR ROWS?

The number of detector rows in a helical CT scanner
correlates with the temporal and spatial resolutions of the
acquired CT dataset. The high temporal resolution of
multidetector scanners, which is based on a short tube
rotation time and a large number of detector rows, allows
for either functional scanning or scans of large body areas
along the z-axis. Depending on the time required for
a specific CT examination in a whole-body scan, the user
needs to adjust the breathing protocol. If the scanner
characteristics enable a whole-body CT scan in 20 s or
less, then the whole body can be examined in 1 normal
expiration breath-hold (27). Otherwise, a breath-hold pro-
tocol seems desirable. Furthermore, if CT contrast is de-
sired, then the contrast agent administration protocol needs
to be adjusted to the imaging system to avoid artifacts
attributable to highly concentrated intravenous contrast
material in the central thoracic veins. The contrast agent
administration protocol needs to be timed appropriately
to ensure that the contrast bolus has passed the thoracic
veins when the CT spiral reaches the thorax. This goal
can be achieved by fast contrast injection, by the use of a
dual-lumen injector with a saline flush, and by scanning
caudocranially rather than craniocaudally (17). In addition,
the delay between the start of the intravenous contrast
agent administration and the start of the CT scan must
be tailored to the clinical question. For most tumor
entities, a portal–venous phase of the liver will be the
appropriate enhancement, whereas for hepatocellular car-
cinoma (HCC) or neuroendocrine tumors, an arterial phase
will be preferable.

IMAGING CANCER OF CHEST AND ABDOMEN

Non–Small Cell Lung Cancer (NSCLC)

Lung cancer is currently the leading cause of cancer
deaths in both men and women in the Western Hemisphere
(28). Much worse, the expected 5-y survival rate for all
patients is 15%; in contrast, the survival rates are 61%
for patients with colon cancer, 86% for those with breast
cancer, and 96% for those with prostate cancer (29).
Accurate definition of the tumor stage is desirable in each
patient to provide the best available therapy according to
the given extent of the disease. Several studies in the
literature have reported a benefit of PET/CT for staging
of and therapy response monitoring for NSCLC (30–32).
Given the different treatment options and problems con-
nected with the stage of NSCLC, investigators face many
challenges in the use of PET/CT for primary staging,
treatment planning, therapy response monitoring, and
follow-up.

TABLE 5
Whole-Body PET/CT for Optimized Breast Scanning

Step Details

Patient preparation See Table 1

Patient positioning See Table 1

CT overview scan (scout
or topogram)

See Table 1

Whole-body CT scan See Table 1

Whole-body PET scan See Table 1

Repositioning Patient is taken from scanner
table and allowed to urinate

Patient is repositioned head

first, prone, on scanner table,

with breast positioning device
Arms overhead

Dedicated PET/CT

breast scan

Scan breast region (1 or 2 bed

positions)
No additional contrast material

Tube current: 100 mA or low

dose*

Tube voltage: 130 kV*
Slice thickness: 3 mm*

Breathing protocol*: normal

expiration

*CT parameters adjusted to specific scanner capabilities.
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Initial Staging of NSCLC. 18F-FDG PET is recom-
mended in the official American College of Chest Physi-
cians guidelines for noninvasive staging (33) because of the
limited value of chest CT in identifying malignant disease
in mediastinal lymph nodes. Because 18F-FDG PET/CT has
been found to be significantly more accurate in prether-
apeutic staging (34), the use of PET/CT for the initial
staging of NSCLC is more than justified. The PET/CT
staging protocol should include the chest and abdomen for
local staging and identification of distant metastases. In
addition, the neck should be included in the field of view to
stage spread to supraclavicular lymph nodes. Inclusion of
the brain to stage potential cerebral metastases may be
desired. Thus, a whole-body PET/CT protocol must be
considered mandatory for initial tumor staging. We use the
protocol listed in Table 1 for the initial staging of NSCLC.
When cervical metastases are suspected, small lymph node
metastases may be better visualized by decreasing the slice
thickness of the CT component to 3 mm. Separate scanning
of the head and neck with a collimation lower than that
used for the rest of the body may be used in this situation
(Table 4). In some instances, a lower CT collimation may
also be of benefit for staging of spread to mediastinal lymph
nodes. Intravenous contrast material helps to better delin-
eate potential lymph node metastases from adjacent vascu-
lar structures in the pulmonary hilum and mediastinum and

offers more accurate assessment of tumor infiltration into
mediastinal structures. Therefore, contrast-enhanced CT is
used for initial tumor staging at our institution. The use of a
breathing protocol to minimize coregistration artifacts is
recommended.

Treatment Planning for NSCLC Therapy. In PET/CT
examinations used for radiotherapy treatment planning, the
positioning of the patient is of utmost importance. The
normal examination table should be replaced with a table
dedicated for radiotherapy purposes. This table allows for
additional fixation with radiotherapy masks or positioning
aids. In addition, external fiducial CT markers, if necessary
even with small tracer probes, are helpful. To overcome the
problem of breathing artifacts, the protocol for radiation
treatment planning can be changed to a divided protocol, as
follows. The patient is placed on the flat table, and the
whole-body scan starts with a dedicated neck and chest
scan during a midexpiration breath-hold (adjusted to the
parameters of the CT scanner) (Fig. 3). The rest of the
trunk, that is, the abdomen and pelvis, is examined in a
second step with a second dose of intravenous contrast
material. In the future, 4-dimensional therapy planning with
respiration-gated PET acquisition to reduce smearing will
improve the accuracy of PET/CT coregistration and may
increase the accuracy of the measured SUV. These steps
should result in improved tumor assessment in patients with

TABLE 6
PET/CT Colonography Protocol

Step Details

Patient preparation See Table 1

CT overview scan (scout or

topogram)

Covered area: head, neck, chest, and diaphragm

Chest PET/CT scan Scan direction: caudocranial

Scan delay: 30 s after start of intravenous injection of 60 mL of contrast material*

Scan from middle of liver to base of skull to ensure overlap

Breathing protocol*: normal expiration if possible; otherwise, shallow breathing
Tube current: 100 mAy

Tube voltage: 130 kVy

Slice thickness: 5 mm; increment: 2.5 mmy

PET/CT colonography scan CT overview scan (from middle of thighs to middle of thorax)
Administration of intravenous bolus of 20 mg of N-butylscopolamine (or glucagon) dissolved in

10 mL of saline

Rectal enema with 2 or 3 L of tap water via rectal balloon catheter
Patient position: prone, with rectal balloon catheter in place during scan

If scan is longer than 15 min, additional 20 mg of N-butylscopolamine dissolved in 50 mL of saline

is applied via short infusion during procedure

Scan direction: caudocranial
Scan delay: 50 s after start of intravenous injection of 80 mL of contrast material*

Scan from upper thighs to middle of thorax

Breathing protocol*: mild expiration if possible; otherwise, shallow breathing followed by expiration

breath-hold when liver is reached
Tube current: 100 mAy

Tube voltage: 130 kVy

Slice thickness: 3 mm; increment: 2.5 mmy

*Adjusted to specific scanner capabilities.
yCT parameters adjusted to specific scanner capabilities.
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lung malignancies (35) and may enable intensity-modified
radiotherapy.

Assessment of Therapy Response. Because metabolism is
a more sensitive marker for response to therapy than
morphology, PET and PET/CT have clear advantages over
CT alone in assessing adjuvant chemotherapy or radiother-
apy in patients with NSCLC (32,36). When PET/CT is
performed in a therapy response monitoring setting, that is,
within 4–8 wk after the start of adjuvant or neoadjuvant
therapy, the scan protocol can be adjusted to the body area
of interest. We schedule a PET/CT scan of the chest that
will be acquired with the arms raised above the head to
avoid truncation artifacts. When the data are to be used for
further radiotherapy planning, the patient is positioned on
the dedicated flat therapy planning table; otherwise, the
regular scanner table is used. As described above, func-

tional data are most important for assessment of the therapy
response. Therefore, CT can be performed nonenhanced.
However, for tumors invading mediastinal structures or the
thoracic wall, we prefer data obtained with contrast en-
hancement at follow-up for better delineation of the tumor
and adjacent organs. The CT scan is acquired during a
normal expiration breath-hold. Because the radiation dose
to the chest of repeated diagnostic CT scans is minimal
compared with the doses applied in radiation therapy, CT
should be performed in a full-dose manner with sufficient
tube current and tube voltage parameters so that infiltration
of the primary tumor into adjacent structures can be as-
sessed in detail.

Follow-up for NSCLC. In patients with a suspected
recurrence of NSCLC, PET/CT provides better anatomic
localization of suspected lesions than side-by-side PET and

TABLE 7
Multiphase Scan of Liver

Step Details

Patient preparation See Table 1

CT overview scan (scout or topogram) Covered area: liver

Abdominal multiphase CT scan Scan direction: craniocaudal
Initial nonenhanced CT scan of liver and upper abdomen

Scan delay: 30 s after start of intravenous injection of contrast material* for

arterial phase and 50 s for portal–venous phase

Administration of 100 mL of contrast material
Breathing protocol*: deep-inspiration breath-hold

Patient position in scanner: head first, supine

Arms above head, supported by positioning aids (e.g., cushions)

Positioning aids for knee or ankle
Tube current: 100 mAy

Tube voltage: 130 kVy

Slice thickness: 5 mm; increment: 2.5 mmy

PET/CT overview scan (scout or topogram) Covered area: head, neck, chest, abdomen, and middle of thighs

Patient position remains unchanged

Whole-body PET/CT scan No additional contrast material

See Table 1

*Adjusted to specific scanner capabilities.
yCT parameters adjusted to specific scanner capabilities.

FIGURE 2. Comparison of chest scan-
ning during shallow breathing (A) and
chest scanning with additional low-dose
CT during maximal inspiration (B). (A)
Lung metastasis from colorectal cancer
is only barely visible during shallow
breathing (arrow). Also note blurred lung
vessels and congested lung parenchyma
in this image. (B) Metastasis can be
clearly detected by low-dose CT during
maximal inspiration (arrow). Additionally,
lung parenchyma is well inflated, and
lung vessels are displayed sharply.
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CT. This improved diagnostic performance of PET/CT has
an impact on the clinical management of patients (37). The
diagnostic advantages of PET/CT in this clinical situation
are not limited to local disease but also include the iden-
tification of distant metastatic spread. In this setting, we
recommend that PET/CT be performed in a full-dose
manner with contrast agents to ensure detection and accu-
rate localization of all metastases. An additional low-dose
scan of the chest during a deep-inspiration breath-hold will
be useful for the detection of pulmonary metastases.

Breast Cancer

Although in many countries institutions are being reim-
bursed for 18F-FDG PET in patients with breast cancer, the
use of 18F-FDG PET or PET/CT has not been generally
recommended in these patients. Current guidelines for the
diagnosis of early-stage breast cancer do not include ex-
tensive imaging procedures for staging (38). In these early
stages, the diagnosis of breast cancer is based on clinical
palpation, bilateral mammography, and ultrasound. Routine
staging includes physical examination and various blood
tests. Even after the primary treatment of early-stage breast
cancer, recommended follow-up imaging includes mam-
mography and conventional staging methods, such as chest
radiographs only (39). Nevertheless, 18F-FDG PET and 18F-
FDG PET/CT have been found to be valuable in patients
with breast cancer and are widely used for tumor staging,
for assessment of the therapy response, and for follow-up
(40–44). The potential advantages of PET/CT over PET
alone are currently under discussion (45).

18F-FDG PET/CT can be used for whole-body staging of
breast cancer in a single session. A whole-body imaging
protocol like that shown in Table 1 offers the detection of
lymph node metastases as well as distant metastases. To

improve T staging with 18F-FDG PET/CT and for potential
correlation of the PET/CT dataset with MRI mammography
(MRM), an additional PET/CT scan in the prone position
with a breast positioning aid can be performed. The shape
of this positioning aid is equivalent to the shape of con-
ventional MRM coils (Fig. 4). Noncompressed visualiza-
tion of the breast enables better delineation of small lesions
adjacent to the thoracic wall and allows for comparison of
MRM and PET/CT findings. A possible protocol for breast
scanning with 18F-FDG PET/CT is shown in Table 5.

For follow-up and staging of metastatic or recurrent
breast cancer, 18F-FDG PET has been found to have lower

FIGURE 3. Patient with NSCLC, positioned for radiotherapy
planning, and wearing combined chest–neck–head mask.
Patient rests on flat radiotherapy planning table, and mask is
fixed at both sides of table (arrows). Arms are raised above
head to avoid truncation artifacts on chest images. Arms are
supported by triangular cushion to avoid motion artifacts.

FIGURE 4. (A) Foam mold for dedicated PET/CT breast
imaging with 2 breast cups. (B) For greater patient comfort,
breast imaging device is covered with cotton drapery during
examination. (C) Patient positioned for breast PET/CT in prone
position with arms raised above head. (D) Corresponding 18F-
FDG PET/CT image of patient with suspected breast cancer
revealed elevated glucose metabolism in left breast; finding
was verified during surgery to be breast cancer. (E) Corre-
sponding MRI showing mass (arrow).
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sensitivity than 99mTc-methylene diphosphate bone scan-
ning because of the various levels of 18F-FDG uptake by
osteoplastic and osteolytic bone metastases (46,47). An
option for solving this problem may be the use of 18F-
fluoride as a radioactive tracer for PET and PET/CT (48).
Furthermore, whole-body MRI may serve as an alternative
and has been found to be slightly more sensitive than
whole-body 18F-FDG PET as well as 18F-fluoride PET for
the detection of osseous metastases (49).

Colorectal Cancer

Colorectal cancer is one of the most common malignant
diseases in the Western Hemisphere and the most common
type of malignancy causing liver metastases. The number
of new patients in the United States exceeds 145,000 per
year, with the number of estimated deaths exceeding 55,000
(50). Given the fact that the number of tumor-related
deaths increased from 20.8% to 22.8% over the last 25 y,
effective treatment remains a challenge (51,52). Apart from
resection of the primary tumor, surgical resection of colo-
rectal liver metastases still remains the method of choice
for curative treatment. However, only 10%–25% of all
patients are candidates for metastasectomy. One of the most
important contraindications for hepatic resection is ex-
trahepatic disease (53,54), making correct tumor staging
necessary.

At our institution, whole-body PET/CT with intravenous
contrast material and full-dose CT acquisition is used for
initial tumor staging. Contrast enhancement and a regular
tube current obviate additional diagnostic CT of the liver.
Recently, the value of diagnostic CT as part of the PET/CT
examination was reported for the detection of liver metas-
tases. Contrast-enhanced PET/CT was able to detect more
hepatic lesions than nonenhanced PET/CT (55). It is a well-
known limitation of 18F-FDG PET that small liver metas-
tases may not be detected because of smearing of 18F-FDG
uptake caused by respiratory motion during PET acquisi-
tion. Thus, this limitation may be solved by the CT
component of PET/CT. Because tumors of colorectal origin
may metastasize to mesenteric and retroperitoneal lymph
nodes, the identification of paraluminal small tumor nodes
is essential. The application of an oral contrast agent will
aid in the differentiation of mesenteric lymph nodes from
adjacent small-bowel loops. We use a water-equivalent oral
contrast agent to avoid contrast-associated PET artifacts.
This contrast agent distends the small bowel without in-
creasing HU (13). A limitation associated with this type of
contrast material can be found in patients with necrotic
lymph node metastases, which present as hypodense and
round lesions on CT. These necrotic lymph node metastases
may be difficult to differentiate from the water-filled
bowel.

To improve tumor staging with respect to the detection of
primary lesions and more accurate T staging, the PET/CT
protocol can be further optimized to whole-body PET/CT
colonography. For this procedure, the whole-body protocol

(field of view: skull to upper thighs) is divided into 2 parts,
as follows. First, data from the upper-body region (skull to
diaphragm) are acquired during a normal expiration breath-
hold in a caudocranial direction with the patient in the
supine position. This PET/CT acquisition is followed by a
PET/CT acquisition from the diaphragm to the upper thighs
with the patient in the prone position. Before the second
scan, a rectal water enema of 2–3 L is administered in
conjunction with pharmacologic bowel relaxation (Table 6)
(56). All patients scanned with this protocol undergo bowel
cleansing the night before the examination. Initial results
evaluating the PET/CT colonography protocol have shown
improved T staging compared with that provided by CT
colonography (our unpublished data; January 2006). In
contrast to normal CT colonography, this protocol uses a
water enema rather than air to maintain bowel distension.
Resorption of air from the bowel in between CT and PET
would require additional air application while scanning,
and this air application might induce bowel motion. Thus,
the water enema seems more practical for PET/CT colo-
nography.

As for other tumor entities, therapy response monitoring
scans in patients with colorectal cancer may be limited to
the body region of interest. Because functional data are
most relevant for therapy assessment and because func-
tional changes frequently precede morphologic changes, we
perform the CT component without contrast material and in
a low-dose manner in this clinical setting.

Gastrointestinal Stromal Tumors (GIST)

For the initial staging of GIST, a whole-body examina-
tion seems advisable to detect all potential metastases. It
has been shown that hepatic metastases from GIST may be
masked on contrast-enhanced CT scans because of similar
enhancing characteristics for the metastasis and its harbor-
ing organ. This scenario applies specifically to CT images
acquired in the portal–venous contrast phase, the phase
typically used in whole-body PET/CT to image the liver.
On nonenhanced CT scans, GIST metastases usually show
as hypodense lesions surrounded by normal liver paren-
chyma. Therefore, a nonenhanced CT component of a PET/
CT examination may be of benefit for initial GIST staging.
More lesions may be detected by nonenhanced CT than by
18F-FDG PET. Therefore, these imaging modalities com-
plement each other for GIST staging.

Although intravenous contrast agents may obscure GIST
metastases from detection, oral contrast agents will im-
prove lesion detection and localization within the abdomen
and should be part of the PET/CT examination. These
contrast agents may be either positive or water equivalent
for initial tumor staging. However, in patients undergoing
imatinib therapy, cystic changes in peritoneal metastases
may make these lesions difficult to differentiate from bowel
loops if a water-equivalent contrast agent is used. In these
cases, a positive contrast agent may be preferable.
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18F-FDG PET and 18F-FDG PET/CT have been shown to
more accurately differentiate responders and nonresponders
than morphology alone in assessments of the response of
GIST to therapy (57–59). In patients responding to imatinib
therapy, 18F-FDG uptake by the tumor and its metastases
will decrease. GIST metastases are well known to liquefy
when patients undergo imatinib therapy, leading to a
decrease in lesion density on CT. This change in lesion
density may unmask small hepatic metastases previously
not detected because of similar densities for the lesion and
the surrounding liver parenchyma. Thus, the CT portion of
the PET/CT examination must be analyzed critically to
avoid false characterization of these unmasked lesions as
newly developed metastases.

Patients who have tumor recurrence and who are under-
going therapy will show an increase in 18F-FDG uptake on
18F-FDG PET. The corresponding CT image often shows a
nodule within a mass (Fig. 5) (60). This nodule-within-a-
mass pattern represents a newly developed, small contrast
material–enhanced lesion within a liquefied metastasis. It
serves as an important indicator of tumor progression on
CT and may be identified earlier than increased 18F-FDG
uptake in smaller lesions. To detect such a nodule within a
mass, contrast-enhanced CT is required and should be
included in the PET/CT protocol during the follow-up of
patients with GIST.

PET/CT for Image-Guided Locally Ablative Therapy

Within the last decade, a variety of local treatment
options have been introduced and evaluated for focal tumor
manifestations, such as HCC and liver metastases from
colorectal carcinoma. Even for bronchial carcinoma and
bone metastases from different primary tumors, locally
ablative techniques have been established. Methods include
intravascular approaches, such as chemoembolization and

intrahepatic arterial infusion therapy, and locally ablative
therapies, such as interstitial laser therapy, cryotherapy, and
radiofrequency ablation (61). Although 18F-FDG PET has
been shown to be a very sensitive and accurate tool for the
diagnosis of hepatic tumor manifestations in patients with
colorectal carcinoma (62,63), its diagnostic value for HCC
staging is low (64,65). Remarkably, the detection of extra-
hepatic HCC manifestations by 18F-FDG PET has been
shown to be more accurate than primary tumor visualiza-
tion (66).

The clinical routine staging of suspected liver malignan-
cies is based on contrast-enhanced imaging modalities.
Despite recent improvements in radiologic imaging, sur-
geons find undetected intra- and extrahepatic tumors during
laparotomy in as many as 55% of cases (67), resulting in a
change in therapy. These data make additional staging
information mandatory. Furthermore, an extrahepatic tumor
manifestation is a clear contraindication for locally ablative
therapies for malignant liver lesions (53,54). Whole-body
PET/CT with contrast-enhanced CT (Table 1) can reliably
detect patients amenable to locally ablative therapies for
colorectal liver metastases and has proved superior to PET
alone (68).

Depending on the primary tumor, an additional multi-
phase CT examination of the liver can be added immedi-
ately before the PET/CT examination to identify the full
extent of intrahepatic tumors, especially for adenocarci-
noma of the pancreas, HCC, and neuroendocrine tumors of
the gastrointestinal tract. These tumors and their metastases
typically enhance in the early arterial phase. The multi-
phase CT examination is performed during normal expira-
tion immediately before the PET/CT examination. The
patient is positioned on the PET/CT table with arms raised
above the head. PET/CT data can be fused with CT data
from the separate CT spiral after the examinations are
complete. Table 7 summarizes the CT protocol in use for
multiphase scanning of the liver. If this liver CT protocol is
used, then a whole-body CT scan for attenuation correction
of the whole-body PET scan can be performed without
additional contrast agents.

The optimal time to perform postinterventional imaging
to evaluate therapy response or tumor recurrence is still
controversial. Because rimlike enhancement patterns
caused by postinterventional hyperperfusion and tissue
regeneration are frequently found by contrast-enhanced
morphologic imaging procedures, 18F-FDG PET or 18F-
FDG PET/CT may be advantageous if performed within 24
h of ablation (69). After this short time interval, tissue
regeneration may lead to a rimlike area of 18F-FDG uptake
surrounding the ablation necrosis. Just as on contrast-
enhanced CT and MRI scans, this rimlike area of tracer
uptake may hamper the detection of residual tumors. For
patients with complete tumor ablation on the 24-h follow-
up scan, we currently perform the next follow-up scan 3 mo
after the intervention. Both the initial scan after ablation
and the 3-mo follow-up scan are limited to the liver, and

FIGURE 5. Male patient with GIST 1 y after initiation of
imatinib treatment. CT image shows newly developed, round,
contrast-enhancing nodules (arrows) within liquefied metastatic
remnants. This nodule-within-a-mass pattern is typical CT
appearance of GIST recurrence during imatinib treatment.
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data obtained with contrast enhancement are acquired. The
next follow-up scan is scheduled for 6 mo after the inter-
vention and includes whole-body PET/CT to stage poten-
tially new distant metastases. These follow-up protocols
may differ at other institutions. For 18F-FDG PET–negative
lesions, contrast-enhanced CT or MRI (if necessary with
both gadolinium and iron oxide) is performed for follow-up
(70).

CONCLUSION

Different clinical situations require custom-fit CT proto-
cols in PET/CT. Although the accuracy of tumor staging
may benefit from a fully diagnostic CT component, low-
dose, nonenhanced CT may be sufficient for assessment of
the therapy response. Of course, PET/CT will not be able
to fully replace CT in cancer imaging; however, PET/CT
performed with dedicated CT protocols may be able to
reduce the number of additionally required CT scans. Thus,
the question to be asked is not whether PET/CT can replace
CT for cancer imaging but whether PET/CT can replace
additional diagnostic CT for cancer imaging. If adapting
the CT protocol of PET/CT to the clinical situation, this
question must be answered with a clear ‘‘yes.’’
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18F-FDG PET/CT has rapidly become a widely used imaging mo-
dality for evaluating a variety of malignancies, including squa-
mous cell carcinoma of the head and neck and thyroid cancer.
Using both published data and the multidisciplinary experience
at our institution, we provide a practical set of guidelines and al-
gorithms for the use of 18F-FDG PET/CT in the evaluation and
management of head and neck cancer and thyroid cancer.
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roid carcinoma
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Squamous cell carcinoma of the head and neck (HNSCC),
which is newly diagnosed in nearly 40,000 patients annually
in the United States, has a tremendous impact on basic
functions, such as speech and swallowing, and its treatment
can significantly affect patient appearance (1). The overall
annual mortality rate for head and neck cancer in the United
States is 23%, and the 5-y survival rate is 56% (1–3).
Worldwide, HNSCC is an even larger issue. Nasopharyngeal
cancer has an incidence of as high as 25 per 100,000 in
southern China; in India, HNSCC accounts for 25% of all
male carcinomas and 10% of all female carcinomas (4,5).
Over 80% of early-stage tumors are cured, but nearly one half
of patients have evidence of advanced local disease or lymph
node metastases at the time of diagnosis. Therapy often
requires extensive multidisciplinary collaboration among
specialists in head and neck surgery, radiation oncology,
medical oncology, prosthodontics, and speech therapy.
Diagnostic imaging plays an important role in accurate
staging, restaging, and treatment monitoring and is es-

sential in both planning adequate treatment and minimizing
treatment-related toxicity and functional impairment. MRI

and CT remain the primary imaging modalities for the

assessment of HNSCC, but 18F-FDG PET/CT has emerged

as a vital adjunct when used in the appropriate clinical

setting.
The use of 18F-FDG PET/CT for the evaluation of head

and neck cancer has been most widely assessed for HNSCC,

although it has also been studied for other malignancies,

such as those of salivary gland and thyroid origins. PET/CT

rarely adds additional useful information regarding the

initial T stage of the primary tumor because the combina-

tion of clinical mucosal evaluation and MRI or CT better

evaluates local soft-tissue and bony anatomy. PET/CT can

be helpful, however, in several clinical scenarios: delinea-

tion of extent of regional lymph node involvement, detection

of distant metastases, identification of an unknown primary

tumor, detection of an occasional synchronous primary

tumor, monitoring of the treatment response, and long-term

surveillance for recurrence and metastases (Table 1).
Here we review the literature on the use of 18F-FDG PET

and PET/CT for HNSCC, discuss how diagnostic imaging

and PET/CT are used at our institution, and provide

practical guidelines and algorithms for the use of 18F-

FDG PET/CT for head and neck cancer. We also review the

use of PET/CT for thyroid cancer. It should be noted that

we do not routinely use intravenous contrast material for

the CT component of PET/CT examinations at our institu-

tion (these noncontrast CT examinations are reviewed by a

board-certified radiologist, and the results are integrated

into the PET report). When we do, PET/CT is treated as 2

separate examinations, with a specialist in nuclear medicine

interpreting the PET examination and a radiologist inter-

preting the neck CT and whole-body CT examinations. Our

head and neck PET/CT protocol consists of a whole-body

scan with the arms above the patient’s head and a separate,
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dedicated acquisition of the head and neck with the arms
down and a slightly longer acquisition time.

INITIAL STAGING OF HNSCC

Accurate delineation of the primary tumor and the extent
of regional lymph node metastases is critical for staging
of the tumor and for determination of the optimal initial
therapeutic approach, including planning the extent of sur-
gery and delineating targets for radiation therapy. Although
numerous reports on initial staging have shown that PET is
at least as sensitive as MRI or CT in detecting the primary
tumor (6–8), PET and PET/CT (without contrast material)
do not provide the anatomic definition that MRI and contrast-
enhanced multislice CT can provide. Therefore, there is a
limited role for PET in defining the T stage of the primary
tumor. One exception is the use of 18F-FDG PET in iden-
tifying the primary tumor site in patients who present with
cervical lymph node metastatic HNSCC from a clinically
undetectable or unknown primary tumor. This use of 18F-
FDG PET is discussed further in the next section.

For evaluating metastatic disease in cervical lymph nodes,
previous studies showed that 18F-FDG PET/CT is compa-
rable or superior to conventional imaging in detecting re-
gional lymph node metastases during initial staging (9–12).
In a review by Schoder and Yeung, an average sensitivity of
87%–90% and a specificity of 80%–93% were reported for
18F-FDG PET/CT (13); a sensitivity of 61%–97% and a
specificity of 21%–100% were reported for MRI or CT. A
more recent study suggested that MRI may be slightly more
sensitive than PET for identifying regional lymph node
metastases (93% for MRI vs. 85% for PET) (14); specificity
was comparable between the 2 imaging modalities (95%
for MRI vs. 98% for PET). However, a nonhybrid PET
scanner without PET/CT fusion was used in that study;
integrated PET/CT may be as good as or better than both
MRI and PET used alone.

18F-FDG PET/CT can certainly play an important role in
identifying disease in lymph nodes in unexpected locations
(upper mediastinum and axilla) and detecting unsuspected
distant metastatic disease (Fig. 1). In this setting, PET/CT
has an advantage over conventional imaging because of its
whole-body coverage and its sensitivity to lesions that may

be missed by conventional imaging, such as subtle bone
metastases that may not be detectable on a routine chest or
abdominal CT scan. Several studies have demonstrated that
PET may detect occult distant metastatic disease in as
many as 10% of patients with advanced local–regional
disease (8,9,11,13,15). Furthermore, patients with HNSCC
have an elevated risk of having a synchronous malignancy,
particularly in the upper aerodigestive tract. PET may be
useful in detecting such tumors, although its sensitivity in
this circumstance is not certain because of the relatively
small number of reports addressing this topic (16–18).

We have developed a schema for the role of 18F-FDG
PET/CT in the staging of head and neck cancer (Fig. 2).
MRI is typically our initial imaging study of choice be-
cause, compared with PET/CT without contrast material, it
is capable of more accurately delineating the extent of
tumor and evaluating perineural involvement and intracra-
nial extent of disease and is nearly comparable in accuracy in
detecting regional lymph node metastases (13,19). Contrast-
enhanced CT is used only in cases of laryngeal cancer.
However, the merits of MRI over contrast-enhanced CT are
still deeply debated between institutions, and PET/CT per-
formed with intravenous contrast material may be a rea-
sonably accurate alternative for delineating the extent of
disease at initial presentation (20).

TABLE 1
Key Benefits of 18F-FDG PET/CT for HNSCC

Clinical scenario Benefit

Initial staging Delineate extent of regional nodal metastases (radiotherapy target volumes and neck dissection choices may

be significantly altered)

Detect distant metastases
Identify synchronous primary tumors

Detect unknown primary tumor in patients with a squamous cell carcinoma neck metastasis

Monitoring therapy Accurately differentiate responders from nonresponders for salvage surgery

Surveillance Detect recurrence
Detect metastatic disease

Detect a second primary tumor

FIGURE 1. Detection of unexpected malignant involvement of
lymph nodes at initial staging. Patient with locally advanced
nasopharyngeal cancer was referred for initial staging evalua-
tion. Contrast-enhanced CT (A) and MRI (B) revealed 2 lymph
nodes that were within normal limits by size criteria and for
which the presence of malignant disease was uncertain (red
arrows). (C) These 2 nodes clearly had abnormal activity on 18F-
FDG PET/CT (yellow arrows), and radiation treatment field was
adjusted to accommodate these regions.
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At our institution, PET/CT is generally suggested when
there is concern for distant metastases on the basis of the extent
of local–regional disease. If a distant metastasis were identi-
fied, then surgery that would be associated with potential
functional loss and comorbidity could be avoided. In addition,
PET/CT may be used to further evaluate possibly abnormal
incidental findings from another imaging examination (for
example, mediastinal adenopathy detected by chest CT).

18F-FDG PET/CT does not perform as well in the staging
of lymph node involvement as it does in the assessment of
distant metastatic disease. In patients whose disease is clin-
ically stage N0 after an initial evaluation (no evidence of
lymph node involvement, as determined by physical exam-
ination and anatomic imaging), 2 small studies with senti-
nel lymph node biopsy as a gold standard showed that PET
failed to detect lymph nodes with malignant involvement in
8 of 9 patients (from both studies collectively) (21,22). A
larger and more recent prospective report of 31 patients
with stage N0 disease showed that 18F-FDG PET/CT failed
to detect minimally involved (#3 mm) lymph nodes in 3
patients and yielded false-positive findings in 4 patients (23).
The most likely causes of false-negative findings are the limited
spatial resolution of PET and its poor performance in de-
tecting lesions of less than ;5 mm. Therefore, selective neck
dissection or sentinel lymph node biopsy is more definitive.

Even in patients with clinically stage N0 disease, a
PET/CT scan at the time of initial staging may still serve as
a useful baseline examination for subsequent follow-up after
therapy (see later discussion) and is included as an optional
measure at our institution (Fig. 2). It is particularly useful
to have a baseline PET/CT scan to help differentiate inci-
dental physiologic 18F-FDG-avid foci from malignant foci
on subsequent posttreatment scans. Normal variant 18F-FDG
uptake can be seen in a variety of locations, including the
pharyngeal muscles, salivary glands, and lymphoid tissue,

and may pose a significant interpretive challenge when com-
parison images are not available.

IDENTIFICATION OF UNKNOWN PRIMARY TUMOR

Approximately 2%–9% of all HNSCCs will present with
cervical lymph node metastases without clear evidence of
a primary tumor site (24). Such HNSCCs present both a
diagnostic challenge and a treatment quandary. Treatment
consists of radiation therapy that is directed at the full
extent of the pharyngeal mucosa, which may harbor the
putative primary tumor site, and that is associated with
significant morbidity, possibly for little gain. Identification
of the primary tumor site is critical because it may identify
a site for primary tumor surgical resection or define and
limit the extent of radiotherapy.

The initial evaluation for patients with an HNSCC lymph
node metastasis from an unknown primary tumor should
include a thorough physical examination, in-office endos-
copy, and anatomic imaging with MRI (or high-quality
CT). MRI and CT scans may be negative if the primary
tumor site is subtle or difficult to separate from adjacent
normal structures (such as lingual tonsillar tissue), if the
primary tumor site is superficial or very small, or if the scan
is limited by motion or streak artifacts. Multiple studies have
assessed the use of PET for detecting an occult primary
tumor site, and success rates have generally been at least
comparable to if not better than those of anatomic imaging
(25). In a large review by Schoder and Yeung of 11 studies
that included more than 300 patients, the sensitivity of PET
ranged from 10% to 60%, a finding that was attributed to
differences in inclusion criteria and clinical verification (13).
A more recent metaanalysis concentrated on studies that
specifically addressed the subpopulation of patients who had
an initially negative physical examination and MRI results.

FIGURE 2. Algorithm for initial staging
of HNSCC. *Primarily to detect distant
metastatic disease, additional regional
lymph nodes with metastatic disease,
and synchronous tumors. 1Primarily to
serve as baseline before therapy. Bx1 5

biopsy positive; Bx– 5 biopsy negative;
FNA 5 fine-needle aspiration.
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For this group, 18F-FDG PET and PET/CT were able to
detect the primary tumor in 40 of 150 patients (27%) (26).

At our institution, when physical examination, in-office
endoscopy, and MRI have been unrevealing, a PET/CT
scan is obtained (Fig. 3). If there is a suspect focus on
metabolic imaging, then the patient undergoes panendos-
copy, during which a frozen-section biopsy of the suspect
site found by PET/CT is obtained. If the frozen-section
biopsy is negative, then further strategic biopsy specimens
are obtained from the most common sites for primary
tumors. These sites include the base of the tongue, the
ipsilateral tonsillar fossa, and, in some cases, the pyriform
sinus and contralateral tonsillar fossa and the nasopharynx.
If the PET/CT scan does not show any evidence of the
primary tumor, then the patient undergoes panendoscopy
and subsequent strategic surgical biopsy specimens are
obtained in the hope that permanent tissue sections will
identify the occult primary tumor. If the primary tumor is
discovered, then PET/CT may be performed before treat-
ment to assess for local–regional disease, distant metasta-
ses, or a synchronous tumor (Fig. 4).

MONITORING TREATMENT RESPONSE AND
SURVEILLANCE

Chemoradiation that includes cisplatin-based chemother-
apy and intensity-modulated radiation therapy is frequently
the primary treatment for HNSCC. This nonsurgical route
may be chosen for either of 2 general reasons. First, an
organ preservation protocol may be chosen for patients with
laryngeal and tongue cancer in an effort to avoid surgical
resection altogether. Second, chemoradiation is often cho-
sen in clinical scenarios in which it has been demonstrated
to achieve local–regional control similar to or better than
that of protocols that include surgery. In both clinical
settings, PET/CT is useful for monitoring the treatment
response and for accurately identifying patients with resid-
ual disease for salvage surgery.

Assessment of the treatment response and surveillance
for recurrence in HNSCC may pose a diagnostic challenge.
Radiation and surgery can cause significant changes to the
normal tissues of the head and neck (27). Such tissue
distortions can obscure persistent or recurrent disease on
physical examination, CT, and MRI until relatively late in
the course of disease (27,28). For 18F-FDG PET, likewise,
nonspecific increases in tracer uptake can occur in
lymphoid tissue, salivary glands, muscles, and soft tissue,
usually as a result of posttreatment inflammation (29). A
number of studies, however, have shown that PET can
detect residual tumor after chemoradiation more accurately
than conventional imaging (30–34). For a series of 108
patients at our institution, we found that PET/CT detected
local–regional persistent or recurrent HNSCC with a sen-
sitivity of 82%, a specificity of 92%, a positive predictive
value (PPV) of 64%, a negative predictive value (NPV) of
97%, and an overall accuracy of 90% (35). Similarly, in a
recent study of 39 patients by Porceddu et al., PET had an

FIGURE 3. Algorithm for evaluation of
unknown primary malignancy with cervi-
cal lymph node metastases. *Ipsilateral
base of tongue, tonsillar fossa (TF),
nasopharynx, and, in some cases, pyri-
form sinus and other TF. 1PET/CT may
be helpful in this setting for detecting
distant metastatic disease, additional re-
gional lymph nodes with metastatic dis-
ease, and synchronous tumors. Bx1 5

biopsy positive; Bx– 5 biopsy negative;
FNA 5 fine-needle aspiration.

FIGURE 4. HNSCC metastasis from unknown primary tumor.
Patient had enlarging 3-cm left neck mass felt on physical ex-
amination. (A) Contrast-enhanced CT depicted space-occupying
lesion (red arrows) in left neck. Biopsy of lesion was obtained by
fine-needle aspiration, and lesion was proven to be lymph node
metastatic squamous cell carcinoma. There was no clear evi-
dence of primary tumor except for subtle asymmetry at left tonsil-
lar fossa (blue arrow) that was of uncertain significance. 18F-FDG
PET (B) and fusion PET/CT (C) clearly identified primary tumor at
left tonsillar fossa (yellow arrows); finding was confirmed by
endoscopic biopsy.
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NPV of 97% when it was performed at a median of 12 wk
after the completion of therapy (36). For the detection of
distant metastases, PET/CT had a sensitivity of 89%, a
specificity of 97%, a PPV of 85%, an NPV of 98%, and an
overall accuracy of 96% (35). A negative PET/CT result is
highly reliable for all sites when PET/CT is performed at
least 2–3 mo after the completion of therapy (Fig. 5) (36).
A positive PET/CT result in the head and neck region must
be correlated with information from the physical examina-
tion and cross-sectional imaging modalities, as nonspecific
inflammation may often be 18F-FDG avid.

Decisions about the optimal timing of PET/CT scans rel-
ative to radiation therapy, once greatly debated, are achiev-
ing greater consensus. PET/CT is more accurate when
performed at 2–3 mo after the completion of radiation
therapy than at earlier time points (32,36,37). This im-
provement is attributed to subsidence of the nonspecific
inflammation over time. Like others, we found that PET/CT
performed at 3 mo after the completion of radiation therapy
had significantly higher sensitivity (P , 0.01) and NPV
(P , 0.05) in the head and neck than PET/CT performed
within 1 mo (35). Similarly, PET/CT had a higher speci-
ficity for detecting persistent tumor after radiation therapy
than contrast CT alone, and the specificity of PET/CT was
highest when it was performed after 8 wk of treatment (35).
Other investigators described similar results at a range of
8–16 wk after the completion of radiotherapy (32,37,38).

In the setting of surveillance, numerous studies have
demonstrated that 18F-FDG PET/CT has a relatively high
sensitivity for detecting recurrent disease at the primary
tumor site and regional lymph node metastases (39–45). For
patients who underwent PET or PET/CT at least 12 wk after

the completion of all therapy, the reported sensitivity ranged
between 93% and 100% for the detection of recurrence.
Because there may be nonspecific 18F-FDG uptake at sites
other than sites of malignancy, such as in inflamed lymph
nodes or musculature, the specificity of PET and PET/CT is
between 63% and 94%, and additional confirmatory tests
should be used when there are abnormal findings (Fig. 6).

Researchers at our institution have reached a reasonable
consensus opinion for assessing the treatment response and
surveillance (Fig. 7). At approximately 1 mo after the com-
pletion of chemoradiation, patients with obvious residual
disease or tumor progression are considered for immediate
salvage surgery. If there is no clear evidence of residual
disease, then patients are clinically evaluated 1 mo later (2
mo after the completion of chemoradiation). If a suspect
site is found on examination, then biopsy specimens are
obtained. Patients who appear to have had a complete
therapeutic response undergo MRI (or CT, in cases of
laryngeal cancer). Fine-needle aspiration biopsy is performed
if there are suspect areas on cross-sectional imaging. If no
evidence of disease is found on physical examination, in-
office endoscopy, and MRI at 2 mo after the completion of
chemoradiation, then patients are evaluated by PET/CT
beginning at 3 mo after the completion of chemotherapy.
The value of this examination may be increased if a
comparison baseline PET scan had been obtained at initial
staging. Subsequent surveillance PET/CT scans are sched-
uled either depending on clinical suspicion or at regular
intervals, such as every 6 mo for the first 18 mo and
annually thereafter. In the latter setting, frequent surveil-
lance has a reasonable chance of detecting recurrence and

FIGURE 5. Monitoring chemoradiation. (A) Pretreatment trans-
axial 18F-FDG PET/CT revealed intensely hypermetabolic primary
carcinoma at base of tongue (red arrows). (B) 18F-FDG PET/CT
after chemoradiation revealed complete resolution of abnormal
activity without evidence of residual disease in treated region.

FIGURE 6. PET/CT for detection of recurrence. (A) Surveil-
lance 18F-FDG PET/CT after therapy revealed prominent phys-
iologic mandibular muscle uptake without evidence of recurrent
disease. (B) Interval follow-up 18F-FDG PET/CT revealed new
subtle hypermetabolic focus in left retropharyngeal region (red
arrows) suspected of indicating recurrence. (C) T1-weighted
contrast-enhanced MRI confirmed presence of suspect sub-
centimeter retropharyngeal lymph node (yellow arrow).
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may be of particular value when a potentially curative
salvage modality is available (surgery or reirradiation).

EMERGING ROLE OF PET/CT IN RADIOTHERAPY
PLANNING

Integrated 18F-FDG PET/CT provides a bridge between
anatomic imaging and functional imaging that appears
to be ideally suited to radiotherapy planning in the era of
highly conformal radiotherapy (46,47). Accurate spatial
delineation of targets is especially important with treatment
modalities that deliver highly conformal 3-dimensional
dose distributions, such as intensity-modulated radiation
therapy and stereotactic radiosurgery, both of which are
used commonly for treating HNSCC at our institution.
Immobilization devices can be used during the acquisition
of the PET/CT scan to improve the registration of PET and
CT data for treatment planning. Several publications have
reported that target volumes may be modified in as many as
20% of cases with the use of 18F-FDG PET/CT versus CT
alone (Fig. 8). Accordingly, PET/CT is commonly used as
an adjunct examination for radiation treatment planning for
head and neck cancers at our institution. We rely primarily
on CT and MRI for target definition because of their high
spatial resolution. In addition, we have found that PET
frequently fails to identify hypermetabolism in areas of
marrow space infiltration and perineural extension that are
highly suspect on MRI. Therefore, we use PET/CT pri-
marily to include normal-size, normal-appearance lymph
nodes with increased metabolic activity as part of the high-
dose target volume. In addition, PET/CT may be helpful for
contouring primary tumors whose borders are difficult to
distinguish by anatomic imaging alone, as is sometimes the
case with tongue base tumors. At present, we do not reduce
the target volumes to exclude PET-negative portions of
tumors that appear abnormal on CT or MRI, such as areas
of necrosis or enlarged lymph nodes with equivocal met-

abolic activity. Long-term outcome data identifying patterns
of treatment failure in relationship to PET/CT-augmented
target volumes are needed to define a standardized approach
to the use of PET/CT in treatment planning before this can
be recommended as routine practice.

18F-FDG PET/CT IN THYROID CANCER

There are more than 30,000 new cases of thyroid cancer
in the United States annually, and the incidence is increas-
ing (48). The vast majority of thyroid cancers arise from
follicular cells and are classified pathologically as papillary,
follicular, and anaplastic. Papillary and follicular cancers
and variants, such as the follicular variant of papillary
cancer, are designated as differentiated because they retain
the ability to trap iodine and produce thyroglobulin (Tg).

The normal thyroid traps little or no 18F-FDG. On PET
scans obtained for the management of nonthyroid cancers,

FIGURE 7. Algorithm for evaluation of
treatment response. *Time aftercompletion
of radiotherapy. Bx1 5 biopsy positive;
Bx– 5 biopsy negative; FNA 5 fine-needle
aspiration.

FIGURE 8. Use of PET/CT to assist in radiation treatment
planning. (A) MRI depicted asymmetric tissue in left nasophar-
ynx. Radiotherapy contour line encircled this region (red line).
(B) PET/CT revealed abnormal metabolic activity crossing
midline from left nasopharynx to right nasopharynx, suggesting
extent of tumor larger than that suggested by MRI. Radiother-
apy contour line was adjusted accordingly (red line).
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the uptake of 18F-FDG in the thyroid can occasionally be
identified. When this uptake is diffuse and intense, it is
usually attributable to autoimmune thyroiditis (49). In con-
trast, when the uptake is focal, there is a 30%–50% chance
of primary thyroid cancer. These data were recently
reviewed (50). With integrated PET/CT, the uptake can
be shown to coincide with a solid nodule. This focal uptake
can also be attributable to metastasis from primary non-
thyroid cancer, including melanoma and kidney, lung,
breast, and gastrointestinal tract cancers, but there is usu-
ally evidence of widespread metastases in these situations.
In the case of focal uptake, fine-needle aspiration is advised
to obtain a tissue diagnosis.

Suggested approaches to the management of thyroid can-
cer have been published (51,52). We have constructed
an updated algorithm that includes integrated 18F-FDG
PET/CT (Fig. 9). The fundamentals of the treatment of dif-
ferentiated cancer are total thyroidectomy, thyroid hormone,
and, in selected patients, radioiodine (131I). The prognosis
worsens with each decade over the age of 45 y; with

increasing size of the cancer; with invasion into surrounding
structures, such as the trachea and esophagus; and with
metastases to distant sites. The treatment should be least
aggressive for patients with an excellent prognosis and
progressively more aggressive when there are increasingly
poor prognostic features. Thyroidectomy and thyroid hor-
mone are adequate for the treatment of an intrathyroid
differentiated cancer that measures less than 2 cm and is
fully excised. When surgery is incomplete or the cancer is
larger or invasive or there are local–regional or distant metas-
tases, there is a role for 131I after total thyroidectomy. In
preparation for 131I treatment, the level of thyrotropin (TSH)
must be elevated (most authorities recommend a value of .30
mU/L) either by withdrawing thyroid hormone or by injecting
recombinant human TSH, and the patient should adhere to a
low-iodine diet for 2 wk. We prefer to obtain a diagnostic
whole-body scan at 24 h after the administration of 148 MBq
of 123I to define the extent of residual thyroid and metastases
and to calculate the percentage of uptake in abnormal sites.
Next, an appropriate therapeutic dose is administered on the

FIGURE 9. Algorithm for evaluation of thyroid carcinoma. FNA 5 fine-needle aspiration; rhTSH 5 recombinant human TSH; XRT 5

radiation therapy.
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same day, and a scan is obtained 5–8 d later. With 148 MBq of
123I, there is seldom a difference in the diagnostic and
posttherapy scans; therefore, the extent of disease is defined
before radioiodine therapy. After treatment, we conduct fol-
low-up clinical evaluations at 2–3 mo, at intervals of 6 mo for 5
y, and annually thereafter. These visits include clinical exam-
ination and measurement of free thyroxine, TSH, and Tg. A
follow-up whole-body scan is obtained after 1 and 5 y along
with measurement of TSH-stimulated Tg; recombinant human
TSH is generally used to produce an elevated TSH level. Some
authorities use measurement of TSH-stimulated Tg without an
accompanying scan (53,54). However, the follow-up scan can
be compared with those obtained at the time of therapy and
provides objective evidence in patients who have anti-Tg
antibodies. Ultrasound of the neck is performed annually.
When the results of a follow-up scan are positive, a second
treatment with 131I is advised.

Usually the scintigraphic scan results and Tg levels
match: both are negative or both are abnormal. One difficult
problem is a disparity that usually involves measurable Tg
but a negative radioiodine scan result. Most authorities
consider a TSH-stimulated Tg level of 10 ng/mL or greater
to merit action (51). Such action can include empirically de-
termined therapy with 131I or imaging with PET or PET/CT
to identify the source of Tg production (Fig. 10) (55–57).
Reported sensitivities for PET and PET/CT range from
70% to 90%, and the specificity is also high. Our experi-
ence with 87 PET/CT studies revealed a sensitivity of 87%
and a specificity of 80%. False-positive results, including
18F-FDG uptake in brown fat and muscles of speech, are
correctly identified by fused PET/CT. Pathologic sites of
18F-FDG uptake can be cured by surgical excision. In con-
trast, we have been unimpressed with the success of empiric
131I treatment; frequently, there was no uptake of radioio-
dine on a posttherapy scan, and in none of our patients did
the Tg level become undetectable after this treatment.
However, an undetectable Tg level has been achieved with

PET and ultrasound-guided surgery (58). There are reports
that ‘‘blind’’ therapy with 131I can be hazardous (59).

18F-FDG PET/CT also has a role in other thyroid cancers
that do not trap iodine. These include anaplastic cancer,
medullary cancer, and lymphoma. The roles of PET/CT in
anaplastic cancer of the thyroid are to define the local
extent of disease and to determine whether there are distant
metastases (60). PET/CT is valuable in identifying the
source of persistent measurable calcitonin in patients who
have undergone total thyroidectomy. It is superior to ana-
tomic imaging (61,62). The roles of PET/CT in primary
lymphoma of the thyroid are to stage the disease and to
monitor the response to therapy.

CONCLUSION

18F-FDG PET/CT has become a widely used imaging
modality for a variety of common malignancies and is
increasingly becoming a standard part of the management
of HNSCC and thyroid cancer. For HNSCC, the primary
benefits of this modality are 3-fold: initial staging, monitor-
ing of the response to therapy, and long-term cancer surveil-
lance. During initial management, PET/CT can delineate
regional lymph node metastases, detect distant metastases,
discover unknown primary tumors, and identify synchronous
primary tumors. After chemoradiation, it is used for moni-
toring the response to therapy to accurately select patients for
salvage surgery. PET can also be used for long-term surveil-
lance, in which it has a very high sensitivity for recurrence
and metastatic disease. The value of PET/CT for radiother-
apy planning is under investigation; PET/CT is currently
used only in an assistive role in such planning.

For well-differentiated thyroid cancers, PET/CT plays an
important adjunct role in detecting sites of metastatic dis-
ease and recurrence that are scintigraphically occult on
radioiodine imaging. PET plays a similar role for medullary
tumors when there are persistently high calcitonin levels
without a known source. For anaplastic tumors and thyroid
lymphoma, PET may be used at initial staging to delineate
the local extent of disease and to detect distant metastases.

Currently, no consensus national guidelines have been
established for the use of PET/CT for HNSCC and thyroid
cancer. Drawing on personal experience at our institution
and on an analysis of the literature, we have outlined our
specific strategy for its use.
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Medicine Department, Université Catholique de Louvain, St. Luc University Hospital, Brussels, Belgium

Molecular imaging, in particular, PET, has brought an additional
dimension to management for patients with cancer. 18F-FDG,
which is the most widely available tracer, has been shown to
be of value for the selection of target volumes in radiation oncol-
ogy. Depending on its sensitivity and specificity, 18F-FDG has
been shown to influence the selection of target volumes for
non–small cell lung cancers (NSCLC) or for esophageal tumors.
On the other hand, for tumors such as head and neck squamous
cell carcinomas (HNSCC) and rectal carcinomas, convincing
data on the value of 18F-FDG for target volume selection are still
lacking. For target volume delineation, given that an adequate
method is used for volume segmentation, the added value of
18F-FDG has been demonstrated for HNSCC and NSCLC. For
both types of tumors, modifications in target volume delineation
translated into differences in dose distribution compared with the
results of CT scan–based plans. Studies are in progress for rectal
tumors. Novel markers of tumor hypoxia or proliferation have the
potential to modify the delineation of target volumes, allowing for
‘‘dose painting’’ in selected subvolumes. Finally, variations in
tumor volume and viability during radiotherapy also are under
intense investigation, potentially paving the way for so-called
‘‘theragnostic’’ or adaptive dose distribution during treatment.
This review discusses how PET/CT might modify the current
state of the art of radiotherapy planning.

Key Words: radiotherapy; PET; molecular imaging; treatment
planning

J Nucl Med 2007; 48:68S–77S

Radiation oncology is fully integrated in the multidis-
ciplinary treatment of cancer. It is estimated that 50% of
all patients with cancer will benefit from radiotherapy dur-
ing the course of their disease. Pivotal prospective or ret-
rospective clinical studies have indeed demonstrated, with
substantial evidence, the efficacy of radiotherapy as a sole
treatment modality or in combination with other options,
such as surgery, chemotherapy, and, more recently, biolog-

ically targeted agents (1). The improved efficacy of
radiation treatment results in part from tremendous tech-
nological innovations that have been made available to the
radiation oncology community over the last 50 y. It is rea-
sonable to state that in 2006, 3-dimensional radiotherapy
and intensity-modulated radiation therapy (IMRT) with on-
board imaging capability have enabled the delivery of ra-
diation doses with a degree of accuracy that has never been
achieved before. These innovations have progressively con-
tributed to the likelihood of improved local–regional con-
trol with reduced morbidity (2).

The implementation of 3-dimensional radiotherapy and
IMRT requires knowledge of setup uncertainties, adequate
selection and delineation of target volumes on the basis
of anatomic or molecular imaging modalities, appropriate
dose prescription and (dose) specification with regard to
dose volume constraints, and quality control for both the
clinical and the physical aspects of the entire procedure.

For target volume selection and delineation, anatomic
imaging modalities, such as CT and, to a lesser extent,
MRI, remain the most widely used modalities. CT is widely
available, does not have geometric distortion, and provides
intrinsic information on the electronic densities of various
tissues—information that is used in dose calculation algo-
rithms. As a limitation, CT lacks contrast resolution for
normal soft-tissue structures and tumor extent. This limi-
tation has led to significant inter- and intraobserver varia-
tions in delineation of the gross tumor volume (GTV) in
head and neck, lung, esophageal, prostate, breast, cervical,
and brain tumors (3–11). Furthermore, CT images are de-
graded by the presence of metallic structures, such as dental
fillings; this property may significantly limit the perfor-
mance of the modality in the assessment of oropharyngeal
or oral cavity tumors.

MRI with various sequences (for example, unenhanced T1-
weighted, contrast-enhanced T1-weighted, and T2-weighted
sequences with or without the fat suppression option) is
another anatomic imaging modality that can complement or
sometimes replace CT. MRI has been shown to be more
accurate than CT for evaluating the soft-tissue or bone ex-
tent of nasopharynx, prostate, and brain tumors (5,12,13).
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This advantage is translated into smaller interobserver
variations in delineation of the GTV compared with the re-
sults obtained with CT (13–15). However, for pharyngeal–
laryngeal tumors, the advantage of MRI over CT has not
been confirmed, either in terms of interobserver variability
or in terms of target volume delineation (16,17).

Over the last few years, the use of molecular imaging,
particularly the use of positron-labeled 18F-FDG, has be-
come increasingly popular in oncology. Given that ade-
quate tracers are used, molecular imaging with PET enables
visualization of the various molecular pathways of tumors,
including metabolism, proliferation, oxygen delivery and
consumption, and receptor or gene expression. Applied in
the clinic, PET can be useful for tumor staging, for pre-
diction of the tumor response, for selection or delineation
of radiotherapy target volumes, for assessment of the tumor
response to treatment, for the detection of early recurrence,
or as a tool to evaluate modifications in organ function after
treatment (18). The use of PET in general and of PET with
18F-FDG in particular for radiotherapy planning purposes
has taken on increasing importance, so that more and more
radiation oncologists believe that target volume selection
and delineation cannot be adequately performed without
the use of PET with 18F-FDG. Part of the attraction of PET
can be attributed to the fact that the use of new tools is
naturally fashionable and appealing. However, apart from
this aspect, why should metabolic information be consid-
ered more important than the anatomic information pro-
vided by CT or MRI? What is the evidence supporting the
use of 18F-FDG in the treatment planning process?

The objective of this article is to review the use of PET in
radiotherapy planning, with special emphasis on its appli-
cation for head and neck, lung, esophageal, and rectal tu-
mors. The following aspects are discussed: specific issues
related to the use of PET in radiotherapy planning; specific
aspects of the use of 18F-FDG in radiotherapy planning for
head and neck, lung, esophageal, and rectal tumors; and
challenging issues related to the use of 18F-FDG and other
tracers in radiotherapy.

SPECIFIC ISSUES RELATED TO USE OF PET IN
RADIOTHERAPY PLANNING

The goal of the planning process is to select and delin-
eate target volumes (and organs at risk) on the basis of all

of the available diagnostic information and on the knowl-
edge of the physiology of the disease, that is, the proba-
bility of local and nodal infiltration. This goal is achieved in
part through the use of various imaging modalities, which
depict more or less accurately the true tumor extent. The
difficulty with imaging modalities is that none of them has
a sensitivity of 100% (no false-negative examinations) or a
specificity of 100% (no false-positive examinations). Thus,
false-negative and false-positive results for depicting neo-
plastic processes occur.

How the sensitivity and specificity of a particular imag-
ing modality influence the radiation planning process de-
pends on the underlying objective of the treatment. If, for a
particular disease, the objective is to avoid missing a tumor
at any expense, a highly sensitive approach needs to be
selected. Such a selection will, of course, result in a lower
specificity and in the inclusion of nonneoplastic tissue in
the target volume. However, this approach reduces the
likelihood of missing neoplastic cells. If, on the other hand,
the aim is to avoid including nonneoplastic cells in the
target volume to protect normal tissue, a highly specific
approach needs to be elected. However, such an approach
reduces sensitivity and increases the risk for missing tumor
cells.

When a novel imaging modality (for example, PET with
the tracer 18F-FDG) is introduced, its sensitivity and spec-
ificity need to be compared with those of the standard test;
for radiotherapy planning, the standard test is CT. Further-
more, its potential impact on treatment planning needs to be
determined. For example, if an additional lymph node is
visualized with a new imaging modality known to be more
specific than the standard modality, it may be legitimate to
increase the target volume(s) beyond what would have been
used with a standard procedure; conversely, if fewer nodes
are visualized with a new imaging modality known to be
more sensitive than the standard modality, it may be le-
gitimate to decrease the target volume(s) below what would
have been used with a standard procedure. Table 1 summa-
rizes the available data on the specificity and sensitivity of
18F-FDG PET and CT for the staging of lymph node
involvement in lung cancer, head and neck cancer, cervical
cancer, and esophageal cancer. For the analysis shown in
Table 1, surgical lymph node sampling was used as the gold
standard.

TABLE 1
Comparison of CT and 18F-FDG PET for Staging of Lymph Node Involvement

% Sensitivity % Specificity

Cancer (reference[s]) CT 18F-FDG PET CT 18F-FDG PET

Head and neck (19–25) 36–86 50–96 56–100 88–100
NSCLC (27–31) 45 80–90 85 85–100

Cervical carcinoma (34–36) 57–73* 75–91 83–100* 92–100

Esophageal (32) 11–87 30–78 28–99 86–98

*CT or MRI.

PET IN RADIOTHERAPY PLANNING • Grégoire et al. 69S



For head and neck tumors, as shown in Table 1, CT and
18F-FDG PET performed with comparable diagnostic ac-
curacies (19–25). A potentially interesting use of 18F-FDG
PET is staging for patients with nodes found negative (node
negative) by other imaging modalities, in whom the issue
could be to avoid treating neck nodes if an 18F-FDG PET
examination is negative. However, data have indicated that
in the node-negative neck, the sensitivity of 18F-FDG PET,
compared with that of examination of a pathologic speci-
men after neck node dissection, is only about 70% (24).
These data are not surprising in light of the fact that in
node-negative patients who underwent a prophylactic neck
node dissection, microscopic nodal infiltration can be
observed in up to 30% of cases (26). The rather low
signal-to-background ratio of 18F-FDG and the limited
spatial resolution of PET preclude the detection of micro-
scopic disease by PET. In conclusion, compared with
anatomic imaging modalities such as CT and MRI, 18F-
FDG PET is not likely to be superior for the selection of the
target volume in neck lymph nodes.

In contrast, when the added value of 18F-FDG PET for
non–small cell lung cancer (NSCLC) is evaluated, the
situation is the opposite. The sensitivity for the staging of
lymph node involvement in lung cancer is significantly
higher for 18F-FDG PET than for CT. These data imply that
a negative PET examination could result in substantially
reduced target volumes and permit focusing on the primary
tumor (27–31).

For esophageal cancer, the sensitivity of 18F-FDG PET is
similar to that of CT. Conversely, 18F-FDG PET is very
specific for the staging of lymph node involvement outside
the mediastinum, for example, supraclavicular or celiac
lymph nodes (32). When such lymph nodes are detected by
18F-FDG PET, it is legitimate to increase the selection (and
thus the delineation) of the target volume (33).

For paraaortic lymph nodes in patients with cervical
carcinoma, 18F-FDG PET was also reported to be much
more specific than CT or MRI, although this finding was
based on a limited number of patients. These data support
the inclusion of these nodes in cases of positive PET
findings (34–36).

All of the data mentioned so far were obtained with PET
cameras, whereas more and more centers are being equipped
with dual PET/CT systems. Few systematic comparisons of
the diagnostic accuracies of stand-alone PET and integrated
PET/CT have been performed. Overall, diagnostic accuracy
has been improved with the use of dual PET/CT cameras
(37–43). However, it is interesting to note that, although
logistically more demanding, PET and CT performed almost
as well as dual systems in a side-by-side comparison (37).
Whatever the improved diagnostic accuracy of dual PET/CT
examinations, the results of more extensive comparisons
between PET/CT and PET are needed before definitive
conclusions can be drawn from the available data.

In conclusion, in contradiction to what has been reported
by others (44), the use of 18F-FDG PET for the selection

of target volumes should be accepted depending on the
intrinsic diagnostic accuracy of this imaging modality for
various disease sites and on the objectives of the treatment.

PET WITH 18F-FDG IN RADIOTHERAPY PLANNING FOR
HEAD AND NECK SQUAMOUS CELL CARCINOMA
(HNSCC)

As discussed earlier, the value of 18F-FDG PET for the
selection of target volumes in the head and neck area is yet
to be proven. Indeed, its sensitivity and specificity for the
assessment of head and neck node infiltration do not differ
significantly from those of CT (Table 1). However, a recent
study of 20 patients with mostly locally advanced disease
demonstrated an increase in sensitivity with hybrid PET/CT
compared with CT alone (45). The authors showed that
PET/CT-based radiation treatment would have significantly
changed the dose distribution (46). These findings need to
be confirmed prospectively with larger study populations
before this technique can be implemented in routine use.

Although the use of PET for the delineation of the
primary tumor is becoming increasingly popular, the accu-
rate determination of the volume and shape of the tumor
from PET images still remains a challenging task and an
incompletely resolved issue. Although most of the reports
regarding the segmentation of PET images have dealt with
NSCLC, various methods already have been tested to de-
termine the outline of 18F-FDG–positive tissue in patients
with HNSSC. The easiest and simplest method consists of
visual interpretation of PET images and definition of the
tumor contours by an experienced nuclear medicine physi-
cian or a radiation oncologist. However, this method, which
was applied in 2 recent studies, appears to be highly de-
batable (44,47). First, the threshold level of the PET image,
which depends on the display windowing, strongly influ-
ences the visual assessment of tumor boundaries. Moreover,
the visual delineation of objects is a subjective approach
that necessarily leads to substantial intra- and interobserver
variabilities.

In this framework, the development of objective and re-
producible methods for segmenting PET images has be-
come crucial. The simplest method relies on the choice of a
fixed threshold of activity, that is, a given percentage of the
maximal activity within the tumor, for distinguishing be-
tween malignant and surrounding normal tissues. Using a
fixed threshold of 50% of the maximal activity to automati-
cally segment primary tumors in the head and neck region,
Paulino et al. showed that tumor volumes delineated from
PET images obtained with 18F-FDG were larger than those
delineated from CT images in 25% of the cases (48).
Results from that study must be interpreted with caution
because the relevance of an arbitrary fixed threshold ap-
pears to be highly questionable. Indeed, it has been shown
that an adequate threshold for fitting macroscopic laryn-
gectomy specimens, used as the gold standard, varied
among specimens by between 36% and 73% of the maximal
activity (49). Along with the absence of validation studies,
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these data clearly illustrate that fixed threshold–based
methods are definitely not adequate for accurately segment-
ing head and neck tumors from PET images and should
therefore be avoided.

The use of an adaptive threshold is an elegant option that
could eliminate the drawbacks of methods that we have
already described. We previously validated a threshold-
based method with a dedicated phantom (50). The method
relies on a model that determines the appropriate threshold
of activity on the basis of the signal-to-background ratio.
This method was shown to be accurate for segmenting PET
images of a series of pharyngeal–laryngeal tumors (16). In
that study, a quantitative comparison of CT, MRI, and PET
with 18F-FDG showed that automatic segmentation of PET
images led to tumor volumes that were significantly smaller
than those obtained by either CT or MRI. Moreover, these
18F-FDG–determined volumes were by far the closest to the
reference volume assessed from the surgical laryngectomy
specimens. Although this method has been validated as a
reliable segmentation method, it has some drawbacks. For
instance, it is unclear whether this method is valid across
different centers (51,52). Also, this method is not ideal for
images with low signal-to-background ratios, such as those
encountered with peritumoral inflammation induced by
radiotherapy or with undifferentiated tumors.

The use of gradient-based segmentation is a method that
was motivated mainly by the rather inaccurate definition of
tumor edges by 18F-FDG PET. Gradient-based methods,
which are used for CT, cannot be used for PET because of
its poor resolution. Image restoration tools, such as edge-
preserving filters and deconvolution algorithms, generate
high-quality images that affirm the use of gradient-based
segmentation techniques. Preliminary experiments showed
that the segmentation of phantom objects and head and
neck tumors on the basis of a combination of watershed
transform and hierarchical cluster analyses provided en-
couraging results (53). The main advantage of such a
method is that it is purely data driven; no underlying model
or calibration curve is necessary. Consequently, both the
applicability and the extent of use of such a method could
be increased because it could still yield reasonable seg-
mentation in difficult cases (e.g., images with low signal-
to-background ratios) in which threshold-based methods
usually fail. A typical example is the use of 18F-FDG PET
during radiotherapy. The combination of the radiotherapy-
induced mucositis, which increases the background signal,
and the reduction in tumor uptake secondary to the treat-
ment response leads to a drastic decrease in the signal-
to-background ratio. In this context, the differentiation of
the residual tumor from the surrounding inflammatory area
requires either powerful segmentation methods, such as
gradient detection or clustering analysis, or delayed image
acquisition (54). In this framework, experimental data have
suggested that the kinetics of 18F-FDG uptake differ
between tumor and surrounding inflammatory cells (55).
These differences might be exploited through dynamic

PET acquisitions leading to different time–activity curves
for inflammatory tissues and tumor. Although this con-
cept appeared to be promising and has been successfully
applied for the detection of early tumor recurrences, pre-
liminary studies performed with animal models mimicking
tissue inflammation and with patients treated with radio-
therapy for head and neck cancer did not confirm its po-
tential advantage (56; Xavier Geets, unpublished data, July
2005).

A challenging aspect of the use of 18F-FDG PET for
HNSCC is the potential consequence on dose distribution
of PET-based plans compared with CT-based plans as rou-
tinely performed. It was recently reported that PET-based
plans led to a significant reduction in the volumes of the
high doses, thus limiting the dose delivered to the surround-
ing normal tissues at risk (57). This observation could
have important consequences, as it paves the way for a
possible increase in the prescribed dose for the target
volume.

PET WITH 18F-FDG IN RADIOTHERAPY PLANNING FOR
NSCLC

18F-FDG PET stages local–regional and distant disease
involvement in patients with lung cancer with a high degree
of accuracy and affects management for approximately one
third of patients (27,58,59). Furthermore, it results in a
lower rate of futile thoracotomies. Finally, by detecting
distant metastases, PET has the ability to exclude patients
from radical therapy (60).

Here we examine the influence of PET on the selection
and delineation of target volumes, address methodologic
problems, and elucidate whether PET can help in better
assessing the tumor response to radiotherapy.

18F-FDG PET has higher sensitivity and specificity for
the staging of lymph node involvement than CT and may
thus alter the GTV either by detecting unnoticed metastatic
lymph nodes or by downstaging a CT–false-positive medi-
astinal lymph node. The second situation seems to be more
frequent. For a series of 44 patients, De Ruysscher et al.
showed that 18F-FDG PET altered the stage of the disease
in 11 patients (25%) by downstaging the disease in 10 of
these patients (61). As a consequence, the GTV based on
PET with 18F-FDG was on average smaller than the GTV
defined by CT. In a simulation study, the same group
showed that for the same expected levels of toxicity to the
lungs, spinal cord, and esophagus, the dose delivered to the
tumor could be increased by 25%, resulting in a potentially
higher tumor control probability (24% for PET/CT plan-
ning compared with 6.3% for CT-only planning) (62). In
addition to better detection of true-positive lymph node
involvement, 18F-FDG PET further alters the definition of
the GTV by discriminating tumor tissue from atelectasis or
necrosis (Fig. 1) (63,64). Other investigators reported that
18F-FDG PET alters the GTV in 22%–62% of patients (65).

To date, only a few studies have prospectively included
PET with 18F-FDG in radiotherapy planning and addressed
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its impact on local control and survival, which is the
ultimate question that one has to answer before incorpo-
rating molecular imaging into routine radiotherapy plan-
ning processes. Interestingly, selective mediastinal lymph
node irradiation based on PET with 18F-FDG yielded a low
rate of treatment failure for isolated nodes, suggesting that
reducing the target volume does not result in poorer local
control (61). In a modeling study, van Der Wel et al.
reported that for 21 patients with N2 or N3 NSCLC, the use
of PET/CT in radiotherapy planning resulted in a lower
level of radiation exposure of the esophagus and the lungs,
allowing a significant increase in the dose delivered to the
tumor (66). Finally, PET, especially PET/CT, imaging has
another positive effect on tumor volume delineation. Many
groups noted that the interobserver variability, as well as
the intraobserver variability, was significantly reduced when
the 18F-FDG PET image was available for tumor volume
delineation (67,68).

Some issues related to the use of PET for lung cancer
radiotherapy are still unresolved. First, tumor volume de-
lineation or contouring by PET is still unsatisfactory, as
discussed earlier for head and neck cancers. The appropri-
ate activity threshold to be used to automatically delineate
the tumor contours varies with the size of the tumor and the
tumor-to-background ratio (69). Recently the suggestion
was made to include in the GTV defined from PET images
the area of lower uptake (which was designated the ‘‘an-
atomic biologic halo’’) immediately surrounding the most
metabolically active part of the tumor. Including this halo
resulted in better dose coverage of the planning treatment
volume (PTV) (67). Standardization is needed because the
use of different delineation techniques for 18F-FDG PET
leads to different GTVs (51).

The second methodologic issue, of particular importance
in lung cancer radiation therapy, is tumor motion during
PET and radiotherapy. PET images are usually acquired

during free breathing. The usual emission scan duration
for conventional PET is 5–10 min per bed position. For
PET/CT, a short CT scan is used for attenuation correction.
To increase the accuracy of tumor volume delineation,
respiratory gating techniques should be implemented (70).

PET WITH 18F-FDG IN RADIOTHERAPY PLANNING FOR
ESOPHAGEAL TUMORS

18F-FDG PET is particularly specific for the detection of
lymph node involvement outside the mediastinum, a feature
that may help to optimize the radiation target volume (Fig.
2) (32). Vrieze et al. analyzed the additional value of PET
with 18F-FDG for optimization of the clinical target volume
(CTV) in 30 patients with advanced esophageal cancer
(33). Discordances between conventional staging modali-
ties, including CT and endoscopic ultrasound (EUS), for the
detection of lymph node involvement were found in 14 of
30 patients (47%). In 8 patients, the involved lymph nodes

FIGURE 1. Role of 18F-FDG PET in
delineating volume of lung cancer. (A)
Axial, coronal, and sagittal CT slices from
patient with lung cancer located in left
hilar region, associated with retroob-
structive atelectasis of entire left lung,
and associated with major pleural effu-
sion. (B) Metabolic information provided
by 18F-FDG PET shows that tumor tissue
is confined to hilum. Delineation of tumor
margin is easier and more accurate with
help of 18F-FDG PET, allowing for signif-
icant modification of target volume.

FIGURE 2. PET/CT with 18F-FDG shows paratracheal adenop-
athy proven to be malignant by fine-needle aspiration cytology for
patient with esophageal cancer.
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were detected only by CT and EUS, and this finding would
have led to a decrease in the CTV in 3 of them. On the other
hand, PET with 18F-FDG was the only technique that
detected lymph node involvement in 6 patients, resulting
in a possible larger CTV in 3 of them (10%). The authors
concluded that the high specificity of PET with 18F-FDG
for the detection of lymph node involvement justifies its use
for treatment volume adaptation in the presence of positive
findings, whereas the low sensitivity of PET with 18F-FDG,
that is, false-negative lymph node involvement, would re-
sult in an erroneous reduction in the CTV. Whether the role
of PET with 18F-FDG in treatment planning will lead to a
therapeutic gain without increasing toxicity remains unan-
swered.

Another study evaluated the impact of CT and 18F-FDG
PET on conformal radiotherapy in 34 patients with esoph-
ageal carcinoma and referred for radical chemoradiation.
After manual delineation of the GTV by both modalities,
CT and PET images were coregistered. Image fusion (the
PET-based GTV was used as an overlay for the CT-based
GTV) resulted in a decrease in the GTV in 12 patients
(25%) and an increase in 7 patients (21%). Modification of
the GTV affected the PTV in 18 patients and affected the
percentage of the lung volume receiving more than 20 Gy
in 25 patients (74%), with a dose decrease in 12 patients
and a dose increase in 13 patients (71). A similar study was
performed with an integrated PET/CT scanner. Here, the
GTV was enlarged in 9 of 10 patients (90%) by a median
volume of 22% (range: 3%–100%) when information from
PET with 18F-FDG was added to the CT-based GTV. In 3
patients, PET-avid disease was excluded from the PTV
defined by CT; this finding would have resulted in a geo-
graphic miss (72).

The possible role of 18F-FDG PET/CT in radiotherapy
planning for esophageal cancer was further confirmed by
Howard et al. (73) for 16 patients. CT-derived GTVs were
compared with GTVs contoured on PET/CT images by

means of a conformality index. The mean conformality
index was 0.46, suggesting a significant lack of overlap
between the GTVs in a large proportion of patients. The use
of PET/CT in treatment planning for patients with esoph-
ageal cancer is now being evaluated in a prospective trial
(74). Preliminary findings on incorporating EUS and PET
in the treatment planning process for 25 patients with
esophageal carcinoma showed that the measured tumor
length was significantly longer on CT than on PET with
18F-FDG (74). The authors concluded that PET could be of
additional aid in treatment planning. Although EUS mea-
surements of the tumor length were as accurate as PET
measurements, the results of EUS are difficult to translate
into the planning process. A major drawback of this study
was the lack of comparison with pathologic findings after
surgery. Pathologic examination is, however, not easy, be-
cause chemotherapy and radiation induce tissue changes,
which can hamper the interpretation of images. Whether
the role of PET with 18F-FDG in more accurate delineation
of target volumes will lead to a therapeutic gain remains
unanswered.

PET WITH 18F-FDG IN RADIOTHERAPY PLANNING FOR
RECTAL CANCER

In many centers, preoperative chemoradiation is the
standard treatment for locally advanced rectal cancer. The
CTV includes the primary tumor, regional lymph nodes,
and pelvic areas at risk for subclinical disease (75). Accu-
rate dose delivery and the possibility of modulating the
dose prescription with IMRT pave the way for the use
of molecular imaging as a promising tool for selecting spe-
cific areas in a tumor that may be more radiation resistant
(Fig. 3).

The usefulness of PET with 18F-FDG has been investi-
gated for the initial staging of colorectal cancer (76–78).
All of those studies suggested that preoperative PET is
useful for the diagnosis of the primary tumor but is of

FIGURE 3. Imaging studies performed
before and during course of treatment for
patient with rectal cancer. (Upper row)
Images from CT performed in prone
position before chemoradiotherapy (RT),
during chemoradiotherapy, and at time of
surgery. (Middle row) Images from MRI
performed in supine position before
chemoradiotherapy, during chemoradio-
therapy, and at time of surgery. (Lower
row) Images from 18F-FDG PET per-
formed before chemoradiotherapy, dur-
ing chemoradiotherapy, and at time of
surgery. Tumor (red arrows) shows high
level of uptake of 18F-FDG before start of
treatment; 18F-FDG signal decreases

during treatment and is lowest at time of surgery. 18F-FDG PET can help in delineating GTV before treatment and in replanning
radiation treatment during course of treatment. White arrows indicate urinary bladder.
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limited value for detecting metastasis to the regional lymph
nodes. The potential use of PET/CT in radiotherapy plan-
ning for rectal cancer was addressed in 1 study (79). The
authors evaluated the accuracy of target volume definition
by PET with 18F-FDG for 11 patients by using an integrated
PET/CT system. They found that the PET-defined GTV did
not seem to correlate well with the pathologic tumor
volume. However, this study must be interpreted with great
caution, as several methodologic weaknesses were present.
First, the authors compared pretreatment PET/CT images
with pathologic specimens obtained after preoperative
chemoradiotherapy. Second, they used a fixed threshold
and a so-called standardized region-growing algorithm to
segment the target volume. By doing so, they definitely
omitted the selection and delineation of the CTV, which
contains all pelvic regions that are at risk for subclinical
disease in rectal cancer, including the internal iliac lymph
node regions (75).

Even if PET can provide additional functional informa-
tion, its usefulness in the treatment of rectal cancer is still
questionable and needs to be evaluated in prospective trials
with strict methodology. Its benefit may be of little interest
in preoperative 3-dimensional conformal radiotherapy, as
the total mesorectum included in the CTV will be surgically
removed anyway. However, it may be more important when
‘‘dose painting’’ in relevant biologic regions needs to be
achieved with simultaneous integrated boost techniques.
Whether this benefit in turn can improve patient outcome
must be proven in future trials. Moreover, problems that
require specific attention remain; these include image co-
registration and variations in patient setup, in organ motion,
and in organ shape. Integrated PET/CT is the modality of
choice for more accurate registration. However, small var-
iations are still possible because of the elastic properties of
the rectum wall, causing distortions of the rectum (and tu-

mor) during the time of acquisition (Fig. 4). Displacements
of the rectum wall or tumor could also induce geographic
misses when the application of higher doses to small vol-
umes is planned.

FUTURE PROSPECTS: ‘‘THERAGNOSTIC’’ IMAGING
FOR RADIATION ONCOLOGY

Recent developments in molecular imaging have created
opportunities to unravel the complexity of tumor biology.
In addition to 18F-FDG, which is likely a surrogate for
tumor burden and hence for clonogenic density, tracers of
hypoxia, such as fluoromisonidazole, 3,3,3-trifluoropropyl-
amine, fluoro-erythronitroimidazole, or copper-diacetyl-bis
(N4-methylthiosemicarbazone) (copper-ATSM); of prolifera-
tion, such as 5-bromo-29-fluoro-29-deoxyuridine or 39-deoxy-
39-fluorothymidine; and of receptor expression, such as
epidermal growth factor receptor, have been developed (80–
85). Integration of these various tracers could provide a closer
view of the biologic pathways involved in radiation responses
and hence could be used to ‘‘paint’’ or ‘‘sculpt’’ the dose in
various subvolumes by IMRT (86). Along this line, a few
proof-of-concept studies with 18F-FDG and copper-ATSM
have been reported (62,87–90). Although these studies dem-
onstrated the feasibility of the concept of dose painting,
clinical validation still remains to be undertaken.

It was assumed in all of these studies that target volumes,
even when defined with regard to specific biologic path-
ways, were homogeneous and did not vary during the
course of radiation treatment. Hence, the prescribed dose
was meant to be homogeneously distributed in space and
time (so-called 4-dimensional homogeneous dose distribu-
tion). This situation is likely an oversimplification of the
biologic reality, as tumors are known to be heterogeneous
with respect to pathways of importance for radiation re-
sponses and are also known to progressively shrink (at least

FIGURE 4. Correlation of resection
specimen with different imaging modali-
ties for patient with rectal cancer. (Col-
umn 1) Macroscopic section through
rectal cancer resection specimen from
top to bottom. (Columns 2–4) Correlating
imaging studies: MRI, CT, and 18F-FDG
PET, respectively (all performed in prone
position). This figure illustrates how mo-
lecular imaging modalities can be vali-
dated by correlation with pathologic
specimen.
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some of them) during treatment (91–93). For example, for
HNSCC, tumor volume dramatically decreased during a
7-wk treatment (53). Thus, replanning of the radiation
approach during treatment would have translated into a
substantial sparing of the surrounding nontarget tissues
(Fig. 5).

Bentzen recently proposed the term ‘‘theragnostic’’ to
describe the use of molecular imaging to prescribe the
distribution of radiation doses in 4 dimensions—the 3
spatial dimensions plus time (94). This research topic is
undoubtedly a challenging one that might revolutionize the
processes of radiotherapy planning and delivery. However,
before such a dream becomes reality, several issues need to
be resolved. From a planning point of view, the challenge is
to establish the correspondence between the PET signal
intensity (or PET image segmentation) and the prescribed
dose, leading to the evolution of the concept of dose
painting into dose painting by numbers (95). Another chal-
lenge is to develop tools to register in space and time
various images and the dose distribution acquired through-
out therapy. To this end, nonrigid registration techniques
will be required, as tumor or normal tissue shrinkage is
expected during the course of radiotherapy (96). From a
biologic point of view, the challenge is to relate a change in
tracer uptake to a change in the underlying biology; this
challenge requires a comprehensive biologic validation of
the concept of dose painting or dose painting by numbers in
experimental models. However, although much still needs
to be done, it is likely that the next 5–10 y will witness
some dreams becoming reality.

CONCLUSION

In summary, the introduction of PET images into the
treatment planning procedure remains a challenging issue.

The use of 18F-FDG PET for target volume selection should
be considered within the framework of its sensitivity and
specificity for various tumor types. Given the considerable
ranges of accuracy of PET across different tumor types, its
role will not be identical in different tumor locations. The
use of PET for target volume delineation requires specific
tuning of parameters, such as image acquisition, process-
ing, and segmentation, and these parameters may vary
among tumor sites. Theragnostic PET/CT with various
molecular imaging probes is an emerging field; however,
its clinical implementation would be premature given the
paucity of clinical outcome data. In conclusion, before
proper validation of the use of various PET tracers has been
performed and all methodologic aspects have been fully
optimized, it is reasonable to state that the use of PET for
treatment planning should not be routine but should remain
in the clinical research arena.
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Improvements in Cancer Staging with PET/CT:
Literature-Based Evidence as of September 2006

Johannes Czernin, Martin Allen-Auerbach, and Heinrich R. Schelbert

Department of Molecular and Medical Pharmacology, Ahmanson Biological Imaging Clinic/Nuclear Medicine, David Geffen
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PET/CT with 18F-FDG is increasingly being used for staging,
restaging, and treatment monitoring for cancer patients. CT is
still frequently used only for attenuation correction and lesion
localization. However, increasing sales of high-end scanners
that combine PET with 64-detector CT strongly suggest that
the field is moving toward a comprehensive concept, whereby
diagnostic CT studies during intravenous contrast material ap-
plication are combined with the highest-quality PET studies. At
many institutions, in-line PET/CT has replaced separately ac-
quired PET and CT examinations for many oncologic indications.
This replacement has occurred despite the fact that only a rela-
tively small number of well-designed prospective studies have
verified imaging findings against the gold standard of histopath-
ologic tissue evaluation. However, a large number of studies
have used acceptable reference standards, such as pathology,
imaging, and other clinical follow-up findings, for validating
PET/CT findings. From these data, we believe, has emerged re-
liable evidence in support of the notion that PET/CT offers diag-
nostic advantages over its individual components for the major
cancers.

Key Words: cancer; staging; PET/CT
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Early clinical studies reported dramatic improvements
in the diagnostic accuracy of in-line PET/CT over PET
alone, as demonstrated for lung cancer patients (1). This
finding was surprising because PET alone had been re-
ported to stage and restage cancer with accuracies in excess
of 90% (2). Recent reports of more modest gains in the
diagnostic accuracy of PET/CT for lung cancer, colorectal
cancer, breast cancer, lymphoma, and others were therefore
not unexpected (Table 1).

We conducted extensive searches of medical databases
using various combinations of key words to identify rele-
vant contributions to the literature on the clinical value of
PET/CT for head and neck cancers, thyroid cancer, lung

nodules and lung cancer, breast cancer, cancers of the
gastrointestinal tract and urogenital system, lymphoma,
melanoma, and unknown primary cancers. A selection of
these publications is listed in Table 1. Because most of the
reviewed studies are discussed in more detail in the indi-
vidual contributions to this supplement, we limited this
review to reporting comparative PET/CT and PET or CT
accuracy data. We recognize that the inclusion of pub-
lications in this review remains somewhat arbitrary and
possibly incomplete because relevant publications may
have escaped our search.

HEAD AND NECK AND THYROID CANCERS

Head and Neck Cancers

The diagnosis of recurrent or residual head and neck
cancers after surgical resection, chemotherapy, or radiation
treatment by conventional anatomic imaging remains chal-
lenging, even with 18F-FDG PET. False-positive 18F-FDG
PET findings can arise from brown fat tissue (3) as well as
from asymmetric skeletal muscle or mucosal or glandular
activity. In addition, regions with normal or physiologically
increased 18F-FDG uptake may mask pathologic 18F-FDG
uptake and cause false-negative results. Differentiation of
posttherapeutic alterations attributable to scarring, inflam-
mation, and necrosis from residual or recurrent tumors also
poses significant problems for CT and MRI.

It is therefore not surprising that head and neck cancers
were among the first oncologic entities to be studied with
PET/CT. Rather than studying the diagnostic accuracy of
PET/CT for staging of head and neck cancers, Syed et al.
(4) confirmed, in a prospective study of 24 patients, a sig-
nificant improvement in lesion localization, together with
greater interobserver agreement for PET/CT than for PET
alone (k-coefficient, 0.45 vs. 0.90).

A retrospective study of 47 patients by a group at the
University of Pittsburgh suggested an excellent sensitivity
of PET/CT of 95% but a limited specificity of only 60% for
detecting head and neck cancers (5). Imaging findings were
verified by biopsy or surgery in 25 of 33 patients for whom
PET/CT findings suggested tumor recurrence. The reasons
for the low specificity of 60% included physiologic laryn-
geal and tongue 18F-FDG uptake. One false-negative PET/
CT finding was attributable to a missed laryngeal lesion.
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In another retrospective study (6), the majority of the 65
consecutive patients underwent restaging for suspected re-
current disease. Lesions were scored visually by PET, CT,
and PET/CT on a 5-point scale. Tumor biopsy, performed
for all patients, correlative imaging findings, and clinical
follow-up at 6 mo served as reference standards. As deter-
mined by lesion-based receiver operating characteristic
analysis, the accuracy of PET/CT was 92%; PET/CT was
significantly more accurate than PET or CT alone. Several
regions of physiologically increased uptake were correctly

identified as such only with the help of CT. On the other
hand, PET correctly identified malignant lesions that were
not seen on CT images in 12 patients. In 8 of these patients,
the lesions were not evident even in retrospect on CT
images.

Schoeder et al. (7) studied 68 patients, 52 of whom had
squamous cell carcinoma. About 50% of the patients were
evaluated for recurrent disease. Lesions were graded visu-
ally as benign, equivocal, or malignant. Biopsy findings as
well as endoscopic and other imaging findings served as

TABLE 1
Clinical Performance of PET/CT: Direct Comparison with PET or CT

Cancer Study

No. of subjects

enrolled

Method with which PET/CT

was compared P

Head and neck Branstetter et al. (6), 2005 65 T/N staging by PET NS

T/N staging by CT ,0.05
Schoeder et al. (7), 2004 68 Lesion detection by PET ,0.05

Gordin et al. (8), 2006 42 Staging by PET NS

Staging by CT ,0.05

Chen et al. (10), 2006 70 Staging by PET ,0.05
Staging by CT ,0.05

Thyroid Palmedo et al. (12), 2006 40 Diagnosis by PET ,0.05

SPN and lung Yi et al. (15), 2006 119 PET ,0.05

Lardinois et al. (1), 2003 50 T staging by PET 0.01
N staging by PET ,0.05

Antoch et al. (18), 2003 27 T staging by PET 0.008

N staging by PET NS
Halpern et al. (19), 2005 36 T staging by PET ,0.05

N staging by PET NS

Shim et al. (20), 2005 106 T staging by CT NS

N staging by CT ,0.001
Cerfolio et al. (27), 2006 93 Restaging or monitoring by CT ,0.05

Breast Fueger et al. (28), 2005 58 Restaging by PET 0.06 (NS)

Tatsumi et al. (29), 2006 75 Restaging by CT ,0.05

Esophageal Bar-Shalom et al. (30), 2005 32 Staging ,0.05
Yuan et al. (31), 2006 45 N staging by PET ,0.05

Colorectal Cohade et al. (33), 2003 32 Restaging by PET ,0.01

Kim et al. (35), 2005 62 Restaging by PET ,0.01
Votrubova et al. (36), 2006 84 Restaging by PET ,0.05

Even-Sapir et al. (37), 2004 51 Restaging by PET ,0.05

Selzner et al. (38), 2004 76 Detection of liver metastases by CT NS

Detection of extrahepatic disease by CT ,0.05
Pancreatic Heinrich et al. (40), 2005 59 Diagnosis by CT 0.07 (NS)

Biliary tract Petrowsky et al. (41), 2006 61 Diagnosis by CT NS

Detection of distant metastases by CT ,0.05

Regional N staging by CT NS
GIST Goerres et al. (43), 2005 34 Prognosis by CT ,0.05

Antoch et al. (44), 2004 20 Prognosis by PET ,0.05

Lymphoma Allen-Auerbach et al. (45), 2004 73 Restaging by PET ,0.05

Freudenberg et al. (46), 2004 27 Restaging by PET NS
Restaging by CT ,0.05

Schaefer et al. (47), 2004 60 Restaging by CT ,0.05

la Fougere et al. (49), 2006 100 Side-by-side PET and CT NS
Melanoma Reinhardt et al. (55), 2006 250 M/N staging by CT ,0.05

M/N staging by PET ,0.05

Unknown primary Gutzeit et al. (56), 2005 45 Detection by PET NS

Detection by CT NS

SPN 5 solitary pulmonary nodules.
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reference standards. However, only about 30% of the le-
sions were verified by biopsy. A lesion-based analysis
revealed that the accuracy of PET/CT was significantly
higher than that of PET alone (96% vs. 90%; P 5 0.03).
False-positive findings included cases of tonsillitis, chronic
and ulcerative inflammatory changes after radiation ther-
apy, and resolving increased 18F-FDG uptake in a lymph
node that was likely associated with inflammation. PET/CT
proved to be especially helpful in the reevaluation of pa-
tients after surgery. In the majority of patients, PET/CT was
found to be critical for exact lesion localization and re-
duced the number of equivocal findings by 50%.

Gordin et al. (8) conducted a prospective, nonmasked
image analysis of 51 PET/CT studies acquired in 42 retro-
spectively enrolled patients with laryngeal cancer. Imaging
findings were visually graded as benign, equivocal, or ma-
lignant and were verified by biopsy in 26 of 42 patients. In a
patient-based analysis, PET/CT was superior to CT and
PET with regard to specificity (96%, 8%, and 73%, respec-
tively) but superior only to CT with regard to accuracy (59%
for CT, 86% for PET, and 94% for PET/CT). Sensitivity did
not differ among the 3 modalities (89% for PET/CT, 92%
for CT, and 92% for PET; P 5 not significant [NS]). In a
lesion-based analysis, PET/CT was significantly more accu-
rate than CT or PET alone. Finally, PET/CT altered treatment
management in more than 50% of the study population.

The ability of PET/CT to detect nodal metastases was
examined in 31 patients with oral cancer staged as N0 by
CT or MRI (9). In this setting, the prevalence of nodal
metastases is about 20%. Thus, as expected, only a few
metastatic nodes were found in this study. PET/CT would
be helpful in this situation if it could reliably identify those
80% of patients without lymph node involvement and in
whom elective neck dissection could be avoided. The main
limitation of PET/CT in this setting was the relatively large
number of false-positive findings, largely attributable to
benign lymphadenitis. As another problem, micrometasta-
ses were missed in 3 patients. However, there is currently

no imaging modality that can identify such small metastatic
deposits.

Chen et al. compared the TNM staging accuracy of PET/
CT with that of PET and CT in 70 patients with nasopha-
ryngeal cancer (10). PET/CT, CT, and PET had comparable
accuracies for T and M staging in 20 patients with newly
diagnosed cancer. However, the accuracy of PET/CT (95%)
for restaging in 50 patients was significantly higher than
that of PET (83%) or CT (73%) alone.

Thyroid Cancer

The role of PET/CT in detecting recurrent papillary
thyroid cancer was investigated retrospectively in 33 pa-
tients by a group at Johns Hopkins University (11). PET/CT
findings were categorized as altering the treatment plan,
supporting the treatment plan, or having no impact on the
treatment plan. The treatment plan was altered or supported
in 67% of the patients by PET/CT. Most of these patients
had markedly elevated serum thyroglobulin levels and neg-
ative 123I scan results. Compared with histopathology as
the gold standard, PET had an accuracy of 70%. For 10
pathology-proven lesions, the PET/CT results were false-
negative, a finding that was likely explained by their small
size. However, the reasons for false-negative scans were not
listed. No false-positive results occurred. However, the neg-
ative predictive value for malignancy was only 27%, clearly
too low to obviate biopsy. An example of a PET/CT study and
a 123I whole-body scan in a patient with thyroid cancer is
shown in Figure 1.

The diagnostic performances of PET/CT and PET were
compared directly by Palmedo et al. (12) in a study of 40
patients with suspected differentiated but iodine-negative
thyroid cancer. PET/CT was more accurate for the detection
of disease than CT alone (93% vs. 78%; P , 0.05). In
addition, PET/CT changed the management in 48% of the
patients with cancer.

In summary, PET/CT is emerging as an important im-
aging modality for staging of head and neck and thyroid

FIGURE 1. Whole-body 123I (A) and
PET/CT (B–E) images obtained in patient
who had history of papillary thyroid can-
cer and who had been treated with
surgery and radioiodine therapy. Patient
presented with markedly elevated serum
thyroglobulin levels. (A) Normal 123I
whole-body scan. Green arrows denote
physiologic activity in right submandibu-
lar region, stomach, and bladder. (B–E)
Coronal whole-body PET/CT, axial PET/
CT, axial CT, and axial PET images,
respectively. PET/CT revealed intensely
increased 18F-FDG uptake in left supra-
clavicular region, corresponding to lym-
phadenopathy on CT (yellow arrows).
Subsequent surgical resection revealed
metastasis from papillary carcinoma.
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cancers. Its advantages for head and neck cancers appear to
be derived from improved specificity and better lesion
localization. It is important to note that no studies compar-
ing the accuracy of PET/CT with that of MRI for head and
neck cancers have been published. For thyroid cancer,
the improved localization of iodine-negative, 18F-FDG–
positive lesions is clinically relevant because it can result in
curative removal of metastases.

SOLITARY LUNG NODULES AND LUNG CANCER

Diagnosis and Staging
18F-FDG PET of solitary lung nodules and masses

accurately discriminates between malignant and benign
lesions (13). A more recent investigation sought to further
characterize lung nodules with CT by measuring the degree
of contrast enhancement (14). Initial findings suggested that
different degrees of contrast enhancement may aid in dis-
criminating between malignant and benign lung lesions, so
that the combination of measurements of 18F-FDG uptake
and the degree of contrast enhancement may improve le-
sion characterization.

The diagnostic accuracy of PET/CT for characterizing
lung nodules was compared with that of contrast-enhanced
CT in 119 patients (15). The study population was enrolled
retrospectively. Histologic verification was available for all
patients. For contrast-enhanced CT, peak enhancement, net
enhancement, and washout were determined. Malignant
nodules ranged in size from 9 to 30 mm. As a limitation of
the study, only 8 nodules were smaller than 10 mm. Ninety-
three of 119 nodules were concordantly characterized by
contrast enhancement and washout during CT and by PET/
CT. However, in this study population with 40 benign and
79 malignant lesions, PET/CT was significantly more sen-
sitive (96% vs. 81%; P , 0.05) and accurate (93% vs. 85%;
P 5 0.011) than CT alone. The authors concluded from
their findings that PET/CT should be the test of choice for
characterizing lung nodules.

Radiologists interpreting PET/CT studies are faced with
the conceptual problem that traditional size criteria for
classifying ‘‘lesions’’ as malignant or benign are notori-
ously unreliable (16). In addition, the accuracy of PET is
lower than 100%, and its specificity can be as low as 75%
(17). A meta-analysis published in 1999 revealed that imag-
ing of 18F-FDG accumulation with 18F-FDG PET stages the
mediastinum with an accuracy that is 15 percentage points
higher than that of CT (Fig. 2) (17).

An early study (1) compared the diagnostic performance
of in-line PET/CT with that of PET, CT, and the side-by-
side visual interpretation of PET and CT in 50 patients with
proven or suspected non–small cell lung cancer. PET/CT
revealed important additional findings in 41% of the pa-
tients, was superior to PET with regard to T and N staging,
and tended to be more accurate for M staging. The diag-
nostic advantage of PET/CT over PET alone for T staging
was expected, because tumor size is measured accurately

by CT. However, PET/CT was also superior to CT alone for
T staging, a finding that awaits further confirmation and
explanation. It is important to note that the accuracy of PET
alone for N staging was only 49%, a value markedly lower
than the 92% previously reported in a meta-analysis (17).
The accuracy of PET for N staging increased to 85% when
equivocal findings were considered positive for disease
involvement. However, it is unclear from the presented data
how lymph nodes were classified by PET. Surprisingly,
PET/CT was not significantly more accurate than CT alone
for N staging (P 5 0.12). This finding contradicts the
findings of numerous previous studies that showed PET to
be more accurate than CT for N staging.

Subsequent studies confirmed that the T stage (i.e., tumor
size and invasion) is assessed more accurately with PET/CT
than with PET (18,19), supporting the notion that lesion
size cannot be measured accurately with PET alone. No
advantage of PET/CT over PET alone was found for N stag-
ing in studies by Antoch et al. (18) and Halpern et al. (19).
Shim et al. (20) reported no significant advantage for T staging
but reported a significantly higher accuracy for N staging of
PET/CT than of CT alone (84% vs. 69%; P , 0.001) in 106
patients who underwent curative surgical resection.

Another retrospective study was conducted in 50 patients
with suspected lung lesions (21). The diagnostic perfor-
mance of integrated PET/CT was compared with that of
side-by-side analysis with PET and CT as well as PET or

FIGURE 2. Images obtained in patient with lung cancer after
left upper lobectomy and chemotherapy. Study was performed
for restaging. (A–D) Coronal whole-body PET/CT, axial PET/CT,
axial CT, and axial PET images, respectively. Local recurrence
in region of previous resection was evident. Unexpected
metastases to left lobe of liver (yellow arrows) and to right iliac
bone (red arrow) were identified, underscoring importance of
whole-body staging of patients with lung cancer.

CANCER STAGING WITH PET/CT • Czernin et al. 81S



CT alone. Surgical staging was used as the reference stan-
dard. As expected, PET/CT was superior to PET and CT for
T staging. However, there was only a tendency toward more
accurate mediastinal N staging with PET/CT. The TNM
stage was most accurately determined with integrated PET/
CT (70%); CT and PET staged only 46% and 30%, re-
spectively, of the patients accurately. The reasons for the
uniquely low accuracy of CT and PET for TNM staging
were not discussed further in this article.

Discrepancies between studies, with some showing im-
proved N staging but others not doing so, might be explained
by differences in interpretation criteria and study protocols.
Some protocols included intravenous contrast material ad-
ministration, whereas others used a low-dose, non–contrast-
enhanced CT approach. Taken together, however, the reports
suggest a marginal diagnostic benefit of PET/CT for N
staging and a significant benefit for T staging.

The ability of 18F-FDG PET/CT to detect recurrent lung
cancer was investigated by Keidar et al. (22) in a study of
42 patients who were enrolled retrospectively but whose
images were interpreted prospectively. In this study, the
addition of CT significantly improved the specificity (82%
vs. 53%) for cancer detection, but sensitivities did not dif-
fer. Unfortunately, the reasons for the very low PET speci-
ficity were not explained. For example, in 1 patient, PET/
CT excluded the presence of mediastinal lymph node me-
tastases that were suspected by PET alone. It is unclear
which CT finding prompted a revision of the PET inter-
pretation. Were these lymph nodes classified as normal by
CT size criteria? If so, why were normal-size lymph nodes
with increased 18F-FDG uptake classified as benign by
PET/CT? In this report, PET/CT affected clinical manage-
ment in 29% of the patients.

The incidence and nature of solitary extrapulmonary le-
sions in 350 patients with known non–small cell lung can-
cer were determined by Lardinois et al. (23). Such lesions
were identified in 72 patients (21%) and were, for the most
part, found to be malignant on biopsy. Importantly, about
50% of these lesions did not arise from the known primary
lung cancer. The findings implied that solitary extrapulmo-
nary lesions in lung cancer patients need to be evaluated
carefully.

Restaging and Treatment Monitoring

Patients with stage IIIA lung cancer and in whom neo-
adjuvant treatment results in ‘‘down-staging’’ may be candi-
dates for potentially curative surgery. PET alone has limited
accuracy for restaging disease in the mediastinum after
chemotherapy (24). Furthermore, mediastinoscopy may be
more accurate than PET/CT for detecting or ruling our resid-
ual tumor viability in lymph nodes. De Leyn et al. investi-
gated this issue prospectively in 30 patients with stage IIIA
N2 lung cancer (25). They used surgical findings as the gold
standard for comparing the accuracy of 18F-FDG PET/CT for
N staging with that of mediastinoscopy after neoadjuvant
therapy. In this setting, PET/CT was more accurate than

mediastinoscopy (83% vs. 60%; P , 0.05) and significantly
more accurate than PET or CT alone. The authors suggested
that the low sensitivity of mediastinoscopy resulted from
posttreatment alterations, such as adhesions and fibrosis, that
rendered especially the subcarina space inaccessible.

Pottgen et al. (26) retrospectively studied in 50 patients
with potentially operable, locally advanced non–small cell
lung cancer the ability of 18F-FDG PET/CT to assess
responses to chemoradiation therapy. Follow-up PET/CT
scans were obtained after a minimum of 3 chemotherapy
cycles. Patients with standardized uptake value (SUV)
reductions of greater than 50% had significantly longer
progression-free survival than patients with SUV reductions
of less than 50%. However, it is not clear from this study
how and whether CT information could also be used to
improve outcome predictions.

In a prospective trial, Cerfolio et al. compared the ac-
curacies of PET/CT and CT alone for restaging of stage
IIIA lung cancer in 93 patients after neoadjuvant chemo-
therapy (27). The authors reported a significantly higher
restaging accuracy of PET/CT than of CT alone for re-
staging of disease in lymph nodes. However, a considerable
number of false-positive and false-negative results strongly
suggested that node biopsies were required to avoid the
consequences of false-positive PET/CT findings. Figure 2
depicts the findings obtained in a lung cancer patient who
underwent restaging after surgery and chemotherapy.

In summary, currently available data for lung cancer
confirm that PET/CT is superior to PET alone for T staging.
This advantage is largely attributable to the ability of CT to
determine tumor extension into adjacent tissue and to
measure tumor size accurately. The advantage of PET/CT
for N staging appears to be marginal. Given these results,
how should readers interpret mediastinal PET/CT findings?
Because of the overwhelming evidence that PET stages
disease in the mediastinum with a higher accuracy than CT,
we suggest using metabolic information as the primary
guidance for mediastinal staging. For example, we consider
enlargement of lymph nodes without increased 18F-FDG
uptake unlikely to represent metastatic disease.

Finally, preliminary data suggest that PET/CT can play
an important role in evaluating patients after neoadjuvant
chemotherapy and in monitoring treatment effects in lung
cancer patients. However, multicenter trials are needed to
define treatment response criteria for PET/CT.

BREAST CANCER

Two studies evaluated the ability of in-line PET/CT to
stage or restage breast cancer and reached similar conclu-
sions. Fueger et al. (28) demonstrated that PET/CT tended
to be more accurate for restaging in 58 patients than PET
alone (90% vs. 79%; P 5 0.06), although this improvement
was not statistically significant. The majority of patients
had infiltrating ductal carcinoma. PET-positive lesions
were scored visually. Lesions with mildly hypermetabolic
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activity, benign inflammatory lesions, physiologic variants,
and PET-negative sclerotic bone lesions accounted for
false-positive and false-negative PET findings. In the sec-
ond qualitative PET/CT investigation, Tatsumi et al. (29)
reported an improvement with PET/CT over CT alone for
75 breast cancer patients. Further, the staging accuracy was
higher with PET/CT than with CT alone (86% vs. 77%;
P , 0.05). PET/CT improved reader confidence with regard
to both the nature and the location of lesions (Fig. 3).

To date, no large prospective studies of PET/CT for de-
tecting breast cancer have been published. However, on the
basis of preliminary data, PET/CT appears to add an ap-
proximate 10% improvement in diagnostic accuracy to that
achieved with PET alone in patients who undergo restaging
of breast cancer. Specific issues, such as the diagnostic and
prognostic significance of 18F-FDG–negative sclerotic bone
lesions, remain unresolved at present and need further in-
vestigation. It also remains undetermined at present whether,
when, and which patients with breast cancer should be
monitored by PET/CT and how this modality could be used
best for treatment monitoring.

CANCERS OF GASTROINTESTINAL TRACT

18F-FDG PET stages and restages cancers of the gastro-
intestinal tract with a high diagnostic accuracy. However,
limitations remain. These include the low glycolytic activ-
ity of mucin-producing and hepatocellular cancers and the
highly variable and sometimes focal physiologic 18F-FDG
activity in the bowel. On the other hand, CT images of the
abdomen after surgery are difficult to interpret.

Esophageal Cancer

One study of 32 patients with esophageal cancer (30)
reported that staging with PET/CT was significantly more

specific (81% vs. 59%; P , 0.01) and accurate (90% vs.
83%; P , 0.01) than staging with PET alone. Significant
improvements in N staging with PET/CT were reported
by Yuan et al. (31) in a study of 45 patients. The imaging
findings were corroborated by pathologic assessment. The
accuracy of PET/CT was 92%, and that of PET alone was
86% (P , 0.05).

Jadvar et al. (32) studied 60 patients who had esophageal
cancer and who underwent initial staging or restaging of the
disease. Rather than addressing the diagnostic accuracy of
PET/CT, the authors evaluated the studies for concordant
and discordant abnormalities revealed by individual imag-
ing modalities. Discordant findings occurred in about 25%
of the patients. Such findings included, among others, hyper-
metabolic but normal-size lymph nodes in 3 patients, hyper-
metabolic liver lesions without a clear CT correlate, and
hypermetabolic foci in the distal esophagus without signif-
icant wall thickening. Although a firm gold standard was not
available for many patients in this retrospective study, PET/
CT provided useful information that resulted in biopsy and
subsequent management changes in some patients.

Colorectal Cancer

Several investigators studied the performance of PET/CT
in patients with colorectal cancer (a case example is shown
in Fig. 4) (33–36). All found PET/CT to be superior to PET
or CT alone for staging or restaging of cancer. Cohade et al.
(33) studied 45 patients and reported a significant gain in
accuracy of 11%, from 78% to 89%. The same group of
investigators determined the incremental contribution of
CT to PET/CT (34) by adding a ‘‘dedicated’’ CT interpre-
tation (by a radiologist) to the PET/CT interpretation. That
addition resulted in a significant increase in accuracy that

FIGURE 3. Coronal PET/CT (A) and axial PET/CT (B), CT (C),
and PET (D) images acquired in patient with breast cancer.
White arrow on coronal image depicts primary tumor, which
was infiltrating ductal carcinoma. Yellow arrows denote meta-
static lesion in sternum.

FIGURE 4. Coronal PET/CT (A) and axial PET/CT (B), CT (C),
and PET (D) images acquired in patient with colorectal cancer.
Increased 18F-FDG uptake in left axilla (yellow arrows),
corresponding to lymphadenopathy on CT, was subsequently
proven to represent metastatic disease.
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was attributable mainly to improved specificity. This study
underscored the importance of careful evaluation of the
diagnostic CT portion of a PET/CT study.

Similarly, PET/CT detected recurrent colorectal cancer
with a higher accuracy than PET alone in 62 patients who
underwent restaging after surgery (37). The most common
cause of false-positive PET/CT findings was physiologic
uptake in displaced pelvic organs.

Kim et al. (35) addressed several issues in a retrospective
analysis of 51 patients with colorectal cancer. They con-
firmed a higher restaging accuracy of PET/CT than of PET
alone (88% vs. 71%; P , 0.01). They also evaluated the
performance of software-based fusion of independently
acquired PET and CT studies in the same patients. Software
fusion failed in 24% of the patients. We have observed a
similar rate of failure of software fusion in patients with
lymphoma, lung cancer, and breast cancer. Further, in pa-
tients for whom fusion was ‘‘successful,’’ the degree of
misregistration was significantly greater than that obtained
with in-line PET/CT.

Votrubova et al. demonstrated that PET/CT was superior
to PET alone for the detection of both intra- and extra-
abdominal lesions (36). The impact of PET/CT on treatment
was also studied in 76 patients with liver metastases (38).
Contrast-enhanced CT and PET/CT detected liver metasta-
ses with similar sensitivities, 95% and 91%, respectively
(P 5 NS). However, PET/CT was significantly more specific
(P 5 0.04) for detecting recurrent liver metastases after
partial hepatectomy. PET/CT was also superior for detect-
ing extrahepatic disease that was missed by contrast-
enhanced CT in more than 30% of the patients; in
comparison, PET/CT missed such disease in only 11% of
the patients (P 5 0.02). PET/CT altered clinical manage-
ment in 21% of the patients.

Despite early promising reports (39), 18F-FDG PET has
been used infrequently for differentiating benign and ma-
lignant pancreatic masses because both frequently exhibit
increased 18F-FDG uptake. A study by Heinrich et al.
suggested that PET/CT will also not resolve this clinically
important issue (40). They attempted to characterize pan-
creatic lesions that were detected in most patients by
contrast-enhanced CT. Pathology served as the gold stan-
dard in most patients. In their study, the negative predictive
value of PET for cancer was only 64%. False-negative PET
studies were explained by small lesion size in 2 patients and
elevated serum glucose levels in the remaining 3 patients.
Four false-positive PET findings were attributable to
inflammatory pseudotumor, tuberculosis-associated pan-
creatitis, chronic pancreatitis, and high-grade dysplasia.
CT performance was not evaluated because PET/CT was
performed without intravenous contrast material applica-
tion. However, even the addition of intravenous contrast
material would not have converted false-positive to true-
negative PET/CT findings. Separately acquired contrast-
enhanced CT scans had a low specificity, only 27%. A
different but equally important clinical problem was also

addressed in this study (40); PET/CT helped to more
appropriately manage treatment by, for instance, excluding
5 patients with metastatic disease from surgery.

Gallbladder Cancer and Cholangiocarcinoma

PET/CT was compared with contrast-enhanced CT for its
ability to detect biliary tract tumors (41). Although CT and
PET/CT had comparable detection rates for primary tu-
mors, in-line PET/CT was significantly more accurate for
detecting distant metastases.

Gastrointestinal stromal tumors (GIST) serve as a model
for the paradigm shift in assessing tumor responses to
treatment. Oral treatment with imatinib, a kinase inhibitor
with predominantly cytostatic effects, results in lasting
tumor remissions that can be documented and predicted
with 18F-FDG PET as early as 24 h after the start of treat-
ment. In contrast, CT responses were noted only several
weeks later (42).

Because of the high predictive accuracy of PET alone,
PET/CT would not be expected to yield dramatic improve-
ments in accuracy. To address this issue, Goerres et al. (43)
compared the prognostic value of PET with that of contrast-
enhanced CT and PET/CT in patients with GIST. 18F-FDG
PET, but not contrast-enhanced CT, provided significant
prognostic information. PET/CT was useful because CT
detected additional liver lesions that might have changed
the surgical approach in the patients with GIST. However,
if surgery is not contemplated, then 18F-FDG PET alone
should suffice for evaluating treatment responses and
establishing prognosis in patients with GIST. In contrast,
Antoch et al. (44) suggested that all patients with GIST
should be examined with PET/CT because some false-
positive PET findings are corrected by CT, resulting in a
higher predictive accuracy of PET/CT than of PET alone
for patient outcome. Thus, 18F-FDG PET/CT appears to be
marginally more accurate than PET alone for predicting
treatment responses in patients with GIST.

In summary, PET/CT stages colorectal cancer with a
higher accuracy than PET alone. Very preliminary data also
suggest that it is more accurate than PET alone for staging
of esophageal cancer. Finally, initial reports suggest that it
has a cost-effective impact on the management of treatment
for patients with liver metastases as well as those with pri-
mary pancreatic cancer.

LYMPHOMA

The diagnostic and prognostic accuracy of 18F-FDG PET
for detecting lymphoma is exquisitely high and unequivo-
cally superior to that of CT, so that PET/CT would not be
expected to improve accuracy further. This notion was con-
firmed by several investigations with nearly 300 patients
(45–48).

In a patient-based analysis of 27 patients (46), 18F-FDG
PET/CT proved to be significantly more accurate than CT
(93% vs. 78%; P , 0.05) but not superior to PET alone
(93% vs. 86%; P 5 NS) or to PET and CT interpreted side
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by side (93% vs. 93%). Allen-Auerbach et al. (45) studied
73 patients and reported that PET/CT had a higher staging
accuracy than PET alone (93% vs. 84%; P 5 0.03). False-
positive PET findings were ascribed to, among others,
asymmetric brown fat. This study also reported a concor-
dantly false-positive PET/CT scan in a patient with a
biopsy-proven granulomalike response after chemotherapy.
In a retrospective study, Tatsumi et al. compared PET/CT
with CT in a group of 53 patients (48). PET provided
accurate staging in 9 patients (17%) for whom CT staging
was incorrect. On the other hand, CT provided correct ‘‘up-
staging’’ in 2 patients. Another study emphasized that
careful side-by-side evaluation of PET and CT images
could yield the same diagnostic accuracy as in-line PET/
CT (99% vs. 99%) (49). In this study of 100 patients, both
in-line PET/CT and side-by-side PET and CT performed
about 10% better than CT alone.

Schaefer et al. evaluated the significance of increased
18F-FGD uptake in bone lesions in 50 patients with Hodgkin’s
disease or Hodgkin’s lymphoma (50). Patients were selected
on the basis of the presence of abnormal 18F-FDG uptake on
PET images. Imaging findings were verified by bone biopsy
or bone marrow aspiration. A total of 193 bone lesions were
found by PET. Lymphoma was found in all 18 patients (36%)
who underwent direct biopsy. Bone marrow aspiration was
performed in 11 of these 18 patients but was negative in 7 of
these patients. PET/CT was more accurate for identifying
bone involvement than CT or biopsy. The authors suggested
that PET/CT should be used to guide biopsy. As a limitation
of this study, patients were selected on the basis of positive
PET findings; hence, the sensitivity of PET/CT for the
detection of bone involvement in the general population of
lymphoma patients is unknown.

Therefore, the currently available data suggest that PET/
CT stages or restages lymphoma with an accuracy similar
to or slightly higher than that of PET alone and, as ex-
pected, significantly higher than that of CT alone. It is still
unclear whether intravenous contrast material is needed for
PET/CT studies in lymphoma patients. This issue was
investigated by Schaefer et al. (47), who reported that
non–contrast-enhanced PET/CT was superior to contrast-
enhanced CT alone for staging of lymphoma. However, this
study did not directly compare contrast-enhanced with
non–contrast-enhanced PET/CT. Until more evidence be-
comes available, we have adopted a ‘‘diagnostic’’ PET/CT
approach for all lymphoma patients in whom there is no
medical contraindication against intravenous contrast ma-
terial administration.

CANCERS OF UROGENITAL SYSTEM

The diagnostic performance of PET/CT in small cohorts
of patients with cervical cancer (51) and ovarian cancer
(52,53) has been investigated. A prospective study of cer-
vical cancer (51) included 47 women with early-stage
disease. As determined in patients before surgery and with
histopathology as the gold standard, the overall sensitivity,

specificity, and accuracy of PET/CT for lymph nodes larger
than 5 mm were 72%, 100%, and 99%, respectively. The
patient-based sensitivity, specificity, and accuracy of PET/
CT were 73%, 97%, and 89%, respectively. No compari-
sons between PET/CT and PET or CT were provided.
Future studies will need to establish whether and how
PET/CT could add to the information derived from PET and
CT and how it could alter treatment management.

A small study of ovarian cancer (52) included 19 patients
with suspected disease; PET/CT tended to detect sites of
recurrence with a higher accuracy than PET or CT alone. In
another study, 31 patients with ovarian cancer were studied
before second-look surgery (53). As determined with his-
topathology as the gold standard, the sensitivity, specificity,
and accuracy of PET/CT were 78%, 75%, and 77%, re-
spectively. No comparisons between PET/CT and PET or
CT were provided. Given the low accuracy of PET alone for
detecting ovarian cancer, these data suggest considerable
diagnostic improvements through the use of PET/CT.

Another small study of 14 patients suggested a reason-
able diagnostic accuracy of 18F-FDG PET/CT for detecting
penile cancer (54).

MELANOMA

PET has limited usefulness for regional N staging in
melanoma patients. However, whole-body staging can be
important, especially for patients in whom solitary meta-
static lesions might be resected with curative intent (Fig. 5).
Reinhardt et al. included 250 patients, the majority of
whom had stage II or III disease, in a retrospective study
(55). Readers were unaware of the results of the imaging
studies but not of the clinical history. Seventy-five patients
underwent initial staging, and the others underwent therapy
control (n 5 42), restaging (n 5 65), or follow-up (n 5 68).
Histopathology and clinical follow-up served as reference
standards for PET/CT findings. For the entire population,
PET/CT was superior to CT but not to PET with regard to N
staging. Differences in initial N staging among the 3 mo-
dalities were marginal. Restaging for metastatic disease
was best assessed with PET/CT, which classified 245 of
250 patients correctly, whereas disease for only 209 of 250
patients was correctly assessed with CT. However, CT per-
formed as well as the other imaging modalities for initial
M staging. Overall, PET/CT performed best in patients who
underwent treatment evaluation or restaging. The overall N
and M staging accuracies were 97.2% for PET/CT, 92.8%
for PET, and 78.8% for CT (all differences were signifi-
cant). The authors concluded that PET/CT with 18F-FDG
should be the diagnostic modality of choice for melanoma
patients with suspected recurrence and those undergoing
therapy control.

UNKNOWN PRIMARY CANCER

By definition, unknown primary tumors are those that
remain undetected after all diagnostic resources have been
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used. PET alone reportedly detects 20%–40% of such
unknown tumors. Tumors that remain undetected are most
frequently small and therefore difficult to detect. It is not
surprising, therefore, that PET/CT depicted the primary
tumor in only 15 (33%) of 45 patients (56). In this study,
there were no significant differences in the diagnostic ac-
curacies of PET/CT and PET or CT alone for detecting the
primary tumor. As a limitation, the definition of unknown
primary tumor might not have applied to all patients. For
instance, it is unclear why the primary tumor was not found
in a patient with axillary lymphadenopathy (breast cancer)
or in another patient with a brain metastasis (lung cancer).
In another study of 21 consecutive patients with biopsy-
proven metastatic disease and negative findings from con-
ventional diagnostic procedures, 18F-FDG PET/CT detected
the occult primary tumor in 12 patients (57% of cases); this
rate of detection is higher than that previously reported (57).
Unfortunately, it is unclear from the provided data whether
PET/CT was superior to PET or CT alone.

SARCOMA

Iagaru et al. (58) evaluated the roles of PET and PET/CT
in 106 patients with bone and various histologic types of
soft-tissue sarcomas. Pulmonary metastases were detected
in 40 patients (38%). PET identified pulmonary metastases
with a lower sensitivity than CT (69% vs. 95%; P , 0.05).
Eleven lung lesions, all less than 1 cm in diameter, were
visualized by CT but not by PET. This study has important
implications for appropriately interpreting PET/CT studies

not only in sarcoma patients but in other patients as well.
To avoid the consequences of false-negative PET studies,
suspected lesions—of any size and without increased
18F-FDG uptake—revealed by CT must be observed and
monitored with great attention.

INCIDENTAL FINDINGS

As a technique that comprehensively searches the whole
body for metabolic and structural alterations, PET/CT can
detect and elucidate incidental anatomic abnormalities. In
one study (59), non–contrast-enhanced CT performed in
conjunction with PET revealed significant findings in 3% of
the patients.

Another study reported an incidence of unexpected hy-
permetabolic abnormalities in the gastrointestinal tract of
1.3% (n 5 58) in 4,390 patients with a variety of malignan-
cies (60). Most of the lesions identified were malignant or
premalignant, suggesting that careful follow-up and eval-
uation of such hypermetabolic foci are indicated. Gutman
et al. (61) investigated, in 1,716 patients, whether PET/CTwas
useful for detecting premalignant polyps of the colon. Fo-
cally increased 18F-FDG uptake was observed in 45 patients
and was verified by colonoscopy or biopsy in 20 patients.
In 15 patients, abnormalities were found. These included 13
villous adenomas, 3 carcinomas, and 2 hyperplastic polyps.
The 18F-FDG PET findings were false-positive in 5 patients,
suggesting that an incidental finding of focally increased
18F-FDG uptake should be monitored by colonoscopy.

CONCLUSION

After its discovery in the mid-1970s (62), PET became
an important diagnostic modality in oncology in the early
1990s and mid-1990s. The advent of PET/CT in the late
1990s (63) further increased the visibility and acceptance of
PET.

Although the value of PET/CT over PET alone for treat-
ment monitoring has yet to be determined, improvements in
the staging and restaging accuracies of PET/CT over PET or
CT alone for different cancers are now established. These
improvements are frequently statistically significant and
average about 10%–15%. Together with convenience for
patients and clinicians, these improvements have resulted in
the emergence of PET/CT as the most important cancer
imaging modality.
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