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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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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)
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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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