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Abstract: Purpose: The use of PET/CT for monitoring treatment response in cancer patients after chemo- or radiotherapy is a very promising approach to optimize cancer treatment. However, the timing of the PET/CT-based evaluation
of reduction in viable tumor tissue is a crucial question. We investigated how to plan and analyze studies to optimize
this timing. Methods: General considerations about studying the optimal timing are given and four fundamental steps
are illustrated using data from a published study. Results: The optimal timing should be examined by optimizing the
schedule with respect to predicting the overall individual time course we can observe in the case of dense measurements. The optimal timing needs not to and should not be studied by optimizing the association with the prognosis of
the patient. Conclusions: The optimal timing should be examined in specific ‘schedule optimizing studies’. These
should be clearly distinguished from studies evaluating the prognostic value of a reduction in viable tumor tissue.
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Introduction
The use of PET/CT for monitoring treatment
response in cancer patients after chemo- or
radiotherapy is a very promising approach to
optimize cancer treatment [1–4] and already in
use in some selected areas [5, 6]. The basic
idea is to use PET/CT to judge the reduction in
viable tumor tissue from the amount of glucose
uptake and to continue with the current therapy,
if a sufficient reduction is observed, but to
adapt the dose or change to an alternative therapy, if an insufficient reduction is observed. In
this way, molecular imaging criteria such as the
recently developed Positron Emission Tomography Response Criteria in Solid Tumors
(PERCIST) [7] allow response to be measured
through assessment of metabolic activity rather
than by recording of a decrease in anatomic
size which is the conventional way to do it [8, 9].
Standardized uptake values (SUV) obtained by
following a standardized measurement protocol
prior to the start of therapy and at some pre-

specified time points during or after the therapy
are the most promising option to come to objective, reproducible and reliable decisions on the
reduction in viable tumor tissue [10], especially
as differences of SUV measurements in the
same patient are robust against the dependence of standardized uptake values on patient
related factors [11].
However, the timing of the PET/CT-based
evaluation of a reduction in viable tumor tissue
is a crucial question [4, 12]. It is obvious that at
least one measurement prior to therapy is necessary in order to have a baseline value. The
question of how many follow-up measurements
should be made during or after therapy and
when they should be placed in time is more difficult to answer for several reasons:
1. SUV measurements are affected by some
non-negligible measurement error [13–15].
Consequently, one has to wait long enough to
be able to distinguish between random fluctua-
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tions of SUV measurements and a true reduction [16].

time schedule capable of detecting and quantifying such a reduction?

2. It may take some time for the therapy to affect the tumor, and hence a reduction may occur only after some onset time.

2. Is a reduction in viable tumor tissue a good
prognostic marker for the long term outcome of
the patient, and, hence, a clinically valuable
marker of treatment response?

3. Reduction in viable tumor tissue may be a
temporary phenomenon, and the tumor may
start to grow again.
Additional complications appear, if one wants
also to regard a deceleration in tumor growth
without reaching a reduction as a sign of response. As tumors grow at different pace in different patients, at least two baseline measurements with sufficient interval are needed to
judge the specific pace in a particular patient.
However, this may at times be difficult to obtain
since therapy should not be unduly postponed.
Although the question of optimal timing is
known as a crucial one, there are actually very
few studies addressing explicitly this question.
The typical study on the value of PET/CT for the
evaluation of treatment response is based on
one follow-up measurement at a certain time
point in addition to a baseline measurement
and a comparison with some clinical outcome
measure like survival. It is, therefore, impossible
to learn from such a single study something
about the optimal time point for response
evaluation. A comparison of studies of this kind
may allow some insight using meta-analytic
techniques, but this approach is limited by the
fact that it is hard to find a pair of studies differing only by the timing of follow-up measurements. Only few studies have included two follow-up measurements (e.g. [10, 17, 18]) or
even more [19]. It is the purpose of this paper
to present some general considerations about
how to conduct and analyze a study to determine the optimal timing of PET/CT-based response evaluations and to illustrate these considerations using data from a small published
study [19].
General considerations
When considering the use of PET/CT for response evaluation via monitoring the reduction
in viable tumor tissue, it is important to distinguish between two different scientific questions:
1. Is PET/CT applied according to a predefined
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The importance of distinguishing between these
two questions stems from the fact that the answers to these two questions can be quite different. It may be that SUV measurements are
perfect in assessing the reduction, but that
there are good reasons that the reduction is not
a perfect prognostic marker, as a reduction in
viable tumor tissue does not tell us much about
existing metastases, the degree of malignancy
or the metastatic potential of the tumor. Or it
may be that reduction in viable tissue is in fact
the essential key to the long term prognosis of a
patient, but that a high measurement error of
SUV measurements or a high inter-individual
variation in the reduction processes over time
makes an assessment of the actual reduction in
a patient difficult. Consequently, it is in general
a poor idea to try to find an optimal schedule for
a PET/CT-based evaluation by correlating the
reduction observed directly with some clinical
outcome, as we are mixing these two questions.
It is wiser to address the two questions separately by different analytic approaches, although
the necessary data collection may be combined.
The first question requires access to data on
the development of the amount of viable tumor
tissue under treatment. The most obvious type
of data is series of SUV measurements obtained
prior to the start of therapy and at several predefined time points during and/or after therapy
in a well-defined subgroup of patients. This allows studying the typical individual patterns of
the reduction process, e.g., whether it is linear
in each patient or whether it follows some
growth curve patterns, whether there is some
onset prior to start of the reduction, or whether
the reduction may stop and change to growth
again. If one can – despite some variation in the
individual patterns – agree upon some quantification of the essential aspect in the reduction
processes (e.g., a slope or the reaching of a
certain level) based on the complete series of
measurements, then one can start to investigate the ability of different schedules of the SUV
measurements to approximate this target measure. For example, one can investigate at which
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Table 1. Mean tumor SUV measurements and survival in 15 patients with inoperable non-small cell lung
cancer
Patient

SUV in week
Survival
(in weeks)
0
1
2
3
4
5
6
1
6.9
7.2
7.2
5.2
5.6
5.2
5.8
76
2
2.9
3.4
3.0
2.9
3.1
3.0
2.7
>87
3
6.5
7.7
6.6
5.6
4.3
2.7
2.4
>87
4
12.3
10.8
5
7.1
6.6
5.8
6.4
6.0
5.7
6.0
23
6
8.9
8.5
8.6
9.2
8.5
8.4
10.7
8
7
9.2
9.0
8.5
9.0
10.0
9.1
10.0
19
8
9.1
9.6
7.4
8.8
7.7
9.6
9.9
30
9
8.1
10.9
7.1
6.7
7.7
7.2
6.7
35
10
6.3
6.2
6.4
5.6
5.0
5.1
5.9
>44
11
7.2
5.8
6.0
6.5
6.7
6.8
7.2
20
12
7.7
7.7
7.0
7.0
6.6
6.2
6.4
25
13
9.8
8.8
7.6
6.7
7.4
6.3
7.2
>41
14
7.8
5.6
7.6
7.7
7.6
6.8
7.8
15
15
8.6
9.2
9.4
9.3
8.9
8.3
9.0
19
16
9.7
9.2
8.6
8.2
7.4
6.9
7.0
>11
Patient 4 withdrew from the study and is not included in the analysis. Reprinted by permission of the Society of Nuclear Medicine from: Nahmias C, Hanna WT, Wahl LM, et al. Time Course of Early Response to Chemotherapy in Non
–Small Cell Lung Cancer Patients with 18F-FDG PET/CT. J Nucl Med. 2007; 48(5): 744-751.

week the difference compared to baseline approximates the target measure to a sufficient
degree. We refer to such a study as a ‘schedule
optimizing’ (SO) study.
For the second question we need in addition to
series of SUV measurements data on some
clinical outcome, e.g., survival, and then we can
investigate the prognostic value of different
definitions of reduction by standard procedures
for the evaluation of prognostic factors [20]. We
refer to such a study as a ‘prognosis evaluation’ (PE) study.
Material
To illustrate our general considerations, we
used a published data set [19] providing data
on 15 patients with inoperable non-small cell
lung cancer (NSCLC). SUV measurements were
made prior to start of the chemotherapy and
weekly for the next 6 weeks. In addition, data on
the survival of the patients were given. The data
used in this paper is shown in Table 1.
Methods
In SO studies as well as PE studies the first step
is to investigate the observed patterns in the
reduction processes in the single patients. This
should always start with a visual inspection of
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the patterns, which may give rise to a parametric model covering the observed patterns. Allowing the parameters, for example the slope, to
vary across patients allows disentangling random fluctuations of the data from true heterogeneity across patients using random effect models.
The basic step in an SO study is the comparison
of different schedules with respect to the ability
to approximate a target measure of the reduction. This target measure should result from the
investigation of the individual patterns and has
to be defined for each patient using all data.
Correspondingly, a surrogate measure has to be
defined for each schedule using only the data
available according to the schedule. A first approach to measure the ability of a given schedule to approximate the target measure would be
to consider the Pearson correlation coefficient r
between the surrogate measure and the target
measure. However, as we are also interested in
knowing the absolute value of the accuracy of
the approximation, it is more appropriate to estimate the magnitude of the error term in regressing the target measure on the surrogate
measure, and, hence, to report the estimated
standard deviation s of the error term. A prediction of the target measure from the surrogate
measure has roughly a 95% prediction interval
of ±2s, and, consequently, the value of s allows
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us to judge in a simple manner whether the approximation is sufficient.
The basic step in a PE study is to investigate
and compare the prognostic value of different
definitions of the degree of reduction. We will
base such a comparison on a visualization of
the association of the degree of reduction with
the survival using scatter plots and by computing hazard ratios in a Cox model after standardizing the variables measuring the degree of reduction to mean 0 and standard deviation 1,
such that hazard ratios are directly comparable.
We will also illustrate the inadequateness of a
direct comparison of different schedules with
the clinical outcome.
Results
Analysis of individual reduction processes
A visual inspection of the individual series of
SUV measurements (Figure 1) suggests a
roughly linear pattern in all patients, disturbed
only by some measurement error. Indeed, a
quadratic model improves the fit of a linear

model significantly only for one patient (no. 13,
p=0.033). Hence, the assumption of a linear
development in each patient is a reasonable
working hypothesis. Consequently, we will use in
the following the slope β of a fitted regression
line (cf. Figure 1) as the essential measure of
the true degree of reduction in each patient.
This 6-week-slope can be interpreted as the
change in SUV per week, and negative values
indicate a reduction and positive values a continuing increase in viable tumor tissue.
In Figure 1 we can observe some patients with a
slight weekly increase of the SUV values, many
patients with a nearly constant level and some
with a very distinct reduction in glucose uptake.
This heterogeneity was confirmed by a linear
random effects model, indicating highly significant differences of the 6-week-slope across the
patients (p<0.001).
Choice of optimal schedule
If we take the individual 6-week-slopes as the
target measure for the reduction in viable tumor
tissue, we can now study the precision of different schedules of PET/CT measurements to ap-

Figure 1. The individual series of SUV measurements for all 15 patients (black lines). The fitted regression curves are
shown as grey lines. β denotes the estimated slope of the regression line.

57

Am J Nucl Med Mol Imaging 2011;1(1):54-62

Optimal timing of PET/CT for monitoring of cancer treatment

Figure 2. Comparison of different schedules with respect to approximating the 6-week-slope. Upper panel: 6-weekslope vs. difference from baseline for each week from week 1 to week 6. Lower-panel: 6-week-slope vs. x-week-slope
for x from 1 to 6. The x-week-slope is the slope based on the weekly measurements up to week x. r denotes the Pearson correlation coefficient, s denotes the standard deviation of the error term.

proximate this slope. The simplest schedule
would be one SUV measurement at a certain
week in addition to the baseline measurement
and to use the difference compared to baseline
as the surrogate measure. Using the published
data at hand, we can now study the association
of this difference at each week with the 6-weekslope. The upper panel of Figure 2 demonstrates that for the first two weeks we can obtain only a poor association with correlation coefficients below 0.1. Starting with week 3, the
associations become acceptable, and especially
after 5 weeks we have an error standard deviation of s=0.15, suggesting that we can predict
the 6-week-slope with a 95% prediction interval
of ±0.3. Taking into account that the patients
with a probably clinically relevant reduction tend
to have 6-week-slopes around –0.3 or less (cf.
the next section), a prediction interval of such a
size seems to be sufficiently small.
However, we can also study other schedules. In
the lower panel of Figure 2 we study the schedule of weekly measurements up to a certain
week, using the slope based on the measurements up to this week as an approximation to
the 6-week-slope. In comparison with the first
schedule, we can observe no improvement for
the first three weeks, but it looks like that we
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can now obtain a precision in the approximation
we have observed with the first schedule after 5
weeks already after 4 weeks.
Prognostic value of a reduction
On the left-hand side of Figure 3 we study the
relation between the reduction in viable tumor
tissue expressed by the 6-week-slope and survival. We could observe that among the three
patients with longest survival, we found the patient with highest reduction and the patient with
the fifth highest reduction, but also one patient
with nearly no reduction (patient no. 2). This
patient had, however, the smallest baseline SUV
value among all patients and, probably due to
this reason, a good prognosis. Among the patients with a limited survival up to 40 weeks we
can observe a surprisingly clear, linear relationship between the 6-week-slope and the survival
time. However, as all these patients died within
a few months, this relation is of limited clinical
value.
In Figure 1 we could observe a rather substantial variation of the baseline SUV values. This
suggests that it might be possible to study a
difference in prognostic value between the absolute change and the relative change in SUV
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Figure 3. The relation between the reduction of SUV and survival. Censored survival times are shown as a circle. An
additional line illustrates the range of potential true survival times. Censored survival times occurred in patients who
were still alive at that time point, but could not be followed up. Left side: Absolute reduction, expressed as change in
SUV per week. Right side: Relative reduction, i.e., change per week expressed as percentage of the baseline value.

values. However, correlating the relative change
with the survival (right-hand side of Figure 3) we
observe exactly the same pattern as with the
absolute change, and also nearly identical hazard ratios in a Cox model (4.42 vs. 4.57). This is
due to the fact that in spite of the substantial
variation of the baseline values the absolute
and relative changes are highly correlated with
a Pearson correlation coefficient of 0.98.

optimal schedule for using PET/CT as a monitoring tool. Optimality refers to judging a reduction
in SUV as early as possible with sufficient precision. Such studies should be clearly distinguished from PE studies, aiming to investigate
the prognostic value of a reduction in SUV with
respect to some clinical outcome measure and,
hence, to establish the value of PET/CT as a
tool to monitor treatment response.

An inadequate strategy to search for an optimal
schedule

We suggested some simple analysis strategies
for both study types and illustrated them using
a published data set. As this data set comprises
only 15 patients, we were forced to examine
only rather simple schedules with measurements at fixed time points in our illustration of a
SO study. There can be no doubt that in the long
run more flexible schedules will be of clinical
importance allowing a sequential decision process. For example, a first follow-up SUV measurement may be scheduled at week x. If there are
no signs for a reduction, the treatment is
changed immediately. If there is a distinct reduction, the monitoring is stopped. For the remaining patients, a second SUV measurement
is scheduled at week y and similar criteria are
applied. Determining such a schedule in an SO
study requires a larger number of patients to be
included, as we have to determine optimal values for several cut points involved. We expect

If one decides to investigate the optimal timing
of a single SUV measurement by directly considering the association of the difference in SUV to
baseline with the clinical outcome survival, we
observe the series of scatter plots shown in Figure 4. We can again observe no association for
the first two weeks, and some association later,
but it is hard to make any distinction among the
choices of 3, 4, 5, or 6 weeks, as we observe a
nearly constant degree of association. So, here
it is impossible to come to a clear decision
about the optimal schedule.
Discussion
In this paper we introduced the concept of SO
studies. Such studies aim at determining an
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Figure 4. Comparison of different schedules with respect to the association with patient survival. The survival time is
plotted versus the difference in SUV from baseline for each week from week 1 to week 6. Censored survival times are
shown as a circle. An additional line illustrates the range of potential true survival times. HR is the hazard ratio from a
Cox regression after standardizing the covariate ‘difference from baseline’ to mean 0 and standard deviation 1.

that with 50 patients a reliable estimation of
such a procedure will be possible.

larger intervals between measurements for any
SO study.

Fifteen patients are also insufficient to expect
reliable results from a PE study. Especially if we
want to differentiate between different definitions of the degree of reduction, we need larger
sample sizes. With a sufficient number of patients measures for the prognostic accuracy like
sensitivity and specificity in predicting one-year
survival can be estimated in a reliable manner,
which was not possible in our small example.

SO and PE studies are interacting. If we start
with an SO study with dense measurements of
the response process, we can already use the
optimal schedule to minimize the number of
PET/CT scans in the PE study, and, hence, reduce cost. It may be argued that selecting already one target measure in the SO study and
optimizing the schedule for this target may limit
the possible search for optimal measures of
early response in the PE study, but this has to
be balanced with the fact that PE studies require typically more patients than SO studies
and, therefore, it is more costly to have also
dense measurements in a PE study. Compared
with PE studies, SO studies have – besides a
smaller sample size – the basic advantage that
it is not necessary to wait for the clinical outcome data and this makes them attractive to
start with. Of course, it may happen that in an
SO study it is difficult to make a choice among
several possible target measures, and then one
has to extend the study to a PE study by collect-

Another obvious shortcoming of our example is
the limitation of SUV measurements to a period
of 6 weeks. This does not allow for investigating
of whether and how often a reduction in viable
tumor tissue may stop and change to an increase again. The existence of such patterns
and its predictability from the initial degree of
reduction is highly relevant for defining optimal
schedules and judging the prognostic value of
reductions. Therefore, we strongly recommend
planning a short term follow-up with dense
measurements and a long term follow-up with
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ing also clinical outcome data to determine the
most prognostic target measure. Note that even
if one agrees in a SO study on one target measure to be used for optimization, this does not
exclude the possibility to investigate in a subsequent PE study different variants like an absolute or relative reduction with respect to their
prognostic value. Although these considerations
suggest to start always with an SO study, there
are also some reasons to start with a PE study,
as PE studies are often fully feasible only in the
early phase of research. If there is already
enough evidence to justify treatment alterations
in the case of insufficient reductions, and if patients benefit from such an alteration on average, then a PE study will underestimate the
prognostic value of the response evaluation. In
contrast, SO studies can be still performed even
if we allow treatment alterations in dependence
on the observed reductions. This is in any case
true if we wait with such a treatment alteration
until the last SUV measurement, but also earlier
alterations can be adjusted for in the analysis,
as long as they appear according to a fixed, prespecified rule. Whenever one decides to start
immediately with a PE study, it will be a good
idea to use the first patients enrolled to perform
a SO study as a sub-study, which may allow applying the optimal schedule already in the remaining patients.
In any case, whenever both dense SUV measurements and clinical outcome data are available in a set of patients, one should never follow the temptation to use directly the outcome
data in deciding on the optimal schedule, as
this approach makes no use of the information
provided by the complete series of SUV measurements and, hence, it is not very powerful, as
also illustrated by our empirical results.
As the patterns of reduction in the viable tumor
tissue over time depend both on tumor characteristics and type of treatment, it will be necessary to perform SO studies separately for each
clinically relevant group of patients. The use of
standardized protocols for SUV measurements
should reduce possible center effects, but it can
be wise to perform SO studies with two or three
centers in order to demonstrate cross-center
comparability. SO studies will also allow evaluating and optimizing the use of semi-automated
systems for judging changes in SUV.
Our considerations point also to a general short-
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coming in the current culture of studying the
value of PET/CT for monitoring treatment response. As most studies in this area are based
on one rather arbitrary schedule for PET/CTbased evaluations and a comparison with some
clinical outcome measure, we do not know
whether the often somewhat disappointing results are due to an inefficient assessment of the
reduction in viable tumor tissue or the limited
value of such a reduction as a prognostic
marker. If SO studies and PE studies are performed separately in the future, as described in
this paper, this shortcoming will disappear.
Finally, we should mention that our considerations may apply also to other attempts to assess
response in cancer patients, as long as they are
based on a quantitative measure [21].
Conclusion
The question of the optimal timing of PET/CT in
monitoring of treatment response should be
addressed in the future by specific ‘schedule
optimizing studies’. These may at times be conducted as part of PE studies provided the respective study types are analyzed independently. In any case, SO and PE studies should
interact.
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