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PET with the glucose analog 18F-FDG is increasingly used to
monitor tumor response to therapy. To use quantitative mea-
surements of tumor 18F-FDG uptake for assessment of tumor
response, the repeatability of this quantitative metabolic imag-
ing method needs to be established. Therefore, we determined
the repeatability of different standardized uptake value (SUV)
measurements using the available data.Methods: A systematic
literature search was performed to identify studies addressing
18F-FDG repeatability in malignant tumors. The level of agree-
ment between test and retest values of 2 PET uptake measures,
maximum SUV (SUVmax) and mean SUV (SUVmean), was
assessed with the coefficient of repeatability using generalized
linear mixed-effects models. In addition, the influence of tumor
volume on repeatability was assessed. Principal component
transformation was used to compare the reproducibility of the
2 different uptake measures. Results: Five cohorts were iden-
tified for this metaanalysis. For SUVmax and SUVmean, datasets
of 86 and 102 patients, respectively, were available. Percentage
repeatability is a function of the level of uptake. SUVmean had
the best repeatability characteristics; for serial PET scans,
a threshold of a combination of 20% as well as 1.2 SUVmean

units was most appropriate. After adjusting for uptake rate,
tumor volume had minimal influence on repeatability. Conclu-
sion: SUVmean had better repeatability performance than SUVmax.
Both measures showed poor repeatability for lesions with low
18F-FDG uptake. We recommend the evaluation of biologic ef-
fects in PET by reporting a combination of minimal relative and
absolute changes to account for test–retest variability.
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PET with 18F-FDG has gained an important role in the
clinical setting to detect and stage malignancies and assess
treatment response (1–6). In the research setting, PET is
increasingly being used to study early changes of biologic
effects during and after anticancer treatment (7–10). The
noninvasive nature of PET allows multiple serial measure-
ments without interfering with biologic processes within
the tumor and might obviate more invasive procedures,
such as biopsy.

Even though PET clinical practice is still dominated by
qualitative (visual) image analysis, several potential indi-
cations require quantification, for example, when prognos-
tic and predictive information is required beyond the level
of TNM staging. A decrease of 18F-FDG uptake after ther-
apy is associated with favorable clinical outcome (1–6,11).
However, to date only qualitative, and not quantitative, PET
measures have been incorporated in response classification
systems, in solid tumors and lymphoma (12,13).

The European Organization for Research and Treatment
of Cancer PET Study Group published recommendations, as
far back as 1999, for response monitoring using quantitative
PET data to promote consistency in the reporting of studies
(14). The proposed system was based on the results of both
drug evaluation and a few repeatability studies.

To discriminate true signal change from noise and to be
able to stratify patients on the basis of changes in 18F-FDG
uptake values, the repeatability of the measurement and the
error of the determination need to be known. The present
metaanalysis determined the repeatability of different SUV
measurements using the available data and evaluated poten-
tial sources of heterogeneity.

MATERIALS AND METHODS

Study Design
We performed a systematic literature search of Medline and

Embase databases to identify studies addressing 18F-FDG repeat-
ability in malignant tumors using the following search terms: PET,
FDG, repeatability, and test-retest. Additionally, extensive cross-
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referencing was done, review articles were screened, and experts
in the field were consulted. Studies were included when the fol-
lowing criteria were met: the study assessed the repeatability with
18F-FDG PET in malignant tumors, it used standardized uptake
values (SUVs), it used uniform acquisition and reconstruction
protocols, and it applied the same scanner for the test and retest
scan for each patient (i.e., no within-patient scanner variation).

For dynamic studies, SUVs were calculated using the last frame
of the dynamic acquisition. Because the method of tumor
delineation (e.g., maximum pixel value or threshold-based or
fixed-diameter volume of interest [VOI]) can affect 18F-FDG up-
take measures, we attempted to obtain uniformly defined tumor
volumes between studies for each uptake measure. This volume
was defined by a 3-dimensional threshold-based volume (isocon-
tour-defined, with a cutoff of 50% of the maximum 18F-FDG
concentration within the tumor). If we were unable to extract
the required data from the original publications, authors were
asked to provide the required data or to reanalyze their data with
the isocontour technique (using software developed in-house and
provided by us).

Statistical Analysis
For both PET uptake measures, maximum SUV (SUVmax) and

mean SUV (SUVmean), the level of agreement between test and
retest measurements was assessed using the intraclass correlation
coefficient. The intraclass correlation coefficient was calculated
using a random-effects model with random intercepts for pub-
lished study, patient, and tumor location. Kruskal–Wallis tests
were applied to the uptake measures to assess systematic bias
between studies. One-sample Anderson–Darling tests were used
to assess the distribution of the means of the test and retest obser-
vations.

Variance–Mean and Variance–Volume Relations
To assess repeatability, we determined the relation between the

mean and variance of the test and retest scans, where the variance
in the test–retest measurements is assumed to be due solely to
measurement error. To account for differences in this relation
between published studies, we assessed this association using gen-
eralized linear mixed-effects models (with published study as
a random factor) and generalized linear models (with published
study as a fixed effect). The outcome variable was the square of
the difference in test–retest measurements, with the log-trans-
formed test–retest mean as a fixed effect. Given the assumption
of normality, the square of the difference is x2-distributed, and
therefore g-error distributions were used (15). The log-link func-
tion was used to relate the estimated variance to the test–retest
mean, resulting in an allometric mean–variance relation. Differ-
ences between published studies were assessed using the general-
ized linear models with published study as a fixed effect. The
influence of tumor volume on 18F-FDG uptake test–retest repeat-
ability was assessed by including the log-transformed tumor vol-
umes as fixed effects. To avoid extrapolation, we limited the
estimated variance–mean associations to values between the fifth
smallest and fifth largest observed PET measurement values.

Coefficient of 95% (CR95) Repeatability
Once the variance–mean relation had been estimated, the re-

lation between the CR95 repeatability and the mean was calcu-
lated as 1.96 times the SD (16,17). The CR95 is the variation
solely due to measurement error. If the difference of 2 measure-
ments exceeds the CR95, then this difference is 95% likely to be

due to a true change in tumor 18F-FDG uptake rate and not mea-
surement error.

Single PET Observations
The test–retest CR95 corresponds to a 2-observation setting,

such as serial baseline and posttreatment assessments. In some
clinical trials, however, a single PET scan result is used, for ex-
ample, for patient stratification during randomization. The equiv-
alent single-observation CR95 can be calculated by dividing the
test–retest CR95 by O2 (i.e., half the variance), with the assump-
tion that all measurements are performed on the same PET scanner
using the same acquisition and reconstruction protocols.

Comparison of Different Quantitative
18F-FDG Measures

To compare the repeatability of the two 18F-FDG uptake mea-
surements, a principal component analysis was performed using
data from the 4 studies that analyzed both PET measures. This
analysis resulted in a transformation of each of the measures onto
the first principal component and thus allowed their CR95s to be
compared on the same scale. The significance level of all tests was
set at 0.05. The generalized linear mixed-effects models were
fitted using the GLIMMIX procedure in SAS (SAS Institute
Inc.). All other analyses were performed in R (version 2.9.2;
The R Foundation for Statistical Computing, 2009).

RESULTS

Eight repeatability studies were identified (16,18–24).
One study was excluded because of the use of different
scanners for the test and retest scan (24). All authors were
contacted to provide patient-based data on tumor volume,
location, and 18F-FDG uptake. The study characteristics are
summarized in Table 1. Nakamoto et al. (22) and Krak et al.
(19) were extended analyses of cohorts that were originally
described and published by Minn et al. (20) and Hoekstra
et al. (18), respectively. Thus, 5 cohorts were available for
this metaanalysis. All repeated scans were obtained using
the same scanner as previously for each patient. Three
studies used a dynamic scan protocol (16,18,20), and the
remaining 2 applied a static protocol (21,23). All but 1 (23)
were single-center studies. Tumor types were gastrointesti-
nal (23), lung (18,20), and miscellaneous primary, predom-
inantly located in the chest (16,21). Two studies (21,23)
used integrated PET/CT scanners; the others a PET-only
system. Nahmias et al. (21) applied a 90-min time interval
between radiotracer injection and scanning, whereas all
other studies applied a 60-min time interval. The multicen-
ter study by Velasquez et al. (23) reported on 2 datasets, 1
before and 1 after quality assurance assessment. The latter
dataset was used for the present study. Finally, Minn et al.
(20) excluded lesions with a diameter lower than 2 cm,
whereas the other studies had no clear restrictions regarding
lesion size.

Repeatability of SUVs

SUVmax. The 4 available datasets for SUVmax (18,20,21,23)
included 163 tumor lesions in 86 patients. The intraclass cor-
relation coefficient of SUVmax was 0.90. The goodness-of-fit
tests for normality indicated that SUVmax on the original
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scale was significantly different from normal (P , 0.0001).
After log-transformation, the distribution was normalized
(P5 0.37). Figure 1A presents the overall and study-specific
relations between the mean and the SD (i.e., variance) of the
test and retest scans. The difference in test–retest variability
between studies was not significant (P 5 0.25). Test–retest
variability in absolute terms increases with higher SUVmax

(Figs. 1A and 1B), whereas the percentage change decreases
with higher SUVmax (Fig. 1C). As a consequence, it is not
possible to generate just 1 value that defines the limits of
test–retest variability for the full range of SUVmax; however,
this dilemma can be overcome by combining an absolute
and a percentage change of SUVmax. From Figure 1C, these
values can be extracted. The required absolute difference is
calculated as the relative difference multiplied by the mean
value where the CR95 curve crosses the relative difference

value. For SUVmax, the 30% relative difference crosses the
CR95 at an SUVmax of 6.7. Thus, the combination of an
absolute change in SUVmax of more than 2 units (0.3 ·
6.7) and a relative change of more than 30% is more than
95% likely to be a true change rather than a measurement
error, for any SUVmax that was encountered in this study.
From the same figure, it can be calculated that a change of
more than 3.1 units and 25% relative change also exceeds
95% test–retest variability. The combinations of the
required minimal absolute and percentage changes that are
needed to exceed 95% test–retest variability for the SUV
parameters are presented in Table 2.

SUVmean. The 5 available datasets for SUVmean

(16,18,20,21,23) included 213 tumor lesions in 102
patients. The tumor delineation methods differed between
the 5 available studies. Hoekstra et al. (18) and Weber et al.

TABLE 1
Individual Study Characteristics

Study

Nahmias

Characteristic Hoekstra Minn

50%

isocontour Manual Velasquez Weber

Patients (n) 10 10 21 21 45 16
Tumors (n) 27 10 21 21 105 50

Tumors per patient

Median 2 1 1 1 3 2.5

Range 1–7 1–1 1–1 1–1 1–4 1–8
Time* (min) 60 60 90 90 60 70

Bed position time (min) Dynamic

scan

Dynamic

scan

3 3 Not

available

Dynamic

scan

Time (days)†

Mean 1 1.8 2.8 2.8 4.1 3

Maximum 1 7 5 5 7 10
Scanner (no. of patients)

PET alone 10 10 0 0 7 16

PET/CT 0 0 21 21 38 0

Location (no. of patients)
Thoracic 10 10 19 19 0 13

Abdominal 0 0 2 2 45 3

Tumor volume (cm3)

Median 6.2 42.6 4.9 4.9 6.4 5.1
Range 0.7–111.4 18.6–231.0 1.0–79.4 1.0–79.4 0.4–491.4 0.6–86.9

Threshold technique

4 · 4 voxels around the maximum X
50% of the maximum voxel X X X
70% of the maximum voxel X
Manual delineation X

SUVmean
‡

Median 5.5 8.1 6.6 5.1 6.8 4.5

Range 2.3–11.3 3.9–16.4 2.6–17.3 1.6–17.4 2.5–24.4 1.3–10.5

SUVmax
§

Median 8.3 9.2 10 8.9 7.3
Range 3.8–18.5 4.6–19.5 4.1–24.1 4.0–23.8 2.5–29.7

*Time between 18F-FDG injection and start of scan for static scans and total scan time for dynamic scans.
†Time between test and retest scan.
‡SUVmean was lower in Weber study than in other 4 studies (P 5 0.0006).
§SUVmax was lower in Velasquez study than in other 3 studies (P 5 0.04).
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(16) delineated isocontour-defined volumes with a 50%
threshold of the maximum voxel value. Nahmias et al.
(21) originally published manually defined volumes but
reanalyzed their data on our request using the 50% isocon-
tour technique. Velasquez et al. (23) used a 70% threshold
technique because it was not possible to define 50% vol-
umes without contaminating the tumor VOI with back-
ground tissue (because of 18F-FDG uptake heterogeneity
and a relatively low tumor-to-background contrast). Minn
et al. (20) delineated tumor volumes as 4 · 4 voxels around
the voxel with maximum 18F-FDG uptake.
The intraclass correlation coefficient of SUVmean was

0.91. The goodness-of-fit tests for normality indicated that
SUVmean on the original scale was significantly different

from normal (P 5 0.002). After log-transformation this
was normalized (P 5 0.77).

Figure 2A presents the overall and study-specific rela-
tions between the mean and the SD (i.e., variance) of the
test and retest scans. These associations differed signifi-
cantly across studies (P , 0.0001), with the greatest vari-
ance observed in the study of Velasquez et al. (23) and the
lowest in the study of Nahmias et al. (21) (manual VOI
delineation). When only studies applying the 50% isocon-
tour technique were included (Hoekstra et al. (18), Weber
et al. (16), and 50% isocontour data of Nahmias et al. (21)),
no difference in test–retest variability was apparent be-
tween the studies (P 5 0.13; Fig. 3). In the dataset of
Nahmias et al. (21), the manual delineation method per-
formed better in terms of repeatability than the automated
method (P 5 0.0001).

Figure 2 for SUVmean shows the same trend as was observed
for SUVmax. The absolute change in test–retest variability in-
creases with higher SUVmean (Figs. 2A and 2B), whereas the
percentage change decreases with higher SUVmean (Fig. 2C).
As a consequence, a combination of an absolute and a percent-
age change is necessary to cover the limits of test–retest var-
iability for the full range of SUVmean. From Figure 2, it can be
extracted that the combined change in SUVmean of more than
1.2 units and 20% exceeded 95% test–retest variability for any
SUVmean that was encountered in this study, irrespective of the
tumor delineation method (values are presented in Table 2).
Homogeneous tumor delineation (50% threshold technique)
resulted in lower test–retest variability (Fig. 3; Table 2).

We found no statistically significant difference between
studies using static (Nahmias et al. (21) and Velasquez et al.
(23)) as compared with dynamic PET techniques (Hoekstra
et al. (18), Minn et al. (20), and Weber et al. (16)) (P 5
0.90). The principal component analysis indicated that the
test–retest variability of SUVmax was larger than that of
SUVmean (Supplemental Figs. 1 and 2; supplemental mate-
rials are available online only at http://jnm.snmjournals.org).

FIGURE 1. Repeatability of SUVmax. (A) Estimated study-specific SD (colored dashed lines; study as fixed effect) and overall SD (black

solid lines; study as random effect). (B) Test and retest scan values plotted on original scale. Solid line is coefficient of repeatability (CR95).
(C) Relation between CR95, as percentage change, with level of SUVmax. Dotted lines indicate absolute and relative differences, as

presented in Table 2.

TABLE 2
Required Relative and Absolute Differences to Exceed

Test–Retest Variability

Parameter

Relative

difference

Absolute

difference

SUVmax — —

25% 3.1
30% 2.0

SUVmean (H, N [manual analysis],

M, W, and V)

20% 1.17

25% 0.96
30% 0.75

SUVmean (H, N [50% isocontour

analysis], and W)

20% 0.96

25% 0.78

30% 0.66

Thresholds can be extracted from Figures 1–3 as explained for

SUVmax in text. Differences have to exceed both relative and ab-

solute thresholds.

H 5 Hoekstra et al.; N 5 Nahmias et al.; M 5 Minn et al.; V 5
Velasquez et al.; W 5 Weber et al.
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Single-Assessment Setting

By definition, the CR95 for 1 observation is smaller than
the equivalent 2 observation values because of fewer sources
of measurement error. The single-assessment CR95s were
within 25% change for SUVmax and within 20% for SUVmean

(Supplemental Table 1; Supplemental Fig. 2).

Impact of Tumor Volume on Repeatability

Tumor volume was moderately correlated with the 18F-
FDG uptake level (Table 3; Supplemental Fig. 3A). However,
uptake level was a better indicator for changes in test–retest
variability than tumor volume for both parameters (Table 3).
Repeatability of SUVmean seems to be relatively unaffected by
tumor volume, irrespective of the delineation method (Table
3; Supplemental Fig. 3B).

DISCUSSION

This metaanalysis summarizes the published evidence
on the repeatability of commonly used quantitative 18F-
FDG measurements in oncology. Our results apply to
the use of PET in both serial- and single-assessment set-
tings. Compared with SUVmax, SUVmean had the better
repeatability.
For both measures, the percentage change in test–retest

variability was not constant across the range of parameter
values and negatively related to the level of 18F-FDG up-
take. In a clinical setting, combining a minimal relative and
absolute change is sufficient to define a (biologic) effect
that cannot be explained by measurement error only (Table
2 shows thresholds). In the context of analyzing serial 18F-
FDG uptake changes, the PET response criteria in solid
tumors (PERCIST) classification system assumes a biologic
change with peak SUV (SUVpeak) changes greater than 30%
in combination with 0.8 unit change of absolute SUVpeak

(25). In the present metaanalysis, there were insufficient
data to explore SUVpeak. Numeric values of SUVpeak will
typically vary between SUVmax and SUVmean (if VOIs of

SUVmean exceed the SUVpeak VOIs). Figure 4 corroborates
the PERCIST assumption of combining 30% with 0.8 unit
SUVpeak (for SUVmean, we found 30% and 0.75). In addi-
tion, Figure 4 shows that, when using SUVmean, a minimal
relative change of 20% in combination with 1.2 unit change
will also represent a biologic change.

The first combination is advantageous for tumors with low
uptake values in which small differences in absolute values
correspond to large differences in percentage change. The
latter combination is advantageous for high uptake values for
which relatively large differences in absolute values corre-
spond to relatively small differences in percentage change. It
is probable that for tumors with extremely high uptake
values, an even smaller relative change threshold would be
appropriate. We are unable to suggest corresponding abso-
lute change values because these uptake values are outside
the range of our data.

Alternatively, to select lesions for evaluation with
18F-FDG PET, a minimal SUV could be applied (see figures
for trade-off values). This selection simplifies the situation
by excluding low uptake values with large (relative change)
test–retest variability, leaving the remaining values with
a consistent relative test–retest change that can be used as
a (1 value) cutoff for response assessment. The disadvan-
tage of this approach is that increases in 18F-FDG uptake
(e.g., due to disease progression) can be measured reliably,
but decreases to values below the threshold (e.g., due to
treatment response) cannot.

Even though methodologies were not fully consistent
throughout the studies, we found no important interstudy
differences in parameter repeatability. For SUVmax, no dif-
ference was found at all, whereas for SUVmean a difference
was present only when all studies were included, irrespec-
tive of the delineation method used. This difference was
caused by a lower performance of the Velasquez data and
good performance of the manually delineated data of
Nahmias et al. (21). Velasquez et al. (23) applied a multicen-

FIGURE 2. Repeatability of SUVmean. (A) Estimated study-specific SD (colored dashed lines; study as fixed effect) and overall SD (black

solid lines; study as random effect). (B) Test and retest scan values plotted on original scale. Solid line is coefficient of repeatability (CR95).
(C) Relation between CR95, as percentage change, with level of SUVmean. Dotted lines indicate absolute and relative differences, as

presented in Table 2.
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ter design with a large number of centers. Also, the patient
population was substantially different from that of the other
studies, because only patients with advanced gastrointestinal
malignancies were included by Velasquez et al., whereas the
other studies predominantly evaluated lung lesions (Table 1).
Tumor delineation in the liver and gastrointestinal tract may
have been challenged by physiologic uptake, which is higher
and more variable there than in the lung. Furthermore, spill-
over of activity from normal organs with variable 18F-FDG
uptake (e.g., kidneys, bowel loops) may have affected the
test–retest variability. The authors reported that they were
forced to apply a higher threshold of the maximum voxel
value (70%) to enable tumor tissue discrimination from the
normal background. Earlier work from our center showed
that test–retest variability increases with higher thresholds
of the maximum tumor volume (19). Possibly these factors
resulted in lower repeatability.
Therefore, we performed a subset analysis of homoge-

neously delineated lesions using the 50% isocontour
technique. This inherently excluded the data of Velasquez
et al. (23), resulting in interstudy homogeneity. Better re-
peatability was found for this subset, as presented in Figure

3 and Table 2. It remains elusive whether the worse repeat-
ability in the overall dataset is due to the delineation tech-
nique (70% threshold) or the location of the lesions
(abdominal). Therefore, the cutoff values found for the
50% threshold subset hold only for 50% isocontoured
extraabdominal lesions, whereas the overall results can be
used for all organ sites and histology and irrespective of the
SUVmean tumor delineation method.

Interestingly, the manually delineated data of Nahmias et al.
(21) performed better than the threshold analysis of the same
dataset. This better performance was also reported earlier by
our group (19). However, both studies were single-observer,
whereas the strength of the semiautomated technique is the
high intra- and interobserver repeatability for lesion delinea-
tion. Therefore, superiority can be evaluated only by perform-
ing a head-to-head analysis in a multiobserver setting.

In previous studies, it was suggested that repeatability is
a function of 18F-FDG uptake value and tumor volume.
Weber et al. (16) reported that the absolute difference be-
tween the test and retest values remained constant across
the range of parameter value but that the relative change
increased with decreasing uptake value. Nahmias et al. (21)

FIGURE 3. Repeatability of SUVmean using 50% isocontouring. (A) Estimated study-specific SD (colored dashed lines; study as fixed

effect) and overall SD (black solid lines; study as random effect). (B) Test and retest scan values plotted on original scale. Solid line is

coefficient of repeatability (CR95). (C) Relation between CR95, as percentage change, with level of SUVmean using 50% isocontouring.
Dotted lines indicate absolute and relative differences, as presented in Table 2.

TABLE 3
Correlations Between 18F-FDG Uptake and Tumor Volume and Their Influence on Test–Retest Variability

Log likelihood ratio test P

Uptake Volume

Parameter Studies Correlations, uptake vs. volume Alone Adjacent volume Alone Adjacent mean

SUVmax H, M, N (manual analysis),
and V

0.38 ,0.0001 ,0.0001 0.03 0.26

SUVmean H, M, N, W, and V 0.39 ,0.0001 ,0.0001 0.03 0.71

SUVmean H, N (50% isocontour analysis),

and W

0.45 0.002 0.003 0.32 0.78

H 5 Hoekstra et al.; N 5 Nahmias et al.; M 5 Minn et al.; V 5 Velasquez et al.; W 5 Weber et al.
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also reported that the absolute difference of the mean up-
take value was constant across the range of SUVmean, with
increasing relative change for lower SUVmean. However,
this group reported that for SUVmax the absolute difference
increased with increasing SUVmax, whereas the relative
change remained constant.
In the pooled dataset of the current study, mean uptake

was a better indicator for changes in test–retest variability
than tumor volume (Table 3). SUV repeatability seemed to
be relatively unaffected by VOI size.
We observed a moderately positive correlation between

the uptake value and tumor volume (Table 3; Supplemental
Fig. 3A). Hypothetically this can, at least in part, be ex-
plained by the partial-volume phenomenon, which results
in an underestimation of 18F-FDG uptake in smaller lesions,
in turn resulting in more difficult tumor delineation because
of lower tumor-to-background contrast (26).
Our results apply to the setting in which the same

scanner is being used for both the baseline and the
posttreatment scans, with the same acquisition, reconstruc-
tion, data processing, and analytic protocol. These inclusion
criteria were mandatory because variation in these param-
eters can result in parameter differences of up to 50%,
representing only noise and not a true biologic change
(27,28). Although interstudy differences in image contrast
and resolution remained, their effects on repeatability were
negligible (29). Whether this is also true for newer systems

with better spatial resolution cannot be predicted on the
basis of the current data.

The study by Kamibayashi et al. (24) was excluded be-
cause of the use of a different PET scanner for the test and
retest scans. In this study, tumor SUV test–retest variability
was evaluated in patients who were scanned once on a PET-
only scanner and once on a PET/CT scanner without treat-
ment intervention between the 2 scans. The scanners were
from the same vendor, and the same acquisition and ana-
lytic protocol was used for both scans. The authors applied
a manually drawn 2-dimenstional region of interest for tu-
mor delineation. The SD was only slightly worse than that
of the other single-center repeatability studies and compa-
rable to the multicenter study of Velasquez et al. (23), with
an SD of 12% 6 10.2% for SUVmean and 16.1% 6 10.5%
for SUVmax. This result might indicate that different scan-
ners can be used at baseline and after treatment, provided
that standardization of acquisition, reconstruction, data pro-
cessing, and analysis is applied. Whether this possibility
also holds for semiautomatic VOI definition and the use
of PET scanners from different vendors remains to be fur-
ther examined.

Although no statistical interstudy difference was present
after the data were pooled and VOI definition heterogeneity
was corrected, the cutoff values for definition of test–retest
variability should be assessed with care because some
methodologic and patient spectrum heterogeneity between
studies prevailed.

However, we believe that this metaanalysis provides the
most critical and robust view of 18F-FDG PET repeatability
in the oncologic setting to date. It enabled the evaluation of
dependency on mean uptake value and tumor volume,
issues that were open for discussion since the publication
of Weber’s study in 1999 (16). Ideally, these results should
be confirmed prospectively, preferably in a large multicen-
ter study. Possibly, studies such as the “FDG PET/CT as
a Predictive Marker of Tumor Response and Patient Out-
come: Prospective Validation in Non-Small Cell Lung Car-
cinoma” (American College of Radiology Imaging Network
study 6678), incorporating a test–retest study evaluating
18F-FDG PET/CT with a static protocol at 60 min after in-
jection, can provide the opportunity for this confirmation.

CONCLUSION

This metaanalysis shows the repeatability of different
18F-FDG uptake measurements using the available data.
SUVmean performed better than SUVmax. Importantly, both
parameters showed worse repeatability for lesions with low
18F-FDG uptake, which can be accounted for by combining
relative and absolute differences. For SUVmean, a 30% and
0.75 unit change or 20% and 1.2 unit change exceed 95%
test–retest variability. Homogeneous delineation and ex-
clusion of abdominal lesions improved repeatability. For
SUVmax, the equivalent values were 30% and 2 units
change. These cutoff values can serve as a guide for future
clinical trials. Given the limited data and because some

FIGURE 4. Relation between CR95, as percentage change, with

level of SUVmean using 50% isocontouring. Cutoff rules were at 20%

and 30% relative change, with associated absolute changes for 3

studies. Required absolute difference is calculated as relative dif-
ference multiplied by mean value, where CR95 curve crosses rela-

tive difference value. For example, CR95 equals 30% at 2.2; hence,

associated absolute difference is 0.66 (2.2 · 0.3). Therefore, like-

lihood is less than 5% that change of at least 30% and more than
0.66 units is due to measurement error in 18F-FDG uptake rate. Blue

dashed lines represent areas of combined coverage for each rule.
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interstudy heterogeneity prevailed, our results should pref-
erably be confirmed in a prospective repeatability study,
preferentially including SUVpeak. For serial (e.g., baseline
and postintervention scans) and single PET measurements,
different thresholds should be used because each scan is
affected by test–retest noise.
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6. Schöder H, Fury M, Lee N, Kraus D. PET monitoring of therapy response in

head and neck squamous cell carcinoma. J Nucl Med. 2009;50:74S–88S.

7. Martoni AA, Zamagni C, Quercia S, et al. Early 18F-2-fluoro-2-deoxy-D-glucose

positron emission tomography may identify a subset of patients with estrogen

receptor-positive breast cancer who will not respond optimally to preoperative

chemotherapy. Cancer. 2010;116:805–813.

8. McLarty K, Fasih A, Scollard DA, et al. 18F-FDG small-animal PET/CT differ-

entiates trastuzumab-responsive from unresponsive human breast cancer xeno-

grafts in athymic mice. J Nucl Med. 2009;50:1848–1856.

9. Prior JO, Montemurro M, Orcurto MV, et al. Early prediction of response to

sunitinib after imatinib failure by 18F-fluorodeoxyglucose positron emission to-

mography in patients with gastrointestinal stromal tumor. J Clin Oncol. 2009;

27:439–445.

10. Storto G, De RA, Pellegrino T, et al. Assessment of metabolic response to radio-

immunotherapy with 90Y-ibritumomab tiuxetan in patients with relapsed or re-

fractory B-cell non-Hodgkin lymphoma. Radiology. 2010;254:245–252.

11. Herrmann K, Krause BJ, Bundschuh RA, Dechow T, Schwaiger M. Monitoring

response to therapeutic interventions in patients with cancer. Semin Nucl Med.

2009;39:210–232.

12. Eisenhauer EA, Therasse P, Bogaerts J, et al. New response evaluation criteria in solid

tumours: revised RECIST guideline (version 1.1). Eur J Cancer. 2009;45:228–247.

13. Juweid ME, Stroobants S, Hoekstra OS, et al. Use of positron emission tomography

for response assessment of lymphoma: consensus of the Imaging Subcommittee of

International Harmonization Project in Lymphoma. J Clin Oncol. 2007;25:571–578.

14. Young H, Baum R, Cremerius U, et al. Measurement of clinical and subclinical

tumour response using [18F]-fluorodeoxyglucose and positron emission tomog-

raphy: review and 1999 EORTC recommendations. European Organization for

Research and Treatment of Cancer (EORTC) PET Study Group. Eur J Cancer.

1999;35:1773–1782.

15. Nevill AM, Copas JB. Using generalized linear models (GLMs) to model errors

in motor performance. J Mot Behav. 1991;23:241–250.

16. Weber WA, Ziegler SI, Thodtmann R, Hanauske AR, Schwaiger M. Reproduc-

ibility of metabolic measurements in malignant tumors using FDG PET. J Nucl

Med. 1999;40:1771–1777.

17. Daly LE, Bourke GJ. Interpretation and Uses of Medical Statistics. Oxford,

U.K.: Blackwell Science; 2000.

18. Hoekstra CJ, Hoekstra OS, Stroobants SG, et al. Methods to monitor response to

chemotherapy in non-small cell lung cancer with 18F-FDG PET. J Nucl Med.

2002;43:1304–1309.

19. Krak NC, Boellaard R, Hoekstra OS, Twisk JW, Hoekstra CJ, Lammertsma AA. Effects

of ROI definition and reconstruction method on quantitative outcome and applicability in

a response monitoring trial. Eur J Nucl Med Mol Imaging. 2005;32:294–301.

20. Minn H, Zasadny KR, Quint LE, Wahl RL. Lung cancer: reproducibility of

quantitative measurements for evaluating 2-[F-18]-fluoro-2-deoxy-D-glucose up-

take at PET. Radiology. 1995;196:167–173.

21. Nahmias C, Wahl LM. Reproducibility of standardized uptake value measurements

determined by 18F-FDG PET in malignant tumors. J Nucl Med. 2008;49:1804–1808.

22. Nakamoto Y, Zasadny KR, Minn H, Wahl RL. Reproducibility of common semi-

quantitative parameters for evaluating lung cancer glucose metabolism with

positron emission tomography using 2-deoxy-2-[18F]fluoro-D-glucose. Mol Im-

aging Biol. 2002;4:171–178.

23. Velasquez LM, Boellaard R, Kollia G, et al. Repeatability of 18F-FDG PET in

a multicenter phase I study of patients with advanced gastrointestinal malignan-

cies. J Nucl Med. 2009;50:1646–1654.

24. Kamibayashi T, Tsuchida T, Demura Y, et al. Reproducibility of semi-quantita-

tive parameters in FDG-PET using two different PET scanners: influence of

attenuation correction method and examination interval. Mol Imaging Biol.

2008;10:162–166.

25. Wahl RL, Jacene H, Kasamon Y, Lodge MA. From RECIST to PERCIST:

evolving considerations for PET response criteria in solid tumors. J Nucl Med.

2009;50:122S–150S.

26. de Langen AJ, van den Boogaart VE, Marcus JT, Lubberink M. Use of H215O-

PET and DCE-MRI to measure tumor blood flow. Oncologist. 2008;13:631–644.

27. Boellaard R, Krak NC, Hoekstra OS, Lammertsma AA. Effects of noise, image

resolution, and ROI definition on the accuracy of standard uptake values: a sim-

ulation study. J Nucl Med. 2004;45:1519–1527.

28. Westerterp M, Pruim J, Oyen W, et al. Quantification of FDG PET studies using

standardised uptake values in multi-centre trials: effects of image reconstruction,

resolution and ROI definition parameters. Eur J Nucl Med Mol Imaging.

2007;34:392–404.

29. Cheebsumon P, van Velden FH, Yaqub M, et al. Effects of image characteristics

on performance of tumor delineation methods: a test-retest assessment. J Nucl

Med. 2011;52:1550–1558.

708 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 53 • No. 5 • May 2012


