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Meta-Analysis of the Test-Retest Repeatability of
['®F]-Fluorodeoxyglucose Standardized Uptake Values: s

Implications for Assessment of Tumor Response

Lalitha K. Shankar', Erich Huang', Saskia Litiere?, Otto S. Hoekstra®, Larry Schwartz?®, Sandra Collette®,
Ronald Boellaard®, Jan Bogaerts?, Lesley Seymour®, and Elisabeth G.E. deVries’

Check for

Purpose: Currently, guidelines for PET with '®F-fluiorodeoxy-
glucose (FDG-PET) interpretation for assessment of therapy response
in oncology primarily involve visual evaluation of FDG-PET/CT scans.
However, quantitative measurements of the metabolic activity in
tumors may be even more useful in evaluating response to treatment.
Guidelines based on such measurements, including the European
Organization for Research and Treatment of Cancer Criteria and PET
Response Criteria in Solid Tumors, have been proposed. However,
more rigorous analysis of response criteria based on FDG-PET
measurements is needed to adopt regular use in practice.

Experimental Design: Well-defined boundaries of repeatability
and reproducibility of quantitative measurements to discriminate
noise from true signal changes are a needed initial step. An
extension of the meta-analysis from de Langen and colleagues
(2012) of the test-retest repeatability of quantitative FDG-PET
measurements, including mean, maximum, and peak standardized

Introduction

PET with '"®F-fluorodeoxyglucose (FDG-PET) plays a role in the
staging and restaging of cancers and in the assessment of therapy
response in lymphoma (1). The International Conference on Malig-
nant Lymphomas criteria, based on FDG avidity of a lymphoma
mass, were developed by panels of experts following international
meetings and have been proven in subsequent studies involving
large cohorts of patients to provide clinically meaningful informa-
tion (2, 3). FDG-PET can support a diagnosis of progressive disease
during systemic treatment by detecting new lesions (1). Other
criteria such as International Working Group response criteria (4),
Cheson criteria (5), and more recently, Lugano classification (6)
and RECIL (7) have also been used in assessing response to therapy
in lymphoma.

FDG-PET was incorporated into version 1.1 of the RECIST,
although only as an adjunct to anatomical imaging for a more accurate
determination of tumor progression (8). An expanded role for FDG-
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uptake values (SUVpnax, SUVinean, and SUV peq, respectively), was
performed. Data from 11 studies in the literature were used to
estimate the relationship between the variance in test-retest mea-
surements with uptake level and various study-level, patient-level,
and lesion-level characteristics.

Results: Test-retest repeatability of percentage fluctuations for all
three types of SUV measurement (max, mean, and peak) improved
with higher FDG uptake levels. Repeatability in all three SUV
measurements varied for different lesion locations. Worse repeat-
ability in SUV e Was also associated with higher tumor volumes.

Conclusions: On the basis of these results, recommendations
regarding SUV measurements for assessing minimal detectable
changes based on repeatability and reproducibility are proposed.
These should be applied to differentiate between response categories
for a future set of FDG-PET-based criteria that assess clinically
significant changes in tumor response.

PET in RECIST-based response assessment is pending, whereas FDG-
PET data obtained according to generally accepted standard proce-
dures emerge from clinical trials. However, FDG-PET has not been
widely accepted in assessing response to treatment in solid tumors in
clinical trials, although qualitative assessment of FDG uptake changes
guides clinical care. For clinicians and researchers to widely accept the
use of FDG-PET in tumor response assessment, (i) results indicating
adequate performance of FDG-PET in this role from clinical trial data
obtained according to generally accepted standard procedures are
necessary and (ii) should provide a better performance than measure-
ment of tumor size on CT or MR.

Almost 20 years ago, the European Organization for Research and
Treatment of Cancer (EORTC) PET Study Group published recom-
mendations for response monitoring using quantitative PET data in an
attempt to harmonize PET response reporting in clinical trials. This
was based on the limited evidence available at that time (9). Between
2000 and 2010, it became apparent that guidelines were required to
standardize the entire workflow from patient preparation and image
acquisition, reconstruction, and analysis to calibration to ensure
exchangeability of scan results between institutes, scanner vendors,
and software platforms. Guidelines introduced during this period
include the 2006 consensus recommendations from NCI (10), Euro-
pean Association of Nuclear Medicine (EANM) guidelines versions 1.0
and 2.0 (11, 12), the Netherlands Protocol for Standardization (13),
and Perlman Uniform Protocols for Imaging in Clinical Trials (14).
Other sets of response criteria were developed more recently in light of
these guidelines, the most notable of which is the PET Response
Criteria in Solid Tumors (PERCIST) introduced in 2009. Included in
PERCIST are specific details of lesion selection and imaging analysis
and proposing new methods to determine the PET “volume of interest”
(VOI) as well as new definitions of levels of metabolic response (15).
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Translational Relevance

The role of FDG-PET in the assessment of treatment response in
solid tumors has been hindered by a lack of prospective clinical
trials sufficient in size to determine its utility. In addition, the
performance characteristics of semiquantitative assessments of
change in FDG uptake have been limited to small studies. This
meta-analysis of test-retest data from the available published
literature, including multi-center studies, provide a guide to devel-
op response assessment criteria with FDG PET that can be assessed
prospectively in clinical trials. Such studies can also assess whether
the addition of FDG-PET response criteria can improve RECIST,
thereby enhancing the assessment and selection of successful
treatment strategies. The potential utility of increasing the perfor-
mance of radiologic solid tumor response assessment with the
added metabolic information from FDG-PET has been studied for
decades. The potential benefits of this combined approach include
improved efficiencies in the development and assessment of novel
cancer therapies. In this analysis, the FDG-PET Working Group of
the RECIST committee assessed the parameters of robustness
(repeatability) of FDG-PET CT across available published studies.
On the basis of this meta-analysis, we are able to define baseline
characteristics of the tumor as well as the level of changes in SUV
that correspond to significant changes in tumor metabolism. Using
these parameters, clinical trials assessing tumor response with
FDG-PET can assess the value of adding this metabolic informa-
tion to morphologic assessments by CT or MR.

Even though prevailing guidelines for FDG-PET interpretation
primarily involve visual evaluation of FDG-PET/CT scans, quantita-
tive measurements of the metabolic activity in tumors can also be
extracted and could potentially be even more useful in evaluating
response to treatment. Evaluations of repeatability and reproducibility
of quantitative measurements are essential in determining whether
changes in the measurement values are likely due to actual changes in
the underlying physiology rather than simply noise. For example, a
30% increase in standardized uptake value (SUV) is likely due to
changes in metabolic activity if test-retest measurements deviate from
each other by less than 10%. On the other hand, if such measurements
regularly deviate by 50% or more, an increase of 30% may simply be
attributable to natural measurement error. An earlier meta-analysis of
test-retest repeatability studies of quantitative FDG-PET measure-
ments, including maximum SUV (SUV,,,,) and mean SUV (SUV-
mean)> Was performed using data from five studies consisting of 102
patients in total (16). On the basis of these data, the percentage of
differences in repeat measurements of SUV ., on the same patient
using the same image acquisition and processing and SUV compu-
tation protocols in the absence of any intervention should be contained
within the range (—28%-39%) with 95% probability (17). Hence,
changes outside this range are indicative of likely underlying metabolic
phenomena.

However, data on the current state of the art PET VOI method-
ologies were unavailable. Also, numerous issues remained unresolved,
including how test-retest repeatability in these FDG-PET measure-
ments varied as a function of characteristics such as tumor type and
location and image acquisition and processing methodology and
which FDG-PET measurements to use for evaluating response to
treatment. The FDG-PET subcommittee of the RECIST group
attempted to collect data from Phase II and III treatment trials

144 Clin Cancer Res; 29(1) January 1, 2023

involving FDG-PET in the assessment of solid tumors. Unfortunately,
there is a paucity of data in this space. The subcommittee then collected
data from more recent FDG-PET test-retest repeatability studies to
produce a larger dataset with a broader range of lesion, patient, and
image acquisition characteristics. Meta-analysis techniques as used
earlier (16) were applied to this expanded dataset. The thresholds
above which increases or decreases in FDG-PET measurements are
likely attributable to actual changes in tumor metabolism instead of
variabilities in physiological and image acquisition parameters were
verified. Moreover, this meta-analysis will address issues not consid-
ered in previous analyses, such as how test-retest repeatability of
various FDG-PET measurements differ as a function of image acqui-
sition protocols and patient and lesion characteristics such as primary
tumor type or lesion location. This analysis thus serves as an important
intermediary step by addressing the imaging technique’s reproduc-
ibility in establishing minimal detectable metabolic changes due to
tumor response. These results should be applied to response-
assessment criteria that are developed to evaluate meaningful clinical
outcomes in the treatment of solid tumors.

Materials and Methods

Study search and inclusion/exclusion criteria

In addition to the studies included de Langen and colleagues (16),
more recent studies on test-retest repeatability of FDG-PET measure-
ments completed after the publication of that article were identified
through PubMed searches. The additional included studies that
satisfied all the following criteria: (i) Patients had one or more lesions
of a solid tumor, (ii) patients underwent test and retest scans using the
same scanner and same acquisition protocol within the space of
28 days; (iii) patients did not receive any treatment between scans;
and (iv) quantitative FDG-PET parameters (e.g., SUV measurements),
as opposed to qualitative assessment of FDG-PET scans were the focus.

Data elements

The studies included in the meta-analysis contained test and retest
measurements of one or more of the following FDG-PET parameters
for each lesion for each patient: mean SUV (SUV ,c.p; the average
uptake or SUV within a 3D VOI, typically defined by a 41% of SUVmax
isocontour or a fixed SUV = 4 contour), maximum SUV (SUV ,,.,; the
maximum uptake or SUV of a single voxel seen within a 3D VOI) and
peak SUV (SUV e, the average uptake or SUV based on a predefined
fixed-sized VOI, usually a 3D spherical VOI of 1 mL volume and
positioned in the tumor such to yield the highest SUV .. value;
refs. 12, 15). Primary tumor type for each patient, site, and volume of
each lesion were included in the data; summary statistics for these
variables are provided in Tables 1 and 3.

The following image acquisition and processing information were
available for each patient in each study: Time between test and retest
scans, scanner used (e.g., PET alone or PET/CT and whether the scan
was dynamic or static), thresholding technique to determine the VOI,
technical scan details and reconstruction methods for SUV measure-
ments, image-processing methodology for metabolic volume measure-
ments, and total scan time. Summary statistics of these aspects are
provided in Table 2.

Data preprocessing

For quality control purposes, patients falling into any of the
following categories were excluded from the analysis: (i) Those for
which the time between injection and PET scan during the test PET
scan differed from that during the retest scan by more than 15 minutes

CLINICAL CANCER RESEARCH
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Table 1. Summary characteristics of the studies included in this meta-analysis.

Study Included in meta-  Scanner type and
(*denotes analysis from de vendor used in Number of Tumor types and Number of Acquisition
multicenter) Langen et al. number of patients patients number of patients lesions protocol
Hoekstra et al Yes PET (Siemens): 10 (100%) 10 Lung: 10 (100%) 27 Dynamic
(2002)
Weber et al (1999) Yes PET (Siemens): 16 (100%) 16 Lung: 8(50.0%) Colorectal: 50 Dynamic
3 (18.8%)
Esophageal: 1 (6.3%)
Lymphoma: 1(6.3%)
Renal: 1(6.3%)
Vulvar: 1 (6.3%)
Adenoid cystic: 1(6.3%)
Nahmias and Wahl Yes PET/CT (Siemens): 21 (100%) 21 Lung: 8 (38.1%) 21 Static
(2008) Esophageal: 3 (14.3%)
Breast: 4 (19.0%)
Head and neck: 1 (4.8%)
Lymphoma: 1 (4.8%)
Prostate: 1 (4.8%)
Melanoma: 1 (4.8%)
Thyroid: 1 (4.8%)
Renal: 1(4.8%)
Velasquez et al Yes PET (unknown vendor): 7 42 Colorectal: 42 (100%) 105 Static (35)
(2009) PET/CT (unknown vendor): 35 Dynamic (7)
Minn et al (1995) Yes PET (unknown vendor): 10 10 Lung: 10 (100%) 10 Dynamic
Hatt et al (2010) No PET/CT (Philips): 15 15 Esophageal: 15 (100%) 17 Static
Heijmen et al (2012)  No PET/CT (Siemens): 15 15 Colorectal: 15 (100%) 24 Static
Kramer et al (2016) No PET/CT (Philips) 10 10 Lung: 10 (100%) 75 Static
ACRIN 6678 No PET/CT (Philips): 8 32 Lung: 32 (100%) n3 Static
PET/CT (GE): 5
PET/CT (Siemens): 19
MERCK MK- No PET/CT (unknown vendor): 39 39 Lung: 39 (100%) 16 Unknown
046-008"
Rockall et al (2014)~  No PET/CT (Philips): 8 21 Ovarian: 21 (100%) 87 Static

PET/CT (GE): 13

(based on recommendations from EANM and NCI guidelines; ref. 10),
and (ii) those for which the time between the test and retest scans was
more than 10 days based on EANM guidelines. In addition, individual
lesions falling into any of the following categories were also excluded for
quality control purposes: (i) Those for which the mean of the test and
retest measurements of SUV ;. was less than 4.0 (ie., relatively low
uptake of FDQG), and (ii) those for which the mean of the test and retest
measurements of SUV . fell below the first percentile and above the 99th
percentile across all lesions, similar to de Langen and colleagues (16).

Statistical analysis

For each FDG-PET parameter, the variance-mean relationship (i.e.,
the relationship between the variance of the test and retest measure-
ments, namely the test-retest variance, and the natural logarithm of the
mean of the test and retest measurements, namely the test-retest mean)
was modeled through a generalized linear mixed-effects model (GLMM;
ref. 18) with a logarithmic link function as done by de Langen and
colleagues (16). The study cohort was considered a random effect in this
model, whereas the test-retest mean’s natural logarithm was considered
a fixed effect. Lesions were used as the unit of analysis, and the analysis
was performed for each FDG-PET parameter separately. Exact like-
lihoods were used to bypass potential problems associated with the small
sizes of some of the studies. Details of the GLMM are provided in the
Appendix; the SAS procedure GLIMMIX was used to compute esti-
mates of the model parameters and the P values of tests of significance of
the association between test-retest variance and test-retest mean.

AACRJournals.org

Probabilities of changes in SUV measurements exceeding a
specific threshold due solely to random fluctuations can be derived
from the variance-mean relationship (see Appendix). However,
these probabilities may vary as a function of the magnitude of the
uptake, image acquisition, and processing protocols, and patient
and lesion characteristics, as all these factors can affect the SUV
measurement. Thus, a multivariate GLMM was used to model the
variance of the test and retest measurements as a function of
one or more baseline imaging and processing protocol aspects,
patient, and lesion characteristics, plus the logarithm of the mean of
the test and retest measurements. As was done in the analysis of the
variance-mean relationship described above, a logarithmic link
function was used for this analysis, study cohorts were treated as
random effects, and individual lesions were used as the unit of
analysis. Forward stepwise selection served to identify which base-
line characteristics, on top of the test-retest mean, to include in the
model. Details of this GLMM are provided in the Appendix; the SAS
procedure GLIMMIX was used to compute estimates of the model
parameters and the P values of tests of significance of the association
between the test-retest variance and the test-retest mean or baseline
characteristic.

Data availability

The data used in this study were shared by the investigators
conducting the original studies. Data requests should be addressed
to the original study sponsors.
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Table 2. Additional summary statistics of image acquisition and processing parameters used in each of the studies.

Median and

Injected dose Injection time per range of days

Number of SUV normalization (median and scan and number of between test and
Study patients Thresholding technique technique range) patients retest scans
Hoekstra et al. 10 50% of maximum voxel Unknown 370 (370-370) 60 min: 10 (100%) 10-1)
(2002)
Weber et al. 16 50% of maximum voxel Body weight 370 (370-370) 70 min: 16 (100%) 3 (1-10)
(1999)
Nahmias and 21 50% of maximum voxel and Unknown 90 min: 21 (100%) 2 (1-5)
Wahl (2008) manual delineation
Velasquez et al. 42 70% of maximum and 50% Bodyweight and 60 min: 42 (100%) 4 (1-7)
(2009) of maximum voxel lean body mass
Minnetal (1995) 10 4 x4 voxels around Lean body mass 60 min: 10 100%) 20-7)
Hatt et al (2010) 15 50% of maximum voxel Bodyweight 6.0 (6.0-6.0) 60 min: 15 (100%) 4.1 (2-7)
Heijmen et al. 15 41% of maximum voxel Bodyweight 264 (175-405) 56 to 65 min: 10 (66.7%) 5.5 (2-7)
(2012) 66 to 75 min: 5 (33.3%)
Kramer et al. 10 50% of maximum voxel Lean body mass 60 min: 10 (100%); 10-2)
(2016) analyzed at both 60 min
and 90 min.
ACRIN 6678 32 Cylindrical 1.5 cm’® VOl Bodyweight 368 (215-580) Less than 60 min: 5Q0-7)
around maximum voxel 6 (18.8%)
60 min: 18 (56.3%)
70 min: 5 (15.6%)
80 min: 2/(6.3%)
MERCK MK- 39 Cylindrical 1.5 cm® VOI Bodyweight Less than 60 min: 2 (5.1%) 2 (1-6)
046-008 around maximum voxel
60 min: 35 (89.7%)
70 min: 2 (51%)
Rockall et al. 21 Manual delineation Bodyweight 60 min: 21 100%) 3(2-8)

(2014)

Note: Within each study, the investigator applied the same thresholding and SUV normalization technique to each patient. Exact timing was given for all studies but

Heijmen et al, ACRIN 6678, MERCK MK-046-008, and Rockall et al.

Results

Summary statistics

Applying the search and inclusion/exclusion criteria yielded 11
studies ranging in size between 10 and 45 patients and 10 and 116
lesions (19-29), four of which (19-22) were multicenter studies. Three
of these studies (23-25) used PET only, one (19) used both PET and
PET/CT, and the others used PET/CT. Studies that used PET only used
a dynamic scan acquisition, whereas those that used PET/CT used a
static scan acquisition; one used both static and dynamic acquisi-
tions (19). The 11 studies contained a total of 242 patients and 645
lesions; complete summary statistics of the studies are provided
in Table 1.

SUV nax measurements were available for 226 patients (595 lesions)
across 10 studies (all but Weber and colleagues; ref. 24), whereas
SUV nean Measurements were available for 168 patients (416 lesions)
across nine of these studies (all but ACRIN 6678 and MERCK MK-
0646-008; refs. 20, 21) and SUV ., measurements were available
for 102 patients (328 lesions) across four studies (20, 21, 26, 27).
Application of the quality control criteria described previously in §2.3
resulted in the removal of 12 lesions from the ACRIN 6678
and MERCK MK-0646-08 trials (20, 21) and removal of four lesions
in Heijmen and colleagues (26) in which the time difference between
injection and scan during the test scan compared with during the
retest scan exceeded 15 minutes. 53 lesions across eight of the
studies (19-23, 26-28) were removed because of SUV,,, test-retest
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means not exceeding 4.0. Twelve lesions for which the SUV,,,,, test-
retest means were less than the first percentile or greater than the 99th
percentile were also removed. Overall, 88% of the lesions were evalu-
able except for the Merck study (77%).

After the data were screened using these criteria, SUV ,,,x measure-
ments were available for 522 lesions across 222 patients. The test-retest
means ranged from 4.0 to 27.1 (median 8.6), differences in test and
retest measurements ranged from —7.4 to 7.7 (median 0.0), and
magnitudes of the percentage of fluctuation (measurement divided
by the test-retest mean) ranged from 0.0% to 90.8% (median 8.3%).
SUV hean Measurements were available for 384 lesions across 167
patients. Here the test-retest means ranged from 1.1 to 17.4 (median
5.6), differences in test and retest measurements ranged from —2.6 to
4.6 (median 0.0), and magnitudes of percent fluctuations ranged from
0.0% to 53.2% (median 7.0%). SUV . measurements were available
for 99 patients (274 lesions); test-retest means ranged from 2.3 to 20.8
(median 6.1), differences in test and retest measurements ranged from
—4.9 to 5.4 (median 0.0), and magnitudes of percent fluctuations
ranged from 0.0% to 85.0% (median 8.8%). Summary statistics of the
SUV measurements are provided in Tables 4 and 5.

After the data were screened using the quality criteria, 117 patients
(50.6%) had primary lung tumors, 60 (26.0%) had primary colorectal
tumors, 21 (9.1%) had primary ovarian tumors, and 19 (8.2%) had
primary esophageal tumors. Other tumor types included breast, head
and neck, prostate, and renal. One hundred eight lesions (18.8%) were

CLINICAL CANCER RESEARCH
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Table 3. Summary statistics for lesion-level characteristics (localization and lesion size).

Median and Number of
range of number lesions with
Number of of lesions Localizations of the Mean and range of volume
Study evaluable lesions  per patient number of lesions lesion volumes (cm®) >4.2 cm®
Hoekstra et al. (2002) 26 2 (-7 Lung/mediastinum: 26 (100%) 7.1 (0.8-1) 15(57.7%)
Weber et al. (1999) 50 2.5 (1-8) Lung/mediastinum: 34/ (68.0%) 5.2 (0.6-86.9) 27(54.0%)
Lymph node: 8/ (16.0%)
Liver: 8 (16.0%)
Nahmias and Wahl (2008) 21 10-1 Lung/mediastinum: 14 (66.7%) 5.0 (1.0-80.0) 10 (47.6%)
Liver: 1(4.8%)
Bone: 2 (9.5%)
Esophagus: 2 (9.5%)
Other: 2 (9.5%)
Velasquez et al. (2009) 93 3 (-4 Information missing for all lesions 7.1(0.4-493) 54 (58.1%)
Minn et al. (1995) 10 130-1D Lung/mediastinum: 10 (100%) 42.7 (18.6-231) 10 (100%)
Hatt et al. (2010) 15 10-1) Esophagus: 15 (100%) Measurements missing
for all lesions
Heijmen et al. (2012) 20 1(1-3) Liver: 20 (100%) Measurements missing
for all lesions
Kramer et al. (2016) 66 6.5 (1-15) Lung/mediastinum: 11 (16.7%) 23.3 (1.2-309) 30(45.4%)
Lymph node: 44 (66.7%)
Bone: 6 (9.1%)
Other: 5 (7.6%)
ACRIN 6678 98 30-7) Lung/mediastinum: 10 (10.2%) 22.5 (0.0-964) 63 (64.3%)
Lymph node: 28 (28.6%) Measurements missing
Liver: 29 (29.6%) for 14 lesions
Bone: 16 (16.3%)
Other: 15 (15.3%)
MERCK MK-046-008 90 2 (1-6) Lung/mediastinum: 14 (15.6%) 8.9 (0.3-428) 54 (60.0%)
Lymph node: 31 (34.4%)
Liver: 31 (34.4%)
Bone: 10 (11.1%)O0ther: 4 (4.4%)
Rockall et al. (2014) 83 5(2-5) Information missing for all lesions  11.5 (0.8-514) 63 (75.9%)

localized in the lung or mediastinum, and 89 (15.5%) were in the liver.
Other lesion locations included lymph nodes (67 lesions; 11.7%), bone
(28 lesions; 4.9%), and esophagus (17 lesions; 3.0%). The localization of
244 lesions (42.5%) was unknown.

The volumes of these lesions ranged from 0.6 to 963.7 mL, with a
mean of 9.2 mL. 163 lesions (28.4%) were smaller than 4.2 mL, 296
(51.6%) were larger, and for 115 (20.0%) unknown. Various thresh-
olding methods (e.g., a fixed percent of maximum voxel, a fixed area
around the region of interest, manual delineation) and SUV normal-
ization techniques (body weight or lean body mass) were used.

The number of days between test and retest scans varied from 1 to
10 days, and the amount of time for the injection for each scan ranged
from less than one hour to greater than 90 minutes. Summary statistics
of these variables are provided in Tables 1 through 3.

Repeatability of the SUV measurements

Bland-Altman plots are given in Fig. 1 and scatter plots of
the percentage of fluctuation a function of test-retest mean
are presented in Fig. 2. Regression coefficients associated with the
test-retest means in the variance-mean relationships were positive for
all three SUV measurements in both the univariate [1.73; 95%
confidence interval (CI), 1.34-2.12 for SUV, .. 1.53; 95% CI,
1.13-1.93 for SUVean, and 1.89; 95% CI, 1.41-2.36 for SUV peais
see Table 6] and multivariate analyses (1.83; 95% CI, 1.45-2.21 for
SUV e 1.66,195% CI, 1.26-2.85) for SUV ean, and 1.88, 95% CI,
1.44-2.32 for SUV .., see Table 8). Variance-mean relationships of
the percentage of fluctuations of the SUV measurements were derived

AACRJournals.org

directly from the variance-mean relationships for the SUV measure-
ments themselves (see Appendix). Higher uptake values were associ-
ated with worse test-retest repeatability (i.e., higher test-retest vari-
ance) of the SUV measurements themselves, as indicated by the
positive regression coefficient associated with the test-retest means.
But higher uptake values were associated with better test-retest
repeatability of percent fluctuations for all three SUV measurements,
as indicated by the negative regression coefficients in both the uni-
variate (—0.27}for SUV .y, —0.47 for SUV ean, and —0.11 for
SUV pear) and multivariate analyses (—0.17}for SUV .y, —0.34 for
SUVmean, and —0.12 for SUVeqp).

According to the multivariate analyses, lesions in the lungs and
lymph nodes and single-center studies had the better test-retest
repeatability. Lesions in the bone, liver, and those measured in
multicenter studies, had worse test-retest repeatability, but the
amounts varied on the basis of SUV max, peak or mean. Worse
test-retest repeatability of SUV ., measurements was also associated
with whether the lesion was from a study involving more than two
centers (0.711; 95% CI, 0.326-1.10) and bone lesions (0.975; 95%
CI, 0.332-1.62). Worse test-retest repeatability of SUV .., measure-
ments was associated with whether the lesion was associated with a
study involving more than two centers (1.15; 95% CI, 0.734-1.36)
and whether volume measurements were missing (2.86; 95% CI,
1.81-3.39), but better test-retest repeatability was associated with
liver lesions (—1.92; 95% CI, —2.81 to —1.47). Worse test-retest
repeatability of SUV . was associated with whether the lesion was
associated with a study involving more than two centers (0.957; 95%
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Meta-Analysis of Repeatability of FDG PET CT
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(578 lesions). Top right plot, Mean SUV (404 lesions). Bottom left plot, Peak SUV (316 lesions).

CI, 0.546-1.37) and bone (1.033; 95% CI, 0.300-1.77) and liver
lesions (0.735; 95% CI, 0.123-1.35). These regression coefficients
and confidence intervals are the same for the test-retest variance of the
percentage of fluctuations due to its relationship between the test and
retest variance of the measurements themselves (see Appendix).
These variance-mean relationships were used to estimate the
probabilities of repeat measurements differing by more than a pre-
scribed threshold in the absence of any intervention or underlying
metabolic changes. For SUVy,,x > 3.5, differences in such repeat
measurements will exceed 30% (threshold chosen on the basis of
PERCIST) and 1.05 U (ie,, 0.3 x 3.5) with probability no greater
than 0.067. Similarly, for SUVpean > 3.5 and SUVpeq > 3.5, differ-
ences in such repeat measurements will exceed 30% and 1.05 U with
probability no greater than 0.023 and 0.056, respectively. Meanwhile,
for SUVimax > 4.0, SUVinean > 4.0,and SUV oo > 4.0, differences in
such repeat measurements will exceed 30% and 1.2 units with
probabilities no greater than 0.063, 0.019, and 0.054, respectively.
These probabilities are summarized in Table 7. On the basis of these
results, the minimum demonstrable change in tumor metabolism can
be reliably seen in target lesions (minimum size of 1 cm’) with a

AACRJournals.org

baseline of SUVpea> 4.0 with a change of 30% (absolute change of
1.2). Requiring a baseline FDG uptake to have baseline of SUVpca
> 4.0 will limit the assessment of lesions with low metabolic uptake
but is needed for reliable assessment of changes in tumor metabolism.
Prior studies have demonstrated the difficulty in assessing response in
lesions that start with a low metabolism (30). This has been partially
addressed by performing a dynamic assessment of FDG uptake
kinetics in Doot and colleagues (31) but is problematic for routine
FDG-PET CT acquisitions.

On the basis of (A.4), a change of 30% in SUV .« corresponds to a
test-retest SUV , ., mean of 5.9, whereas a change of 25% corresponds
to a test-retest mean of 22.6. Because of the monotonically decreasing
relationship between change and test-retest mean, test-retest means
above 5.9 will correspond to changes less than 30%; therefore,
provided the test-retest mean is at least 5.9, a 30% change (1.8
SUV oy units) or more will be strong evidence of actual underlying
metabolic phenomena. Meanwhile, on the basis of these variance-
mean relationships, a change 0f 30% in SUV ¢, corresponds to a test—
retest SUV ., mean of 1.9 and a change of 25% corresponds to a test—
retest mean of 4.1, whereas a change of 30% in SUV ¢, corresponds to

Clin Cancer Res; 29(1) January 1, 2023
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Plot of the percentage of change versus test-retest mean for the different SUV parameters. Top left plot, Maximum SUV (578 lesions). Top right plot, Mean SUV
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atest-retest SUV,,c. mean of 5.5 and a change of 25% corresponds toa
test-retest mean of 150.6; similar reasoning produces the thresholds
for declaring underlying change as described previously in §3.2.

Discussion

An analysis of the test-retest repeatability of FDG SUV ,,, SUV-
mean> aNd SUV ,co can provide insight into what types of changes are
likely to constitute actual underlying metabolic phenomena versus
measurement noise. Many test-retest repeatability studies involve
sample sizes too small for any conclusive findings. Hence, data from
multiple such studies in the literature were combined. However,
because of the heterogeneity in baseline patient characteristics, the
acquisition protocol and image reconstruction and processing, and the
SUV measurement computation from study to study, a simple meta-

analysis could have led to misleading results. Thus, meta-regressions to
examine test-retest variance in these SUV measurements as a function
of these factors were performed.

These meta-regressions provide insight into several important
considerations in the establishment of a set of FDG-PET-based
response criteria. These analyses can be used to select which of the
three SUV measurements should be used in such criteria. These
results can be used to estimate true and false-positive rates asso-
ciated with prespecified definitions of progressive disease, partial
response, complete response, and stable disease in identifying
presence or absence of actual underlying metabolic changes. The
variance-mean relationship and the multivariate meta-regression
results can be used to assess whether these response category
definitions are broadly applicable for a wide range of uptake values,
lesion locations, and lesion sizes.

Table 6. Parameter estimates and corresponding P values for the mean-variance relationship.

Parameter estimates with 95% confidence intervals

SUVmax

SUVmean Suvpeak

Model intercept

Log test-retest mean regression coefficient 1.73 (1.34-2.12)

—3.97 (—4.99 to —2.94)

—4.14 (=516 to —3.13)
153 (1.13-1.93)

—4.26 (—6.03 to —2.49)
1.89 (1.41-2.36)
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Meta-Analysis of Repeatability of FDG PET CT

Table 7. Estimated probabilities of repeat measurements exceeding the indicated thresholds in the absence of any intervention or

underlying metabolic change.

Thresholds SUV max SUVnean SUVpeak
>30% change, SUV >3.5 (absolute change of 1.05) 0.067 0.023 0.056
>30% change, SUV >4.0 (absolute change of 1.2) 0.063 0.019 0.054
>25% change, SUV >3.5 (absolute change of 0.88) 0.128 0.059 0m
>25% change, SUV >4.0 (absolute change of 1.0) 0.121 0.051 0.108

Note: If these thresholds are used to differentiate partial response versus stable disease versus progressive disease, these probabilities are false-positive rates (i.e.,
probabilities that stable disease is declared when there is actual underlying increase or decrease in metabolic activity).

It was shown that the PERCIST definitions of progressive disease
versus stable disease versus partial response, namely a 30% increase
or decrease in SUV . for SUVpeac > 3.5, were associated with a
false-positive rate (i.e., probability of incorrectly indicating disease
progression or treatment response when no changes in metabolism
actually occurred) no greater than 0.056. Analogous definitions
using SUV . and SUV .., were associated with false-positive rates
no greater than 0.067 and 0.023, respectively. Although low false-
positive rates are desirable, values that are too low (e.g., markedly
lower than 0.05) typically mean excessive conservatism in declaring
progressive disease or partial response, namely an increased ten-
dency to indicate stable disease when underlying changes in metab-
olism did indeed occur. Such conservatism can be seen in defini-
tions based on SUV ., suggesting that a lower threshold (e.g.,
25%) may be more appropriate here.

In order for response category definitions to be broadly appli-
cable in a wide range of scenarios, the test-retest repeatability
should ideally be associated with very few FDG uptake variables,
image acquisition, and processing aspects, or study- and patient-
level baseline characteristics. The test-retest repeatability for all
three SUV measurements was associated with the lesion’s location
and that of SUV .., was associated with lesion volume. This could
entail the need for different response category definitions for bone
or liver lesions, and, in the case of SUV .y, larger-sized lesions that
would be impractical. Test-retest repeatability of the percentage of
fluctuations improved with increasing uptake levels for all three

SUV measurements. However, the repeatability of SUV e was
more robust to uptake values than the repeatability of the other two
SUV metrics were; in the multivariate regression analyses, the
coefficient associated with the percentage of fluctuations in SUV peqic
was closer to zero than those associated with the percentage of
fluctuations in SUV,,, and SUV can.

Thus, some preliminary recommendations regarding thresholds
defining the different response categories can be made on the basis
of the results of this meta-analysis, including whether those from
PERCIST (progressive disease and partial response corresponding
to an increase in SUV pe. by 30% and a decrease in SUV peqx by 30%
or more, respectively, with SUVeqc > 3.5) may be adopted. How-
ever, instead of the requirement of absolute change of 0.8 SUV ;i
units for progressive disease and partial response prescribed in
PERCIST, a more stringent requirement of 1.1 U is recommended
(a 30% or greater change in SUV ca for SUVpeax > 4.0 translates to
an absolute change of 1.1 or greater). Response criteria based on
SUVpeak may need to differ slightly for bone and liver lesions.
RECIST considers bone lesions as unevaluable and as such not
followed for size changes. EORTC criteria propose a 25% change
threshold (9). However, application of this lower threshold to
SUViax 0f SUVeqe will result in an inflated false-positive rate
(0.128 and 0.111 respectively).

These analyses suffered from some limitations involving the
availability of test-retest repeatability and image acquisition and
processing and study- and patient-level characteristic data for FDG

Table 8. Model intercept and regression coefficient estimates from multivariate models of the test-retest variance of maximum, mean,

and peak SUV given the baseline characteristics, with P values.

Regression coefficient estimates and 95% confidence intervals

Baseline characteristic and characteristic levels

SUVimax

SUVhean Suvpeak

Model intercept —4.69

(=5.55t0 —3.84) —4.76 (=5.41to —4.43) —5.17 (—6.16to — 4.19)

Log test-retest mean 1.83 (1.45-2.21) 1.66 (1.26-2.85) 1.88 (1.44-2.32)
Two or more centers No Baseline Baseline Baseline
Yes 0.711 (0.326-1.10) 1.15 (0.734-1.36) 0.957 (0.546-1.37)
Lesion localization Lung Baseline Baseline Baseline
Bone 0.975 (0.332-1.62) 0.384 (—0.650-0.911) 1.033 (0.300-1.77)
Esophagus 0.125 (—0.826-1.08) —0.972 (—2.14to — 0.379)
Liver 0.177 (=0.353to 0.706) —1.92 (—2.81to — 1.47) 0.735 (0.123-1.35)
Lymph node —0.144 (—0.599-0.312)  —0.330 (—0.803to — 0.09) 0.157 (—0.746-0.431)
Other —0.126 (—=0.813-0.562)  —0.228 (—1.32-0.328) —0.388 (—1.18-0.403)
Unknown 0.006 (—0.518-0.529)
Lesion volume greater than 4.2 mL No Baseline Baseline
Yes 0.015 (—0.306-0.336) 0.092 (—0.475-0.104)

Missing values

0.535 (—0.128-1.20)

2.86 (1.81-3.39)

Note: Baseline characteristics omitted from this table were the ones not included in any of the multivariate models. Blank cells indicate that the quantity was not

estimable, and the variable was thus automatically excluded from the model.
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Clin Cancer Res; 29(1) January 1, 2023

151

€202 Iudy | uo Jesn usbuiuois) jo Aysieaun Aq 1pd sy L/SHZYEZE/Sy L/L/6ZApd-81onie/saleoueulo/Bi0 s|euInofIoee)/:dRY WOl papeojumod



152

Shankar et al.

SUV measurements. Measurements of the different FDG-PET para-
meters could not be harmonized because of lack of access to the scans
themselves. Certain baseline characteristics (e.g., scanner vendor,
acquisition type, and SUV normalization technique) were unavailable
for some patients, and the reason for the data gaps is unclear; therefore,
the analyses may be restricted to the specific set of scenarios. Not all
studies obtained data on all three SUV measurements, and this often
prevented the assessment of the association of the test-retest repeat-
ability with some baseline characteristics; for example, no lesion
volumes were measured in any studies in which SUV . data were
obtained. In addition to these analyses, there are other important
considerations in the development of FDG-PET-based response
criteria.

Data were collected using different PET and PET-CT generation
systems. The repeatability of these systems may differ in small degrees
and will continue to do so as technology advances. However, repeat-
ability is obtained by scanning the same patient on the same system,
using the same reconstruction method and setting and analyzed using
the same software and methods, thus mitigating the effect of many of
the SUV uncertainties on repeatability (ref. 16; e.g., the effect of uptake
time variations, biological factors, and so on are the same regardless of
system used). In fact, in our analyses, we could not identify a scanner or
site effect. The main factors associated with repeatability were the
quantitative metrics (maximum, peak, or mean) and whether the data
came from a single or multicenter study.

The use of SUVcax as a quantitative metric for assessing metabolic
changes should be considered. SUV ., is less sensitive to image noise
and therefore less affected by differences in administered activities and
scanner sensitivities (32, 33) than SUV ;. Moreover, SUV e, varies
less with image reconstruction methodologies and settings (27, 34, 35),
and we therefore expect (as was also found) that scanner or site effects
can be neglected. Although SUV ..., is also calculated by averaging
over an extended tumor area and may be less sensitive to noise as well,
we observed that SUV ..., repeatability was worse compared with that
of SUVpear. SUVpear and SUV i,y are not affected by the tumor
segmentation used nor by segmentation uncertainties seen with
semi-automated segmentations (27, 36), whereas this is not the case
for SUV ,ean. For larger tumors, typically showing increased levels of
uptake heterogeneity, segmentation variability is likely to increase,
resulting in an even more reduced repeatability of SUV .., as com-
pared with SUV,,. Consequently, for multicenter studies, the use of
SUVpcax is strongly recommended. One potential reason for why there
is larger variability in SUV ean than SUV,eo and SUV ,,, is the
variability in segmentation performance. Test-retest of PET-based
volumes is around 35% (27). Consequently, SUV .y is affected by
segmentation uncertainties, whereas SUV ., and SUV ¢, are not.
Technical and biological uncertainties are the same for all three
metrics, but SUV ., has an additional factor related to segmentation
uncertainties. Because SUV,,,x is more sensitive to image noise than
SUVpeak it makes sense that SUV .y is demonstrating the best test
retest repeatability. In addition, SUV ¢, is also less sensitive to small
variations in image quality (different scanners, different reconstruc-
tion etc.), so overall, SUV e, would be the most precise and most
reproducible SUV-metric.

Although a lesion-level meta-regression was needed to identify
thresholds above which changes can be attributable to actual under-
lying phenomena, patient-level analyses will be needed in the future to
further solidify how to use this information in response assessment in
practice. The number of target lesions to follow (e.g., a maximum of
five lesions similar to RECIST 1.1) and which lesions to consider the
target lesions (e.g., those with the highest baseline uptakes) need to be

Clin Cancer Res; 29(1) January 1, 2023

specified. A minimum lesion size (e.g., 1.0 cm® as prescribed by
PERCIST) should also be included because of the difficulty of reliably
measuring very small lesions. A pilot study by Kramer and collea-
gues (27) considered the use of one, five (as done in PERCIST), or all
lesions when assessing repeatability. This study showed that using
multiple lesions to measure metabolic changes improves repeatability.
However, in such a scenario, all target lesions are assumed to have
more or less the same metabolic responses. A procedure on how to
handle mixed response, namely heterogeneous responses across
lesions in which uptake increases in some lesions but decrease in
others, will need to be developed. For example, partial response may
require that a decrease in SUV . by a prespecified amount is observed
in all target lesions, and progressive disease may require that an
increase in SUVcq. by a prespecified amount is observed in at least
one target lesion. Also, the majority of the patients included in the test—
retest studies and hence in this meta-analysis had either lung or
colorectal cancers. Whether other histologies have lesions affected by
similar factors (i.e., lesion size, level of metabolic activity, and location)
will need to be assessed in future studies.

Further data collection and analyses are necessary to develop a
consensus on how to handle these considerations. This meta-analysis
provides the parameters for minimal detectable metabolic change in a
tumor that should be applied to response criteria that are developed to
assess clinically significant outcomes. Importantly, a lack of decrease in
SUVpcax by 30% in a lesion with a baseline of SUV peq > 4.0 signifies a
lack of demonstrable improvement/response on a therapeutic regi-
men. This is significant information for patient management in both
clinical trials as well as clinical care. Important aspects of any response
criteria assessed in future prospective data analyses should include
whether a set of response criteria is associated with more definitive
clinical outcomes and whether the use of FDG-PET/CT will improve
or significantly change response assessment performed by RECIST.
These data could be acquired as part of clinical trials and registries to
obtain the volume of information needed for these assessments.
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