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Quantitative analysis can potentially improve the accuracy and
consistency of '8F-FDG PET, particularly for the assessment of tu-
mor response to treatment. Although not without limitations, SUV
has emerged as the predominant metric for tumor quantification
with '8F-FDG PET. Growing literature suggests that the difference
between SUVs measured before and after treatment can be used to
predict tumor response at an early stage. SUV is, however, associ-
ated with multiple sources of variability, and to best use SUV for
response assessment, an understanding of the repeatability of the
technique is required. Test-retest studies involve repeated scanning
of the same patient on the same scanner using the same protocol
no more than a few days apart and provide basic information on the
repeatability of the technique. Multiple test-retest studies have
been performed to assess SUV repeatability, although a compari-
son of reports is complicated by the use of different methodologies
and statistical metrics. This article reviews the available data,
addressing issues such as different repeatability metrics, relative
units, log transformation, and asymmetric limits of repeatability. When
acquired with careful attention to protocol, tumor SUV has a within-
subject coefficient of variation of approximately 10%. In a response
assessment setting, SUV reductions of more than 25% and increases
of more than 33% are unlikely to be due to measurement variability.
Broader margins may be required for sites with less rigorous protocol
compliance, but in general, SUV is a highly repeatable imaging bio-
marker that is ideally suited to monitoring tumor response to treat-
ment in individual patients.
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uantitative analysis can potentially improve the accuracy
and consistency of oncologic '8F-FDG PET, particularly for the
assessment of tumor response to treatment (/,2). When tumor
response is only partial or when small changes occur early after
treatment, before the full treatment effect is complete, visual as-
sessment can be problematic (3). Subjective interpretation can
lead to inconsistency between readers, potentially undermining
the value of the study. These concerns apply not only to clinical
practice but also to clinical trials, in which there is a greater ex-
pectation for robust quantitative data. Growing evidence suggests
that, for applications such as these, visual assessment can be en-
hanced by supplementary quantitative analysis (4), an approach to
which PET is particularly well suited.

SUV was initially regarded with mixed enthusiasm (5), but as
the methodology improved, it emerged as the predominant metric
for tumor quantification with '8F-FDG PET. Although it may lack
the scientific rigor and conceptual attractiveness of more sophis-
ticated kinetic modeling approaches (6), it has substantial advan-
tages in terms of practicality and compatibility with clinical pro-
tocols. It also has a large base of evidence supporting its use for
the noninvasive assessment of tumor response to treatment (7—12).
Changes in SUV between baseline and follow-up studies can help
determine whether tumors are responding to treatment. The follow-
up PET evaluation can potentially be performed early after the end
of treatment, well before a change in tumor size can be seen on
anatomic imaging. The ability to assess tumor response early after
treatment may, for example, allow nonresponders to be redirected to
more appropriate treatment. Or in the case of clinical trials, early
tumor assessment can aid drug development by identifying ineffec-
tive therapies before they are deployed in large, expensive multi-
center trials.

Although simplicity and ease of use are among the strengths of
SUYV, the measurement is nevertheless vulnerable to many sources
of unwanted variability (/3). These include issues associated with
biologic variability, patient preparation, scanner stability, image
quantitative accuracy, and image analysis, including tumor volume-
of-interest (VOI) techniques. Improved standardization of method-
ology has gone some way toward mitigating these problems, but
many sources of variability remain. Knowledge of the repeatability
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of SUV measurements is particularly relevant for response assess-
ment studies because it provides a basis for interpreting the tumor
SUVs obtained at baseline and follow-up. What change in SUV
should be interpreted as a real change in a particular tumor? And
what change in SUV should be attributed simply to measurement
variability? Changes in SUV beyond the expected range of vari-
ability are not consistent with stable disease, and the extent of the
difference can help guide or substantiate the reader’s impression.
In the clinical trial context, repeatability can determine the number
of patient volunteers who need to be enrolled to confirm a partic-
ular effect (/4). As such, repeatability can directly influence the
cost of a trial and, in turn, the cost of developing new therapies.
An understanding of the repeatability of SUV measurements is
thus important for both clinical and research applications.

The literature on the repeatability of oncologic '®F-FDG SUV
has developed slowly, most likely because of the difficulty in
acquiring the relevant data. Phantom studies (/5) and simulation
studies (/6) are capable of capturing important components of
variability, but more directly representative data require patient
measurements acquired under test-retest conditions. Repeated
scanning of the same patient on the same scanner using the same
protocol no more than a few days apart provides basic information
on the repeatability of the technique. Under the assumption that
the tumor has not progressed over this short period, the SUVs
would ideally be identical. In practice, measurement variability
means that the two SUVs are not identical, and when data are
acquired over a large group of patients, the expected range of
repeatability can be estimated. The term reproducibility is some-
times used in this context, but this term is more correctly used to
refer to studies performed in different settings (/7), such as on
different scanner systems. Although reproducibility is of interest,
this review focuses on the data that are currently available, which
are mostly repeatability data.

Several reports have been published describing the repeatability
of tumor SUV with '8F-FDG PET or PET/CT. However, a com-
parison of these papers is not straightforward because of differ-
ences in methodology, such as the use of different acquisition
protocols or image analysis methods. In particular, because the
literature includes different approaches to statistical analysis, re-
peatability is often expressed using metrics or nomenclature that
are not the same even when the experimental methods are sub-
stantially similar. Consequently, the literature includes results that
often are not directly comparable and may be somewhat confus-
ing. This article attempts to review the available literature, recon-
cile differences between the publications, and clarify expectations
for the repeatability of tumor SUV.

SUV REPEATABILITY LITERATURE

The scientific literature was reviewed with the aim of identify-
ing publications related to '®F-FDG PET and the repeatability of
tumor SUV. The online databases PubMed (U.S. National Library
of Medicine, National Institutes of Health) and Google Scholar
(Google Inc.) were searched using terms such as FDG, PET, SUV,
repeatability, and reproducibility. The main inclusion criterion
was that each paper contained all of the following components:
measurement of SUV repeatability in a test-retest study design,
human as opposed to animal studies, quantification in tumors as
opposed to normal organs or other disease states, and '3F-FDG as
opposed to other radiopharmaceuticals. For this purpose, we con-
sidered a test-retest study design to involve two imaging studies
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performed on the same patient on the same scanner system using
the same acquisition and analysis protocol. To be clear, each of the
two imaging studies had to involve separate '8F-FDG administra-
tions so as to capture the variability associated with biologic ef-
fects, patient preparation, and tracer administration. The interval
between successive imaging studies was not rigidly specified in
our search but was typically between 1 and 7 d. Importantly, we
specified that no treatment or other significant interventions could
take place between the two studies. Specifically excluded from
further analysis were animal studies, phantom studies, and com-
puter simulation studies. Although relevant, these studies are not
expected to be directly comparable to human studies, which were
the main interest. Also excluded were studies that involved re-
peated imaging after a single '®F-FDG administration (/8), studies
that measured the repeatability of different readers analyzing the
same images (/9), and repeatability studies that did not include
SUV quantification.

Table 1 shows the articles that were identified and included in
this review. Sixteen papers (20-35), published between 1995
and 2016, met the inclusion criteria. All were reports on original
research, although there was some overlap in the source data:
Nakamoto et al. (22) performed a retrospective analysis of data
previously published by Minn et al. (20); Krak et al. (23) analyzed
SUV measurements derived from dynamic data originally pre-
sented by Hoekstra et al. (36); van Velden et al. (37) analyzed a
subset of the data published by Velasquez et al. (25); and de
Langen et al. (28) performed a metaanalysis pooling data from
5 previously published cohorts. Several closely related papers did
not strictly meet the requirements of our review but are neverthe-
less relevant. Examples include the previously mentioned work of
Hoekstra et al. (36), which included test-retest data on patients
with non—small cell lung cancer but assessed the repeatability of
tracer kinetic analysis as opposed to SUV. Kamibayashi et al. (37)
assessed the reproducibility of tumor SUVs acquired using different
scanner systems: one a PET-only scanner and the other a PET/CT
system. Bengtsson et al. (38) reported on a study that involved
repeated imaging, but in this case the interval between the imaging
studies was extended (median, 21 d) and the patients received
treatment in the intervening period, albeit treatment that proved
to be ineffective. Although not included in the following analysis,
some of these papers will be discussed subsequently.

DATA ACQUISITION

The range of tumors that have been included in test-retest stud-
ies is shown in Table 1. Lung cancer has been a particular focus,
but a wide range of other cancer types has also been studied,
including gastrointestinal malignancies, esophageal cancer, colo-
rectal cancer, head and neck cancer, and ovarian cancer. Each of
these studies involved a careful test-retest protocol with two re-
peated imaging sessions using the same protocol and scanner sys-
tem for each patient. Four of the publications (25,3/-33) included
data acquired at multiple centers, although, to be clear, individual
patients were always scanned on the same system. The remaining
reports were on single-center studies. A limitation of many of
these studies is the small number of patients that were included
(median, 18). However, when all publications are considered as a
whole, test—retest data have been obtained for over 300 patients.

Because the literature spans more than 20 y, different generations
of PET instrumentation have been used, including both PET and
PET/CT scanners from various manufacturers. Data acquisition
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TABLE 1

Literature on Tumor SUV Repeatability

Publication Year Tumor type Comments
Minn (20) 1995 Lung cancer, n = 10 PET; localized view (dynamic)
Weber (217) 1999 Various malignancies, n = 16 PET; localized view (dynamic)
Nakamoto (22) 2002 Lung cancer, n = 10 Retrospective analysis of Minn (20) data
Krak (23) 2005 Non-small cell lung cancer, n = 11 PET; localized view (dynamic)
Nahmias (24) 2008 Various malignancies, n = 26 PET/CT; whole-body
Velasquez (25) 2009 Advanced gastrointestinal malignancies, n = 61 PET and PET/CT; multicenter study
Hatt (26) 2010 Esophageal cancer, n = 14 PET/CT; whole-body
Heijmen (27) 2012 Liver metastases in colorectal cancer, n = 18 PET/CT; whole-body
de Langen (28) 2012 Various malignancies, n = 102 in largest subgroup Metaanalysis
Hoang (29) 2013 Head and neck squamous cell carcinoma, n = 17 PET/CT; localized view
Kumar (30) 2013 Various malignancies, mostly colon cancer, n = 21 PET/CT; whole-body
van Velden (37) 2014 Colorectal cancer, n = 29 PET/CT; whole-body
Rockall (32) 2014 Ovarian cancer, n = 21 PET/CT; whole-body; two centers
Weber (33) 2015 Non-small cell lung cancer, n = 74 PET/CT; whole-body; multicenter study
Rasmussen (34) 2015 Head and neck squamous cell carcinoma, n = 24 PET/CT and PET/MR; localized view
Kramer (35) 2016 Non-small cell lung cancer, n = 9 PET/CT; whole-body

n = number of patients in each study.

methods reflected the evolving state of the technology over this
period and have included bismuth germanate and lutetium oxy-
orthosilicate detectors, 2-dimensional and 3-dimensional acquisi-
tion geometries, and scanner systems with and without time-of-
flight capability. Various reconstruction algorithms have been
used, and although they were used consistently within a given
study, we should not assume consistency between different
studies. For example, Minn et al. (20) used filtered backprojection,
producing an estimated spatial resolution of 12 mm in full width at
half maximum, whereas Krak et al. (23) used an ordered-subset
expectation-maximization iterative algorithm and estimated a spa-
tial resolution of 7 mm in full width at half maximum.

Depending on the study, PET data were acquired as dynamic
scans at a single bed position, localized head-and-neck studies (1
or 2 bed positions), or whole-body studies typically covering the
base of the skull to mid-thigh (2-5 min per bed position). When
dynamic data were acquired (20,21,23), a frame of 10-15 min
starting approximately 60 min after injection was used for SUV
calculation. For the static studies, the interval between '*F-FDG
administration and the start of the PET acquisition was typically
60 min, although Nahmias and Wahl (24) favored 90 min. Kramer
et al. (35) assessed repeatability at both 60 min and 90 min. Care-
ful adherence to maintaining consistent uptake periods was a fea-
ture of most studies. For example, Rockall et al. (32) reported that,
for a given patient, the difference in the uptake periods between
scan 1 and scan 2 averaged 1.9 min. Such careful control of uptake
periods was important for optimizing repeatability but may not be
typical of clinical conditions. The study by Kumar et al. (30)
showed an average difference of 33 = 20 min between corre-
sponding uptake periods and may better reflect the repeatability
that can be expected in a more typical setting (39).

The literature is complicated by the different tumor-sampling
schemes that have been used. In general, there have been 3

different VOI approaches, with their corresponding SUVs being
SUVmax (22,23,25-27,29-35), SUV nean (21,23-27,29-31,34,35),
and SUV . (20,22,23,25,27,32-35). As is usual, SUV,, was
derived from the single tumor voxel with the highest uptake.
Given its unambiguous definition, SUV ,,, would be expected to
be most comparable between reports, although it should be noted
that the voxel dimensions were not the same across studies (e.g.,
2.3 x 2.3 x 3.3 mm for the head and neck (29) and 5.5 X 5.5 X
3.3 mm for the whole body (30)). SUV pean Was derived from the
average value of all voxels within an extended VOI. These VOIs
were usually defined by isocontour thresholding, typically based
on a fixed percentage of SUV ;. (e.g., 50%), occasionally includ-
ing background correction. Other tumor segmentation approaches
were also used, including fuzzy locally adaptive Bayesian meth-
odology (26,27), manual delineation (23,29), and circular regions
manually adjusted to the dimensions of the tumor (24). SUV ¢,
has been defined as the average of all voxels within a 1-mL spheric
region positioned within the tumor so as to maximize its mean
value (/). Some of the repeatability papers were published before
the term SUV,,.,« was adopted and instead use other designations.
In various cases, the peak region was defined slightly differently
from the above criterion, frequently involving small (e.g., 12-mm)
circular or square regions of interest centered over the maximum
tumor voxel. For the purposes of this review, when a small fixed-
size VOI with a volume of approximately 1 mL was used, we refer
to this as SUV . even though the original article may not have
used this term.

The number of tumors analyzed for each patient varied among
studies, and some reports included multiple analyses. The most
common approach was to analyze a single tumor per patient (20—
22,24,25,29,31,33,34). Another approach allowed for the inclusion
of a variable number of tumors per patient, analyzing all tumors
collectively (21,23,26,27,30,35) or averaging the tumor SUVs for
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an individual patient and assessing the repeatability of the average
SUV (25,32,33,35). Inclusion criteria in terms of minimum tumor
size or SUV were not always specified. When these criteria were
reported, a minimum diameter of 2 cm in all 3 orthogonal dimen-
sions (20) or at least 3 cm in the largest direction (35) was typical.
Rockall et al. (32) and Weber et al. (33) specified a minimum
SUVnax of 2.5 and 4.0, respectively. SUV was normalized using
the patient’s body mass or lean body mass (20,22,23,25,35), esti-
mated using predictive equations. Lean body mass has the advan-
tage of making SUVs more comparable between patients with
different body compositions. Intersubject variability is reduced
(e.g., normal-organ SUV), but lean body mass normalization
would not be expected to alter within-subject variability, at least
not in this test-retest setting.

REPEATABILITY ANALYSIS

With regard to statistical analysis, several slightly different
approaches can be found in the literature. The relationships
between the various statistical metrics (Table 2) are not imme-
diately obvious and have caused some confusion. Older publi-
cations tend to characterize repeatability in terms of the mean
absolute percentage difference (MAPD), whereas more recent
papers tend to use the repeatability coefficient (RC) derived
from Bland—Altman analysis (40). Both approaches reflect re-
peatability, but RC provides useful limits beyond which an
SUV change is likely to reflect a true change in an individual
tumor.

SUV; and SUV, denote corresponding SUV measurements of
the same tumor under test—retest conditions. The difference d is
given simply as

d= SUVZ - SUV]. Eq. 1

The parameter d has the units of the original SUV measurements
(e.g., g/mL), but the difference can also be expressed in relative
units (D):

SUV, — SUV;

SUV =~ (SUV; + SUV,). Eq. 3

N —

Note that D is the difference expressed as a percentage of the
average of the two measurements. The absolute value, |D|, can
be averaged over multiple patient studies to determine the MAPD
as follows:

1 n
MAPD = - Y Eq. 4
n ;=

where D; indicates the relative difference for multiple patients (i =
1...n).

An alternative statistical approach involves taking the SD of the
test-retest differences. The data can be conveniently presented as
a Bland—Altman plot (Fig. 1) in which the differences between
two repeated measurements, in either original units (d) or relative
units (D), are plotted as a function of their average (SUV). Sub-
sequent analysis is based on meeting the following two conditions:
that there be no proportionality between the magnitude of the
difference data (|d| or |D|) and the average (SUV), and that the
difference data (d or D) be normally distributed. Confirmation of
the first condition indicates that the variability of the measurement
is independent of the magnitude of the SUV and that the resulting
repeatability estimate is valid for tumors with very different
SUVs. If this were not the case and, for example, |d| were pro-
portional to SUV, estimates of repeatability would likely be too
high for low-SUV tumors and too low for high-SUV tumors.
Confirmation of the second condition allows 95% limits of re-
peatability to be estimated, because for normally distributed data
we would expect 95% of the differences to be within approxi-
mately 2 SDs.

Having established that the data satisfy these conditions, we can
determine the SD of the difference data. In most cases, relative
data were used and the SD of D (DSD) can be considered a co-
efficient of variation. Note that DSD is not the variability in a
single measurement, because D is subject to noise in both SUV,

b= SUV x 100%, Eq. 2 and SUV,. The within-subject coefficient of variation (wCV) of a
single measurement is given by DSD/4/2 and is often reported as
where the primary metric of repeatability. RC is directly related to wCV
TABLE 2
Various Repeatability Metrics Found in the Literature
Parameter Symbol Definition Comment
Difference d SUV, - SUV4 Test-retest difference in units of original data
Relative difference D 100 x d/[0.5 x (SUV; + SUV,)] Test-retest difference expressed as
percentage of mean
SD of D DSD SD of D over all subjects SD of d would be used if analysis were
performed in original units
Within-subject coefficient wCV DSD/~2 Reflects repeatability of a single measurement
of variation
Repeatability coefficient RC 1.96 x V2 x wCV Reflects 95% limits of repeatability for difference
between two measurements under assumption
that D is normally distributed
Mean absolute percentage MAPD Mean of |D| over all subjects |D| indicates absolute value of D
difference
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magnitude of the SUV. The absolute differ-
ence in the original units (|d|) was usually

= found to be proportional to the average
(SUV), and as a result, limits of repeatabil-
ity expressed in SUV units would not be
applicable over the full range of SUVs. Rel-

ative units appear to be a better way to ex-
press SUV repeatability, because the mag-
nitude of the relative difference (|D|) was
generally independent of SUV. Most but

50 not all (24) papers addressing SUV repeat-
ability expressed their results in dimension-
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FIGURE 1. Bland-Altman plots showing SUV .« difference data (®) in both original units (A) and

relative units (B), as function of mean. Relative difference data are consistent with normal distri-
bution, and Kendall t (0.026, P = 0.89) indicates that magnitude is not proportional to mean.
Dashed lines show limits of repeatability given by [-RC, +RC]. In B, data have also been plotted
using secondary y-axis (X). Close agreement between red and blue data points illustrates that
scales on left and right y-axes are substantially similar. (Data are from Heijmen et al. (27), kindly

provided by the author.)

and DSD and is given by 1.96 x DSD. Under the assumption that
D is normally distributed, RC represents the 95% limits of repeat-
ability for the difference between 2 SUV measurements made un-
der test-retest conditions. In other words, baseline and follow-up
SUV measurements made on a perfectly stable tumor should be
expected to differ by up to RC 95% of the time. Conversely, if the
change in SUV were to exceed RC, it is reasonable to infer some
real change in the tumor.

The relationship between MAPD and DSD was not stated in any
of the papers included in this review. However, it can be shown
that MAPD can be related to DSD under certain assumptions. The
Bland—Altman approach, and the associated 95% limits of repeat-
ability, require that the difference data D be normally distributed.
For the purpose of comparing reports, it is reasonable to make this
same assumption for the data that were originally analyzed in
terms of MAPD. If we further assume that the difference data
have a mean of zero, which is reasonable for test-retest data, it
can be shown (47) that

2
MAPD = \/: x DSD.
™

The applicability of this relationship can be illustrated using data
from the article of Nakamoto et al. (22). DSD was calculated from
the tabulated SUV . data to be 13.44%. According to Equation 5,
this corresponds to an MAPD of 10.72%, which is in close agree-
ment with the published value of 11.30%, calculated using Equa-
tion 4. This relationship and the other relationships shown in Table
2 allow the data from the different reports to be directly compared.

Eq. 5

ORIGINAL UNITS OR RELATIVE UNITS?

One issue that arises in test—retest studies of this kind is whether
to analyze the data in the units of the original measurement
(d expressed in SUV units) or in relative units (D expressed as a
percentage). Relative units are integral to the calculation of MAPD,
but RC can be expressed either in SUV units or as a percentage.
The appropriate choice depends on the characteristics of the data
and is an important consideration. Figure 1 shows an example (27)
that illustrates the typical dependence of the difference data on the

less relative units.

Characterizing repeatability in relative
units is well suited to the way SUV is used
in response assessment studies, which com-
monly quote percentage change in SUV
relative to a baseline measurement. In
addition to being easily interpreted, relative
units are helpful when one is comparing
literature reports that use different SUV
formulations. SUV data derived using lean body mass as opposed to
total body mass normalization have different ranges and are not
directly comparable. However, the use of the relative difference D
to characterize repeatability allows comparison of data from differ-
ent reports irrespective of the SUV normalization schemes.

An important contribution was made by de Langen et al. (26),
who investigated the relationship between SUV variability and
tumor uptake. By combining data from multiple studies, they
showed that test-retest differences expressed in relative units
(|D|) were not, in fact, independent of the level of uptake (SUV)
as assumed in most other studies. Even when expressed in per-
centage terms, repeatability improved with higher uptake, and it
may not be correct to assume that fixed limits of repeatability are
applicable across the full range of SUVs. A practical concern is
for low-uptake tumors that have poorer repeatability than the
wider group. To account for these low-uptake tumors, de Langen
et al. recommended that minimal changes in both relative and
absolute SUVs be required for tumor response assessment studies.

Although not yet resolved, it seems that relative units may be
more appropriate than original units but that neither is entirely
adequate. The most complete way to characterize repeatability,
including the most appropriate units, remains a subject of ongoing
interest.

LOG TRANSFORMATION

Closely related to the use of relative units is the use of log
transformation. The fact that only a subset of papers (25,32,33)
used log transformation would seem to complicate comparison of
reports, but in fact, log-transformed data can readily be compared
with relative difference data. Log transformation is a way of ac-
counting for the proportionality that was usually found between
the absolute difference (|d|) and the average (SUV). Natural log
transformation is recommended, as opposed to other log trans-
forms, because the difference in natural logs has a very intuitive
interpretation. In(SUV,) — In(SUV)) is approximately equal to the
relative difference, (SUV, — SUV,)/SUV. For example, if SUV,
and SUV, are assumed to be 9 and 10, respectively, (SUV, —
SUV)/SUV = 0.105 and In(SUV,) — In(SUV,) = 0.105. The
applicability of this close approximation has been confirmed for
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PET repeatability data (42) and is illustrated in Figure 1B. It can
be seen that difference data on the natural log scale can be di-
rectly interpreted as relative differences without the need for back-
transformation. The SD of difference data on the log scale (20.5%
for the data in Fig. 1B) is largely equivalent to the DSD derived
from relative units (20.3% for the data in Fig. 1B). This relation-
ship greatly simplifies interpretation of log-transformed data and
allows a direct comparison of reports that use relative difference
data (D) and natural log transformation.

SYMMETRIC OR ASYMMETRIC LIMITS OF REPEATABILITY?

Some differences exist in the literature regarding interpretation
of RC. If the test-retest difference data can be assumed to be
normally distributed, with zero mean and a variability that is con-
stant over the range of measurements, the 95% limits of repeat-
ability are given by [-RC, +RC]. In the test-retest setting, SUV
differences are as likely to be in one direction as in the other, and
the limits of repeatability are symmetric about zero. This interpre-
tation is frequently adopted in the SUV repeatability literature and
is consistent with the general framework of Bland and Altman
(40). However, two notable PET papers (25,33) include the use
of asymmetric limits of repeatability in which the lower and upper
RC:s differ. For example, Weber et al. (33) reported that a decrease
in SUV ,.x by more than 28% would be required to indicate tumor
response, whereas tumor progression would require an increase by
more than 39%. These asymmetric limits are not so much due to
an inadequate number of samples in the test—retest data, nor are
they due to a systematic bias between the first and second scans.
Asymmetric limits of repeatability were introduced in order to
account for SUV changes relative to a baseline value (33).

In a test-retest setting, relative difference data would typically
be expressed with respect to the average of two measurements,
according to Equation 2. However, this situation differs from the
typical clinical situation, in which the difference between baseline
(SUV)) and follow-up (SUV,) is usually expressed relative to a
single baseline measurement:

(SUV: — SUV))

ASUV =
sU SUV,

x 100%. Eq. 6

For example, if baseline and follow-up SUVs were 18 and 25,
respectively, ASUV would be approximately +39%. However, if
the same two SUVs were considered in reverse (baseline SUV of
25, follow-up SUV of 18), ASUV would be —28%. The use of a
single baseline SUV as the reference leads to a skewing of the data
that necessitates the asymmetric RCs.

Figure 2 attempts to illustrate the situation. Two random sam-
ples were drawn from a normal distribution with a coefficient of
variation of 12%. This procedure simulated an idealized test-retest
setting and was chosen to match the SUV,,,,, data of Weber et al.
(33). The sampling process was repeated 1,000 times, and Figure
2A shows the SUV differences divided by their average (Eq. 2).
With this particular set of samples, DSD was measured to be
16.7%, corresponding to an RC of 33%, which is shown as sym-
metric limits in Figure 2A. In Figure 2B the same SUV difference
data were divided by a single baseline SUV (Eq. 6), and an asym-
metric distribution is clear. For example, notice that there are no
data points below —40% but many above +40%. Asymmetric
RCs can be determined following the approach of Velasquez
et al. (25) and Weber et al. (33):
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LRC = (exp( — 1.96 - SDyp,,) — 1) x 100% Eq. 7

URC = (exp(+1.96-SDgp) — 1) x 100%, Eq. 8
where LRC is the lower RC, URC is the upper RC, and SDyy, is
the SD of the difference on the log scale. Similar asymmetric
limits can be obtained by converting the symmetric RC limits in
the units of Equation 2 (relative to the average of two measure-
ments) to their equivalent using the units shown in Equation 6
(relative to a single baseline measurement). It can be shown that

— RC

LRC= —
1+ (RC/200%)

Eq. 9

RC

URC = = Rc/200%)

Eq. 10

where LRC, URC, and RC (the symmetric limit defined in Table
2) are all in percentage terms. Figure 2B shows LRC and URC
limits at [-28%, +39%], and it can be seen that 50 data points lie
outside this range, indicating that 95% of the 1,000 data points are
within these asymmetric limits. Asymmetric RCs are thus seen to
be appropriate for changes relative to a baseline measurement,
which is the way SUV is currently used in the response assessment
setting.

SUMMARY OF REPEATABILITY RESULTS

This section compares the results from the different studies,
with the caveat that such a comparison inevitably involves data
acquired under slightly different conditions. For example, the
following analysis includes repeatability data from studies that
analyzed multiple tumors per patient as well as studies that
assessed only one tumor per patient. To compare results, the
different statistical metrics were converted to a common param-
eter, wCV. For the papers that used the Bland—Altman methodol-
ogy, wCV could be readily inferred using the relationships sum-
marized in Table 2 even if not explicitly reported in the original
article. For the papers that reported MAPD, Equation 5 was also
used. For example, Nakamoto et al. (22) reported the MAPD for
SUV hax to be 11.30%. Using Equation 5, we can infer a DSD of
14.16% and a wCV of 10.01%.

Table 3 shows how the SUV,,,« results from each paper were
converted to an inferred wCV using the procedure described
above. Similar analyses were performed for SUV can and SUV e,
and are shown in Tables 4 and 5, respectively. Inferred wCV
values for all 3 SUV metrics are shown graphically in Figure 3.
The mean wCV over all relevant papers was 10.96% (SD, 3.32),
9.98% (SD, 3.06), and 9.60% (SD, 3.40) for SUV 1ax, SUVineans
and SUV ., respectively. The differences between these means
were not statistically significant (P > 0.05), and the overall aver-
age wCV, combining all 3 SUV metrics, was 10.27% (SD, 3.20).

DISCUSSION

In this paper, the literature on the repeatability of SUV in !8F-
FDG oncologic PET has been reviewed. Differences and shared
aspects of methodology were identified, in particular with regard
to statistical analysis. By converting different statistical measures
to a common index, we were able to directly compare results from
multiple reports. Over all the publications, which included tumors
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(WCV, 16.96%) to 33.3% (wCV, 12.01%).
In general, the importance of standardized

(SUV5 - SUV;) 105 x (SUV; + SUVL) (%) B
(SUV; - SUV,) 1 SUV, (%)

patient preparation (43) should be empha-
sized, including particular attention to con-
sistent uptake times.

On the other side of the repeatability
range, Rasmussen et al. (34) reported re-
markably low variability (wCV, 4.8% for
SUVmax)- A possible explanation is the un-
usually high tumor uptake in this patient
population (average SUV,.,, 15.0). De

80 =
0 100 200 300 400 500 600 700 80D 900 1,000 0
Noise realization

100 200 300 400 500 800 700 800 900 1,000
Noise realization

Langen et al. (28) have shown that SUV
repeatability improves with increasing tu-

FIGURE 2. Simulated test-retest difference data. SUV; and SUV, were random samples drawn
from normal distribution with coefficient of variation of 12%. One thousand pairs of random
samples were generated, corresponding to the different noise realizations shown on x-axis. (A)
Differences between SUV; and SUV, are shown relative to their average. DSD was 16.7%
(MAPD, 13.5%). Dashed lines indicate 95% limits of repeatability that are symmetric about zero
[-33%, +33%]. (B) Differences are shown relative to single baseline value (SUV4). Asymmetric

limits of repeatability are marked at [-28%, +39%].

with a wide range of SUVs, the average wCV was approximately
10% irrespective of the VOI type.

Although differences were noted between the various pub-
lications, the consistency between reports was striking. Only a
few papers reported a wCV of over 12%. The relatively poor
repeatability observed in the study by Kumar et al. (30) can prob-
ably be attributed to the high variability in uptake periods, low
average tumor uptake, and nonstandard definition of relative dif-
ference. Unlike other publications, the relative difference data
were not calculated relative to the average (Eq. 2) but instead were
expressed relative to a single baseline value (Eq. 6). Heijmen et al.
(27) also reported a wCV of over 12%. In this case, the particular
patient population could have played a role because a subset of
patients received chemotherapy within 1-3 mo of PET data ac-
quisition. When the study population was divided into those who
had chemotherapy 1-3 mo before PET and those who had it more
than 3 mo before PET, RC for SUV,,,, dropped from 47.0%

mor uptake, possibly because of a higher
signal-to-noise ratio in these high-uptake
regions of the image. Most of the papers
included in this review did not directly ad-
dress this issue, and their results reflect the
average repeatability over a broad range of
tumor uptake values. Neglecting potential
trends within their data was understandable
given the small number of data points that were typically available
in each study, but a more involved analysis will probably be re-
quired to better characterize repeatability over the full range of
SUVs. De Langen et al. proposed a combination of absolute
and relative difference thresholds to characterize limits of repeat-
ability. The method is flexible in that it allows for multiple com-
binations of absolute and relative difference cutoffs, one of which
is consistent with published guidelines for tumor response assess-
ment (/). Another approach involving relative difference thresh-
olds that vary as a function of baseline SUV has also been pro-
posed (38).

Interestingly, there was no clear trend toward improved re-
peatability as scanner technology evolved. This is perhaps sur-
prising given the substantial improvements in PET technology that
have been introduced over the past 20 y. For example, Rasmussen
et al. (34) compared PET reconstruction with and without ad-
vanced algorithms (time of flight in combination with point spread

TABLE 3
SUV.x Repeatability Estimates

Publication Repeatability parameter Parameter value Where in original article Inferred wCV (%)
Nakamoto (22) MAPD 11.3 Table 4 10.01
Krak (23) MAPD 13 Table 2 11.52
Velasquez (25) wCV 11.9 Table 5 11.90
Hatt (26) DSD 16.7 Page 1371 11.81
Heijmen (27) RC 39 Table 1 14.08
Hoang (29) MAPD 12.6 Table 2 11.17
Kumar (30) RC 49 Page 177 17.69
van Velden (37) MAPD 121 Page 17 10.72
Rockall (32) RC 17.3 Table 2 6.25
Weber (33) DSD 17 Table 2 12.02
Rasmussen (34) wCV 4.8 Table 5 4.80
Kramer (35) RC 26.6 Table 3 9.60
Mean 10.96 (SD, 3.32)
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TABLE 4
SUVean Repeatability Estimates

Publication Repeatability parameter Parameter value Where in original article Inferred wCV (%)
Weber (27) DSD 9.1 Table 2 6.43
Krak (23) MAPD 12 Table 2 10.63
Velasquez (25) wCV 11.8 Table 5 11.80
Hatt (26) DSD 15.6 Table 2 11.08
Heijmen (27) RC 31.2 Table 1 11.26
Hoang (29) MAPD 11.4 Table 2 10.10
Kumar (30) RC 44 Page 177 15.87
van Velden (37) MAPD 11.8 Page 17 10.46
Rasmussen (34) wCV 5.7 Table 5 5.70
Kramer (35) RC 18.1 Table 3 6.53

Mean

9.98 (SD, 3.06)

function modeling) and found no improvement with the more
sophisticated algorithm. They also compared repeatability be-
tween PET/CT and PET/MR—the first report to do so—and found
no significant difference. Various factors are likely at play. SUV
variability is greatly influenced by biologic factors that would be
expected to remain unchanged irrespective of the scanner system.
Also some of the high-performing early work involved dynamic
data acquisition that allowed for highly controlled uptake periods
and extended data acquisition, compared with the whole-body
studies used in more recent studies.

In general, repeatability was similar for the various SUV types
(SUVax> SUVpean, and SUVe,i) despite involving very different
approaches to tumor sampling. SUV .., includes much greater
volume averaging than SUV ., but requires consistent delineation
of potentially heterogeneous tumors. SUV ., might appear to offer
an advantageous compromise between SUV . and SUV ,c.,, but
the literature was not consistent on this issue. Some studies found
that SUV .y offered no improvement over SUV,,,, (25,33,34),
whereas others did show an improvement (22,23,35). In the latter
group, the use of automated software for identifying the peak
region, as opposed to centering a fixed-size VOI over the maxi-
mum pixel, may have contributed to the improved repeatability.
A separate issue regarding the handling of multiple tumors per

patient was similarly inconclusive. Weber et al. (33) and Velasquez
et al. (25) found that repeatability was similar irrespective of
whether SUV was derived from a single tumor or from the average
of multiple tumors. In contrast, Kramer et al. (35) found substan-
tially improved repeatability when averaging the SUV from multi-
ple tumors, albeit in a small, single-center study.

Over all the studies included in this review, tumor SUV had an
average wCV of approximately 10% (10.27%), which corresponds
to symmetric RCs of *+28%. These limits are in close agreement
with the =30% criterion that was previously recommended for
PET tumor response classification (PERCIST (/)). Asymmetric
limits of repeatability had not been introduced in the PET literature
at the time this recommendation was published and even now have
not been fully established. Nevertheless, they would seem to be
appropriate for tumor response assessment with respect to a base-
line measurement and should be considered for future iterations of
PERCIST. Under this assumption, a wCV of 10.27% would corre-
spond to lower and upper RCs of —25 and +33%. Of course, many
of the studies included in this review had poorer repeatability than
the group average, but most achieved a wCV of under 12%, which
corresponds to RC limits of [—28%, +39%] (33).

Although these repeatability data provide a useful context for
interpreting small changes in tumor SUV, broader considerations

TABLE 5
SUV,eak Repeatability Estimates

Publication Repeatability parameter Parameter value Where in original article Inferred wCV (%)
Minn (20) MAPD 10 Table 4 8.86
Krak (23) MAPD 10 Table 2 8.86
Velasquez (25) wCV 12.8 Table 5 12.80
Heijmen (27) RC 37.0 Table 1 13.35
Rockall (32) RC 16.3 Table 2 5.88
Weber (33) DSD 20 Table 2 14.14
Rasmussen (34) wCV 5.7 Table 5 5.70
Kramer (35) RC 19.9 Table 3 7.18

Mean

9.60 (SD, 3.40)
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FIGURE 3. Summary of SUV repeatability results. wCV was inferred
from published data and is shown separately for SUVaxs SUVmean, and
SUVear. Labels by each data point refer to publications noted in Table 1.
Dashed horizontal lines indicate mean wCV for each SUV type: 10.96%,
9.98%, and 9.60% for SUVimax, SUVmean, and SUV,ea, respectively.

are involved when predicting clinical outcome. For example, a
tumor SUV decrease only slightly more than the limits of
repeatability indicates a small treatment effect that may not be
sufficient to cure the disease. The optimum change in SUV for
differentiating between patients with good and bad prognoses is
likely much greater than the limits of repeatability of the SUV
measurement. Meignan et al. (44) found a 66% decrease in SUV ,«
to be the optimum cutoff for identifying responders in the setting of
diffuse large B-cell lymphoma after 2 cycles of chemotherapy. So
although SUV repeatability limits can help distinguish between real
tumor changes and measurement variability, a higher threshold is
needed to best predict a successful response to treatment.

CONCLUSION

This review confirms that SUV is a highly repeatable metric for
quantifying '8F-FDG uptake in oncologic PET. When acquired
with careful attention to protocol, tumor SUV can be measured
with a wCV of approximately 10%. In a response assessment
setting, tumor SUV reductions of more than 25% and increases
of more than 33% are unlikely to be due to measurement variabil-
ity. Broader margins may be required for sites with less rigorous
protocol compliance, but in general, SUV is a highly repeatable
imaging biomarker that is ideally suited to monitoring tumor re-
sponse to treatment in individual patients.
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