Test—Retest Variability in Lesion SUV and Lesion SUR in
ISF.FDG PET: An Analysis of Data from Two Prospective

Multicenter Trials

Frank Hofheinz!, Ivayla Apostolova?, Liane Oehme?, Jorg Kotzerke3, and Jorg van den Hoff!-3

'Helmholtz-Zentrum Dresden-Rossendorf, PET Center; Institute of Radiopharmaceutical Cancer Research, Dresden, Germany;
2Klinik fiir Radiologie Nuklearmedizin, Universitiitsklinikum Magdeburg A.6.R., Magdeburg, Germany; and Department of Nuclear
Medicine, University Hospital Carl Gustav Carus, Technische Universitdit Dresden, Dresden, Germany

Quantitative assessment of radio- and chemotherapy response
with 18F-FDG whole-body PET has attracted increasing interest in
recent years. In most published work, SUV has been used for this
purpose. In the context of therapy response assessment, the re-
liability of lesion SUVs, notably their test-retest stability, thus
becomes crucial. However, a recent study demonstrated substan-
tial test-retest variability (TRV) in SUVs. The purpose of the pre-
sent study was to investigate whether the tumor-to-blood SUV
ratio (SUR) can improve TRV in tracer uptake. Methods: 73 pa-
tients with advanced non-small cell lung cancer from the prospec-
tive multicenter trials ACRIN 6678 (n = 34) and MK-0646-008
(n = 39) were included in this study. All patients underwent two
18F-FDG PET/CT investigations on two different days (time differ-
ence, 3.6 = 2.1 d; range, 1-7 d) before therapy. For each patient,
up to 7 tumor lesions were evaluated. For each lesion, SUV,,.x and
SUV, o Were determined. Blood SUV was determined as the
mean value of a 3-dimensional aortic region of interest that was
delineated on the attenuation CT image and transferred to the PET
image. SURs were computed as the ratio of tumor SUV to blood
SUV and were uptake time-corrected to 75 min after injection.
TRV was quantified as 1.96 multiplied by the root-mean-square
deviation of the fractional paired differences in SUV and SUR. The
combined effect of blood normalization and uptake time correc-
tion was inspected by considering Rrgry (TRVsyr/TRVsuy), a ratio
reflecting the reduction in the TRV in SUR relative to SUV. Rrgry
was correlated with the group-averaged-value difference (8) in
CFmean (8CFmean) of the quantity 8CF = |CF - 1|, where CF is the
numeric factor that converts individual ratios of paired SUVs into
corresponding SURs. This correlation analysis was performed by
successively increasing a threshold value 8CF,,;, and computing
SCF nean and Rrry for the remaining subgroup of patients/lesions
with 8CF = 3CF,j». Results: The group-averaged TRVgyy and
TRVsyr were 32.1 and 29.0, respectively, which correspond to a
reduction of variability in SUR by an Rygy factor of 0.9 in compar-
ison to SUV. This rather marginal improvement can be understood
to be a consequence of the atypically low intrasubject variability in
blood SUV and uptake time and the accordingly small 3CF values
in the investigated prospective study groups. In fact, subgroup
analysis with increasing 3CF,;, thresholds revealed a pronounced
negative correlation (Spearman p = —0.99, P < 0.001) between
Rtrv and 3CFan, Where Rrgy ~ 0.4 in the 3CF.,, = 20%
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subgroup, corresponding to a more than 2-fold reduction of
TRVsyr compared with TRVsyy. Conclusion: Variability in blood
SUV and uptake time has been identified as a causal factor in the
TRV in lesion SUV. Therefore, TRV in lesion uptake measurements
can be reduced by replacing SUV with SUR as the uptake mea-
sure. The improvement becomes substantial for the level of vari-
ability in blood SUV and uptake time typically observed in the
clinical context.
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uantitative assessment of radio- and chemotherapy re-
sponse with '8F-FDG whole-body PET has attracted increasing
interest in recent years (/-5). For practical reasons (unavailability
of dynamic data, no arterial input function, ease of use) the SUV
(tracer concentration normalized to injected dose per kilogram of
body weight) has been the method used nearly exclusively for
quantification of a lesion’s tracer uptake in whole-body investiga-
tions. In the context of therapy response assessment, the reliability
of lesion SUVs, notably their test-retest stability, thus becomes of
crucial importance and has been addressed in several studies (6—
12).

In a recent study (/3), Weber et al. demonstrated substantial
test—retest variability (TRV) in SUVs even under well-standardized
conditions regarding data acquisition and data evaluation. The
authors considered several possible causes for the observed vari-
ability (body weight, age, clinical stage, blood glucose levels,
location and number of lesions), but none of these turned out to
be actually operative. The obvious consequence of the apparently
unavoidable SUV TRV is that rather high thresholds have to be
used to conclude that a true change in tumor tracer uptake related
to therapy or disease progression has occurred. Obviously, it
would be desirable to reduce the inherent TRV by identifying
and correcting at least some of its causes.

In an earlier publication (/4), we suggested two further factors
not mentioned in the study of Weber et al. (/3) that might explain
at least part of the observed variability, namely interscan varia-
tion in arterial blood SUV (and the SUV scale of the whole
arterial input function) and variability in tracer uptake time be-
fore scanning. Although uptake time variability has already been
recognized as possibly contributing to SUV TRV (/1), variability
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in arterial blood SUV does not yet seem to have been considered.
More importantly, if our assumption is correct, the recently in-
troduced uptake time—corrected tumor-to-blood SUV ratio
(SUR) (I5,16) would represent a means of quantitatively ac-
counting for these two sources of TRV and should therefore
exhibit a lower TRV than SUV (which in turn could explain
the superiority of SUR over SUV regarding prognostic value
as demonstrated in initial clinical studies (/7-19)). The purpose
of the present study was to compare the TRV of both uptake
measures.

MATERIALS AND METHODS

Patient Group and PET Imaging

In this study, 73 patients with advanced (stage III or IV) non—
small cell lung cancer were included. All patients underwent two
I8F-FDG PET/CT scans on two different days (time difference, 3.6 =
2.1 d; range, 1-7 d) before therapy. The scan started an average of 61 =
7 min (range, 48—100 min) after injection. The difference in starting
time between the two scans averaged —0.4 * 3.6 min (range, —11
to 7 min). The included data are part of two prospective multicen-
ter trials conducted by the American College of Radiology Imaging
Network (ACRIN 6678, NCT00424138, n = 34) and by Merck &
Co. Inc. (MK-0646-008, NCT00729742, n = 39 of a total of 40; data
from one patient were not available). Two examples are shown in
Figure 1. PET/CT images were acquired in accordance with Na-
tional Cancer Institute guidelines (20). Further details on the patient
groups and the PET imaging have been previously published (/3).
The institutional review board of each participating site approved
the study, and all subjects gave written informed consent for future
research use of trial data and images as part of the original consent
process.

Image Analysis

Region-of-interest (ROI) definition and ROI analyses were per-
formed using ROVER, version 3.0.21 (ABX).

In the PET images, the metabolically active part of the lung lesion
with the highest uptake and up to 6 additional lesions (at arbitrary
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FIGURE 1. Maximum-intensity projections of image data from 2 pa-
tients: first scan (A and C) and second scan (B and D).
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locations in the field of view) were delineated by an automatic
algorithm based on adaptive thresholding taking the local background
into account (27,22). Lesions in the immediate vicinity of the hot
bladder and lesions smaller than 1 cm? were excluded. Altogether,
236 lesion ROIs were delineated (lung, 162; liver, 14; bone, 37; other
locations, 23). For all ROISs, the alignment of PET and attenuation CT
was visually inspected. ROIs showing a mismatch between PET and
attenuation CT (with substantial parts of the '8F-FDG uptake outside
the morphologic lesion boundary as measured in the attenuation CT
data) were excluded. This was the case for 21 of 236 ROIs (all of them
pulmonary lesions). For the remaining ROIs/lesions (n = 215), SUV .«
and SUV ., were computed. To avoid partial-volume-induced bias,
only lesions larger than 1.5 cm? were included in SUV e, and SUR .k
analysis (n = 210).

Arterial blood SUV was determined by defining a roughly
cylindric aortic ROI in the attenuation CT data; this ROI was then
transferred to the PET data. To reduce partial-volume effects, a
concentric safety margin was used in the transaxial planes, centering
the ROI in the aorta. Planes showing high tracer uptake near the
aorta (pathologic or otherwise) were excluded. The aortic ROI was
positioned in the descending aorta, and a minimum ROI volume of
5 cm? was ensured. Blood SUV was computed as SUV .., in this
aortic ROI.

Lesion SUR was then computed as the uptake-time—corrected ratio
of lesion SUV to blood SUV. Uptake time correction to Ty = 75 min
after injection was performed as described previously (16). Ty =
75 min was chosen as being close to the average actual lesion mea-
surement time, which naturally is somewhat larger than the mean
scanning start time of 61 min.

A value of zero was assumed for the apparent volume of
distribution (i.e., V, = 0 was used in the correction formula) for
reasons discussed previously (/8). The uptake-time—corrected SUR
is then given by
SUR = Ex lesion SUV(T) _ lesion SUV(T)
T ~ blood SUV(T) T xblood SUV(T)

xT,, Eq.1

where T is the actual time of measuring the lesion uptake in the re-
spective scan. For each lesion, T was estimated by linear interpolation
between the scanning time of the first transaxial plane (T,) and that
of the last plane (T, + total scan duration D,yy), according to

S—1
T = Tyan + X Dyotat s

Eq. 2

where N is the total number of transaxial planes in the image volume
and S is the number of the transaxial plane in which the lesion center
is located. The worst-case inaccuracy of T is approximately half the
acquisition duration per bed position (typically 1-2 min), which is
perfectly acceptable for our purposes.

The intersubject stability of blood SUV was described by the SD of
the pooled distribution of the blood SUVs from scans 1 and 2. The
intrasubject stability of blood SUV was described by the SD of the
distribution of paired difference between the second and first scans
(A blood SUV = blood SUV, — blood SUV)).

Test—retest variability in lesion SUV was assessed considering the
distribution of fractional paired &:

SUV, — SUV,

3SUV = .
0.5 x (SUV] + SUVz)

Eq. 3

dSUV was computed for each individual lesion. To derive a quantita-
tive TRV measure, we used the root-mean-square deviation (RMS) of
3SUV:
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Eq. 4

1 N
RMSssuy = ,/Nx Y 8SUVZ,
i=1

where N is the number of ROIs/lesions included in the evaluation. For
a dataset with zero sample mean, RMS coincides with the sample SD.
We chose RMS rather than SD as the variability measure because SD
exhibits large statistical errors for small sample sizes. To the extent
that the underlying distribution can be approximated by a gaussian
with zero mean, RMS is a more accurate estimate of the distribution’s
true SD than is SD. The TRV in lesion SUV was defined as

TRVsyv = 1.96 X RMSssuv, Eq. 5
and an analogous procedure was used to compute TRVgyr. To the
extent that d3SUV is gaussian-distributed with mean zero, [—TRYV,
+TRV] represents the 95% confidence interval of the fractional paired
differences.

The combined influence of blood normalization and uptake time
correction on the TRV was inspected by considering the ratio Rrry =
TRVsur/TRVsyy, which represents the relative change in the TRV in
SUR in comparison to that in SUV. Rrry was correlated with the
group-averaged-value dCF .,y Of the quantity 3CF = |CF — 1| (and
tested by Spearman rank correlation), where CF is the numeric factor
that converts individual ratios of paired SUVs into corresponding
SURs (as is immediately obvious from Eq. 1):

_ Ty xblood SUV,

CF= ——F———
T, x blood SUV,

Eq. 6

This correlation analysis was performed by successively increasing a
threshold value 8CF,,;, (starting from zero) and restricting the com-
putation of 8CF .., and Rrry to the respective subgroup of patients/
lesions with 8CF = 8CF,;,. Differences in TRVgyy and TRVgyr were
tested for significance in all groups and subgroups using a 2-tailed
F test.

RESULTS

Group averages of SUV ., and SUR,,,,, in the first scan were
9.7 = 5.8 (range, 2.4-54.7) and 6.7 * 3.8 (range, 1.9-32.7), re-
spectively. Group averages of SUV .« and SUR,,.« in the second
scan were 9.6 = 5.9 (range, 2.4-54) and 6.8 * 4.0 (range, 1.5-
35.8), respectively. Paired differences in SUV,,x and SUR .
averaged 0.1 *= 1.7 (range, —7.0-6.6) and —0.1 £ 1.0 (range,
—3.8 -2.5), respectively. The group averages did not differ signif-
icantly between scans 1 and 2 according to paired Wilcoxon test-
ing (SUV ax, P = 0.87; SUR .k, P = 0.79).

>

10 20 30 40 50 60 70
1

J
10 20 30 40 50 60 70
I

L

L

Frequency
Frequency

1]

1]
L

r T T T T T 1 r T T T T T 1
-60 -40 -20 O 20 40 80 -60 -40 -20 O 20 40 60

8 SUV 0 (%) 8 SUR i (%)

FIGURE 2. Histogram of fractional paired differences in lesion SUV j,ax
(A) and lesion SURax (B).

The mean and SD (i.e., intersubject variation) of blood SUV did
not differ significantly in the first and second scans (mean, P =
0.54; SD, P = 0.3) and was 1.57 £ 0.33 in the pooled data.
Intersubject variability was about twice as large as intrasubject
variability, that is, the SD of the paired-differences distribution
(mean * SD, 0.03 = 0.18).

In Figure 2, the histograms of the fractional paired differences
8SUV .« and 8SUR,,.x are shown. Both distributions deviate
somewhat from normal distributions (Kolmogorov—Smirnov test).
Notably, the 8SUR,,,, histogram is somewhat narrower than the
dSUV ax histogram, and there is a more pronounced peak of small
deviations (below *10%). However, the RMS deviation from zero
(the chosen measure of TRV) is only slightly reduced for SUR in
comparison to SUV, by a factor Rrgy of 0.9. The first row in Table
1 also shows the similar result found when the peak rather than the
maximum values of the respective uptake parameter are used.

The small intrasubject variability in blood SUV together with
the well-standardized uptake time corresponds to mostly small
SCF values (mean = SD, 7.1% = 8.0%; 95% confidence interval,
0.4%-35.7% [Fig. 3]). This in turn explains the rather small dif-
ference between TRVgyy and TRVgyr in the full study group. On
the other hand, subgroup analysis using 8CF,;, values of 5%,
10%, 20%, and 30% as lower thresholds demonstrates that
TRVsyy increases with increasing 8CF,;, threshold whereas
TRVgyr stays approximately constant (Table 1), ultimately lead-
ing to a more than 2-fold reduction (Rygy ~ 0.4) in the TRV in
TRVsyr compared with TRVgyy in the 8CF,,;, = 20% subgroup.
This behavior is demonstrated in detail in Figure 4. Figure 4A
shows TRV as a function of 8CF,.,, in the respective subgroup
(the 8CF,,;, threshold was successively set to all values in the
sorted list of 8CF values actually occurring in the data). Figure

TABLE 1
Percentage TRV
Maximum Peak

8CFmin SCF mean n TRVsuv TRVsur Rrrv P n TRVsuv TRVsur Rrrv P
All data 71% 215 32.1 29.0 0.90 0.060 210 33.6 30.7 0.91 0.085

5% 12.5% 102 35.2 28.8 0.82 0.016 99 36.1 29.6 0.82 0.023
10% 19.6% 43 43.2 30.3 0.70 0.007 40 421 29.0 0.69 0.01
20% 34.7% 10 61.6 24.5 0.40 0.008 8 57.4 24.0 0.42 0.005
30% 41.8% 6 65.5 25.4 0.39 0.54 4 60.0 24.0 0.40 0.53
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Regarding the extent of the observed

=g
‘I\ o _| 2 E3 o - (: w0
= -
%_ —_—
®
2 - S o ol in
= s F L o |
S .| «| E ~
Bt e > o =
w o | 5 & o
2 fa ol 3
o -—
=) ¥ o N ] . a v -
(=2 3
) / o_/ e
=
o - (=T (=T

7

SUV TRV, our results are in full agree-
ment with those of Weber et al. (/3), who
analyzed the same study group (but obvi-
ously not exactly the same set of lesions):
the 95% confidence interval of the “re-
peatability coefficient” as defined by
Weber et al. is —29% to 40% for SUV .x

/
/
/

[ 4

B in the present study, which is close to the

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
ROI number ROl number ROI number —28% to 39% reported by Weber et al.
The agreement extends to the observation
FIGURE 3. (A) Deviation from unity, 5CF = |CF - 1|, of SUV-to-SUR conversion factor (CF) for ~ that there was no notable difference in

all ROIs/lesions. (B and C) Fractional difference in blood SUV (BSUV) (B) and uptake time (C)

between first and second scans.

4B demonstrates the pronounced correlation between Rrry (the
reduction in TRV in SUR relative to SUV) and 8CF,,.,, (Spear-
man p = —0.99, P < 0.001).

DISCUSSION

In this work, we investigated whether the TRV in 3F-FDG
uptake measurements in tumor lesions can be reduced when
SUR rather than SUV is used as the quantitative uptake measure.
Our investigation had two major findings.

In the group as a whole, SUR exhibited a slightly reduced TRV
in comparison to SUV (by a factor of 0.9 [Table 1, first row]). This
finding can be understood to be a direct consequence of an overall
unexpectedly low intrasubject variation in blood SUV between the
two scans in combination with a well-standardized uptake time T
in this patient group. This led to a conversion factor CF—relating
the SUV retest—test ratios to the respective SURs—that, on aver-
age, did not deviate much from unity.

On the other hand, in subgroups of patients for whom the
change in the factor blood SUV(T) x T between the two scans was
larger (corresponding to larger values of 8CF), SUR exhibited
increasingly better test—retest stability than SUV: the magnitude
of the improvement (described by Rrry) correlated strongly with
the threshold 8CF,;, chosen for subgroup selection (and also with
the subgroup average 8CFe.,) (Table 1; Fig. 4). The improved
test—retest behavior of SUR might ultimately be explained by the
fact that SUR is a much better surrogate than SUV for the meta-
bolic rate of 18F-FDG accumulation in the tumor, as was demon-
strated previously (/5,18).

Lesions included
141 72 41 23 14 9 6
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FIGURE 4. TRVgyy and TRVgyr (A) and Rrry (B) achieved with SUR as
function of 8CF ean in remaining subgroup (subgroup sizes indicated at
top of A).
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the TRV in SUV . and SUV e, as well
as confirming the finding that no rele-
vant difference between ROI-based and
patient-averaged evaluation could be de-
tected (data not shown). In another study, Kramer et al.
investigated a group of 11 non—small cell lung cancer patients
(12) who also underwent two PET investigations on two different
days without intervening therapy. The investigators reported a
repeatability coefficient (defined as 1.96 x SD of 8SUV) of less
than 15% for SUV,,.x when the evaluation was restricted to
lesions that satisfied the PERCIST criterion (23) and of less than
10% when per-patient averages over these lesions were used.
The apparent contradiction with our corresponding result (re-
peatability coefficient, 32.2) is resolved by noting that inclusion
of all evaluated lesions in the study of Kramer et al. (/2) leads to
a repeatability coefficient of 26.6. The remaining small differ-
ence might be related to the fact that the data of Kramer et al.
(12) were acquired with a single scanner rather than in a multi-
center setting.

Although the present work has identified the combined
influence of variable blood SUV and variable uptake time
before scanning as a causal factor in the observed substantial
TRV in lesion SUV, a switch from SUV-based to SUR-based
evaluation would not be of much practical relevance if the
group-averaged results obtained in the present investigation
were directly applicable to the clinical setting. However, the
present study group was quite atypical of the usual clinical
situation.

For one, the remarkably low intrasubject variation in blood
SUV (SD, 0.18) in the present study was not in accord with two
previous investigations (one from our group (24) and the other
from Boktor et al. (25)), both of which found much larger
intrasubject variations (SDs of 0.32 and 0.42, respectively).
On the other hand, the observed intersubject variability in
blood SUV was in complete agreement between the present
and the two former investigations (SDs of 0.33 vs. 0.36 and
0.38).

A possible reason for reduced intrasubject blood SUV
variability might be that in contrast to the two former investi-
gations (24,25), no therapeutic intervention took place between
the two scans in the present study. It clearly is conceivable that
therapeutic intervention affects and modifies systemic '8F-FDG
kinetics, and we hypothesize that this was the cause of the higher
intrasubject blood SUV variability in the previous studies. If this
conjecture turns out to be correct, it would imply that lesion SUV
TRV (or, more precisely, spurious contributions to an observed
SUV change that are unrelated to a real [treatment-related] ef-
fect) must be expected to be higher during therapy response
assessment than was the case in the present study group. At

Hofheinz et al. 1773



the same time, SUR variability should be unaltered compared
with the present study since the SUR approach corrects for blood
SUV variability.

The present study group was also atypical of the usual clinical
situation in that uptake time differences between paired scans
were small. In contrast, uptake times in clinical routine can vary
substantially between scans, as has been demonstrated repeat-
edly (e.g., 64 = 14 min [range, 20-90 min] (26); 69 * 25 min
[range, 21-143 min] (27)). This, too, will increase the TRV in
SUV in the clinical setting compared with the results of the
present investigation, and the uptake time correction included
into SUR computation could be expected to account for this
effect as well.

To estimate the typical magnitude of 8CF to be expected in
clinical routine, we reanalyzed our previously published data
(24), where the variability in uptake time was approximately
as reported in two previous publications (26,27) and the var-
iability in blood SUV was comparable to blood SUV as re-
ported in two other previous publications (24,25). This
analysis yielded a 8CFeq, of 21.4% *= 19.1%, with a 95%
confidence interval of 1.0%-58.0%, instead of the 8CF,.,, of
7.1% = 8% and 95% confidence interval of 0.4%-35.7%
found in the present study group. The SUV TRV of about
30% observed in the present and previous studies in our view
thus has to be considered a best case that is not representative
of the clinical situation (in which distinctly larger spurious
variations in SUV will occur).

Regarding SUR, on the other hand, our results support the
notion that its use does eliminate (or distinctly reduce) the
adverse influence of blood SUV and uptake time variations on
the test—retest stability of SUVs. Formally, this means that SUR
compensates for two sources of systematic errors when true
tracer uptake changes are being assessed. One could of course
hypothesize that the concomitant increase in statistical error
when SUR rather than SUV is used (caused by the residual
uncertainties in the blood SUV and T entering the SUR compu-
tation in Eq. 1) exceeds the reduction of systematic errors. How-
ever, our results (both in previous investigations (/7,/8) and in
the present one) demonstrate that this is not the case: in compar-
ison to SUV, the statistical error of SUR is only modestly in-
creased but the systematic error is much more pronouncedly
reduced.

A limitation of this study was the decreasing size of the
subgroups selected via increasing 8CF,;, thresholds (e.g., for
only 10 lesions was 8CF larger than 20%). Consequently, sta-
tistical evaluation at sufficiently high 8CF,,;, thresholds (and
the corresponding 8CF .., values) becomes increasingly un-
reliable. Nevertheless, we believe our results convincingly
demonstrate a monotonous increase in TRVgyy as a function
of d3CFcan and a constant value of TRVgyr over the whole
range of 8CF ., (Fig. 4A). Such behavior can be interpreted
as demonstrating the increasing influence of blood SUV(T) x T
changes between successive scans on TRVgyy whereas
TRVgyr remains unaffected. The constant (blood SUV(T) x
T changes—independent) level of TRV gy thus would represent
a residual variability (of about 25%-30%) caused by uniden-
tified other factors. It would be desirable to confirm our find-
ings in further investigations and to perform studies,
prospective as well as retrospective, evaluating the prognostic
value of SUR in comparison to SUV in different oncologic
applications.

1774

CONCLUSION

Variability in blood SUV and uptake time has been identified as
a causal factor in TRV in lesion SUV. Therefore, TRV in lesion
uptake measurements can be reduced by replacing SUV with SUR
as the uptake measure. The improvement can be expected to be
substantial at the level of variability in blood SUV and uptake time
typically observed in the clinical context. Further studies will be
necessary to investigate whether this improved test-retest behavior
translates into an improved prognostic value for SUR in compar-
ison to SUV.
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