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Standardized uptake values (SUVs) have been widely used in the
diagnosis of malignant tumors and in clinical trials of tumor
therapies as semiquantitative metrics of tumor 8F-FDG uptake.
However, SUVs for small lesions are liable to errors due to partial-
volume effect and statistical noise. The purpose of this study was
to evaluate the reproducibility and accuracy of maximum and
peak SUV (SUVmax and SUVeq, respectively) of small lesions
in phantom experiments. Methods: We used a body phantom
with 6 spheres in a quarter warm background. The PET data were
acquired for 1,800 s in list-mode, from which data were extracted
to generate 15 PET images for each of the 60-, 90-, 120-, 150-,
and 180-s scanning times. The SUVax and SUVpeqi Of the hot
spheres in the 1,800-s scan were used as a reference (SUV et max
and SUV,efpear). Coefficients of variation for both SUVp,.« and
SUVpeax in hot spheres (CVmax and CVpea) Were calculated to
evaluate the variability of the SUVs. On the other hand, percent-
age differences between SUVyax and SUV ermax and between
SUVpeak and SUVierpeak Were calculated for evaluation of the
accuracy of SUV. We additionally examined the coefficients of
variation of background activity and the percentage background
variability as parameters for the physical assessment of image
quality. Results: Visibility of a 10-mm-diameter hot sphere was
considerably different among scan frames. The CVp,ax and CVpeax
increased as the sphere size became smaller and as the acqui-
sition time became shorter. SUV,.x was generally overestimated
as the scan time shortened and the sphere size increased. The
SUVmax and SUV e Of a 37-mm-diameter sphere for 60-s scans
had average positive biases of 28.3% and 4.4%, compared with
the reference. Conclusion: SUV,,.x was variable and overesti-
mated as the scan time decreased and the sphere size increased.
In contrast, SUVe.« Was a more robust and accurate metric than
SUVmax. The measurements of SUVeax (O SUVpear Normalized to
lean body mass) in addition to SUV .« are desirable for repro-
ducible and accurate quantification in clinical situations.
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Whole-body oncologic '8F-FDG PET is useful for
detection and staging of various malignant tumors, mon-
itoring of responses to therapy, and prognostic stratifi-
cation (/—4). Standardized uptake values (SUVs) have
been widely used for diagnosing malignant tumors and
for clinical trials of tumor therapies as semiquantitative
metrics of tumor '8F-FDG uptake (/,5,6). Recently, SUV
has been used to monitor metabolic response to therapy
(1,6). Although SUV is easy to derive tumor metabolic
changes (5), accurate and reproducible quantification is
crucial to the clinical evaluation of sequential PET/CT
imaging.

Positron emission itself is characterized statistically by
a Poisson distribution (7). Even if the same object is
scanned, the same image cannot be obtained because of
the statistical fluctuation (8). It is important to reduce the
variability and to improve the accuracy of SUV by suffi-
cient scan duration (8). Under the current guideline (9,10)
on phantom experiments, the PET image quality is gener-
ally evaluated by the percentage contrast and the percentage
background variability (Ng nm). Various organizations in-
cluding the Society of Nuclear Medicine and Molecular
Imaging/Clinical Trials Network (/7), the European Asso-
ciation of Nuclear Medicine/EANM Research Ltd. (/2),
and the American College of Radiology/ACR Imaging Net-
work (13) evaluated the accuracy of SUV with the aim of
the harmonization of quantitative values (/4). Although the
percentage contrast, Nigp mm, and the accuracy of SUV are
important metrics of good image quality, the reproducibility
of small lesion uptake is also essential. In general, maximum
SUV (SUV,..x) is considered to be overestimated in low-
count-statistics images because the highest pixel value tends
to present high values due to noise (/5). A previous clinical
study by Lodge et al. (/6) indicated that SUV,,,,, was over-
estimated in low-count-statistics images. Boellaard et al. (15)
also reported that SUV,,,,x showed positive bias for images
with higher noise. However, the relationship among scan
time, image noise, lesion size, and variability of SUV .«
and peak SUV (SUV ., has not yet been investigated. The
purpose of this study was to evaluate the reproducibility and
accuracy of SUVy,,, and SUV .y of small lesions using
a phantom.
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FIGURE 1. Method of extracting PET
acquisition data of various scan times
from long list-mode data. Fifteen PET
images for each scan time were generated,

MATERIALS AND METHODS

Imaging Protocols

In this study, we used a Discovery-690 PET/CT scanner (GE
Healthcare) and National Electrical Manufacturers Association
(NEMA )/International Electrotechnical Commission body phantom
(Data Spectrum Corp.). The PET scanner comprises a total of 13,824
lutetium yttrium-orthosilicate crystals with dimensions of 4.2 X 6.3 x
25 mm, covering an axial field of view of 15.7 cm and a transaxial
field of view of 70 cm in diameter. The coincidence time window
was 4.9 ns. The time-of-flight time resolution was 544.3 ps. The
NEMA body phantom with a lung insert and 6 spheres of 37, 28,
22,17, 13, and 10-mm inner diameter had a background activity of
2.65 kBg/mL at 15 min from scan start time. The activity level
simulated an injection dose of 3.7 MBg/kg (9,10). The sphere-to-
background ratio was 4:1. The whole inner volume of the phantom
was 9,780 mL. The PET data were acquired for 30 min in list-mode
and reconstructed using the ordered-subsets expectation maximization
plus time-of-flight algorithm with 3 iterations and 8 subsets. Fifteen
PET images were reconstructed for each scan time of 60, 90, 120,
150, and 180 s from the 30-min list-mode data (Fig. 1). The image
matrix was 192 x 192 with a 3.12-mm pixel size. The display field of
view was 60.0 cm. The PET image slice thickness was 3.27 mm. A
gaussian filter of 4 mm in full width at half maximum was used as
a postsmoothing filter. CT scanning was performed using the follow-
ing parameters: 120 kV, 40 mA, 0.5-s tube rotation, and 5-mm slice
collimation. The CT data were used for the attenuation correction.

Image Analysis

We analyzed the SUV 5 and SUV . of all spheres using the
PET Volume Computer Assisted Reading software (GE Health-
care). The SUV ., was average SUV with a spheric volume of
interest (VOI) (12-mm diameter) positioned so as to maximize the
enclosed average activity. The SUV ¢, of the 10-mm-diameter
sphere (SUVpcax, 10) Was not evaluated because the predetermined
VOI with a 12-mm diameter was larger than the 10-mm-diameter
sphere. Coefficients of variation (CVs) of the SUV of each sphere
were calculated for evaluation of variability of the SUV as follows:

CVinaxj = [(SD of SUVmaxrj)/(mean of SUVmax_,j)] x 100(%)
CVpeakj = [(SD of SUV eax ;) / (mean of SUVpea ;)] x 100(%)

where j is a diameter of the sphere, and SD is the standard deviation.

ErrecT OF STATISTICAL NOISE ON SUV *

totaling 76 PET images.

The SUVx and SUVpe, of a j-mm diameter in 1,800-s
scan data were defined as the reference SUV, and SUV e
(SUVietmax,; and SUViefpear,j» respectively). Then, differences
between the SUV .y ; and SUV ef may j (%Diff,, ;) and between
SUVpeak,j and SUV et pearj (%Diff e,y ;) were calculated for the
evaluation of accuracy of the SUV as follows:

%Diffax,; = mean ofHSUVmaxﬂj
- SUVreﬂmax‘j|/SUVref,max,j] (%)

%Diffpea,; = mean of [|SUV pea
- SUVrepreak.j|/SUVref,peakAj} (%)

The physical assessment of the PET image quality was addition-
ally performed with the CV of background activity (CVyackground)
and the percentage background variability (N9 mm) (9,10). We
placed 12 circular regions of interest (ROIs) of 30 and 10 mm
in diameter on the central slice and on =1 and *2 cm away from
the central slice (total of 120 ROIs) in each PET image. The
CVpackgrouna Was calculated using the data of 30-mm ROIs as
follows:

CVbackground = mean of [(SD/mean) x 100] (%)

The Njp mm Was calculated using the data of 10-mm ROIs as
follows:

Niomm = SD19mm/Cg,10mm X 100 (%),

where Cg 19 mm 1S the mean measured activity in the ROI for the
10-mm-diameter sphere in the background 12 ROIs on the central
slice. SD1¢ mm is the SD of the background ROI values for 10-mm-
diameter sphere.

RESULTS

Figure 2 illustrates all the PET images for various scan-
ning durations. The PET image quality was improved as the
scanning time increased. The visibility of the 10-mm-
diameter hot sphere was considerably different among the
frames of the same scanning time. Figure 3A shows rep-
resentative images with different SUV 5« 10. Although both
images were acquired for 60 s, SUV ,x 10 varied from
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1.92 to 2.85. Figure 3B shows a 3-dimensional graph of
the activity of the 37-mm-diameter sphere in the 1,800-s
scan image and in the 60-s scan image. A maximum value
of a hot sphere in the low-count-statistics image was often
higher than that in the high-count-statistics image (Fig. 3B).
The variability of SUV,x and SUV ., of the hot
spheres and that of mean SUV of the background in relation
to the scanning time are shown in Table 1. The variability of
both SUV,,x and SUV,, increased as the sphere size
became smaller and as the scanning time became shorter.
When the CVyackgrouna Was 10% or lower, all of the CV .«
and CV e, were lower than 10%. It took 150 s or longer
scanning time for small spheres to have the CV,,,x of 10%
or lower. On the other hand, all of the CV . were lower
than 5% regardless of the scanning time and sphere size.
Table 2 and Figure 4 show the accuracy of both SUV .«
and SUV ., in relation to the scanning time and the
sphere size. The %Diff,,,, showed that the SUV,,,, was
generally overestimated as the scanning time shortened
and the sphere size became larger. In particular, the
SUVax.37 by 60-s scan showed a 28.3% overestimation,
compared with the SUV ¢f max 37. In contrast, the %Diff e,
showed minimal overestimation. The SUV ¢, 37 was

A Frame #2 Frame #12
60 s scan - B . .
- e .
SUV 0010 = 1.92 SUV, 0010 = 2.85
SUV ey 15 = 2.07 SUV e 13 = 2.20
. o234
+ (o] L
L] SUVay 57 = 4.23 * 28 SUV iy 37 = 5.55
SUVeay 37 = 4.07 SUVipax 37 = 4.21
1,800 s scan 60 s scan
FIGURE 3. (A) PET images having highest (#12) and lowest

(#2) SUVimax,10 among the 15 frames of the 60-s scan.
SUVax,10 fluctuates considerably. (B) Three-dimensional
graphics of 37-mm-diameter hot sphere with 1,800- and 60-s
scan times. Maximum pixel value of small hot sphere in low-
count-statistics image was often higher than that in high-count-
statistics image.
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overestimated by 4.4%. A 180-s or longer scan time was
required to achieve the recommended N;q ,,, of 6.3% for
2.65 kBg/mL background concentration in the guideline
(Table 1). Although the Nyg ,,n, achieved the recommended
value (/0). the CV .« and %Diff ., 37 were 8.5% and 12.3%,
respectively.

DISCUSSION

Our phantom study evaluated the reproducibility and
accuracy of SUV ., and SUV . in hot spheres simulating
BE_FDG-avid tumors. To achieve the CV of 10% or lower,
the required scanning time was 150 s or longer for SUV .«
and 60 s or longer for SUV ... We found that SUV ,,, was
variable and overestimated even in the images that satisfied
the guideline-recommended image quality. Although many
studies attempted to minimize technical factors affecting
accuracy of SUV for the purpose of harmonization of quan-
titative values (5,12—14,17), minimizing the variability of
SUVs is also important for multicenter PET studies such as
clinical evaluation of new PET tracers and new applications
of the PET technique (/8). On the other hand, SUV ., was
more robust for statistical fluctuation than SUV .

The variability of SUV .« in hot spheres was higher as
the scanning time shortened in this study. On images with
high background variability, SUV .« in hot spheres showed
high variability. Furthermore, the SUV ., resulted in large
overestimations as the image noise increased. The SUV .«
of the 37-mm-diameter sphere with 60-s scan time showed
28.3% overestimation, compared with that with 1,800-s
scan time. These results were consistent with a previous
simulation study reported by Boellaard et al. (/5). Many
studies have also reported that SUV ., in small lesions
strongly depended on image noise (15,16,19-21). In this
study, the variability of the SUV ., in hot spheres was
higher as the hot sphere became smaller. The SUV,,,, in
small lesions was underestimated because of partial-volume
effect (21,22). The higher variability of SUV ., in small
spheres must be due to the fluctuation in low count statistics
in comparison with the large spheres. Many PET examina-
tions have been performed to detect small lesions and to
evaluate responses to therapy for small lesions in both clin-
ical trials and clinical practice (23). It is important to obtain
sufficient reproducibility of SUV ., in small lesions. The
image noise levels depended on the scanning time. On the
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TABLE 1
Variability (CV) of SUVmax and SUVeq of Hot Spheres
and Background in Relation to Scanning Time

Scan time (s)

Index 60 90 120 150 180
CVrmax.10 11.0 10.9 11.6 8.8 8.5
CVrmax 13 7.0 6.7 6.0 6.2 5.3
CVimax.17 8.8 7.9 7.0 5.6 48
CVrmax 22 6.3 7.1 6.2 5.9 45
CVrmax 28 5.7 45 3.9 3.0 2.7
CVrmax 37 3.1 2.0 2.7 1.8 2.1
CVpeak.13 3.5 3.6 35 3.4 2.7
CVpeak 17 3.3 3.8 3.4 2.8 2.1
CVpeak,22 4.6 3.0 2.7 2.7 2.9
CVpeak,28 3.1 3.1 2.8 2.1 2.2
CVpeak a7 2.3 2.4 2.1 2.2 1.5
CVbackground 16.5 13.6 11.8 10.7 9.8
N10 mm 10.1 8.5 7.6 6.9 6.1

basis of these results, determination of the appropriate scan
time is important for ensuring reproducibility and accuracy
of SUV pax.

The variability in the background area was evaluated
using the CV and Ny ,, in this study. The Quantitative
Imaging Biomarkers Alliance/Uniform Protocol in Clinical
Trial (UPICT) recommends that the CV in the uniform
area should ideally yield below 10% (24). When the
CVbpackgrouna Was smaller than 10%, the CV of SUV,,,, in
hot spheres also resulted in below 10% in this study. On the
other hand, the Japanese guideline (/0) recommends that
the Nig mm should achieve 6.3% or lower for the NEMA
body phantom with 2.65 kBg/mL background activity.
When the Njo mm satisfied the criterion, the CV of SUV .«
was also below 10% in this study. A scanning time of 180 s
or longer was required to satisfy the criteria of CVp,ckground
or Nig mm in this study. Although the CVp,ciground OF Nio mm
achieved the recommendation, the CVax 10 and %Diff,,,x 37
were 8.5% and 12.3%, respectively. These uncertainties

TABLE 2
Accuracy of SUVmax and SUVeq in Relation
to Scanning Time

Scan time (sec)

Index 60 90 120 150 180
%Diffax 10 12.9 8.5 8.4 7.0 7.2
%Diffpax 13 9.4 9.1 6.9 6.4 6.0
%Diffax 17 11.0 9.1 7.5 7.0 5.7
% Diffmax 22 144  12.8 8.9 8.4 6.6
%Diffax, 28 227 1569 137 114 102
%Diffax 57 283  19.1 16.6 137  12.3
%Diffooak 13 3.7 3.5 3.1 2.8 2.3
%Diffpear.17 2.8 2.7 2.7 2.4 1.8
%Diffpoak 22 3.4 2.3 2.3 2.3 2.4
%Diffpeak 28 3.2 2.7 2.2 1.7 1.8
%Diffpoak 37 4.4 4.3 3.0 2.9 2.3
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FIGURE 4. SUV .« and SUVe. in relation to sphere sizes
and scan times. SUV .« 37 for 60-s image had positive biases of
28.3%, compared with SUV et max37. SUVmax Was overestimated
as sphere size increased and scanning time decreased. SUVeax
was almost constant irrespective of scan time.

have a potential influence on the assessment of metabolic
response based on the relative change in SUV ..

Many studies for response assessment in clinical trials
adopted SUV,,,x for quantification because of the many
advantages of SUV . (16,21,25,26). In this study, the var-
iability of SUV ., was smaller than that of SUV,;,, al-
though the SUV,., showed close correlation with the
SUVax- Several studies have also reported that SUV e,
was more robust to the statistical fluctuation than SUV .,
(16,27). In contrast to the SUV ., the SUV,..c showed
less than a 5% overestimation on all scanning times and
sphere sizes. On the basis of these results, SUV e, was
considered to be a more reproducible and accurate metric
than SUV .. Several studies have also reported that SUV ,cqx
was a more robust alternative (/6) because it has been
expected to reduce uncertainties in the quantification of
responses to therapy (16,19,25,27). Vanderhoek et al. (27)
emphasized that the most robust and predictive method of
SUV measurement should be selected for quantification
of responses to therapy in clinical trials. Furthermore, the
I8F.FDG PET/CT UPICT protocol (24) recommends that
SUVeak for 3-dimensional volume should be obtained in
addition to SUV 5 in clinical trials. The use of SUV e,y is
suitable especially for the purpose of harmonizing the
quantitative performance of various PET scanners. In PET
Response Criteria In Solid Tumors, the measurement of
SUV eak normalized to lean body mass (SULcax) is recom-
mended to assess response to therapy (28). Although there
were limitations in applicability to small lesions (below 12-mm
diameter) and a requirement for the dedicated image anal-
ysis software, we recommend that the measurements of
SUVeak (or SULcqi) in addition to SUV . are desirable
for reproducible and accurate quantification in clinical situa-
tions. It would improve diagnostic accuracy if both SUV .«
and SUV ., were evaluated (27).

In this study, we adopted the 1-cm3-volume VOI to
compare with previous studies. However, several studies
used various VOI sizes to calculate SUV e, (15,19,27).
A further study to determine the ideal VOI size for the
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SUV,eax is necessary for standardization of quantitative
performance.

This study did not take the subject size into consider-
ation. However, the PET image quality of overweight
subjects (body mass index = 25) is degraded because of
an increase in statistical noise (29-31). To obtain sufficient
image quality, adjusting the injection activity or scanning
time in each patient based on body weight or body mass
index (29,32,33) might be required for overweight subjects
(34,35). SUV was increased as a function of patient weight
based on a simulation study reported by Boellaard et al.
(15). A further clinical study is required to examine the
reproducibility and accuracy of the SUV.

CONCLUSION

SUVax 1s variable and overestimated as the scanning
time decreases and the lesion size increases. Although the
standardization and harmonization of quantitative oncology
I8F.FDG PET imaging protocols are increasingly being
focused on, sufficient scanning time is required to obtain
enough reproducibility and accuracy of SUVs of small
lesions. We suggest that CV in the uniform area of the ap-
propriate phantom should be below 10% to minimize the
effect of statistical fluctuation for the SUV ... On the other
hand, SUV . is a more robust and accurate metric than
SUV ax- Measurement of SUV ,eqi (0r SUL ey in addition to
SUV .. 1s desirable for reproducible and accurate quantifica-
tion in clinical trials.
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