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Quantitative 39-deoxy-39-18F-fluorothymidine (18F-FLT) PET has poten-

tial as a noninvasive tumor biomarker for the objective assessment of

response to treatment. To guide interpretation of these quantitative data,
we evaluated the repeatability of 18F-FLT PET as part of a multicenter

trial involving patients with high-grade glioma. Methods: 18F-FLT PET

was performed on 10 patients with recurrent high-grade glioma at 5
different institutions within the Adult Brain Tumor Consortium trial

ABTC1101. Data were acquired according to a double baseline protocol

in which PET examinations were repeated within 2 d of each other with

no intervening treatment. On each of the 2 imaging days, dedicated
brain PET was performed at 2 time points, 1 and 3 h after 18F-FLT

administration. Tumor SUVs and related parameters were measured

at a central laboratory using various volumes of interest: isocontour at

30% of the maximum pixel (SUVmean_30%), gradient-based segmenta-
tion (SUVmean_gradient), the maximum pixel (SUVmax), and a 1-mL sphere

at the region of highest uptake (SUVpeak). Repeatability coefficients

(RCs) were calculated from the relative differences between correspond-
ing SUV measurements obtained on the 2 d. Results: RCs for tumor

SUVs were 22.5% (SUVmean_30%), 23.8% (SUVmean_gradient), 23.2%

(SUVmax), and 18.5% (SUVpeak) at 1 h after injection. Corresponding data

at 3 h were 22.4%, 25.0%, 27.3%, and 23.6%. Normalizing the tumor
SUV data with reference to a background region improved repeatability,

and the most stable parameter was the tumor-to-background ratio

derived using SUVpeak (RC, 16.5%). Conclusion: SUV quantifica-

tion of 18F-FLT uptake in glioma had an RC in the range of 18%–

24% when imaging began 1 h after 18F-FLT administration. The

volume-of-interest methodology had a small but not negligible in-

fluence on repeatability, with the best performance obtained using

SUVpeak. Although changes in 18F-FLT SUV after treatment cannot
be directly interpreted as a change in tumor proliferation, we have

established ranges beyond which SUV differences are likely due to

legitimate biologic effects.
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The radiolabeled thymidine analog 39-deoxy-39-18F-fluorothymidine
(18F-FLT) is incorporated into cells and phosphorylated by
thymidine kinase 1. Its retention within cells reflects, in part,
thymidine kinase activity and is often positively correlated with
cellular proliferation. 18F-FLT PET can allow noninvasive assess-
ment of tumor proliferation (1) and has been used for monitoring
response to treatment in various malignancies (2–5). The tracer
would seem to be well suited to the study of glioma as it is
associated with low uptake in normal brain, frequently leading
to high tumor-to-background (T-to-B) contrast compared with
the glucose analog 18F-FDG. However, the use of 18F-FLT for
response assessment in gliomas is complicated because its uptake
can be influenced by multiple mechanisms.

18F-FLT does not readily cross the intact blood–brain barrier
(BBB), but uptake is relatively high in brain tumors with a disrupted
BBB (6,7). The distribution of 18F-FLT closely matches the region of
contrast enhancement on postgadolinium T1-weighted MRI (8), indi-
cating that 18F-FLT uptake is strongly influenced by BBB permeability.
Sustained retention of 18F-FLT in tumors long after gadolinium-based
contrast agents have washed out suggests an additional trapping pro-
cess. Several papers (6,9–12) report a correlation between 18F-FLT
uptake in brain tumors, measured using SUV, and the histopathologic
proliferation marker Ki-67. The correlation is usually quite weak,
consistent with the thought that 18F-FLT uptake is driven not just by
proliferation but by additional mechanisms, such as BBB permeability
and tumor blood flow. The uptake of 18F-FLT in brain tumors is thus a
complex process, and interpretation of the data is not straightforward.
Because of the multiple mechanisms that influence 18F-FLT up-

take in glioma, careful consideration has been given to the optimum
quantitative analysis approach. Tracer kinetic modeling has the po-
tential to distinguish transport effects from proliferation, and
encouraging results have been presented (13). A 3-compartment
model has been adopted (Supplemental Fig. 1; supplemental ma-
terials are available at http://jnm.snmjournals.org), and both k3 and
the overall influx constant (Ki) have been shown to be correlated
with the in vitro proliferation index Ki-67 (14). However, with up
to 5 unknown model parameters, including 4 rate constants and a
blood volume term, estimates of k3 are often unreliable (15–17).
Ki is more robust but this parameter reflects the overall uptake rate
and includes contributions due to blood flow and BBB permeability.
As such, changes in Ki do not necessarily indicate altered tumor cell
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proliferation because potential changes in BBB disruption or blood
flow may also contribute. Simple uptake measures such as SUV are
highly correlated with Ki (18) and have been proposed for therapy
monitoring (19). Despite not being capable of dissecting the com-
plexity of 18F-FLT kinetics, SUV has been used successfully for
predicting response to treatment in patients with high-grade glioma
(20,21). Because SUV does not distinguish between proliferation
and permeability effects, the observed changes in the 18F-FLT
signal with treatment may have been driven, at least in part, by
the permeability alterations that were seen on MRI. Neverthe-
less, changes in 18F-FLT SUV after treatment with bevacizumab
were highly predictive of progression-free and overall survival
and appear to be slightly more predictive than anatomic MRI for
early assessment (21).

Further studies are required to clarify the
role of 18F-FLT in glioma response assess-
ment, but initial reports suggest a perfor-
mance similar to the current MRI standard
based on the Response Assessment in
Neuro-Oncology Working Group criteria
(22). These criteria involve quantitative
measurements of tumor size, but also in-
corporate a qualitative evaluation of T2
fluid-attenuated inversion recovery images,
presence or absence of new lesions on
MRI, and clinical factors. In a similar man-
ner, future 18F-FLT PET response criteria
could combine image-derived quantitative
metrics with clinical factors such as corti-
costeroid dose and clinical status. Large
T-to-B ratios mean that quantitative analysis
could potentially be highly automated, ob-
jective, and reproducible, making 18F-FLT
PET well suited for multicenter trials. Suc-
cessful multicenter deployment requires

standardization of methodology and an awareness of the repeatabil-
ity of the technique (23). Protocols that involve tracer kinetic mo-
deling are difficult to implement in a multicenter setting because
they require dynamic image acquisition in conjunction with blood
sampling, radioactive sample measurement, and metabolite correc-
tion. Although associated with the limitations noted previously, static
PET acquisition and SUV quantification currently provide the most
practical approach for multicenter trials. However, several different
variants of SUV exist, and the optimum methodology for response
assessment is not clear. For example, the previously mentioned study
of early outcome prediction (21) used an SUV that was somewhat
similar to SUVpeak, as opposed to the more common SUVmax. The
present study measures the repeatability of various 18F-FLT PET
metrics, using data acquired within a multicenter consortium. In
particular, we focus on methodologic issues and their implications
for response assessment.

MATERIALS AND METHODS

Study Design

The repeatability of quantitative 18F-FLT PETwas assessed using a
prospective, multicenter, test–retest study design. Ten patient volun-

teers (9 men, 1 woman) with recurrent high-grade glioma participated
(World Health Organization grade IV, n 5 6; grade III, n 5 4). All

patient volunteers showed evidence of tumor enhancement on post-
gadolinium T1-weighted MRI and had no treatment for 3 mo before

study commencement. Individual patients underwent 2 18F-FLT PET
studies, each performed on consecutive days with no intervening treat-

ment. These data were acquired over 5 different centers as part of an

Adult Brain Tumor Consortium trial (ABTC1101, ClinicalTrials.gov
identifier NCT01480050) that was approved by the Institutional Re-

view Boards of the various institutions. All patients provided written
informed consent to participate in the study.

Data Acquisition

The study included data acquired on 5 different commercial PET/CT

systems: Ingenuity TF (Philips) and Discovery 710, Discovery ST,
Discovery STE, and Discovery VCT (GE Healthcare). Quality assurance

images from each system were acquired before patient imaging using an
18F-filled 20-cm-diameter cylindric water phantom. All scanners pro-

duced phantom images with average SUVs in the range 0.95–1.05 g/mL
and had no artifacts or nonuniformities on visual inspection. Although

FIGURE 1. Example 18F-FLT PET transaxial images for 2 different patients, acquired at 4 different time

points: day 1, 1 h (A and C) and 3 h (B andD); day 2, 1 h (E andG) and 3 h (F and H). Images are shown in

a common (inverse) gray scale. Isocontour tumor VOIs and normal background VOIs are shown in color.

FIGURE 2. T-to-B ratio for 4 different tumor SUVs: SUVmean_30% (A),

SUVmean_gradient (B), SUVmax (C), and SUVpeak (D). Labels Early and

Delayed refer to data acquired at approximately 1 and 3 h after injection.

Horizontal markers indicate mean T-to-B ratios.
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different scanners were involved, individual patients were studied using

the same scanner system on each of their 2 imaging days. Data acqui-
sition on each day proceeded according to an identical imaging protocol.
18F-FLT (2.6 MBq/kg) was administered, and PET/CT data were ac-
quired at 2 different time points, 1 and 3 h after injection. The test–retest

comparison was between corresponding time points acquired on con-
secutive days, not between the images acquired 1 and 3 h after injection.

The 2 time points allowed parallel measurements of repeatability at 2
different, clinically relevant levels of image statistical quality.

At both the 1- and the 3-h time points, the patient’s head was posi-
tioned in the center of the field of view and carefully supported using the

scanner manufacturer’s standard head-holder. Immediately before each
PET acquisition, low-dose, noncontrast, nondiagnostic CT was acquired

for attenuation correction according to the local procedures of the par-
ticipating sites. PET data were acquired for 10 min as a static scan in

3-dimensional mode. Images were reconstructed using iterative recon-
struction in conjunction with corrections for attenuation, scatter, randoms,

and detector normalization. Because of the different scanner models and
available software options, the reconstruction parameters were not iden-

tical among sites but were consistently used for a given scanner. Recon-

structed voxel sizes were typically 2 mm in transverse planes, 3.3 mm in
the axial direction, and were similar among all scanners.

Image Analysis

Digital images from all sites were transferred to a central laboratory
and analyzed using an identical analysis protocol. Initial quality evaluation

included checks of manually entered SUV information (activities, times,
weights) and visual assessment of image quality including motion artifacts.

Quantitative SUV analysis (body weight normalization) used volumes of
interest (VOIs) defined in tumor and normal brain. Tumor VOIs were

determined using isocontour segmentation (30% of the maximum
tumor voxel) and a gradient edge detection approach (24). The iso-

contour VOIs were determined automatically after a spheric guiding

volume was manually specified. The gradient edge detection approach

involved operator definition of the starting points for gradient segmen-
tation. The activity concentration from all voxels within these VOIs

were averaged to obtain SUVmean_30% and SUVmean_gradient, respec-
tively. Additional SUV metrics were derived from the maximum voxel

within the tumor (SUVmax) and from a 1-mL spheric VOI (SUVpeak).
SUVpeak was measured using the XD3 software (Mirada Medical),

which automatically positioned a 1-mL sphere within the tumor so
as to maximize its average value (25). Background SUV was deter-

mined by manually placing a 3-cm-diameter sphere in a normal brain
region, approximately contralateral to the tumor site and recording the

mean value (SUVnormal). T-to-B ratios, tumor volume, and the product
of SUVmean and volume (akin to total lesion glycolysis for 18F-FDG)

were also computed. All VOIs were recalculated for each image volume,
as opposed to copying a previously defined VOI from a prior study.

Statistical Analysis

The primary analysis involved a measurement of the repeatabil-
ity of tumor SUV measurements, although non-SUV metrics and

normal brain SUV were also assessed. Each metric (e.g., SUVmean_30%,
SUVmean_gradient, SUVmax, SUVpeak) at both postinjection scan times (1

and 3 h) were analyzed as follows. For each patient, the SUV difference
d was given simply by,

d 5 SUV2 2 SUV1 Eq. 1

and the average SUV by,

m 5
1

2
ðSUV1 1 SUV2Þ: Eq. 2

SUV1 and SUV2 were corresponding SUV measurements of the same

tumor made under test–retest conditions, for example, SUVmax on day 1
at 1 h after injection and SUVmax on day 2 at 1 h after injection. The

magnitude of d was found to be proportional to
m for all SUV metrics so the difference data

were expressed in relative units as follows,

D 5
SUV2 2 SUV1

m
· 100: Eq. 3

These data were presented as a Bland–Altman

plot (26) in which the relative difference (D)
was plotted as a function of the SUV average

(m). The within-subject coefficient of variation

(wCV) was given by DSD/O2, where DSD is
the SD of D. Note that wCV reflects the var-

iability in a single measurement, and the 1/O2
factor accounts for the fact that D is subject to

noise in both SUV1 and SUV2. The repeatabil-
ity coefficient (RC) was given by 1.96 · DSD

(26) under the assumption that D was normally
distributed (Shapiro–Wilk test). RC represents

the 95% limits of repeatability for the differ-
ence between 2 SUV measurements made un-

der test–retest conditions. In other words, for a
perfectly stable tumor, the relative difference

between the SUV measurements derived from
2 separate PET/CT studies should be expected

to be within 6 RC, 95% of the time.

RESULTS

All 10 patients completed the 2-d im-
aging protocol with no missing data or

FIGURE 3. Bland–Altman plots for SUV data acquired at 1 h after injection. Data for 4 different

VOI schemes are shown: SUVmean_30% (A), SUVmean_gradient (B), SUVmax (C), and SUVpeak (D). Note

data are plotted on both primary (left) and secondary (right) y-axes as open circles and smaller

solid circles, respectively. Dashed lines indicate 95% limits of repeatability. Quantity μ was

expressed as SUV average for clarity.
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incomplete datasets. No data were rejected due to poor image
quality, motion problems, or other reasons. The mean injected
activity was 208 6 41 MBq. The mean postinjection scan times
were 62 6 3 and 175 6 17 min on day 1 and 61 6 2 and 171 6
12 min on day 2. Figure 1 shows example 18F-FLT PET images
from 2 patients with tumor and normal brain VOIs overlaid in color.
No manual adjustments were needed for the isocontour VOIs, al-
though the gradient-based VOIs required some manual editing
to correct clearly erroneous segmentation in 4 of the 10 patients.
Figure 2 shows the T-to-B ratios (SUVx/SUVnormal) for each tumor
SUV metric at each of the 2 postinjection scan times. The T-to-B
ratios were similar at both time points (x5 mean_30%, 5.2 vs. 5.5;
x 5 mean_gradient, 5.5 vs. 5.7; x 5 peak, 7.6 vs. 7.7, paired
t tests P . . 0.05), although there was a statistically signifi-
cant increase at the later time for SUVmax (10.2 vs. 11.3, paired
t test P 5 0.04).
Figures 3 and 4 show Bland–Altman plots for the tumor SUV

data acquired at 1 and 3 h, respectively. The difference data D

were consistent with the normal distribu-
tion for all SUV metrics (Shapiro–Wilk test
P . . 0.05). Note that secondary y-axes
were added on the right side of each graph.
On these secondary axes, the SUV differ-
ence data were plotted after natural log
transformation. The mean difference be-
tween the log-transformed data and the
original data (D) was only 0.1% for SUVmax

at 1 h. Table 1 shows wCVand RC data for
the various SUV parameters at the 2 dif-
ferent time points. Table 2 shows all tumor
metrics but in this case the 1- and 3-h data
were combined to minimize the impact of
outliers in these sparse datasets. Note that
no individual data points were excluded
from this analysis. Parameters derived
from SUVpeak had slightly better repeat-
ability than the other tumor sampling
methods: SUVpeak at 1 h after injection
had an RC of 18.5%; SUVpeak/SUVnormal

had an RC of 16.5%.

DISCUSSION

In this project, we measured the re-
peatability of SUV quantification in a
multicenter 18F-FLT PET study involving
patients with high-grade glioma. Various

VOI techniques were evaluated with respect to their repeatability,
and although each SUV metric was broadly similar, some inter-
esting trends were observed. At the 1-h time point, the repeatabil-
ity of the 2 SUVmean parameters were similar to SUVmax, despite
involving very different volumetric sampling. The greater volume
averaging associated with SUVmean may have been offset by
greater variability in VOI definition, particularly for gradient-
based segmentation. At the later time point, after an additional
half-life of radioactive decay, lower counts led to poorer repeat-
ability for SUVmax. In contrast, SUVmean averaged a much greater
number of voxels and repeatability was similar for the higher
count (1 h) and lower count (3 h) images. Of the tumor SUV
parameters, the best repeatability was observed for SUVpeak at
the 1-h time point, probably because it incorporates a degree of
volumetric averaging but does not require accurate tumor delin-
eation. The RC for SUVpeak increased at the later time point, likely
due to greater statistical noise in the lower count images, although
SUVpeak repeatability remained superior to that of SUVmax. Nor-
malizing tumor SUV data with reference to a background region
improved repeatability, and the most stable parameter was the
T-to-B ratio derived using SUVpeak.
Although the repeatability values shown in Tables 1 and 2

correspond to the current 18F-FLT application, the relative trends
between SUV parameters may be generally applicable to other
imaging situations. The advantage of SUVpeak over SUVmax, al-
beit a modest advantage, is consistent with previous studies in-
volving 18F-FDG (27,28). It should be pointed out that although
this advantage might be expected, given the greater volume av-
eraging associated with SUVpeak, other 18F-FDG studies have
found that the repeatability of SUVmax and SUVpeak was broadly
comparable (29,30). These data were acquired in large multicen-
ter studies, and it is possible that other sources of variability may

FIGURE 4. Bland–Altman plots for SUV data acquired at 3 h after injection. Data for 4 different

VOI schemes are shown: SUVmean_30% (A), SUVmean_gradient (B), SUVmax (C), and SUVpeak (D). The

data are plotted on both primary (left) and secondary (right) y-axes as open circles and smaller

solid circles, respectively. Dashed lines indicate 95% limits of repeatability. Quantity μ was

expressed as SUV average for clarity.

TABLE 1
Repeatability Metrics for Various SUV Parameters

Parameter
wCV

(%) 1 h
RC

(%) 1 h
wCV

(%) 3 h
RC

(%) 3 h

SUVmean_30% 8.1 22.5 8.1 22.4

SUVmean_gradient 8.6 23.8 9.0 25.0

SUVmax 8.4 23.2 9.9 27.3

SUVpeak 6.7 18.5 8.5 23.6

SUVnormal 5.0 14.0 6.7 18.4
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have dominated. It is interesting to note that the repeatability of
18F-FLT seems to be much better than corresponding values for
18F-FDG. Whereas the RC for 18F-FLT SUVmax (1 h after in-

jection) is around 23%, similar values for 18F-FDG are around

33%, for example, wCV 11.9% (Table 5 in Velasquez et al. (29))

and DSD 17% (Table 2 in Weber et al. (30)). In our study, we

found very little changes in 18F-FLT uptake over the 1- to 3-h

time period, and this stability may have contributed to the im-

proved repeatability compared with 18F-FDG, which is known to

change substantially over time (31).
The repeatability measured in this study (RC 5 23.2% for

SUVmax, 1 h after injection) was consistent with previous publi-

cations involving 18F-FLT. De Langen et al. (32) reported a DSD

of 11% for SUVmax, corresponding to an RC of 21.6% (non–small

cell lung cancer, n 5 9; head and neck cancer, n 5 6). Hatt et al.

(33) reported an RC for SUVmax of 29.2% in breast cancer (n5 9).

Kenny et al. (4) reported a DSD of 10.5% for SUVmean in breast

cancer (n 5 8), which corresponds to an RC of 20.6%. Shields et

al. (34) used a repeatability metric that is not directly comparable

to RC. However, they measured relative differences in SUVmean of

up to 21% (non–small cell lung cancer, n 5 9). The current study

may be the first to evaluate 18F-FLT repeatability in a multicenter

setting, and it is encouraging that our results are so similar to

previous single-center findings. Also the repeatability measured

in the present study supports the 25% threshold for SUV change

that has been used previously (21). An obvious limitation of our

work is the small number of patients (n 5 10) who were able to

participate, although this limitation is not uncommon in studies of

this sort.
As a point of interest, we show a secondary scale in Figures 3

and 4 in which the test–retest data were plotted after log trans-

formation. Log transformation of this kind is often used when the

magnitude of the difference data is proportional to the mean (26).

Unfortunately, presentation of data on the log scale can seem

confusing and unintuitive. The basic properties of log transforma-

tion indicate that the difference of log data
is related to the log of the quotient as fol-
lows:

ln ðSUV2Þ 2 ln ðSUV1Þ 5 ln

�
SUV2

SUV1

�
:

Eq. 4

Yet despite this simple relationship, it is
not obvious how to interpret the difference
of 2 SUVs after log transformation. In Fig-
ures 3 and 4, we show the data plotted
according to Equation 3 and also according
to Equation 4 (·100 for interpretation as a
percentage). It can be seen that the differ-
ence between 2 SUVs after natural log
transformation (small filled circles) is al-
most exactly equivalent to the relative dif-
ference defined by Equation 3 (open cir-
cles). For example, if SUV1 and SUV2

are assumed to be 4 and 5, respectively
(SUV2 – SUV1)/average (SUV1, SUV2)
5 0.222 and ln(SUV2) – ln(SUV1) 5
0.223. The difference between natural logs
can thus be directly interpreted without the

need for back-transformation (35). So rather than being unintui-
tive, the difference between natural logs actually has a natural
interpretation.

CONCLUSION

SUV quantification of 18F-FLT uptake in glioma has an RC in
the range of 18%–24% when imaging began 1 h after 18F-FLT
administration. The VOI methodology had a small but not negli-
gible influence on repeatability, with the best performance
obtained using SUVpeak. Although changes in 18F-FLT SUV after
treatment cannot be directly interpreted as a change in tumor pro-
liferation, we have established ranges beyond which SUV differ-
ences are likely due to legitimate biologic effects.
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