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Abstract

Objectives:We assessed the reproducibility of the kinetic analysis of 3′-deoxy-3′-[18F]fluorothymidine (FLT) positron emission tomography
(PET) in A431 human epidermoid carcinoma and murine Lewis lung carcinoma (LLC) tumor models.
Methods: We injected 7.4 MBq of FLT (n=10 for each group) and acquired 2-h dynamic PET images. A second scan was performed 1 day
later. We calculated standardized uptake value (SUV), kinetic rate constants, volume of distribution of phosphorylated FLT (Vdm), net influx
constant (KFLT-CA) and influx constant by Patlak graphical analysis (KFLT-PA). The percent difference between measurements of a parameter
was calculated to compare the reproducibilities of different parameters.
Results: FLT phosphorylation was higher in mice with A431 tumors than in mice with LLC tumors (Pb.005). Differences in the standard
deviations of the percent differences of parameters were statistically significant (Pb.001) in each model. In mice with A431 tumors, SUV,
Vdm, KFLT-CA and KFLT-PA had standard deviations of the percent difference of ≤20%. The most reproducible parameter was KFLT-PA,
although the standard deviation (15.6%) was not statistically different from those of Vdm (15.8%), KFLT-CA (17.5%) and SUV (18.9%). In
mice with LLC tumors, K1, K1/k2 and k3 had standard deviations of the percent difference of ≤20%. No macroparameters reflecting a total
FLT flux had standard deviations of ≤20%.
Conclusion: Our results show the reproducibility of the kinetic macroparameters of FLT PET in mouse tumors with high FLT phosphorylation.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Current standards for monitoring anticancer treatments
are defined by the treatment-induced reduction of tumor size
[1]. However, measurement criteria are not universally
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applicable to all tumor types and drug classes [2,3]. In
addition, it often takes considerable time before a tumor
becomes measurably smaller, and scar tissue or edema may
mask tumor regression [4]. Molecular imaging that measures
the proliferative activity of tumors may give an important
insight into the assessment of anticancer treatment response
because proliferative activity is a hallmark of malignant
tumors and has significant prognostic and predictive
importance [5]. Positron emission tomography (PET) with
3′-deoxy-3′-[18F]fluorothymidine (FLT) reflects cellular
proliferation by measuring thymidine kinase 1 activity [6].
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Preclinical and clinical studies have shown the potential of
FLT PET in the assessment of responses to therapy,
especially early in the course of treatment [7–15].

The in vivo changes following anticancer treatment are
complex and result in different tumor protein expression
profiles [16,17]. In addition, anticancer therapy can cause
changes in perfusion and in the physiological biodistribution
of FLT [7]. Therefore, changes in the expression and
function of proteins and enzymes that are important for
thymidine metabolism following anticancer therapy and
their effects on FLT metabolism must be elucidated before
FLT metabolism can be adopted as an imaging biomarker
for the assessment of treatment response [18]. Kinetic
modeling of FLT using compartmental analysis can
accurately determine FLT delivery, phosphorylation and
dephosphorylation independent of scanning time or altera-
tions in plasma clearance following therapy [19–23].
Moreover, FLT kinetic parameter correlates better with Ki-
67 labeling index than does standardized uptake value
(SUV) [20,24]. Complexity in data acquisition and the need
for arterial sampling are no longer issues in FLT kinetic
imaging because there is no spillover from myocardial
activity, no partitioning between whole blood and plasma,
negligible protein binding and no difference in the
metabolites of arterial and venous samplings [19,21,23].
Furthermore, because there are no FLT metabolites in mice
plasma, left ventricular activity can be used as an image-
derived input function without any need to sample arterial or
venous plasma [7,23].

The main limitation of compartmental kinetic analysis is
that variability in parameters may not allow reliable data
interpretation or detection of treatment-induced changes.
With the increasing use of animal PET imaging studies in
assessing therapy response and preclinical drug screening,
the reproducibility of data must be well documented [25].
However, the reproducibility of FLT PET imaging has been
evaluated only for the static parameters of FLT uptake
[13,26]. We have previously described a three-compartment
four-rate constant model for FLT in two tumor mouse models
with different FLT kinetics [23]. The aim of this study was to
assess the reproducibility of FLT dynamic PET data acquired
in two mouse tumor models. We also intended to compare
the reproducibilities of kinetic and static parameters in test–
retest studies.
2. Methods

2.1. Radiopharmaceutical preparation

FLT was prepared by nucleophilic fluorination of [18F]
fluoride and 5′-O-DMTr-2′-deoxy-3′-O-nosyl-β-D-threo-
pentafuranosyl)-3-N-BOC-thymine as precursors in a protic
solvent (t-butanol or t-amyl alcohol) [27]. Typical decay-
corrected radiochemical yields were 60–70%, the radio-
chemical purity was 98±1.2% after high-performance liquid
chromatography purification and the specific activity was
75.5±4.1 TBq/mmol (range: 68.0–82.5 TBq/mmol) at the
time of injection. The amount of FLT injected was 98.3±5.3
pmol (range: 89.7–108.7 pmol).

2.2. Cell lines

A431 human epidermoid carcinoma and murine Lewis
lung carcinoma (LLC) cell lines were obtained from the
American Type Culture Collection (Manassas, VA). Cells
were routinely cultured in Dulbecco's/Vogt-modified
Eagle's minimal essential medium supplemented with 10%
(vol/vol) heat-inactivated fetal bovine serum, L-glutamine (2
mM), penicillin (100 IU/ml) and streptomycin (50 μg/ml)
(Gibco Invitrogen Corporation, Carlsbad, CA). The cells
were maintained at 37°C in air with 5% (vol/vol) CO2.

2.3. Mouse tumor models

To create tumor models, we used 6-week-old male Balb-
c/nu mice (A431 human carcinoma) and C57BL/6 mice
(murine LLC). These mice were purchased from Charles
River Laboratories (SLC, Japan). The research protocol was
approved by the Institutional Animal Care and Use
Committee of the Asan Institute for Life Science, and
mice were maintained in accordance with the Institutional
Animal Care and Use Committee guidelines of the Asan
Institute for Life Science. Exponentially growing cells
(7×106 A431 cells or 1×106 LLC cells) suspended in 200 μl
of culture medium were injected subcutaneously into the
right forelimbs of anesthetized mice. Tumor sizes were
continuously measured using calipers, and volumes were
calculated using the equation: volume=(π/6)abc, where a, b
and c represent the three orthogonal axes of the tumor,
respectively. When the mean tumor diameter was 5–7 mm,
the mice were used for imaging experiments. Our previous
study has shown significantly different levels of thymidine
kinase activity and percent Ki-67 between A431 and LLC
tumors [23]. The experiments were carried out in
compliance with Korean laws relating to the conduct of
animal experimentation.

2.4. PET imaging

A commercially available PET system (Focus 120
microPET; Siemens, Knoxville, TN) was used for imaging
[28]. Fours hours prior to imaging, mice were deprived of
food, and both tumor size and body weight were recorded.
Two-hour dynamic PET scans were acquired after a tail
vein injection of 7.4 MBq (0.2 mCi) of FLT. All
intravenous injections were successful. The dynamic
imaging sequence was 4×3, 6×1, 7×6, 8×30, 1×300 and
11×600 s, with 128×128×95 matrices and a voxel size of
0.432×0.432×0.796 mm3 [23]. Mice were maintained
under isoflurane anesthesia during the entire procedure.
To assess reproducibility, we performed a second PET scan
1 day later, after the reinjection of 7.4 MBq of FLT.

Three mice were excluded from the study due to
acquisition failure (n=2) and acquisition with erroneous
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parameters (n=1). Finally, 10 mice with A431 tumors and 10
mice with LLC tumors were analyzed. PET images were
reconstructed by filtered backprojection using a Hamming
filter with a cutoff frequency of 0.5 cycle/pixel. No
attenuation correction was applied. The modes of data
acquisition and reconstruction were identical for the test and
retest PET scans.
2.5. PET image analysis

Volumes of interest (VOI) were applied to the dynamic
image set for data extraction, as described previously [23].
For the left ventricular cavity, a seven-pixel circular region
of interest was centered on the location of the maximum
pixel value in the initial dynamic images (Fig. 1A). The
left ventricular time–activity curve was corrected for
partial-volume effect by using a recovery coefficient of
0.924 [23].

The last frame of the dynamic acquisition was used to
define VOI for the analysis of FLT activity in A431 (Fig. 1B)
and LLC (Fig. 1C) tumors. Tumor VOI were constructed by
creating a seven-pixel circular region of interest from three
consecutive slices centered on the location of the maximum
pixel value of tumor regions [23]. The percent injected dose
per gram of tumor tissue (%ID/g) and the SUVof the tumor
were calculated from the last frame of the dynamic study
(110 min after injection).

A three-compartment model with five parameters was
used to analyze the dynamic FLT PET data, as previously
described [19] (Fig. 2). In our previous study, we established
a kinetic modeling analysis method for quantitative FLT PET
studies in these subcutaneous tumor models [23]. The
regional VOI–activity curves and blood time–activity curves
were fitted by the FLT compartmental model using the
weighted Levenberg–Marquart least-squares minimization
algorithm, as implemented in a software package designed
for the analysis of PET data (PMOD version 2.65; PMOD
Group, Zurich, Switzerland). The five parameters were K1,
Vd (=K1/k2), k3, k4 and the fraction of vascular space in the
tissue. Vd estimates the early distribution volume of FLT in
tumor tissues. The initial values for these parameters were set
to 0.1, 1.0, 0.1, 0.01 and 0.05 for A431 and to 0.1, 0.5, 0.01,
Fig. 1. Typical transaxial images of mice with A431 or LLC tumors after
intravenous administration of 7.4 MBq of FLT. Mice were maintained under
isoflurane anesthesia during the entire procedure. (A) Early dynamic image
of FLT showing left ventricular activity. A seven-pixel circular region of
interest centered on the location of maximum pixel value and three
consecutive axial slices were combined to create a cylindrical VOI to
measure left ventricular input function. (B) Transaxial image in a Balb-c/nu
mouse with A431 human carcinoma obtained 110 min after a bolus injection
of FLT, showing high activity in the tumor. A seven-pixel circular region of
interest drawn in the center was used to generate a tumor time–activity
curve. (C) Transaxial slice of a 110- to 120-min-postinjection FLT image of a
C57BL/6 mouse with LLC. The FLT activity within the region of interest is
lower than that seen in A431 mice (B).



Fig. 2. Three-compartment FLT model with four rate constants used to
describe transport and metabolism between compartments. The model has
an exchangeable tissue compartment and a compartment of trapped FLT
phosphate nucleotides. K1 and k2 are rate constants for the forward transport
and reverse transport of FLT between plasma and tissue, respectively. The
rate constants between the precursor and the phosphorylated FLT denote the
thymidine-kinase-mediated phosphorylation (k3) and dephosphorylation (k4)
of FLT.

ig. 3. Representative decay-corrected time–activity curves of FLT uptake in
e left ventricle and tumor of a Balb-c/nu mouse bearing A431 human
arcinoma (A) and of a C57BL/6 mouse with LLC tumor (B). An image-
erived left ventricular time–activity curve and a tumor time–activity curve
ere fitted by the three-compartmental model to estimate kinetic parameters.
atlak graphical analysis was also performed to estimate the FLT blood–
mor transfer constant using these tumor and blood time–activity curves.
ice with the A431 tumor (A) accumulated FLT with time, but mice with
e LLC tumor (B) did not.
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0.01 and 0.05 for LLC, respectively. Then, the net influx
constant (KFLT-CA) and the volume of distribution of
phosphorylated FLT (Vdm) were calculated as follows:

KFLT−CA¼ K1k3
K1=Vd + k3

Vdm = Vd
k3
k4

Patlak graphical analysis was also performed with the
same software package to calculate the FLT blood–tissue
transfer constant (the net influx constant KFLT-PA). A
regression slope was obtained by fitting a regression line
within 30–70 min. This time interval was chosen after an
examination of the linearity of different tumor regions.

2.6. Calculation of reproducibility and statistical analysis

One experienced investigator drew VOI on the first FLT
PET images and calculated all static and dynamic para-
meters. Then, the same investigator analyzed the same initial
PET images repeatedly at least 1 week later for assessment of
intraobserver reproducibility. For assessing interobserver
reproducibility, the second investigator analyzed the first
FLT PET images. For test–retest reproducibility, the first
investigator recalculated all parameters of the retest PET
images without information on their identity or on values of
previously calculated parameters.

The mean and the standard deviation of the difference
between measurements of a parameter d were calculated to
assess intratest, intertest and test–retest reproducibilities.
Percent difference D (d divided by the mean of two
measurements) was also calculated to compare the
reproducibilities of different parameters. The differences
in parameters between the first test and the second test were
analyzed with paired t test. The difference in parameters
between mice with A431 tumors and mice with LLC
tumors was assessed by Student's t test. The homogeneous
variance of D in dynamic and static PET parameters was
analyzed by the likelihood ratio test, using random-effects
models. Intraclass correlation coefficients (ICCs) that
describe reproducibility and the correlation between two
measurements of a parameter were determined by random-
effects models.

Statistical analyses were performed with the Statistical
Package for the Social Sciences for Windows (SPSS
12.0KO for Windows release 12.0.1; SPSS, Inc., Chicago,
IL) and the Statistical Analysis System program version 9.1
F
th
c
d
w
P
tu
M
th
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(SAS Institute, Cary, NC). Pb.05 was considered statisti-
cally significant.
3. Results

3.1. Mouse tumors and dynamic FLT PET imaging

The average body weights of mice with A431 and LLC
tumors on the day of the initial FLT PETstudy were 23.8±1.2
and 24.2±1.1 g, respectively. These were not significantly
different from the average body weights on the day of
retest PET (23.7±1.4 and 24.2±1.3 g). However, the average
tumor volumes (A431, 77.1±23.6 mm3 ; LLC,
104.8±40.0 mm3) were significantly greater on the day of
the retest PET (A431=113.0±33.9 mm3, Pb.005;
LLC=138.7±46.1 mm3, Pb.005).

Fig. 3 shows representative left ventricular and tumoral
time–activity curves of FLT. After intravenous injection,
there was an initial rapid decline in left ventricular FLT
activity, and this was followed by a slow decline in A431 and
LLC tumors. Dynamic studies of mice with A431 tumors
indicated a continuous accumulation of FLT in the tumor
tissue over the entire 2-h measurement period (Fig. 3A). In
contrast, those with LLC tumors showed a low level of FLT
retention (Fig. 3B).

3.2. Intraobserver and interobserver reproducibilities

Measurements of the same FLT PET dynamic images
performed to assess intraobserver (two analyses, one
observer) and interobserver (two observers) reproducibilities
showed no significant differences in parameters. The
standard deviation of the percent difference was 1.6–
16.8%, with an ICC of 0.84–1.00 for intraobserver
variability (Table 1). There were significant differences in
the standard deviation of the percent difference between
parameters (Pb.001). In both types of tumors, static
Table 1
Intraobserver reproducibility

Parameter A431 (n=10)

d Da (%) IC

K1 0.015±0.074 4.4±16.8 0.
K1/k2 −0.071±0.144 −6.8±15.8 0.
k3 0.013±0.025 9.4±12.3 1.
k4 0.000±0.001 3.4±5.1 0.
Vdm 0.122±0.630 −0.9±4.4 1.
KFLT-CA 0.001±0.004 2.5±5.7 0.
KFLT-PA 0.000±0.001 0.5±4.3 1.
SUV 0.047±0.083 1.2±3.3 1.
%ID/g 0.203±0.349 1.2±3.3 1.

Difference and percent difference of the calculated parameters of FLT PET in mic
investigator.
d, difference between measurements of a parameter; D, percent difference (d div
describing the kinetic transfer rates of FLT or phosphorylated FLT between two com
net influx constant of FLT determined by compartmental analysis; KFLT-PA, the n
injected dose per gram of tumor tissue.

a Difference in the standard deviation of the percent difference between para
parameters (SUV and %ID/g) had higher reproducibility
than microkinetic parameters, as indicated by the low
standard deviation of the percent difference (3.3% for
A431 and 1.6% for LLC) and a high ICC of 1.0. Kinetic
macroparameters (A431: Vdm, KFLT-CA and KFLT-PA; LLC:
K1/k2, Vdm and KFLT-CA) also showed comparable intraob-
server reproducibility.

Analysis of interobserver reproducibility showed that the
standard deviation of the percent difference was 0.9–13.5%,
with an ICC of N0.95 (Table 2). The standard deviation of the
percent difference also varied significantly between para-
meters (Pb.001). As in the case of intraobserver variability,
static parameters (SUV and %ID/g) and macroparameters
(A431: Vdm, KFLT-CA and KFLT-PA; LLC: Vdm) had high
interobserver reproducibility.

3.3. Test–retest reproducibility

Table 3 shows the means and standard deviations of the
measured parameters from the first and second studies with
differences and percent differences. There were significant
differences in several kinetic and static parameters between
mice with A431 tumors and mice with LLC tumors
(Pb.005). Parameters that reflect FLT transport and
phosphorylation (K1/k2, k3, Vdm, KFLT-CA, KFLT-PA, SUV
and %ID/g) were higher in mice with A431 tumors than in
mice with LLC tumors. However, k4 was lower in mice with
A431 tumors. There were no significant differences in the
other parameters.

There were no significant differences in parameters
between the first scan and the second scan of mice with
A431 tumors. However, in mice with LLC tumors, there
were significant differences in k4, Vdm and KFLT-PA

(Pb.05) (Table 3).
The standard deviation of the percent difference between

serial FLT PETs in A431 tumors ranged from 15.6%
LLC (n=10)

C d Da (%) ICC

84 0.003±0.014 1.6±7.6 0.94
97 −0.003±0.011 −0.9±2.1 0.97
00 0.000±0.001 2.4±6.2 0.99
98 0.000±0.001 2.1±4.3 1.00
00 −0.007±0.017 −0.6±2.9 1.00
99 0.000±0.000 1.5±4.5 0.99
00 0.000±0.000 −2.4±8.4 1.00
00 −0.001±0.005 −0.1±1.6 1.00
00 −0.002±0.020 −0.1±1.6 1.00

e with A431 and LLC tumors, as measured by repeated analysis by a single

ided by the mean of two measurements); K1, k2, k3 and k4, rate constants
partments; Vdm, volume of distribution of phosphorylated FLT; KFLT-CA, the
et influx constant determined by Patlak graphical analysis; %ID/g, percent

meters in each tumor model (Pb.001).



Table 2
Interobserver reproducibility

Parameter A431 (n=10) LLC (n=10)

d Da (%) ICC d Da (%) ICC

K1 0.007±0.028 1.1±9.5 0.95 −0.000±0.013 −0.0±6.0 0.96
K1/k2 −0.010±0.076 −1.4±6.9 0.99 −0.002±0.019 −0.4±3.0 0.96
k3 0.004±0.014 −0.3±9.4 1.00 0.000±0.002 1.8±13.5 0.87
k4 −0.000±0.000 −2.6±4.1 0.99 0.000±0.002 1.2±9.6 0.99
Vdm 0.232±0.606 0.9±2.6 1.00 0.004±0.017 0.2±3.8 1.00
KFLT-CA −0.000±0.004 −0.7±5.1 0.99 0.000±0.001 1.3±10.8 0.93
KFLT-PA 0.000±0.002 0.0±3.7 1.00 0.000±0.000 −2.0±11.4 1.00
SUV −0.024±0.070 −0.8±2.1 1.00 −0.000±0.003 −0.1±0.9 1.00
%ID/g −0.101±0.292 −0.8±2.1 1.00 −0.001±0.012 −0.1±0.9 1.00

Difference and percent difference of the calculated parameters of FLT PET in mice with A431 and LLC tumors, as determined from the analysis by two
investigators.

a Difference of the standard deviation of the percent difference between parameters in each tumor model (Pb.001).
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(KFLT-PA) to 41.3% (K1); this difference was significant
(Pb.001). ICCs ranged from 0.24 (K1) to 0.99 (Vdm) (Table 3).
Only static parameters (SUV and %ID/g) and macropara-
meters (Vdm, KFLT-CA and KFLT-PA) had standard deviations
of ≤20%. The most reproducible parameter was KFLT-PA,
although the standard deviation was not statistically different
from those of Vdm, KFLT-CA, SUV and %ID/g.

In mice with LLC tumors, K1, K1/k2 and k3 had standard
deviations of the percent difference of ≤20%, with ICC
values ranging from 0.51 to 0.70 (Table 3). The difference in
standard deviations between parameters was also statistically
significant (Pb.001). The standard deviation of the percent
difference of the most reproducible parameter (K1/k2=8.6%)
was similar to those of K1, k3, KFLT-CA and %ID/g, but
significantly different from that of SUV (Pb.05).
Table 3
Test and retest reproducibility of the kinetic parameters of FLT PET in mice with

Parameter Test Retest

A431 (n=10) K1 0.204±0.099 0.208±
K1/k2 1.124±0.597 1.241±
k3 0.165±0.240 0.216±
k4 0.011±0.003 0.012±
Vdm 12.292±12.565 13.248±
KFLT-CA 0.069±0.032 0.075±
KFLT-PA 0.047±0.029 0.050±
SUV 3.938±2.467 4.164±
%ID/g 17.015±11.998 18.034±

LLC (n=10) K1 0.196±0.042 0.206±
K1/k2 0.646±0.061 0.667±
k3 0.017±0.004 0.017±
k4⁎ 0.020±0.011 0.013±
Vdm

⁎ 0.639±0.270 0.904±
KFLT-CA 0.011±0.002 0.011±
KFLT-PA

⁎ 0.003±0.002 0.005±
SUV 0.294±0.093 0.312±
%ID/g 1.224±0.418 1.289±

Differences in k4, Vdm, KFLT-CA, KFLT-PA, SUV and %ID/g between A431 and LLC
a Difference in the standard deviation of the percent difference between para
⁎ Pb.05 between test and retest parameters.
4. Discussion

Our study on the test–retest reproducibility of the kinetic
analysis of FLT PET in mouse tumor models showed that the
measurement of static and macrokinetic parameters was
reproducible (standard deviation of ≤20%) in A431 tumors
that had a high phosphorylation of FLT. Static parameters
and macroparameters that reflect FLT transport and phos-
phorylation (Vdm, KFLT-CA and KFLT-PA) were the most
reproducible. In LLC tumors that had a low phosphorylation
of FLT, however, K1, K1/k2 and k3 were reproducible,
whereas other static and kinetic parameters showed poor
reproducibility. The most reproducible parameter was the
initial volume of distribution of free FLT (K1/k2), which was
even more reproducible than that of SUV.
A431 and LLC tumors

d Da (%) ICC

0.082 0.005±0.112 5.1±41.3 0.24
0.581 0.117±0.474 10.1±35.1 0.68
0.419 0.052±0.185 7.8±40.6 0.85
0.003 0.001±0.002 8.1±21.4 0.81
12.954 0.956±1.567 10.2±15.8 0.99
0.031 0.007±0.015 11.7±17.5 0.90
0.025 0.003±0.008 9.3±15.6 0.96
2.190 0.226±0.676 9.8±18.9 0.96
10.830 1.020±2.976 10.1±19.7 0.97
0.042 0.010±0.033 5.2±17.4 0.70
0.050 0.019±0.055 3.0±8.6 0.51
0.004 −0.000±0.003 −0.7±16.7 0.61
0.002 −0.007±0.009 −34.1±32.7 0.19
0.321 0.267±0.294 36.4±38.2 0.51
0.003 0.000±0.002 2.4±20.2 0.51
0.002 0.002±0.002 51.2±59.4 0.50
0.061 0.019±0.101 8.1±29.7 0.17
0.243 0.066±0.411 7.9±28.6 0.28

tumors (Pb.005).
meters in each tumor model (Pb.001).
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Our estimates of KFLT-CA with a standard deviation of the
percent difference of 17.5% in A431 tumors indicate that a
change in the net FLT influx of more than 35% (twice the
percent difference) predicts actual changes in tumors. On
the other hand, in LLC tumors, the standard deviation of the
percent difference of KFLT-CA was 20.2%, and none of the
macroparameters reflecting a total FLT flux had a standard
deviation of the percent difference of ≤20%. Our results
indicate that we can potentially detect specific changes in
FLT metabolism following anticancer therapy in mice by
using FLT PET kinetic parameters, especially in tumors
with high FLT phosphorylation.

The high reproducibility of static parameters in intraob-
server and interobserver studies can be easily explained by
the placement of only one VOI in the tumor. The test–retest
reproducibility of the static parameter in this study was also
high, but slightly lower than that reported previously for
FLT and [18F]fluorodeoxyglucose measurements in mice
xenograft models [26,29], and for FLT [13] or [18F]
fluorodeoxyglucose measurements in humans [30,31]. We
carefully controlled for factors that may have affected
reproducibility, such as temperature and size VOI. In
addition, we analyzed mice that had 5- to 7-mm-diameter
tumors to avoid complications that may be introduced by
large tumors, such as necrosis-related heterogeneity [23]. A
lower reproducibility of static parameters in our study may
be due to our use of different methods and different
experimental models. We analyzed images 2 h after
injection; the time interval between the two imaging
sessions was 24 h. Paravenous FLT injection may also
have contributed to the low reproducibility of static
parameters in our study. We did not assess the infiltration
of the radiotracer in the tail because mice tails were not in
the field of view during dynamic PET scans. Subtraction of
tail vein activity from the injected dose may improve the
reproducibility of static parameters [26]. The lower
reproducibility of static parameters in our study may also
be due to the variability associated with anesthesia and a
spontaneous change in FLT metabolism over 24 h.

The reproducibility of Patlak kinetic analysis in mice with
A431 tumors was high and similar to the standard deviation
of the percent difference seen in a recent study of patients
with breast cancer [13]. However, as expected, in mice with
LLC tumors and low FLT uptake, Patlak analysis was not
reproducible. As demonstrated in several previous studies,
our results also significantly underestimated the net influx of
FLT because we ignored k4 in Patlak kinetic analysis
[20,22,23,32,33]. Patlak analysis may not be applied in FLT
kinetic analysis in our tumor models due to underestimation
of FLT flux.

Our compartmental kinetic analysis showed that kinetic
parameters afforded a test–retest reproducibility comparable
to static parameters. The reproducibility of our estimation of
kinetic parameters may be due to the inclusion of a time–
activity curve for input function, rather than the use of
injected dose to normalize tumor activity. The amount of
FLT that is available for uptake by the tumor is accurately
measured without the problems associated with paravenous
FLT injection that have contributed to the low reproducibility
of static parameters. However, previous dynamic studies
with [18F]fluorodeoxyglucose in humans showed that
compartmental modeling and Patlak analysis did not
improve reproducibility [30,31]. In contrast to [18F]fluoro-
deoxyglucose studies in humans, we were able to sample a
continuous input function from a left ventricular time–
activity curve analysis without motion artifacts or spillover
activity from the myocardium [23]. Another reason for our
better reproducibility in mouse tumor models may be that we
had less Poisson noise in radioactivity measurements due to
a higher injected dose per weight and the use of a more
sensitive PET scanner.

Compared with our estimation of macroparameters that
reflect a total FLT flux, our calculations of parameters that
reflect either transport or metabolism had poor reproduci-
bility in the A431 model, as shown in previous studies
[19,30]. A high level of covariance between transport and
metabolism parameters in A431 tumors indicates difficulty
in the robust estimation of these microparameters [23].
Instead, errors in estimating microparameters or macropara-
meters that reflect either transport or metabolism tend to
mutually cancel; thus, a total FLT flux, as determined from
Patlak graphical analysis or macrokinetic parameters calcu-
lated from individual rate constants, has better reproduci-
bility [19]. Previous studies have also shown a high
covariance between K1/k2 and k3 in humans [19,32]; thus,
a robust estimation of these microparameters may be
difficult. In case of LLC tumors that have low FLT
phosphorylation, static and kinetic macroparameters that
reflect FLT metabolism had poor reproducibility. Instead, the
standard deviation of K1/k2 was the most reproducible, even
significantly different from that of SUV. The results of test–
retest reproducibility in LLC tumors may be related to high
FLT transport but low phosphorylation.

The high reproducibility of kinetic parameters in tumors
indicates that FLT PET imaging can reliably detect
anticancer-related changes in these tumors. However, a
measurable change in an FLT parameter does not
necessarily imply that a treatment-related effect is bene-
ficial. In addition, the kinetics of FLT may differ from that
of thymidine [34]. Future studies that employ a large
number of subjects, explore different types of tumors and
consider different treatment regimens will be required to
assess changes following anticancer therapy and to
determine whether changes in FLT kinetic parameters
reflect treatment efficacy.

In previous reproducibility studies in mice, the second
measurement was performed 6 h after the first injection,
and researchers assumed that tumor xenografts did not
change significantly between the two measurements
[26,29]. We performed the second FLT PET measurement
24 h after the first measurement. The initial tumor volume
of mice with A431 tumors and mice with LLC tumors
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increased significantly on the day of the second PET
measurement, and some kinetic parameters showed sig-
nificant changes in mice with LLC tumors. Therefore,
systemic error may exist between two FLT PET measure-
ments. However, we focused on random errors only. We
analyzed only standard deviations of differences or percent
differences and chose a two-way random-effects model to
calculate ICC. The presence of real changes between two
studies (systemic errors) does not affect the main results of
our study. Furthermore, the differences in all parameters in
A431 tumors and in K1, K1/k2, k3, KFLT-CA and SUV in
LLC tumors between test and retest studies were not
significantly different. For the same reason, a possible
systemic error between two studies with respect to a partial-
volume effect generated by an increase in diameter (11.8%
in A431 and 9.8% in LLC) may not affect the result of this
study. In this study, partial-volume correction of tumor
activity was not performed, considering the resolution of
the PET scanner and the size of VOI as demonstrated in our
previous studies [23,28].

There are several limitations to our work. First, the time
between the first scan and the second scan was 24 h.
Although systemic errors would not affect reproducibility,
factors that affect FLT kinetics and cancer cell growth could
have randomly changed over the 24 h and altered FLT uptake
by tumors. Second, we did not measure serum thymidine.
The correction of parameters by the use of serum thymidine
levels may increase the reproducibility of FLT PET studies
[30]. Lastly, the absorbed dose in a tumor exposed to 7.5
MBq of FLT may be as high as 500 mGy [35]. Thus,
potential perturbation in cellular proliferation could have
occurred in our studies, especially in A431 tumors that had
high FLT uptake.
5. Conclusion

Our study on the test–retest reproducibility of the kinetic
analysis of FLT PET in mouse tumor models shows that the
measurement of macrokinetic parameters is reproducible
(standard deviation of ≤20%) in tumors that have a high
phosphorylation of FLT. Our study indicates that serial
dynamic studies can detect changes in FLT metabolism
following anticancer therapy in mouse tumor models.
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