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ABSTRACT
PURPOSE
To investigate the effect of image-derived input functions (IDIF), input
function corrections and volume of interest (VOI) size in quantification
of [18F]FLT uptake in non-small cell lung cancer (NSCLC) patients.
PROCEDURES
Twenty-three NSCLC patients were scanned on a HR+ scanner. IDIFs
were defined over the aorta and left ventricle. Activity concentration
and metabolite fraction were measured in venous blood samples.
Venous blood samples at 30, 40 and 60 min after injection were used to
calibrate the IDIF time–activity curves. Adaptive thresholds were used
for VOI definition. Full kinetic analysis and simplified measures were
performed.
RESULTS
Non-linear regression analysis showed better fits for the irreversible
model compared to the reversible model in the majority. Calibrated
and metabolite corrected plus plasma-to-blood ratio corrected input
function resulted in high correlations between SUV and Patlak Ki
(Pearson correlation coefficients 0.86–0.96, P-value < 0.001). No
significant differences in correlation between SUV and Patlak Ki were
observed with variation of IDIF structure or VOI size.
CONCLUSIONs
Plasma-to-blood ratio correction, metabolite correction and calibration
improved the correlation between SUV and Patlak Ki significantly,
indicating the need for these corrections when Ki is used to validate
semi-quantitative measures, such as SUV.
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2.1 INTRODUCTION
3’-Deoxy-3’-[18F]fluorothymidine positron emission tomography ([18F]FLT PET)
can quantify proliferation [1]. [18F]FLT is an analogue of thymidine, which is one
of the compounds of deoxyribonucleic acid (DNA). [18F]FLT enters the cell via the
equilibrative nucleoside transporter 1 (ENT1) and is phosphorylated by thymidine
kinase (similar to the endogenous thymidine pathway). However, [18F]FLT is not
incorporated into DNA and can be dephosphorylated by deoxyribonucleotidase
and exit the cell. A schematic overview of the cellular uptake mechanism and
corresponding pharmacokinetic model is shown in Figure 2.1. Although [18F]FLT
uptake is cell cycle specific (e.g. the S-phase), [18F]FLT uptake correlated with Ki-67
immunohistochemistry in brain, lung and breast cancer [2]. Therefore, [18F]FLT PET
can provide information of proliferation in vivo without biopsies. [18F]FLT uptake
could serve as a prognostic biomarker at baseline [3, 4] and as a predictive one during
treatment [5], to improve clinical decision making in individual patients at either time
point.
In lung cancer, enhanced [18F]FLT uptake is readily appreciated from the images with
high tumour to background ratios. Quantification helps to evaluate differences in
[18F]FLT uptake between scans or lesions and it eliminates observer variability. Both are
essential in response evaluation and clinical trials. Standardized uptake value (SUV) is
a simplification of the gold standard full kinetic modelling (Figure 2.2). The latter takes
the pharmacokinetics into account with one or more compartments and multiple rate
constants, providing valuable biological information [6, 7]. However, feasibility of
the required dynamic scanning procedures is low in busy clinical departments. Here,
simplified measures are preferable but these need to be validated [8].
The correlation between simplified and full kinetic analysis is affected by several
methodological considerations in kinetic modelling. The influence of these factors
has to be known if SUV, or any other simplified uptake measure, is validated against
full kinetic modelling. In addition, knowledge of the impact of these methodological
factors in kinetic modelling will help the meta-analysis of dynamic [18F]FLT PET
studies. An overview of dynamic [18F]FLT PET methodologies (Table 2.1) illustrates
the major variability in the past decade in this point.
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Figure 2.1 Pharmacokinetic model of [18F]FLT uptake; a two-tissue model with 3 or
4 kinetic rate constants. Concentration [18F]FLT in plasma (Cp [18F]FLT) can enter the
cell via the equilibrative nucleoside transporter (ENT1). Subsequently, intracellular
[18F]FLT can be phosphorylated to [18F]FLT-monophosphate, [18F]FLT-diphosphate and
[18F]FLT-triphosphate and these can be dephosphorylated by deoxyribonucleotidase.
Concentration metabolised [18F]FLT, [18F]FLT-glucuronide (Cp [18F]FLT-glucuronide),
cannot enter the tissue. This also counts for the concentration non plasma [18F]FLT
(Cnp [18F]FLT). The image-derived input function time activity curve (IDIF TAC) holds
information of the total [18F]FLT concentration in blood (Cp [18F]FLT, Cp [18F]FLTglucuronide, Cnp [18F]FLT) and should be corrected for metabolites and plasma-to-blood
ratio to represent Cp [18F]FLT only. The tumour time activity curve is the total activity
concentration in tissue, plus the blood volume fraction (VB) within the volume of interest
of the tumour. The kinetic rate constants K1, k2, k3, k4 are estimated with full kinetic
modelling of the IDIF TAC and tumour TAC with non-linear regression.
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Figure 2.2 Quantification methodology in [18F]FLT PET: from full kinetic analysis to
simplified measures. 1. Non linear regression (NLR) analysis was applied as full kinetic
analysis, with the Akaike and Schwarz criteria to determine the optimal kinetic model;
2. Patlak analysis with the time interval 10-60 min was used as simplified linear kinetic
model; 3. SUV with the time interval 40-60 min and corrected for bodyweight was used
as simplified measure.

In the present study, we investigated how various methods to generate an imagederived input function (IDIF), e.g. input function corrections, IDIF localization and
VOI size affect the association between full kinetic modelling and SUV in NSCLC
patients. From previous studies, it is known that SUV correlates well with the net
influx rate (Ki) obtained from kinetic analysis, i.e. SUV can be used as a surrogate
for Ki. However, the quality of kinetic analysis directly depends on the quality of the
derived plasma input functions and it thus also directly affects the correlation between
SUV and Ki. In this study, we used the correlation between SUV and Ki to assess the
quality of variously processed input functions.
The essential factors in full kinetic plasma input modelling to validate SUV, the ability
to compare and pool data from different centres, and recommendations for standard
analysis of dynamic multicenter [18F]FLT PET studies will be discussed.
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Table 2.1 Overview of dynamic [18F]FLT PET studies and kinetic modelling. Publications from the same research group and with equal
methodology are combined. ‘-‘ indicates that information was not provided in the manuscript.
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2.2 MATERIALS AND METHODS
2.2.1 Patients
Twenty-three eligible patients (13 men and 10 women, mean age 62 ± 12 years) with a
histological diagnosis of NSCLC were included. Patients were planned for a dynamic
[18F]FLT PET scan of the chest before treatment. Seven patients were scanned twice
within 1 week to evaluate repeatability. The subjects were recruited from the outpatient
clinic by the treating VUmc pulmonary physician with informed consent, and approval
of the local medical ethics committee.
2.2.2 PET imaging
PET scans were performed using an ECAT EXACT HR+ scanner (Siemens/CTI); its
axial field of view (FOV) is 15.3 cm resulting in 63 axial planes of 2.43 mm. In 14
patients, two venous cannulae were inserted; for tracer injection and blood sampling,
respectively. Samples were taken from both cannulae at 10, 40 and 60 min postinjection in 8 of these 14 patients to evaluate the effect of sampling from the injection
site. In nine patients, we inserted a single venous cannula for tracer injection and
blood sampling.
[18F]FLT PET scans were performed as described earlier [9, 10]. First, a 10-min
transmission scan was performed using three retractable rotating line sources. These
data were used to correct the subsequent emission scans for photon attenuation. In 14
patients we injected a target dose of 250 MBq [18F]FLT (a bolus injection of 5 mL at
0.8 mL/s, flushed with 35 mL of saline at 2 mL/s) simultaneously starting a dynamic
emission scan in 3D mode with a total scan time of 60 min with the frame lengths of:
6×5 s, 6×10s, 3×20s, 5×30s, 5×60s, 8×150 s, and 6×300 s. In nine patients we injected a
target dose of 350 MBq [18F]FLT 30 s after starting a dynamic emission scan in 2D with
similar frame lengths as above. Emission scans were corrected for dead time, decay,
scatter, randoms and photon attenuation and were reconstructed using filtered back
projection (FBP) with a 0.5 Hanning filter, resulting in a transaxial spatial resolution
of ~7 mm in the FOV centre.
Venous blood samples were drawn at 5, 10, 20, 30, 40 and 60 min after [18F]FLT
injection. Whole blood and plasma activity was measured immediately, together with
plasma metabolite fractions as reported earlier [10].
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2.2.3 PET data analysis
We defined volumes of interest for every primary lesion (using a semiautomatic
threshold technique) on the summed last 3 frames, which were reconstructed using
ordered subset expectation maximisation reconstruction with 2 iterations and 16
subsets and 5 mm full width at half maximum Gaussian smoothing. Fixed thresholds
of 41, 50 and 70% of the maximum pixel corrected for background were used for VOI
delineation [11, 12]. The formula to derive the semiautomatic isocontour is shown in
Equation 2.1.




Eq. 2.1

Average
 background was determined with a region growing algorithm of the tumour
 rim was expanded three voxels away from the border of the tumour in
border. This
all three dimensions. Voxels with a SUV of >3 were excluded from the background
voxels (to exclude tissue with high [18F]FLT uptake close to the tumour). The average

background
value was calculated for these defined background voxels. All tumour
VOI were transferred to FBP reconstructed dynamic [18F]FLT images to generate
time–activity curves (TAC).
Image-derived input functions were obtained by manually drawing a VOI over the left
ventricle (3×3 pixels in three axial planes), ascending aorta (2×2 pixels in five axial
planes), aortic arch (1×4 pixels in three axial planes) and descending aorta (2×2 pixels
in five axial planes) on the early frames of the FBP reconstructed images of the dynamic
scan to visualise the first pass of the tracer (frames 4–6). The pixel size of these images
was 5.1×5.1 mm. IDIF VOI were applied to all frames to generate an IDIF TAC. IDIFs
were calibrated with the measured radioactivity concentration of the last three venous
blood samples as reference. The complete IDIF TAC was rescaled to fit these three
samples. In addition, IDIFs were corrected for plasma-to-blood ratio by multiplying
the TAC with the average plasma-to-blood ratio and corrected for metabolites with
ingrowing exponentials (two exponentials) in order to obtain calibrated metabolite
corrected plasma input functions.
Several (semi)quantitative methods were calculated using a commercial software
package (MATLAB 5.3, The MathWorks Inc., Natick, MA) for every IDIF (left
ventricle, ascending aorta, aortic arch, descending aorta). Each analysis was performed
with and without calibration, with and without metabolite correction, and with and
without plasma-to-blood ratio correction. This resulted in 32 analysis sequences per
34
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VOI (4 IDIF structures × 8 correction variations). Every sequence consisted of nonlinear regression (NLR) [13], Patlak analysis [14] and SUV. Full kinetic analysis with
NLR, using irreversible and reversible two-tissue compartment models with three
and four parameters and blood volume fraction were calculated. The compartmental
model of [18F]FLT uptake is described in Figure 2.1. Optimal NLR fits were achieved
using different starting parameters, e.g. multidimensional unconstrained non-linear
minimization (Nelder–Mead optimization algorithm) [15]. Best fit between the
irreversible and reversible model was tested according to Akaike and Schwarz criteria
[16]. Ki was calculated with the kinetic rate constants derived from the two-tissue
compartment model (Equation 2.2).







Eq. 2.2







Patlak analysis, resulting in net uptakerate Ki, was assessed over the time interval
10–60 min. SUV was calculated for the interval 40–60 min and it was normalised to

body weight (Equation 2.3) [17].




Eq. 2.3

An overview of all quantification steps is shown in Figure 2.2.
2.2.4 Statistical analysis
Data was tested for normality by evaluating the histogram of the parameter. Mean
and standard deviation (SD) are given if normal distributed, median and interquartile
range (IQR) if not normal distributed. Correlations between kinetic modelling and
simplified measures were assessed using linear regression and Pearson correlation
coefficient. Differences between correlation coefficients were tested with Fisher’s Z
test, and differences between regression lines were tested with regression analysis.
Differences between analysis runs were tested with paired t-tests. Repeatability
coefficient was calculated as 1.96 × SD of the absolute and percentage differences of the
repeated measures, as adopted by the British Standards Institution [18]. Bland Altman
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plots were generated for repeated measures from the injection and contralateral
cannula [19]. Statistical analyses were performed using IBM SPSS Statistics 20.

2.3 RESULTS
Primary tumours of 23 [18F]FLT PET scans were evaluated. Patient characteristics are
listed in Table 2.2. Median injected dose was 263 MBq (IQR 244–356 MBq) for the
complete study population; 248 MBq (IQR 239–264 MBq) in 3D, and 357 MBq (335–
372 MBq) in 2D scan mode. IDIF definition was possible in all scans for ascending
aorta and descending aorta, but only in 78% for aortic arch and 57% for left ventricle
due to field of view limits. An example of the TACs of the four different IDIF structures
and a tumour TAC is shown in Figure 2.3.
In eight patients with two venous lines we performed double venous blood sampling at
10, 40, and 60 min after tracer injection. Data was evaluable at all time points for three
patients, at 10 and 40 min for four patients, and only at 10 min after tracer injection for
one patient. In total, we had 18 double venous samples ranging over time. Metabolites
measurements failed in 4 out of these 36 samples. Samples from the injection and
second cannula had a mean difference ± SD of −2.5 × 10−4 ± 4.8 × 10−4, −2.7 × 10−4 ±
5.2 × 10−4 and 0.10 ± 4.2 for whole blood activity concentration (in megabecquerel
per gram), plasma activity concentration (in megabecquerel per gram) and parent
fraction (in percent), respectively (Figure 2.4). Pearson correlation coefficients were
0.94, 0.93 and 0.91 respectively (all P < 0.01). Whole blood activity concentration
and plasma activity concentration were statistically different between the two venous
lines (P = 0.04 for both). Parent fraction did not differ (P = 0.93). Average percentage
difference was 10.1, 9.7 and 0.1% for whole blood activity concentration, plasma
activity concentration and metabolite fraction, respectively.

36

Methodological considerations [18F]FLT PET

Table 2.2 Patient demographics and characteristics.

Figure 2.3 Example of the time activity curves of the different arterial structures used
for imaged derived input function and of a volume of interest of the primary tumour
derived with 50% threshold of the maximum pixel, for 0–60 min (a) and 0–1 min (b).
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Figure 2.4 Bland Altman plots for whole blood activity concentration in MBq/g (a),
plasma activity concentration in MBq/g (b) and parent fraction in % (c) from the two
intravenous cannula. Straight lines are mean values, dotted lines are upper and lower
detection limits (±1.96×SD).
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Plasma-to-blood ratio and metabolite fraction over time for the complete study
population are shown in Table 2.3. Plasma-to-blood ratio increased over time. Median
values were 1.07, 1.08, 1.11, 1.15, 1.16, 1.18 after 5, 10, 20, 30, 40, 60 min, respectively.
Median metabolite concentration at 60 min post-injection was 19% (range 12–28).
Table 2.3 Plasma-to-blood ratio and parent fraction per time
point postinjection.

NLR with 3 kinetic rate constants (irreversible model) showed better fits compared
to NLR with 4 constants (reversible model) according to Akaike in 51%, and Schwarz
in 56%. Calibration of the IDIF TAC resulted in significantly higher K1 and Ki values
compared to non-calibrated IDIF TACs (average increase of 63% and 55% for K1 and
Ki respectively, Table 2.4). Median blood volume fraction for NLR with 3 kinetic rate
constants was 0.16 (IQR 0.10–0.25). Median Patlak Ki was 0.039 (IQR 0.028–0.055)
and median SUV was 3.78 (IQR 3.21–4.56).
Table 2.5 shows the net uptake value from NLR and Patlak, together with Pearson
correlation coefficients between NLR and Patlak, and Patlak and SUV. Median values
are shown for NLR, although normal distributed, to compare the results to Patlak Ki.
Highest correlation coefficients between Patlak Ki and SUV were found for calibrated
IDIF TAC. The correlation coefficient was significantly higher for calibrated compared
to uncalibrated IDIF TAC for ascending aorta and left ventricle (Fisher’s Z test P <
0.01). For the descending aorta and aortic arch no statistically significant difference
was observed (Fisher’s Z test P > 0.10). This was irrespective of metabolite and plasmato-blood ratio correction. Calibrated left ventricle IDIF showed the highest correlation
coefficient compared to the other IDIFs, as shown in Figure 2.5a, but this was not
significantly different (Fisher’s Z test P = 0.15–0.51). Correlations between Patlak
Ki and NLR Ki with 3 kinetic rate constants were moderate (Figure 2.5b), without
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significant differences per IDIF structure (Fisher’s Z test P = 0.20–0.78). Variation in
calculated Ki per patient is shown in Figure 2.6. Patlak Ki resulted in significant lower
values compared to NLR Ki (P < 0.01) with a mean difference of 0.007. Since Patlak is
more robust than NLR, we further report Ki derived with Patlak analysis.
Table 2.4 Mean (SD) K1 and Ki values derived with non linear regression with 3 kinetic rate
constants, with and without calibration for all IDIF structures. P-values from paired t-test.

Feasibility and VOI size differed per segmentation method. In all 23 patients, 50 and
70% thresholds were feasible, whereas only in 61% (14 of 23 patients) with the 41%
threshold. Median volume was 14.9 mL (IQR 6.0–35.3), 7.6 mL (IQR 2.6–13.8), and
0.6 mL (IQR 0.3–0.8) for 41, 50 and 70% isocontours, respectively. VOI 50% gave
the highest correlation coefficient between SUV and Patlak Ki compared to 41 and
70% (Figure 2.7). We found no statistically significant difference between correlation
coefficients among the tested VOIs (Fisher’s Z test P = 0.38–0.73).
Seven patients had a second [18F]FLT PET within one week to assess repeatability of
the different IDIF structures. Repeatability coefficients for Patlak Ki ascending aorta,
descending aorta and aortic arch IDIF were 0.017, 0.021 and 0.024, respectively.
The left ventricle was not evaluable due to limited data points (n=2). Repeatability
coefficients for relative differences were 27, 19 and 30% for Patlak Ki derived with
ascending aorta, descending aorta and aortic arch IDIF, respectively.
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Table 2.5 Median (IQR) Ki values derived with NLR with 3 or 4 kinetic rate constants and with Patlak
analysis, plus the Pearson correlation coefficients between NLR 3k Ki and Patlak Ki (PCC1), and Patlak Ki
and SUV (PCC2). Results are sorted per IDIF structure and per correction variation.
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Figure 2.5 Correlation between SUV and Patlak Ki (a), NLR 3k Ki and Patlak Ki (b) for
different image-derived input functions (IDIF); left ventricle (LV), ascending aorta (AA),
descending aorta (AD), aortic arch (Arch) with metabolite and plasma-to-blood ratio
correction and calibration and tumour volume of interest derived with a 50% threshold
of the maximum pixel.
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Figure 2.6 The variability of Patlak Ki and NLR Ki with different image-derived input
functions and corrections (n=32) for tumour volume of interest derived with a 50%
threshold of the maximum pixel per patient.
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Figure 2.7 Correlation between SUV and Patlak Ki calculated with calibrated time
activity curves of the ascending aorta as image-derived input function for different volume
of interest (VOI) sizes derived with varying relative thresholds adapted for background.

2.4 DISCUSSION
This study investigated several methodological considerations in quantification of
[18F]FLT uptake. Patlak Ki correlated with SUV and the highest correlation coefficient
was observed with an image-derived input function corrected for plasma-to-blood
ratio, metabolites and calibration with late venous blood samples. This indicates
the need to include these corrections in quantification of [18F]FLT uptake for every
dynamic [18F]FLT PET study. Moreover, the described methodological considerations
in quantification could be used as template for the validation of other (metabolising)
ligands.
Feasibility of the four evaluated IDIF structures differed. IDIF of the aortic arch and left
ventricle were not always evaluable due to a limited field of view, with the intrathoracic
tumour as main target for field of view settings. No limitations were observed in the
44

Methodological considerations [18F]FLT PET

size of the arterial structure, e.g. it was feasible for all scans to assess IDIF VOI in
the standardized manner as described in the “Materials and Methods” section if the
structure was within the field of view.
Venous blood sample measurements from the injection cannula were similar to the
second cannula contralateral. The average percentage differences between the two
measurements were 10.1, 9.7 and 0.1% for whole blood activity concentration, plasma
activity concentration and parent fraction respectively. This would affect Ki in the same

magnitude (10.1, 9.7 and 0.1%), which is smaller than the variations in Ki we found
with the different input function corrections. Therefore, this would only have a minor
effect and is, although statistically significant, in our opinion not clinically relevant in
this setting. Hence, we recommend to perform venous sampling from the injection
line and to place only one intravenous line, if the line is flushed directly after injection
as we described in the “Materials and Methods” section.
The irreversible NLR model had better fits than the reversible NLR model with
dynamic scanning up to 60 min. However, the preference for the irreversible model
was only in 51–56% of the scans. The reversible model might provide better fits for the
majority if patients were scanned longer or in a different population [6].
Calibration of IDIF TAC with three late blood samples resulted in significant higher
correlation coefficients between SUV and Patlak Ki. This indicates the need to calibrate
the IDIF TAC with venous samples to serve as a reliable input function for kinetic
modelling. In the present study, we evaluated regular venous blood samples; however,
arterialized venous blood samples might improve calibration further [20, 21]. This has
never been evaluated in [18F]FLT PET.
The structure for IDIF definition (ascending aorta, descending aorta, aortic arch or
left ventricle) did not significantly change the correlation between SUV and Patlak Ki.
Therefore, different arterial structures with a diameter of >1 cm might be used for IDIF
definition. It is important that IDIFs are acquired in a standardized manner to improve
the repeatability and to prevent possible bias. Ascending aorta is preferred with regard
to reproducibility and accuracy, in line with van der Weerdt et al. [22]. In non-thoracic
scans, other arterial structures are investigated, like abdominal aorta, femoral artery
and carotid artery [23–25].
VOI size did not change the correlation between SUV and Patlak Ki significantly. A50
VOI may therefore be used as shown in [9, 12, 26]. Other (semi)automatic tumour
delineation methods are under development and might perform better than threshold
based methods for [18F]FLT PET in the future.
2D includes the use of septa-collimation which reduces random and scatter events.
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However, the use of septa also reduces the sensitivity. This study consisted of data
acquired in 2D and 3D mode, due to pooling of two clinical studies. It has been shown
that 2D and 3D scans give comparable results for the scanner used in this study [27,
28]; therefore, the difference in acquisition mode would not influence the presented
results.
Patlak Ki showed a repeatability coefficient varying from 0.017–0.024 for absolute
difference, and 19–30% for relative difference depending on the used IDIF structure,
which is in agreement with those reported by Langen et al. [14].
The existence of a correlation between SUV and Patlak Ki is the main assumption in

this report. This has been proven in breast cancer patients [8] and is expected as both
parameters represent the net tracer uptake in an irreversible model [29, 30]. However,
cytotoxic drug could alter the pharmacokinetics of [18F]FLT and thereby alter the slope
of the correlation between simplified measures and full kinetic modelling (especially
if the drug interacts with the metabolic pathway of thymidine, like pemetrexed or
gemcitabine). The possible change in slope of the correlation between SUV and full
kinetic modelling therefore still has to be investigated in patients undergoing treatment
to validate SUV for response monitoring with [18F]FLT PET in NSCLC.
This study highlights the importance of plasma-to-blood ratio correction, metabolite
correction and calibration of the IDIF in full kinetic analysis. These corrections should
be performed for validating simplified measures against full kinetic analysis and to
be able to compare and pool data from multicenter studies. Future research should
determine whether SUV, obtained from [18F]FLT PET, remains a valid parameter for
response evaluation in NSCLC patients undergoing treatment.

2.5 CONCLUSION
SUV and Patlak Ki were strongly correlated in quantification of [18F]FLT uptake in
untreated non-small cell lung cancer patients. Plasma-to-blood ratio correction,
metabolite correction and calibration with late venous blood samples optimized the
association. This indicates the need for these corrections in quantification of [18F]FLT
uptake if Ki is used to validate the use of simplified measures, such as SUV.
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