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The objective of this study was to validate several parametric
methods for quantification of 3’-deoxy-3’-18F-fluorothymidine ('8F-
FLT) PET in advanced-stage non-small cell lung carcinoma
(NSCLC) patients with an activating epidermal growth factor recep-
tor mutation who were treated with gefitinib or erlotinib. Further-
more, we evaluated the impact of noise on accuracy and precision
of the parametric analyses of dynamic 8F-FLT PET/CT to assess
the robustness of these methods. Methods: Ten NSCLC patients
underwent dynamic '8F-FLT PET/CT at baseline and 7 and 28 d after
the start of treatment. Parametric images were generated using
plasma input Logan graphic analysis and 2 basis functions-based
methods: a 2-tissue-compartment basis function model (BFM) and
spectral analysis (SA). Whole-tumor-averaged parametric pharma-
cokinetic parameters were compared with those obtained by non-
linear regression of the tumor time-activity curve using a reversible
2-tissue-compartment model with blood volume fraction. In addi-
tion, 2 statistically equivalent datasets were generated by countwise
splitting the original list-mode data, each containing 50% of the total
counts. Both new datasets were reconstructed, and parametric
pharmacokinetic parameters were compared between the 2 repli-
cates and the original data. Results: After the settings of each para-
metric method were optimized, distribution volumes (Vy) obtained
with Logan graphic analysis, BFM, and SA all correlated well with
those derived using nonlinear regression at baseline and during
therapy (R? = 0.94; intraclass correlation coefficient > 0.97). SA-
based V1 images were most robust to increased noise on a voxel-
level (repeatability coefficient, 16% vs. >26%). Yet BFM generated
the most accurate Ky values (R2 = 0.94; intraclass correlation co-
efficient, 0.96). Parametric K; data showed a larger variability in
general; however, no differences were found in robustness between
methods (repeatability coefficient, 80%-84%). Conclusion: Both
BFM and SA can generate quantitatively accurate parametric '8F-
FLT Vr images in NSCLC patients before and during therapy. SA
was more robust to noise, yet BFM provided more accurate para-
metric K; data. We therefore recommend BFM as the preferred
parametric method for analysis of dynamic '8F-FLT PET/CT studies;
however, SA can also be used.
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Lung cancer is the most common form of cancer with the
highest cancer-related mortality worldwide, being responsible
for nearly 20% of the cancer-related deaths (/). Tyrosine kinase
inhibitors (TKIs) target the epidermal growth factor receptor
(EGFR) in tumor cells (2) and improve clinical outcome in pa-
tients with activating EGFR mutations. Nevertheless, about 1 in 4
patients does not obtain tumor response to TKI treatment (3,4). An
imaging biomarker evaluating early changes after the start of
treatment could allow for a more accurate assessment of response
and markedly reduce toxicity and costs by identifying ineffective
treatment at an early stage. Assessing early response using RECIST
might not be adequate because it can take several weeks to notice
any change in size (5); moreover, TKIs influence the metabolic
pathway of the tumor and assessment of metabolic activity could
therefore be used as an early imaging biomarker and precursor of
response.

3’-deoxy-3’-18F-fluorothymidine ('8F-FLT) PET is used to im-
age cell proliferation and could be used for early response evalu-
ation. After injection, '8F-FLT follows the salvage pathway of
endogenous thymidine. In contrast to thymidine, '8F-FLT is not
incorporated into DNA but gets trapped in the cell (6). Cellular
I8FE-FLT uptake is mainly regulated by thymidine kinase 1 which
is upregulated during the S phase of the cell cycle and hence is
directly related to cell proliferation. Although '8F-FLT PET was
thought to be more tumor specific because of direct imaging of
proliferation, it did not improve tumor detection, staging, or char-
acterization compared with '8F-FDG PET. However, in contrast to
I8F.FDG PET, '8F-FLT uptake correlated well with Ki-67 immu-
nohistochemistry in lung, breast, and brain tumors before as well
as after the start of treatment (7—10). '8F-FLT PET might therefore
have potential as an imaging biomarker for response evaluation.
Yet, data of studies investigating early response evaluation using
I8E_FLT PET show inconsistent results. Most studies show a correla-
tion between change in 8F-FLT uptake, regular response evaluation
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using CT, and progression-free survival; nevertheless, often no cor-
relation is found with overall survival (/7).

Most studies evaluating '8F-FLT PET as a quantitative imaging
biomarker used region-based measurements (i.e., maximum or mean
SUV) to assess '8F-FLT uptake. However, in the case of spatially
heterogeneous change of tracer uptake, response evaluation using
SUVs could be inaccurate (/2). Moreover, spatial information can be
used to identify resistant tumor subvolumes without change in uptake
after therapy (/3). In contrast to region-based measurements, spatial
information is preserved in voxel-based analysis, yet this has not been
validated for 8F-FLT in non-small cell lung carcinoma (NSCLC).

A 2-tissue reversible model with blood volume fraction optimally
describes '8F-FLT kinetics using nonlinear regression (NLR) (/4) but
is not suitable for voxel-based analysis because of its pronounced
sensitivity to noise (15). To enable voxel-by-voxel analysis and gen-
erate parametric images, several parametric methods could be used
(16-19). The objective of this study was to technically validate sev-
eral plasma input-based parametric methods for quantification of
I8F.FLT PET against NLR in advanced-stage NSCLC patients with
an activating EGFR mutation before and during TKI treatment. Fur-
thermore, we assessed the robustness of the parametric methods by
evaluating the impact of noise on accuracy and precision of the voxel-
based analysis.

MATERIALS AND METHODS

Patients

We prospectively included 10 patients with stage IV NSCLC, based on
the seventh edition of the International Association for the Study of Lung
Cancer, an activating EGFR mutation, and 1 intrathoracic lesion of 3 cm or
greater who were scheduled for TKI treatment (Table 1 shows patient
characteristics) (/4). Patients underwent 3 '8F-FLT PET/CT scans on the
same scanner: at baseline and 7 and 28 d after start of TKI treatment. The
study was approved by the Medical Ethical Review Committee of the VU
University Medical Center, and all subjects gave written informed consent.
The study was included in the Dutch trial register (trialregister.nl, identi-
fication no. NTR3557).

PET Imaging and Data Analysis

Dynamic '8F-FLT scans of the thorax, with the primary tumor
positioned centrally in the field of view, were obtained using a Gem-
ini TF-64 PET/CT scanner (Philips Healthcare). Patients fasted 4 h in
advance to avoid possible food-induced changes in thymidine uptake
and metabolism. A 60-min dynamic PET scan started concurrently
with the administration of 370 MBq of '8F-FLT (5 mL) at 0.8 mL-s~ !,
flushed with 35 mL of saline at 2.0 mL-s~!. Directly after the PET
scan, a low-dose CT scan was obtained for attenuation correction.
The dynamic 'F-FLT scans were reconstructed into 36 frames (1 x
10, 8 x 5,4 x 10, 3 x 20, 5 x 30, 5 x 60, 4 x 150, 4 x 300, and 2 x
600 s) using a 3-dimensional row action maximum likelihood algo-
rithm, resulting in a 6.5-mm spatial resolution in full width at half
maximum. All scans were corrected for dead time, decay, scatter, and
randoms, and no smoothing or motion correction was applied. During
the '8F-FLT scan, 6 venous blood samples were drawn at 5, 10, 20,
30, 40, and 60 min after injection (/4).

Volumes of interest (VOIs) were drawn on an averaged image of
the last 3 frames (35-60 min). VOIs were obtained by delineating
all '8F-FLT-avid tumors with a 50% isocontour of the peak of the
SUV (a 1.2-cm? spheric region positioned to maximize its mean
value), corrected for local background. Time—activity curves were
extracted by projecting these VOIs onto the dynamic '3F-FLT scan.
Furthermore, an image-derived input function was generated by
placing a 2 x 2 voxel (8 X 8 mm) VOI in 5 consecutive planes in
the ascending aorta. The image-derived input functions were reca-
librated using the radioactivity concentrations measured in the
venous samples and the image-derived input functions values at
corresponding times (recalibration factors: median, 0.86; interquartile
range, 0.80-0.94). Moreover, '3F-FLT plasma input curves were
obtained by correcting the calibrated image—derived input functions
for plasma-to-blood ratios derived from the manual samples and in-
terpolated between the sample times (/4).

Parametric Analysis

Parametric images were generated using 3 different parametric
methods: LGA and 2 basis functions—based methods, spectral analysis
(SA) and basis function model (BFM). We also looked into the Patlak

TABLE 1
Descriptive Statistics of Patient Characteristics, Median, and P Values from ANOVA
Characteristic Median Baseline 7 d after start of treatment 28 d after start of treatment P

Age (y) 64 (52-75)
Sex

Male 4

Female
Treatment

Gefitinib (250 mg)

Erlotinib (150 mg) B
Lesion (n)

Primary 6 7 7

Lymph nodes 20 17 10

Metastasis 1 1 1
Body weight 67 (50-97) 68 (49-99) 67 (50-102) 0.99
Injected activity (MBq) 382 (220-403) 376 (359-399) 375 (193-391) 0.70
Data in parentheses are ranges.
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FIGURE 1. BFM- (A), SA- (B), and LGA- (C) based pharmacokinetic parameters plotted against their NLR-derived counterparts for all tumor VOlIs.

LGA shows some negative bias compared with gold standard. For both BFM and SA, there is a strong correlation, however, variability of SA is
slightly larger. Corresponding Bland-Altman plots can be found in Supplemental Figure 3.

graphical analysis but did not include it in the article because this
method is not suitable in the case of reversible tracer kinetics. Phar-
macokinetic parameters for LGA and SA were obtained as previously
described by Verwer et al. (15). For the BFM, the following algorithm
was used (/9):

CT = (Gleia't + 92670{2[) ® Ca + th;, Eq. 1

where

(kz o+ ke 7\ (e + kake)? = 4I<2k4)
2 bl

apy = Eq. 2

Cr, C, and Cj resemble the tissue, plasma, and whole-blood activity
concentration, respectively; ¢ is the time after injection; and V), repre-
sents the blood volume fraction. After estimating the range of basis
functions by filling out the known pharmacokinetic values obtained
with NLR in Equation 2, Equation 1 can be solved and kinetic rate
constants can be calculated.

Vr was obtained using the LGA, SA, and BFM, and additionally K,
was calculated using SA and BFM. Parametric Vr and K images for all
methods were obtained through voxelwise analysis of the dynamic '8F-
FLT PET scans using various parameter input settings for the different

models (Supplemental Table 1; supplemental materials are available at
http://jnm.snmjournals.org). To increase calculation efficiency, tumor
masks were first drawn (similar to tumor VOIs), and subsequently only
parametric images of the tumor mask region were generated for SA and
BFM. Whole-tumor—averaged parametric pharmacokinetic parameters
were obtained by projecting VOIs onto the parametric images. Results
were compared with pharmacokinetic parameters calculated using NLR,
for which tumor time-activity curves were fitted using a 2-tissue-
compartment reversible model with blood volume fraction correction as
described by Frings et al. (Supplemental Fig. 1) (/4).

Noise Evaluation

To evaluate the sensitivity of these parametric methods to noise,
2 statistically and hemodynamically equivalent datasets were gener-
ated by countwise splitting of the original list-mode data (e.g., set 1:
count 1, 3, 5, etc.). Both datasets contained 50% of the total counts
and were reconstructed separately. New parametric images were
generated, and whole-tumor—averaged parametric pharmacokinetic
parameters were recalculated using the methods described above.
These values were compared reciprocally and with the original data.

Statistical Analysis
Correlation between pharmacokinetic parameters obtained using
NLR and whole-tumor—averaged parametric pharmacokinetic param-
eters for the different parameter input settings
were assessed using linear regression analy-

sis. In addition, correspondence was assessed
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FIGURE 2. BFM- (A) and SA- (B) based Ky plotted against NLR-derived K4 for all tumor VOls.
SA-derived Ky shows significantly larger systematic error BFM. Corresponding Bland-Altman

plots can be found in Supplemental Figure 4.
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methods described above. Additionally, the in-
fluence of noise was assessed using the repeat-
ability coefficient (RC) calculated as 1.96 x SD
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FIGURE 3. Scatterplots showing V1 values of individual voxels of both split datasets plotted reciprocally for all available VOIs. Strongest corre-
lation between both datasets is found for SA (A). BFM (B) and LGA (C) show weaker correlation and larger variability than SA. This is in contrast to

expectations because SA is known to be sensitive to noise. Supplemental Figure 6 shows correlation on whole-tumor level.

of the relative differences. All statistical analyses were performed using
SPSS 20 (IBM Corp.).

RESULTS

Parametric Analysis

In total, 29 '8F-FLT PET scans were obtained; 1 PET scan at
baseline was not available because of scanner failure. At baseline, we
identified 27 evaluable lesions (uptake above background), of which
25 and 19 lesions remained detectable 7 and 28 d after the start of
treatment, respectively (Table 1). One patient was excluded from the
analyses because no '8F-FLT-avid lesions were present.

After optimization of input parameter settings for the different
models, Vt derived using LGA, BFM, and SA all correlated well
with Vrobtained using NLR at baseline as well as after the start of
treatment. All methods generated qualitatively good parametric im-
ages before and during treatment; no artifacts were present and phar-
macokinetic values were within reference range. As shown, it is
technically possible to demonstrate spatial heterogeneity of the tumor
and assess changes during treatment (Supplemental Fig. 2).

For LGA, the best correspondence was found with a start time
of 20 min after injection showing a small negative bias (ICC, 0.97;
R?, 0.96; and slope, 0.83) (Fig. 1). The effect of start time on
LGA-based Vt was limited; start times between 15 and 25 min
showed similar results (ICC > 0.95; R? > 0.95, and slopes, 0.78—
0.83). The BFM yielded the best outcome with a set of 20 expo-
nents per set of bases, ranging from 0.01 to 0.1 min~! and 0.1 to
3 min~! for the first and second set of basis functions, respec-
tively. BFM also showed a minimal bias using these settings (ICC,
0.99; R?, 0.98; and slope, 0.92). SA using 50 basis functions with
exponents from 0.01 to 4 min~! showed a correlation comparable
to BFEM (ICC, 0.96; R?, 0.92; and slope, 0.97), yet a larger sys-
tematic error was present in SA (Fig. 1; Supplemental Fig. 3). For
both methods, the effect of selected basis function exponents on
Vr was limited as long as the first basis exponent was set to
0.01 min~!. Bland-Altman plots of the absolute differences can
be found in Supplemental Figure 4.

Both the BFM and the SA provided accurate K; values com-
pared with NLR, but SA showed larger variability (ICC, 0.96 vs.

] 0.89 and R?, 0.94 vs. 0.80 for BFM and SA, respectively) (Fig. 2;
Supplemental Fig. 5). K; values remained stable for BFM with
different basis function exponents, yet decreased accuracy for SA.

ParRAMETRIC METHODS IN '8F-FLT PET/CT -«

Noise Evaluation

Original list-mode data were saved and available for 16 of the
26 '8F-FLT PET/CT scans. The raw low-dose CT data needed for
attenuation correction was not correctly stored for the remaining
10 scans and therefore these split datasets could not be recon-
structed. Parametric images generated and Vt calculated using
the split data showed a strong correlation reciprocally on a
voxel-by-voxel (R? > 0.87) and on a whole-tumor level (R? >
0.98) for all parametric methods (Figs. 3 and 4; Supplemental
Figs. 6-8). Small but significant differences were detected on a
regional level between the Vr derived from the original data and
the split data for all parametric methods (P < 0.05), although
mean differences were less than 5%. Differences in whole-
tumor—averaged pharmacokinetic parameters between both split
scans were not significant, and RCs of V1 data were small

100% counts

50% counts

FIGURE 4. Parametric V1 (A and B) and K; (C and D) images pro-
duced with optimal parameter settings for BFM (A and C) and SA
(B and D) using nonsplit data (100% counts) and split data (50%
counts). Parametric V1 and Ky images for LGA can be found in Supple-
mental Figure 8.
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FIGURE 5. Scatterplots showing K; values of individual voxels of both split datasets plotted
reciprocally for all available VOIs. Correlation on voxel level between both datasets was weak for
BFM (A) as well as SA (B). Supplemental Figure 7 shows correlation on whole-tumor level.

(LGA, 7%; BEM, 8%; SA, 13%). However, if parametric V1 images
were compared on a voxel level, SA showed the best correspon-
dence and smallest variability (LGA, 26%; BFM, 35%; SA, 16%).

Variability of regional K; values calculated using BFM and SA
on a whole-tumor level was larger compared with Vr (RCs, re-
spectively, 27% and 26%), yet the correlation remained strong for SA
and BFM (R?, 0.87 and 0.91, respectively). In contrast, at the voxel level
the correlation of K| between both datasets was poor (R> < 0.45)
and variability significantly increased when assessed at the parametric
level (RCs, 80% and 84%, respectively) (Figs. 4 and 5).

DISCUSSION

The present study investigated the performance of voxel-based
kinetic analysis of '3F-FLT PET/CT scans in NSCLC patients
before as well as during treatment. This analysis enabled quanti-
fication at the voxel level and allowed the use of more detailed
spatial information in response assessment. As expected, the most
accurate parametric images were generated using a parametric
method that took the reversible tracer kinetics of '8F-FLT into
account. The BFEM provided quantitative accurate and robust para-
metric V and K, images. There was a small underestimation for
both parameters, possibly explained by noise-induced bias, which
can influence results at the boundaries of the basis function range
(19). However, the limited number of lesions showing a high Vror
K could also explain these findings (Fig. 1). The performance of
BFM in this study for reversible ligands was similar to the BFM
methods presented by Rizzo et al. (20), but they found a signifi-
cant underestimation of kinetic parameters for the voxel-based
analysis (Eq. 1). Correlation of irreversible ligands with NLR
showed similar results, for example, when producing '8F-FDG-
based K; maps in the brain (/9). To our knowledge, our study is
the first evaluating the BFM outside of the brain.

SA also yielded accurate Vt and K; images. Larger variability
of SA-based K; compared with BFM is most likely a result of
sensitivity to noise, a well-known limitation of SA (21). These
results are congruent to those found in other studies evaluating
reversible tracers in NSCLC (15).

Although LGA also generated robust Vp images, it showed
some negative bias compared with NLR. Underestimation of
LGA-based Vr is most likely explained by noise-induced
bias because the effect tends to be larger in regions with higher
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have assessed only robustness by splitting
acquisition data in half, but in principle this
could also be done in smaller partitions.

Unfortunately, not all original datasets
were available for re-analysis. However,
data of all 3 time points were available and near equally distributed
(baseline = 5 scans; day 7 = 6 scans; day 28 = 5 scans). On the
whole-tumor level, no significant differences were found in RCs
among the LGA-, SA-, or BEM-based V1. However, in contrast to
expectations SA showed the lowest sensitivity to noise on a voxel
level compared with the other parametric methods. Because SA
is known to be sensitive to noise, we expected that a decrease in
signal-to-noise ratio would affect this method most. We found no
differences in sensitivity of K; images to noise among the different
methods. Yet, in general K, was more sensitive to noise than Vr,
Because K is more sensitive to small differences in input function,
the impact of increased relative noise was expected to be more
pronounced (/5).

An advantage of LGA is the short computing time compared
with BFM and in particular SA (both > 10 min). Other studies
described computational times of more than 5 h for brain scans
only (20,23). Long computing times for basis function-based
methods are mainly caused by the number of basis functions cho-
sen and voxels containing air (it is difficult to find the best fit for
air-containing voxels). To overcome this problem, parametric cal-
culations were performed only for voxels within a tumor mask.
Excluding voxels containing air and minimizing the number of
voxels to only those in and near the tumor significantly decreased
computing times to less than 1 min and 4-5 min for BFM and SA,
respectively.

The accuracy and robustness of voxel-by-voxel analysis were
not influenced by TKI treatment, and no adjustment of input
parameter setting was needed, enabling the use of parametric
I8F_FLT images for response evaluation during treatment and as-
sessment of spatially heterogeneous changes in tracer uptake. Ad-
ditionally, parametric images can be used for other purposes
requiring detailed spatial information such as radiation dose paint-
ing and better understanding of tumor biology and mechanisms
accountable for treatment failure (/17,15,24,25).

Published data on the use of '8F-FLT as an imaging biomarker for
early response are contradictory. Most studies show an inverse cor-
relation between decrease in !'SF-FLT uptake and progression-free
survival during TKI treatment, yet no association with overall survival
(11). Here, only VOI-based analysis of the data was performed, and
therefore intralesional variations in response could not be assessed.
One study assessed response using Patlak and SA in breast cancer
and concluded that parametric images could provide more detailed
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information about tumor characterization and improved predictive
performance of '8F-FLT compared with SUVs (26). Yet, this has to
be investigated in larger interventional studies because overall sur-
vival can also be influenced by subsequent treatment (27).

The number of subjects in this study is small, but seems sufficient
to assess the parametric methods because of the consistency of the
results over a large range of pharmacokinetic values. In addition, we
also tested the robustness of the results and found limited variability
and sensitivity to noise, supporting the strength of presented results.
A drawback of parametric analysis in general is the need for an
elaborate acquisition protocol and consequently higher patient burden
due to long scan times. The additional spatial information, how-
ever, has the potential to significantly improve patient management.
Moreover, a current limitation of implementing parametric analysis
in daily practice is the limited availability of parametric methods in
commercially available PET analysis software. Yet all the parametric
methods can be integrated in future software packages, because all
algorithms used in the study are published and freely available. We
would therefore like to recommend that companies develop com-
mercially available PET analysis software to implement these para-
metric methods.

CONCLUSION

This study assessed the performance of parametric analysis for
quantification of '8F-FLT PET at a voxel level. BFM and SA can
both generate quantitative accurate parametric '8F-FLT V1 images
in NSCLC patients before and during therapy in contrast to LGA.
The BFM-based V1 data were less robust than SA on a voxel-by-
voxel level, yet BFM provided more accurate parametric K; data,
all within acceptable computational times. We therefore recom-
mend BFM as the preferred parametric method for analysis of
dynamic '8F-FLT PET/CT studies; however, SA can also be safely
used.
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