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Abstract
Purpose—The primary objective of this study was to investigate if changes in 18F-FLT kinetic
parameters, taken at an early stage after start of therapy, could predict overall survival (OS) and
progression-free survival (PFS) in patients with recurrent malignant glioma undergoing treatment
with bevacizumab and irinotecan.
Experimental Design—High-grade recurrent brain tumors were investigated in 18 patients
(8M, 10F), 26-76 yr. Each had 3 dynamic PET studies: at baseline, and after 2 weeks, and 6 weeks
from the start of treatment. 2.0 MBq/kg of 18F-FLT was injected intravenously and dynamic PET
images acquired for 1 hr. Factor analysis generated factor images from which blood and tumor
uptake curves were derived. A 3-compartment, 2-tissue model was applied to estimate the
tumor 18F-FLT kinetic rate constants using a metabolite and partial volume corrected input
function. Different combinations of predictor variables were exhaustively searched in a
discriminant function to accurately classify patients into their known OS and PFS groups. A leaveone-out cross-validation technique was used to assess the generalizability of the model
predictions.
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Results—In this study population, changes in single parameters such as standardized uptake
value or influx rate constant did not accurately classify patients into their respective OS groups
(<1yr and ≥1yr) [hit-ratios ≤ 78%]. However, changes in a set of 18F-FLT kinetic parameters
could perfectly separate these two groups of patients [hit-ratio=100%] and were also able to
correctly classify patients into their respective PFS groups (<100 days and ≥100 days) [hitratio=88%].
Conclusions—Discriminant analysis using changes in 18F-FLT kinetic parameters early during
treatment appears to be a powerful method for evaluating the efficacy of therapeutic regimens.
Keywords
Recurrent Glioma; Discriminant Analysis; FLT-PET; Tracer Kinetic Modeling; Treatment
Response Assessment
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In vivo imaging of cellular proliferation has tremendous potential for monitoring and
predicting response to anticancer therapy. The thymidine nucleoside analog, 3′-deoxy-3′[18F]-Fluoro-Thymidine (18F-FLT), was developed as a molecular imaging probe to assess
cellular proliferation in vivo with positron emission tomography (PET) (1). Once 18F-FLT is
transported into the cell, it is phosphorylated by thymidine kinase-1 (TK-1) and
subsequently trapped inside the cell (2). TK-1 is a cytosolic enzyme that is expressed during
the DNA synthesis stage of the cell cycle (2). The rate limiting step in 18F-FLT
accumulation is phosphorylation by TK-1, causing 18F-FLT to accumulate in proportion to
TK-1 activity (3). Compared to normal proliferating tissue, tumor cells have increased levels
of TK-1, resulting in increased 18F-FLT uptake (4). The half-life of 18F makes 18F-FLT
suitable for tracer kinetic analysis.
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In a patient population with non-treated newly diagnosed high-grade gliomas, it was shown
that kinetic modeling of 18F-FLT enabled determination of tumor proliferation in vivo via
the metabolic influx constant Ki (4). In their study, Ki strongly correlated with the
proliferation index as measured by Ki-67 immunostaining, whereas uptake of methyl-11C-Lmethionine (11C-MET) or 18F-FLT failed to correlate with the in vitro proliferation marker
Ki-67. Furthermore, an NCI-sponsored trial explored the capacity of 18F-FLT PET to
distinguish recurrence from radiation necrosis in previously treated gliomas (5). In the NCI
trial, it was shown that Ki and the phosophorylation rate constant k3 appeared to distinguish
tumor recurrence from radiation necrosis, with the clinical diagnosis determined
independently after the 18F-FLT PET scan (5). Standardized uptake values (SUVs) and
visual analyses of 18F-FLT or 2-18F-Fluoro-deoxy-D-glucose (18F-FDG) images did not
significantly separate the two groups in the NCI trial. Kinetic modeling with 18F-FLT and
other molecular imaging probes in brain tumor patients have also been reported elsewhere
(6-10).
In the evaluation of treatment response, 18F-FLT was used in a group of patients with
recurrent glioma who received a combination of antiangiogenic and chemotherapy agents
(11). A reduction of more than 25% in tumor SUV, defined as a metabolic response, was
found to be the threshold with the best predictive power for overall survival (11). Treatment
response in patients with brain tumors has also been assessed by other PET tracers (12-14)
and with advanced magnetic resonance imaging (MRI) techniques (15, 16).
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The primary purpose of this work was to investigate if changes in 18F-FLT kinetic
parameters, taken at an early stage after the start of therapy, could predict overall survival
(OS) and progression-free survival (PFS) in patients with recurrent malignant glioma
undergoing treatment with bevacizumab and irinotecan. We hypothesized that there exists a
group of kinetic parameter changes that when incorporated into a linear discriminant
function, would be able to accurately distinguish short-term from long-term survivors. We
also hypothesized that this set of parameter changes would provide more predictive
information than 18F-FLT uptake changes alone.

Materials and Methods
Study Participants
The studied population consisted of 18 patients with recurrent high-grade glioma. Fifteen of
the eighteen patients were from our previous study (10), and three were newly enrolled. The
time period during which the data was collected was from July 2005 to June 2009. There
were 8 men and 10 women, with a mean age of 54 ± 15 y (range 26-76 y) at the start of the
study. All gliomas were confirmed by histopathology and graded using the World Health
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Organization scheme. Sixteen patients had glioblastoma multiforme (GBM; grade IV), one
had anaplastic astrocytoma (AA; grade III), and one had anaplastic mixed glioma (AMG;
grade III). Each patient had previously undergone surgical resection followed by adjuvant
treatment with chemotherapy and/or radiation. The median number of prior treatments was
one (range 1-3). An overview of the population data is shown in Table 1. In accordance with
the procedures of the Office of the Human Research Protection Program at UCLA, written
informed consent was obtained from all subjects.
Treatment
Patients were treated off-label with biweekly cycles of bevacizumab (10 mg/kg) and
irinotecan (125 or 350 mg/m2 depending on concomitant use of enzyme-inducing antiepileptic drugs). Bevacizumab is a recombinant humanized monoclonal antibody that binds
to and inhibits the activity of vascular endothelial growth factor. Irinotecan is a
chemotherapeutic agent that inhibits topoisomerase I, an enzyme that helps unwind DNA
during replication. All 18 enrolled patients finished the first course of 6 weeks. No patient
was lost to follow-up.
Patient Outcome
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Patients had regular follow-up at the Neuro-Oncology Clinic, and the date of progression
was diagnosed by the Neuro-Oncologist based on physical exam, clinical deterioration, and
imaging. PFS was calculated from the date of baseline 18F-FLT PET to the date of disease
progression. In data pooled from sixteen clinical trials that used various pharmaceuticals in
treating patients for recurrent GBM (none of which included bevacizumab), the median PFS
was 1.8 months (17). Since most tumors in our patient population were GBM (16/18 =
89%), we selected 100 days as a reasonable cutoff for patients with rapid recurrence versus
usual disease progression. OS was calculated from the date of baseline 18F-FLT PET to the
date of patient death. A cut-off of 1 year for OS (17) was used to distinguish short-term from
long-term survivors.
18F-FLT

Synthesis
18F-FLT

was synthesized according to the method developed by Walsh et al. (18). The
chemical and radiochemical purities of 18F-FLT were found to be >99%. The specific
activity of 18F-FLT was >1000 Ci/mmol (>37 TBq/mmol). The final product was sterile and
pyrogen free.
Imaging Protocol
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The study protocol was approved by the UCLA Institutional Review Board, the UCLA
Medical Radiation Safety Committee, and the UCLA Radioactive Drug Research
Committee. A baseline 18F-FLT PET (study 1 [S1]) was performed within 1 week before the
start of treatment, and follow-up 18F-FLT scans were performed at 2 weeks (study 2 [S2]),
and then again at 6 weeks (study 3 [S3]) after the start of treatment. The experimental design
is illustrated in Fig. 1. PET imaging was performed with an ECAT EXACT HR+ scanner
(Siemens/CTI, Knoxville, TN). The intrinsic spatial resolution of the scanner was 4.5 mm
full width at half maximum (FWHM) in the center of the field of view. Using a set of
external rotating 68Ge/68Ga rod sources, a transmission scan was first acquired for 5 minutes
in 2-D mode to correct for photon attenuation. Subsequently, 2.0 MBq/kg of 18F-FLT was
injected intravenously as a bolus and a dynamic emission scan with twenty-three frames
(8×15 sec, 2×30 sec, 2×60 sec, 11×5 min) was acquired in 3-D mode. PET emission data
were reconstructed using ordered subset expectation maximization (6 iterations and 16
subsets) with a zoom factor of 2.5. A Gaussian kernel of 5 mm FWHM was used as a postreconstruction smoothing filter. The spatial resolution of the final reconstructed images was
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6.7 mm FWHM. The final reconstructed volume had a matrix size of 128×128 and consisted
of 63 planes, resulting in a voxel size of 2.06×2.06×2.425 mm3.

NIH-PA Author Manuscript

Factor Analysis
Factor analysis (19, 20) generated factor images, from which blood and tumor uptake curves
were derived. Briefly, the factor model assumes that in a dynamic image there are groups of
voxels that have the same time behavior (21). In our implementation, three factor images
(representing the brain vessels, tumor, and the rest) were generated. A 50% threshold of the
maximum voxel in the vascular factor image (transverse and cavernous sinuses) was used to
create a volume-of-interest (VOI) that would extract the blood time-activity curve (TAC)
when overlaid on the dynamic PET image. The tumor TAC was extracted using a 75%
threshold of the tumor factor image in order to get the most proliferative part of the tumor.
Necrotic zones have low 18F-FLT uptake and, therefore, do not reach the threshold of 75%
uptake of the tumor maximum. Areas with necrosis (e.g., centrally “cold” tumors) were thus
explicitly excluded during the VOI creation. The effects of using varying isocontours have
been investigated earlier (10). The measured blood and tumor TACs were then used for
kinetic modeling analysis.
18F-FLT

Compartmental Model
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The standard 3-compartment, 2-tissue model for 18F-FLT is analogous to that of 18F-FDG
and is illustrated in Supplementary Fig. S1. After intravenous injection, 18F-FLT is
transported across the cell membrane by sodium-dependent (concentrative) and sodiumindependent (equilibrative) nucleoside transporters (22). The transport of 18F-FLT from the
plasma compartment (CP) into the exchangeable tissue compartment (CE), as it crosses the
disrupted blood brain barrier (BBB), is represented by the rate constant K1
(mL·cm−3·min−1). The exchangeable tissue compartment represents 18F-FLT in its intact,
non-phosphorylated state. 18F-FLT-glucuronide, a metabolite that accumulates in the blood
over time when 18F-FLT is metabolized by the liver, does not cross into the exchangeable
tissue compartment (i.e., it is restricted to the vascular space). Furthermore, it has been
shown that there is no partitioning in the vascular space and that plasma and whole blood
activity concentrations are the same (23, 24). The return of 18F-FLT from the exchangeable
tissue compartment back into the plasma compartment is represented by the rate constant k2
(min-1).
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At the intracellular level, 18F-FLT in the exchangeable compartment is phosphorylated by
TK-1 to produce the nucleotide 18F-FLT-monophosphate and, to a limited degree, the diand triphosphate forms as well (2). The metabolic trapping of 18F-FLT via the
phosphorylation step is represented by the rate constant k3 (min-1). 18F-FLT nucleotides in
the trapped compartment (CM) are not incorporated into DNA (2). However, 18F-FLT
nucleotides in the trapped compartment can be dephosphorylated back into the exchangeable
compartment, as represented by the rate constant k4 (min-1).
The differential equations that describe the rate of change of 18F-FLT concentration in each
of the tissue compartments can be solved using Laplace transforms with their solutions
shown in (25). Kinetic modeling yields four rate constants (K1 − k4) and an estimated fifth
parameter Vb, which is the fraction of vascular space in the tumor VOI. For brain tumor
regions where the BBB is disrupted, Vb contains some interstitial space as well. From these
five estimated micro-parameters, certain physiologically important macro-parameters can be
calculated, such as the influx rate constant [Ki = K1 · k3 / (k2 + k3)], the volume of
distribution [Vd=K1 / (k2 + k3)], and the phosphorylated fraction [PF = k3 / (k2 + k3)]. PF is
the fraction of 18F-FLT transported via K1 that ends up in the phosphorylated 18F-FLT pool.
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In addition, 18F-FLT uptake measurements (expressed as SUV) were calculated at early
(from 10-25 min) and late time-points (from 50-60 min).
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Metabolite and Partial Volume Corrections
Blood metabolites were not measured in this study. Metabolites in the blood were corrected
for by subtracting a metabolite fraction from the blood TAC as explained in our previous
publication (7). The equation for the metabolite fraction over time was calculated as 0.42×
(1−e−0.029×t). A recovery coefficient of 0.7 was chosen to convert the image-based measured
blood TAC to the input function (7). Since the tumors were relatively large (>15 mm)
compared to the image resolution, the recovery coefficient of the output function was set to
unity (7).
Statistical Analysis
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The Mann-Whitney U-test was used for between-group comparisons for all absolute
parameters (at each study time-point) and their relative changes (between each study timepoint). For paired samples, the Wilcoxon signed ranks test was applied. Spearman
correlations were computed to assess the strength of any linear relationships between two
variables. All statistical analyses were performed using SPSS version 19.0 (IBM Corp). The
results are reported as the mean ± standard deviation (unless otherwise noted) and
differences are regarded as statistically significant if P < 0.05.
Discriminant Analysis
Given a common set of variables for two or more groups of individuals, discriminant
analysis attempts to find linear combinations of those variables that best separate each group
(26). These combinations are called discriminant (or classification) functions and have the
form displayed below in Eq. 1.
Eq. 1

where D is the discriminant score formed by the discriminant function, bn are the
unstandardized discriminant coefficients, xn are the predictor variables, and C is a constant.
The values of the coefficients are chosen so that the discriminant scores of individuals in any
group have the smallest possible variance and, at the same time, the difference between the
average discriminant scores of the two groups is as big as possible (26). A graphical
representation of the predictive technique is shown in Supplementary Fig. S2.
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In this study, a discriminant function was generated on the original sample of eighteen
subjects for which group membership was known. All possible predictor combinations were
exhaustively searched to maximize a test statistic called Wilks' lambda (27). To produce a
nearly unbiased estimate of the proportion misclassified, a leave-one-out cross-validation
procedure was performed whereby each subject was excluded and then classified using the
discriminant function based on the remaining subjects (26). For each predictor combination,
the classification accuracies of the original grouped cases and the cross-validated grouped
cases were computed. Press's Q statistic was used to determine whether the discriminatory
power of the classification model was statistically better than chance (27).

Results
Outcome Analysis
Table 1 summarizes the clinical characteristics of all patients. At the time of this writing, all
patients had died and therefore all variables (clinical and imaging based) were known.
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Patients in the original sample (n = 18) were designated into two groups with regard to their
OS and PFS and the cutoffs of 1 year and 100 days, respectively (as detailed under Patient
Outcome). The groups for OS will be referred to from here on as Short-OS and Long-OS,
and the groups for PFS will be referred to as Short-PFS and Long-PFS. The median OS and
PFS for the entire sample were 330.5 days (11.0 months) and 88.5 days (2.95 months),
respectively. The median OS for Short-OS (n = 12) and Long-OS (n = 6) was 276 and 398
days (9.2 and 13.3 months), respectively. The median PFS for Short-PFS (n = 9) and LongPFS (n = 8) was 70 and 201 days (2.3 and 6.7 months), respectively. Patient 1 from Table 1
was not included in the PFS analysis since this person's tumor progressed before the 6-week
PET measurement. OS and PFS were shown to be correlated (Spearman rho = 0.62,
P<0.007).
Factor Analysis
Supplementary Fig. S3 shows the vascular and tumor factor images along with the measured
blood and tumor TACs. 3-D movies of the factor images can be found in the Supplementary
Data section.
Tumor Kinetics and SUV
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Mean 18F-FLT SUVs for Short-OS and Long-OS at each of the three study time-points are
shown as bar graphs in Supplementary Fig. S4. Similar graphs for the two patient groups are
shown in Supplementary Fig. S5 for various kinetic parameters and Vb (unitless).
At each study time-point, detailed inspection of the absolute values of kinetic and SUV
parameters revealed no significant group differences between Short-OS and Long-OS and
between Short-PFS and Long-PFS; therefore relative changes were calculated and analyzed.
The percent change in SUV from
, S1→S3 and S2→S3 are
shown for both Short-OS and Long-OS in Supplementary Table S1. The percent change in
kinetic and derived parameters from S1→S3 are shown in Table 2, while those from S1→S2
and S2→S3 are shown in Supplementary Tables S2 and S3, respectively. From S1→S2,
SUV (early and late) and Ki decreased for both Short-OS and Long-OS. However, from
S2→S3, Short-OS increased in their SUV and Ki values while Long-OS continued to
decrease in theirs. A slightly different scenario played out for k3 and PF. From S1→S2, k3
and PF increased for both Short-OS and Long-OS. However, from S2→S3, Short-OS
continued to increase in their k3 and PF values while Long-OS decreased in theirs.
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The Wilcoxon signed ranks test was used for evaluating the within-group effects. For ShortOS, significant paired sample differences were found for K1, Ki, Vd and SUV (early and
late) from S1→S2, and for Vd and SUVearly from S1→S3. No significant paired sample
differences were found from S2→S3 for Short-OS. For Long-OS, significant paired sample
differences were found for Vb and SUV (early and late) from S1→S2, and for Ki and SUV
(early and late) from S1→S3. No significant paired sample differences were found from
S2→S3 for Long-OS.
For Short-PFS, significant paired sample differences were found for K1, Ki and SUV (early
and late) from S1→S2, and for Ki and SUVlate from S2→S3. No significant paired sample
differences were found from S1→S3 for Short-PFS. For Long-PFS, significant paired
sample differences were found for K1, Vb, Ki, Vd and SUV (early and late) from S1→S2,
and for Ki and SUV (early and late) from S1→S3. No significant paired sample differences
were found from S2→S3 for Long-PFS.
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When analyzing the relative changes between studies, several significant between-group
differences were revealed using the Mann-Whitney U-test. The change in blood volume
fraction (ΔVb) from S1→S2, the change in influx rate constant (ΔKi) from S1→S3, and the
changes in k3, Ki and PF from S2→S3 were shown to be statistically significant between
Short-OS and Long-OS. With regard to PFS, no significant group differences were found for
all the various kinetic and SUV changes from S1→S2. However, the change in Ki from
S1→S3, and the changes in k3, Ki and PF from S2→S3 were shown to be statistically
significant between Short-PFS and Long-PFS.
Classification using SUV
Reductions in SUV (early and late) of more than 25% from S1→S2 and S1→S3 were used
as one method (11) to classify patients into their known OS group membership (<1 yr or ≥1
yr). A reduction in SUVearly of more than 25% from S1→S2 yielded the best results with a
classification accuracy (or hit-ratio) of 56% (10/18) (Fig. 2A).
In another approach, when a change in SUV (early and late) from S1→S2, S1→S3 or
S2→S3 was used as a single predictor variable in a discriminant function, ΔSUVearly from
S2→S3 and ΔSUVlate from S2→S3 yielded the best results with hit-ratios of 78% (14/18)
each. ΔSUVlate from S1→S3 yielded the next best classification result with a hit-ratio of
56% (10/18).
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Classification using Kinetic Information
Table 3 summarizes the discriminant functions (DF1 and DF2) that best classify the eighteen
patients into their respective OS (<1 yr or ≥1 yr) and PFS (<100 days or ≥100 days) groups
using an optimal group of 18F-FLT kinetic parameter changes. The predictor variables are
shown in descending rank order in terms of their standardized coefficients. None of the
discriminating variables in DF1 and DF2 were found to be significantly correlated with each
other.
The classification results showed that DF1 correctly predicted 100% (18/18) of the original
sample into their appropriate OS groups (Wilks' λ = 0.264, χ2(4) =18.65, P = 0.001). With
cross-validation, the classification accuracy was 94% (17/18). The discriminant scores of
each individual using DF1 are shown in Fig. 2B. Furthermore, if a change in Ki was used as
the only predictor variable in the discriminant function, ΔKi from S2→S3 yielded the best
results with a hit-ratio of 78% (14/18). ΔKi from S1→S3 yielded the next best classification
result with a hit-ratio of 72% (13/18).

NIH-PA Author Manuscript

For PFS, the results showed comparable performance. The classification results showed that
DF2 correctly predicted 88% (15/17) of the original sample into their appropriate PFS
groups (Wilks' λ = 0.402, χ2(3) = 12.30, P = 0.006). With cross-validation, the classification
accuracy remained at 88%. The discriminant scores of each individual using DF2 are shown
in Fig. 3. In addition, Press's Q statistic showed that the discriminant models of DF1 and
DF2 performed significantly better than pure chance expectations (P < 0.005).

Discussion
In order to correctly predict a cancer patient's response to a certain treatment, it is prudent to
collect as much biological/functional information about the patient's tumor before and after
the start of treatment. Kinetic modeling in PET can provide such information. Instead of
being limited to looking at just one part of the tumor biology, kinetic modeling with
dynamic PET data can give us a better view of what's going on with the tumor dynamics as a
whole. This is why PET is such a powerful tool in studying the biology of human disease
(25, 28).
Clin Cancer Res. Author manuscript; available in PMC 2013 November 19.
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In this study, changes in 18F-FLT kinetic parameters, taken at an early stage after the start of
therapy, were used in a linear discriminant function to stratify clinical outcome in eighteen
recurrent brain tumor patients. We showed that with this method, we were able to accurately
classify the patient population into their respective OS and PFS groups with classification
accuracies of 100% and 88%, respectively. It was the relative changes in 18F-FLT kinetic
parameters, not their absolute values that were of importance to the group classification. The
leave-one-out cross-validation technique, which was a measure of the discriminant
function's robustness, provided classification results that were also comparable. Taken
together, these findings indicate that the proportion of variance in the discriminant functions
explained by the predictor variables that define group membership was significantly high.
What's more, the kinetic analysis is completely image-based and virtually operatorindependent.
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The discriminant functions for OS and PFS included a parsimonious group of predictor
variables that produced excellent classification results. The changes in K1, PF and Vb from
S1→S2 as well as the change in Ki (includes K1 and k3) from S1→S3 were shown to be a
powerful set of predictor variables for classifying patients into their respective known OS
groups. For predicting PFS group membership, the changes in PF, K1, and Vb from S2→S3
were shown to be a good set of classification variables. The predictor variables in the
discriminant functions for OS and PFS were not the same, which seems reasonable because
the cause of disease progression at 100 days is presumably different from the cause of death
at 1 year. Additionally, the tumor cell biology could change during the course of therapy.
The predictor variables were not highly correlated within each function, indicating that little
redundant information was shared by them in the group classification.
The predictor variables in the discriminant functions have biological relevance as well. ΔKi
(S1→S3) reflects the overall proliferation difference between the short-term and long-term
survivors [ΔKi (S1→S3) decreases more in the long-term survivors] (10). Concerning a
biological explanation for ΔK1 (S1→S2), ΔPF (S1→S2) and ΔVb (S1→S2), one could
speculate on the following two levels.

NIH-PA Author Manuscript

Firstly, normalization of the neo-vascularization by bevacizumab. Patients responding more
favorably are expected to show a larger decrease in Vb, which is what we found. Transient
normalization of the tumor vasculature could also enhance the delivery of administered
cytotoxic agents (29). It has been previously shown that TK-1 is up-regulated in response to
DNA damage caused by genotoxic insults in tumor cells (30, 31). Irinotecan and its more
potent metabolite, SN-38, are known to induce single-strand and double-strand DNA breaks
(32). This may be the early scenario with the tumors of the long-term survivors before they
eventually succumb to the cytotoxic effects of additional chemotherapy. This would explain
the larger initial increase in ΔPF and Δk3 from S1→S2 for the long-term survivors.
Secondly, changes in the permeability of the vasculature and the tumor. Aggressive tumors
most likely have a “leaky BBB” when compared to lower grade tumors. This explains why
the baseline transport rate K1 was high. If the therapy is able to restore a more “normal”
situation, the K1 value is expected to decrease as our data showed.
However, if the tumor has a K1 value for the therapeutic agent that decreases less from
S1→S2, then the patient is expected to be a long-term survivor as the intra-cellular
concentration of the drug is, on average, higher in patients with a favorable outcome. For the
short-term survivors, the tumors have probably figured out how to get rid of the toxins
(and 18F-FLT) by pumping them out or preventing them from entering the cell [thus, ΔK1
(S1→S2) decreases more]. In the above, it is assumed that changes in the transport rate
constant K1, as measured by 18F-FLT, is similar for the chemotherapeutical agent. This
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assumption is based on previous studies which have shown that certain multidrug
transporters in the BBB (e.g., MRP4 and BCRP) are known to transport camptothecin
derivatives (such as irinotecan) and some nucleoside analogs like AZT and FLT (33, 34).
The net effect on refractory tumors is that the initially observed change in Ki (from S1→S2)
returns to its baseline value for the third study S3, whereas the patients who benefit from the
therapy show a further decrease in Ki.
It is important to note that discriminant analysis can be determined at 6 weeks after the start
of treatment, which can be months to over a year before final outcome. This offers the
possibility that 18F-FLT PET could replace PFS as a surrogate end point for OS, considered
the gold standard primary efficacy end point. However, further prospective studies would be
needed to confirm this assertion. The results of this study show that kinetic modeling in PET
can extract important molecular and biochemical information inherent to the tumor, which
can be used to reliably distinguish patients who will respond favorably to a certain therapy
(long-term survivors) from those who will not (short-term survivors).

NIH-PA Author Manuscript

In this patient population, changes in a single parameter, whether incorporated into a
discriminant function as the sole predictor variable or using a more than 25% reduction
criterion in the case of SUV, did not accurately classify patients into their known OS groups
(hit-ratios ≤ 78%). The reason for this is that there is less information about the tumor
biology using just one parameter change. A recent study (10) showed that a special subgroup
of long-term survivors (n = 5) was found within their patient sample (n = 15) in which the
SUV(early and late) for every patient in that group dropped by more than 25% [JCO 2007
criterion (11)] from S1→S2 and S1→S3. However, these single parameter changes (used in
and of themselves) also misclassified the short-term survivors in their study (10), which is a
situation that one may not be willing to tolerate. In contrast to these results, this paper shows
that the misclassification error of the short-term survivors is greatly reduced when a select
group of kinetic parameter changes are utilized in a linear discriminant function. By
including more biological information about the tumor, the discriminant function provides
greater confidence in the survival (and therefore treatment response) prediction for each
patient.
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Unlike the JCO paper (11), no PET criterion was defined beforehand to categorize the
patient's response to treatment. Our current study dealt with outcome analysis. The OS of the
patients was used to categorize the data. SUV and kinetic information could also be
integrated in the discriminant function analysis. Our study was different from the NCIsponsored trial (5) as well. In their study, no statistical tool or criterion was provided to
predict OS or PFS. Their main focus was using baseline 18F-FLT kinetic parameters to
distinguish recurrence from radiation necrosis. The treatment administered after the
single 18F-FLT PET scan in the NCI trial was also different from our study.
Other investigators have similarly used advanced imaging and quantitative techniques to
assess treatment response in patients with glioma. Studies from Galldiks et al. and Wyss et
al. showed that after temozolomide chemotherapy, PET imaging with 11C-MET and 18Flabeled O-(2) fluoro-ethyl-L-tyrosine (FET) could detect response after 3 months in highgrade and low-grade gliomas (12, 14). From these findings, the deactivation of amino acid
transport seemed to be an early indicator of chemotherapy response. Pope et al. (15)
reported that for 41 bevacizumab-treated patients with recurrent GBM, apparent diffusion
coefficient histogram analysis on “pre-treatment” diffusion-weighted MRI was able to
predict a 6 month PFS or greater with 73% accuracy.
This was a small exploratory study with limitations. For example, the discriminant function
used to predict OS group membership required kinetic information extracted from three
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dynamic PET studies. This may be inconvenient for the patient. If two imaging studies are
done rather than three, the hit-ratio would drop from 100% to 89%, with the function using
changes from S1→S3 performing better than those using changes from S1→S2 or S2→S3.
A larger study is warranted to confirm the predictive efficacy of the discriminant functions
presented in this paper. Furthermore, it is cautioned that if the estimated discriminant
functions are used to classify individuals in the future, it is important that the future sample
comes from a population similar to the one the discriminant functions were computed on.
Blood metabolites were not measured in this study but corrections were applied using a
model approach. Patients treated with chemotherapy may have altered liver function that
could affect the metabolism of 18F-FLT. If liver function is impaired, we would
overestimate the true metabolite fraction, which would lead to a higher value in Ki. Since Ki
is a composite parameter, this would lead to a higher value in K1 and k3 and to a lower value
in k2. Underestimation of the true metabolite fraction would have the opposite effect.
Nevertheless, this is a limitation of our study that still needs to be addressed in future
experiments.
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The cutoff points for PFS and OS were chosen as 100 days and 1 year, respectively based on
the paper of Ballman et al. (17), where it was shown that these seemed as reasonable initial
cutoffs for discriminant analysis. Previous results from an analysis of twelve phase II
clinical trials conducted by the North American Brain Tumor Consortium showed that
progression status at 2, 4, and 6 months (measured from time of registration) predicted
subsequent survival time for patients with recurrent high-grade glioma (35). In our patient
population, three patients had died within 3.5 months and four had died within 6 months.
The median PFS and OS for the entire sample were shown to be 3 months and 11 months,
respectively. Although not performed here, discriminant functions could just as well have
been computed at other PFS and OS cutoff times, providing an even clearer interval of
patient survival.
Future work can extend the statistical analysis to multiple linear regression, where the inputs
will still be the relative changes in 18F-FLT kinetic parameters, but the output, instead of
being a dichotomous categorical variable, will now be a continuous variable (i.e., each
patient will get a numerical estimate of their survival time). Multimodality imaging
parameters could also be implemented as added information about the tumor biology.
Although we focused on recurrent brain tumor patients with 18F-FLT PET, the same
methods presented in this study can be potentially applied to other molecular imaging probes
and to other types of cancers undergoing different treatments, making the future of kinetic
modeling in nuclear medicine and oncology exciting and promising.
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Conclusions
Discriminant analysis using changes in 18F-FLT kinetics after the start of treatment appears
to be a powerful method for evaluating the efficacy of therapeutic regimens and could
potentially replace PFS as a surrogate end point for OS. This is advantageous because by
being able to determine whether a specific treatment is working shortly after its
administration, clinicians can personalize therapy for each patient and decrease possible
harmful side effects. Kinetic modeling with dynamic PET data may play an integral role in a
clinician's assessment of treatment response as it can extract pharmacokinetic signatures
during the initial course of therapy that can be predictive of survival.
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Conventional magnetic resonance imaging (MRI) techniques are commonly used in the
diagnosis and follow-up of patients with malignant glioma. However, in many situations,
changes in contrast enhancement on standard MRI do not correlate with treatment
response. Advanced imaging methods are therefore needed to overcome the limitations of
conventional MRI. In this positron emission tomography study, we investigated if
changes in 18F-FLT kinetic parameters, at 2 weeks and 6 weeks after the start of
treatment, could predict overall survival and progression-free survival in patients with
recurrent malignant glioma undergoing treatment with bevacizumab and irinotecan. This
article shows that when a group of optimal kinetic parameter changes are incorporated
into a linear discriminant function, one could accurately classify patients into their known
survival groups. This method is advantageous because by reliably identifying short-term
and long-term survivors at an early-stage during therapy, clinicians can discontinue
ineffective treatment strategies and switch to more advanced treatment regimens that
could improve patient outcome.
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Figure 1.

Experimental design used in this study. A baseline 18F-FLT PET was performed within 1
week before the start of treatment, and follow-up 18F-FLT PET scans were performed at 2
weeks, and then again at 6 weeks after the start of treatment. Shown above are summed 18FFLT PET images (50-60 min) and their corresponding contrast-enhanced T1-weighted
MRIs. No MRI was performed at 2 weeks. 18F-FLT PET images at 2- and 6-weeks were coregistered to the baseline PET, and the 6-week MRI was aligned to the co-registered
baseline MRI. Images are displayed using the same color scale within each modality. The
patient shown here was a long-term survivor.
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Figure 2.

(A) Using a reduction in SUVearly of more than 25% after 2 weeks from the start of
treatment correctly classified 10 out of 18 patients. With this SUV reduction criterion, seven
patients in Short-OS would be misclassified as long-term survivors and one patient in LongOS would be misclassified as a short-term survivor. (B) Discriminant analysis using changes
in 18F-FLT kinetics was able to correctly classify all 18 patients in their true OS group. Note
the complete separation of the discriminant scores between the two groups.
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Figure 3.

Discriminant analysis using changes in 18F-FLT kinetics was able to correctly classify PFS
group membership for 15 out of 17 patients. Patient 1 from Table 1 was not included in the
analysis since tumor progression occurred before the 6-week PET measurement.
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Clinical characteristics of all patients.
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Percent change in 18F-FLT kinetic parameters (Baseline → 6 weeks).
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—

-0.364

Constant

0.637
—

1.250
0.640
-0.740

ΔK1 (S2→S3)

ΔVb (S2→S3)

Constant

0.988

1.230

3.309

ΔPF (S2→S3)

Standardized Coefficients

Unstandardized Coefficients

Predictor Variables

Discriminant Function for Progression-Free Survival (DF2)

-0.813

1.311

0.940

-0.951

-3.019

-3.175

ΔKi (S1→S3)

1.101

Standardized Coefficients

ΔVb (S1→S2)

3.994

ΔK1 (S1→S2)

ΔPF (S1→S2)

Unstandardized Coefficients

Predictor Variables

Discriminant Function for Overall Survival (DF1)

Discriminant functions for classifying patients into their respective OS and PFS groups using 18F-FLT kinetic information.
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