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Abstract

Purpose—In this study, kinetic parameters of the cellular proliferation tracer 18F-3’-deoxy-3’-
fluoro-L-thymidine (FLT) and the amino acid probe 3,4-dihydroxy-6-18F-fluoro-L-phenylalanine
(FDOPA) were measured before and early after the start of therapy, and were used to predict the
overall survival (OS) of patients with recurrent malignant glioma using multiple linear regression
(MLR) analysis.

Methods—High-grade recurrent brain tumors were investigated in 21 patients (11 male and 10
female; ages 26—76 years). For both probes, each patient had 3 dynamic PET studies: at baseline
and after 2 and 6 weeks from the start of treatment. Treatment consisted of biweekly cycles of
bevacizumab (an angiogenesis inhibitor) and irinotecan (a chemotherapeutic agent). At each study,
~3.5 mCi of FLT (or FDOPA) was administered intravenously and dynamic PET images were
acquired for 1 hr (or 35 min for FDOPA). A total of 126 PET scans were analyzed. A three-
compartment, two-tissue model was applied to estimate tumor FLT and FDOPA Kinetic rate
constants using a metabolite- and partial volume-corrected input function. MLR analysis was used
to model OS as a function of FLT and FDOPA kinetic parameters at each of the 3 studies as well
as their relative changes between studies. An exhaustive search of MLR models using three or
fewer predictor variables was performed to find the best models.

Results—Kinetic parameters from FLT were more predictive of OS than those from FDOPA.
Using information from both probes resulted in a better three-predictor MLR model (adjusted R? =
0.83) than using information from FDOPA alone (adjusted R2 = 0.41), and only marginally
different from using information from FLT alone (adjusted R? = 0.82). Standardized uptake values
(either from FLT alone, FDOPA alone, or both together) gave inferior predictive results (best
adjusted R? = 0.25).

Conclusions—For recurrent malignant glioma treated with bevacizumab and irinotecan, FLT
Kinetic parameters taken early after the start of treatment (absolute values and their associated
changes) can provide sufficient information to predict OS with reasonable confidence using MLR.
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The slight increase in accuracy for predicting OS with a combination of FLT and FDOPA PET
information may not warrant the additional acquisition of FDOPA PET for therapy monitoring in
recurrent glioma patients.
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INTRODUCTION

In the United States, an estimated 69,720 new cases of primary brain and central nervous
system tumors are expected to be diagnosed in 2013 [1]. At least one-third of these tumors
will be malignant and associated with a high mortality rate, especially among patients
diagnosed with a glioblastoma [1, 2]. Gliomas, which are tumors that arise in the glial cells
of the brain, account for approximately 30% of all primary brain and other central nervous
system tumors, and 80% of those that are malignant tumors [1]. Glioblastoma accounts for
the majority of gliomas and is the most frequent malignant primary brain tumor in adults [1].
The life expectancy of a patient diagnosed with glioblastoma remains 12 to 14 months, only
slightly better than it was a century ago [3]. With such a poor prognosis, the ability to
accurately predict treatment failure early during therapy would have immense value in
clinical practice. Information from imaging technologies can play an important role in this
effort.

Magnetic resonance imaging (MRI) is currently the modality of choice for diagnosing and
monitoring brain tumors [4]. MRI, however, is not without its pitfalls. The ability of MRI to
differentiate between treatment-induced changes and residual or recurrent tumor is limited
[5, 6]. The determination of treatment response with MRI can also be difficult, especially
after radiochemotherapy or antiangiogenic therapy [7]. It is in these and other areas that the
power of functional information from positron emission tomography (PET) can help.

PET is a powerful, non-invasive imaging technique used to visualize and quantify various
biochemical and physiological processes in living subjects [8-15]. The temporal resolution
and high sensitivity of a PET scanner permits external measurements of the tracer kinetics in
tissue over time. When utilized with an appropriate tracer compartmental model, regional
tissue function such as blood flow, membrane transport, substrate metabolism, enzyme
activity, and receptor-ligand interactions can be quantified [9, 16, 17].

Several PET tracers have been used to study various aspects of brain tumor metabolism [15,
18-21]. Among them are 2-deoxy-2-18F-fluoro-D-glucose (FDG) for imaging glucose
uptake, 3’-deoxy-3’-18F-fluorothymidine (FLT) for imaging cellular proliferation, and 3,4-
dihydroxy-6-18Ffluoro-L-phenylalanine (FDOPA) for imaging amino acid transport. Despite
the utility of FDG PET for brain tumor imaging, there are also some limitations [22, 23]. For
example, due to the high physiologic glucose metabolism of normal gray matter, the
detectability of tumors with only modest increases in glucose metabolism, such as in low-
grade tumors and in some cases recurrent high-grade tumors, has proved to be difficult [24].
In addition, the specificity of FDG in tumor detection is sometimes limited by uptake in
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non-tumor regions of inflammation and at previous tumor sites exhibiting residual
inflammation [25]. FLT PET, on the other hand, has been shown to be more sensitive than
FDG for detecting recurrent high-grade brain tumors (likely due to the low background
uptake of FLT in normal brain tissue), correlated better with the ex vivo Ki-67 proliferation
marker, and was a more powerful predictor of tumor progression and survival than FDG
PET [26]. FLT PET has also been shown to be more predictive than MRI for early treatment
response in recurrent malignant glioma [5].

FDOPA PET offers the advantage of detecting primary and recurrent brain tumors (both
high- and low-grade), and its uptake correlates with the grade of newly diagnosed glioma [6,
27]. The transport of FDOPA also does not depend on a breakdown of the blood-brain
barrier (BBB) [6, 24]. In head-to-head comparisons, FDOPA was shown to be more accurate
than FDG for imaging low-grade tumors and evaluating recurrent tumors [28]. It was also
found that FDOPA PET might prove especially useful for distinguishing tumor recurrence
from radiation necrosis [28].

Our group at UCLA has previously shown that in patients with recurrent glioma on
bevacizumab and irinotecan therapy, relative changes in FLT kinetic parameters (before and
early after the start of treatment) were able to correctly classify patients into one of two
groups: those that lived less than 1 year and those that lived greater than or equal to 1 year
[29]. In this study, 21 patients with recurrent high-grade glioma were given both FLT and
FDOPA at baseline and at two time points early after the start of therapy. FLT and FDOPA
kinetic parameters were then estimated and used to predict each patient’s overall survival
(OS) using multiple linear regression (MLR) analysis. It was hypothesized that parameters
from both probes together would provide better predictive results than either one alone.

MATERIALS AND METHODS

Patients

Twenty-one patients with recurrent high-grade glioma were investigated in this study. There
were 11 men and 10 women, with a median age of 59 y at the start of the study (range: 26—
76 y). All gliomas were confirmed by histopathology and graded according to the World
Health Organization scheme. Twenty patients had glioblastoma multiforme (GBM; grade
IV) and one patient had anaplastic astrocytoma (AA,; grade I11). Inclusion/exclusion criteria
included adult patients (18 years and older) with recurrent malignant glioma with prior
surgery and at least one therapeutic failure from chemoradiation, radiation or chemotherapy;
pathologic evidence of malignant glioma; tumor progression confirmed by MRI with a
contrast enhancing lesion that was measureable; Karnofsky performance status at, or above
60%; adequate blood counts, liver function, kidney function, electrolytes; and no evidence
of other serious medical problem. Patients were also selected based upon their perceived
likelihood of completing the imaging schedule. Written informed consent was obtained from
all patients in accordance with the procedures of the Office of the Human Research
Protection Program at UCLA. An overview of the population data is shown in Table 1.
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Treatment consisted of biweekly cycles of bevacizumab (Avastin; Genentech) and
irinotecan (Camptosar; Pfizer). Bevacizumab is a full-length recombinant humanized
monoclonal antibody that was designed to bind and inhibit the vascular endothelial growth
factor. It was given accelerated approval by the U.S. Food and Drug Administration in May
2009 for the treatment of recurrent GBM. Irinotecan is a prodrug that is converted by
esterases (primarily in the liver) to its more potent phenolic form, SN-38. Both the parent
drug and SN-38 can bind to topoisomerase | after it complexes with DNA, preventing repair
of single-strand breaks caused by topoisomerase I. This complex of irinotecan or SN-38
with the topoisomerase and DNA is cytotoxic to the cell, which is both its therapeutic
mechanism of action and the mechanism of action for its toxicity [30]. Treatment with both
agents continued until the patient experienced any signs of clinical or radiographic disease
progression. All 21 enrolled patients finished the first course of 6 weeks. No patient was lost
to follow-up.

Outcome Measurements

Patients had regular follow-up at the UCLA Neuro-Oncology Clinic, and the date of
progression was diagnosed by the neuro-oncologist on the basis of physical examination,
clinical evaluation, and imaging. Each patient’s disease status was evaluated and monitored
using gadolinium-enhanced and non-enhanced MRI within 1 week before and at
approximately 6-week intervals after the start of treatment. Progression-free survival (PFS)
was calculated from the date of baseline FLT PET to the date of disease progression. OS
was calculated from the date of baseline FLT PET to the date of patient death. All patients
were followed until death.

FLT and FDOPA Synthesis

The chemical structures of FLT and FDOPA are shown in Supplementary Figure S1. FLT
was synthesized according to the method developed by Walsh and colleagues [31]. FDOPA
was synthesized according to the procedure pioneered by Barrio and colleagues [32]. The
specific activity for FLT was more than 1,000 Ci/mmol, while the specific activity for
FDOPA was 1-5 Ci/mmol. The maximum radiochemical yield for FLT and FDOPA was
approximately 30% and 25%, respectively. The chemical and radiochemical purities for both
imaging agents were more than 99%. The final products were sterile and pyrogen free.

Imaging Protocol

For each patient, baseline FLT and FDOPA PET scans [study 1 (S1)] were carried out
within 1 week before the start of treatment, and follow-up FLT and FDOPA PET scans were
carried out at 2 weeks [study 2 (S2)] and then again at 6 weeks [study 3 (S3)] after the start
of treatment (Figure 1). A total of 126 PET scans were analyzed. PET imaging was carried
out with an ECAT EXACT HR+ scanner (Siemens/CT]I). The intrinsic spatial resolution of
the scanner was 4.5 mm in full-width at half-maximum (FWHM) in the center of the field of
view. Using a set of external rotating $8Ge/%8Ga rod sources, a transmission scan was first
acquired for 5 minutes in 2-dimensional mode to correct for photon attenuation. Shortly
thereafter, approximately 3.5 mCi of FLT (or FDOPA) was administered intravenously as a
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bolus, and dynamic PET images were acquired in 3-dimensional mode for 1 hour (or 35
minutes for FDOPA).

The emission scan was reconstructed with iterative techniques using the maximum
likelihood expectation maximization algorithm accelerated with ordered subsets [33, 34].
After the reconstruction step, the image was smoothed with a 3-dimensional Gaussian filter
(FWHM = 4 mm). The final reconstructed PET image had a spatial resolution of 6.0 mm in
FWHM and was composed of an image matrix that consisted of 128 x 128 x 63 voxels, with
each voxel having near isotropic dimensions (2.41 x 2.41 x 2.43 mm3). The study protocol
was approved by the UCLA Institutional Review Board, the UCLA Medical Radiation
Safety Committee, and the UCLA Radioactive Drug Research Committee.

Factor Analysis

Factor analysis (FA) is a data-driven technique that identifies the predominant kinetic
patterns present in a dynamic study [35-38]. In our implementation, 3 factor images
(representing the brain vessels, tumor, and the rest) were generated. A 50% threshold on the
vascular factor image 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 [39]. The
vascular VOI was constrained to the posterior part of the brain, where the transverse sinuses
are located. Small blood vessels were explicitly excluded during the thresholding process as
they would have a much larger partial volume effect. Similarly, the tumor TAC was
extracted with a 75% threshold on the tumor factor image, so as to capture the most active
part of the tumor while excluding any necrotic zones. The blood and tumor time-activity
curves (TACs) were then used for kinetic modeling analysis. It is important to note that the
factor TACs themselves were not used in the kinetic modeling analysis but were only
calculated to create the factor images. The extraction fraction for FLT and FDOPA in brain
tissue was low, and the arterial-venous difference was small; therefore, our input function
was a close approximation of the local arterial blood curve.

FLT Compartmental Model

The compartmental model for FLT is shown in Figure 2A. Briefly, the model assumes a
transport step of FLT from the vascular space into the tissue space. There is no partitioning
in the vascular space, and it has been previously shown that there are no differences in the
FLT activity concentrations between plasma and whole blood [40, 41]. In the tissue space,
there is an exchangeable compartment (with intact FLT nucleosides) and a compartment
with phosphorylated FLT (mono-, di-, and triphosphate FLT nucleotides). The
phosphorylated products of FLT are retained in tissue at a rate proportional to thymidine
kinase 1 (TK1) activity [40]. TK1 is a cell cycle regulated enzyme with a several fold
increased expression during the S phase of the cell cycle [42]. After completion of mitosis,
TK1 levels quickly return to basal levels [25]. The up-regulation and down-regulation of
TK1 are controlled by distinct regulatory mechanisms [25, 43]. Very few to no FLT
nucleotides are incorporated into DNA [39]. FLT can be metabolized by the liver to FLT-
glucuronide, which is present only in the vascular space [39]. It is possible for FLT and
FLT-glucuronide to cross the red blood cell membrane via generalized nucleoside
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transporters [41]. Thymidine is used as the structural blueprint for FLT because it contains
the pyrimidine base thymine, which is uniquely incorporated into DNA and not RNA.

Kinetic modeling yields estimates of four rate constants (K1, ky, k3, and k) and a fifth
parameter, the blood volume (Vy) in tissue. From these five estimated constants, the values
of certain physiologically important macro-parameters can be derived. The overall flux of
FLT into cells (K;) is calculated as K;xks/(ko+ks), the volume of distribution (Vg) is
calculated as K1/(k, + k3), and the phosphorylated fraction (PF) is calculated as ka/(ko + Kks).
The PF is the fraction of FLT transported via K4 that ends up in the phosphorylated FLT
pool. The dimensions of ky, ks, and k4 are min~2, K; and K; have units of mL « cm™3«
min~1, V}, and Vg are in mL « cm™3, and PF is unitless.

FDOPA Compartmental Model

The compartmental model for FDOPA kinetics in brain tumors is shown in Figure 2B. The
model was adapted from the classic paper written by Huang et al. [44], which focused on
FDOPA kinetics in the striatum and cerebellum of normal human subjects. In brief, the
model assumes transport of FDOPA from the vascular space into the tissue space. FDOPA is
transported between plasma and tissue through membrane channels specific for large neutral
amino acids [45]. In the tissue space, there is an exchangeable compartment and a
sequestered compartment. In addition, FDOPA is converted by catechol-O-methyl
transferase (COMT) in the peripheral tissues (e.g., liver, kidneys, and lungs) to L-3,4-
dihydroxy-6-fluoro-3-O-methylphenylalanine (OMFD), which can cross the BBB
bidirectionally [46]. Metabolism of FDOPA to OMFD inside the brain has been
demonstrated to be negligible [44]. In the striatum, FDOPA is converted to 6-
fluorodopamine (FDA) by the enzyme aromatic amino acid decarboxylase (AAAD), which
is represented by the third compartment. Whereas the third compartment is well defined for
the striatum (caudate and putamen), it is unclear for tumors [45].

Kinetic modeling with three compartments yields estimates of four rate constants (K1, ko,

ks, and k) from which the influx rate constant K;, Vg4, and sequestration fraction (SF) can be
calculated. The SF is the fraction of FDOPA transported via K; that is sequestered in the
amino acid pool of the tumor, which is larger in tumors than in normal tissue. The blood
volume in tissue can be estimated as a fifth parameter.

Standardized Uptake Value Measurements

Standardized uptake value (SUV) is a semi-quantitative index that is calculated by
normalizing the measured tissue activity concentration to the patient’s body weight and
injected dose [47]. SUV was calculated at both early and late time points in this study. For
FLT, SUV-early and SUV-late were measured from 10-20 and 50-60 minutes, respectively.
For FDOPA, SUV-early and SUV-late were measured from 10-20 and 25-35 minutes,
respectively.

Metabolite and Partial Volume Corrections

In the present study, no metabolites of FLT and FDOPA were measured in blood. Instead,
theoretical curves were fitted to FLT and FDOPA metabolite data that were pooled from
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previous publications [40, 48, 49]. The fitted curves were then used as an approximation of
the expected metabolite fraction over time for each individual’s blood curve.

For FLT, the measured metabolite data in lung cancer and colorectal cancer were extracted
from previous publications [40, 48]. Because the metabolite data from these two studies
appeared similar, they were pooled together and fitted with a theoretical curve, as an
approximation of the metabolite fraction over time. The equation of the metabolite fraction
for FLT was calculated as 0.42x[1-exp(-0.029xT)], where T is the time (in minutes) after
injection.

For FDOPA, correcting for metabolites in blood was a little more complicated. OMFD can
cross in and out of red blood cells and thus occupies the total blood volume [44, 49]. On the
other hand, FDOPA and other 18F labeled metabolites of FDOPA (collectively referred to as
METS from here on) do not cross the red blood cell membrane and are confined to the
plasma space [44, 49] (see Appendix Figure Al). We extracted the measured metabolite
fractions of plasma radioactivity for OMFD and METS from the publication of Huang et al.
[49] and fitted exponential curves to them (see Appendix Figure A2). Because no plasma
samples for FDOPA and its metabolites were assayed, we had to convert the total 18F
activity concentration in whole blood (which we measured with PET) to the total FDOPA
activity concentration in plasma. It was only after this conversion that we could input the
TAC of our authentic FDOPA tracer in plasma into our FDOPA kinetic model (see
Appendix Figure A3). The conversion was done using derived mathematical equations as
shown in the Appendix. We used the data by Huang et al. [49] because this was the only
data found in the literature that measured OMFD and METS in a patient without carbidopa
pretreatment, similar to what was done in our study. Carbidopa is a sentry drug that is
sometimes given before an FDOPA PET imaging study so that FDA formation is blocked in
the peripheral tissues. Carbidopa pretreatment thus increases the bioavailability of FDOPA
in plasma.

To address the effects of partial volume, a recovery coefficient of 0.7 was chosen to convert
the image-based blood TAC to the input function [39]. Because the tumors were relatively
large compared to three times the FWHM of the PET scanner, the recovery coefficient of the
output function was set to unity [39].

Statistical Analysis

Multiple linear regression (MLR) was used to model OS as a function of FLT and FDOPA
kinetic parameters as well as their associated changes after the start of therapy. In MLR, we
attempt to model the relationship between a single outcome variable and two or more
explanatory variables by fitting a linear equation to the observed data [50]. It has been
recommended that no more than one predictor variable for every five observations should be
included in an MLR model [51]. Therefore, we limited our MLR models to three or fewer
predictor variables because our sample size (n = 21) was relatively small and we did not
want to overfit the data. OS was chosen as the outcome variable in the regression analysis
because it is the gold standard endpoint for demonstrating clinical efficacy; OS is
unequivocal, easily measured and is not subject to investigator interpretation. Furthermore,
because measurements were made on the same individual at three different time points, the
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Wilcoxon signed-rank test was used to assess whether the median of the differences in the
paired data were significantly different from zero. Pearson and Spearman correlations were
computed to assess significant associations between OS and the rest of the variables. All
statistical analyses were performed using SPSS (version 22; IBM Corporation) and SAS
(version 9.4; SAS Institute) software. The results are reported as the mean + SD (unless
otherwise noted) and are regarded as statistically significant if P < 0.05.

Outcome Analysis

Table 1 summarizes the clinical characteristics of the 21 patients. At the time of this writing,
all patients had died and therefore all imaging and clinical variables were known. The mean
+ SD of the OS in this sample was 401 + 252 d (13.2 + 8.3 months) and the range was 81—
1054 d (2.7 months - 2.9 y). The mean + SD of PFS was 183 + 156 d and the range was 42—
588 d. The median OS and PFS for the entire sample were 364 days (11.96 months) and 135
days (4.44 months), respectively. Of the patients with a GBM diagnosis at recurrence, 17
patients had a primary (or de novo) GBM and 3 patients had a secondary GBM (i.e., when a
low grade glioma transforms into a GBM over time). The mean age of the de novo GBM
patients was 58 y, whereas the mean age of the secondary GBM patients was 33 y. In this
cohort, OS and PFS were shown to be significantly correlated (Pearson r = 0.85, P<0.0001
and Spearman’s p = 0.69, P<0.001).

FLT and FDOPA Data Analysis

Figure 3 shows the vascular and tumor factor images along with their factor analysis-derived
blood and tumor TACSs. The percent change in FLT and FDOPA kinetic parameters from
S1—8S2, S1—S3, and S2—S3 are shown in Supplementary Tables S1 S3. The percent
change between any two studies could also be written as the ratio of the two studies minus
one. For example, (S2-S1) / S1 (S2/S1) -1, (S3-S1) / S1 (S3/ S1) -1 and (S3-S2) / S2 (S3/
S2) -1. In the MLR analysis, we chose to input only the ratio portion of the percent change
(i.e., neglecting the minus one), so that our inputs were greater than zero and not negative;
this was done for convenience purposes. Additional information on FLT and FDOPA kinetic
parameters at each of the three studies is listed in the Supplementary Materials section
(Supplementary Tables S4 S12). Measured and model fitted tumor TACs for sample FLT
and FDOPA PET studies are shown in Supplementary Figure S2.

Figure 4A shows FLT PET images for a long-term survivor and two short-term survivors at
baseline, and after 2 and 6 weeks from the start of treatment. Figure 4B shows similar
images for the same set of patients but with FDOPA PET. Sample FDOPA TACs of the
tumor, striatum, and cerebellum at a baseline study are shown in Supplementary Figure S3.

Bar graphs showing the sample mean + standard error of the mean (SEM) at each of the
three studies for various FLT kinetic and SUV parameters are plotted in Supplementary
Figures S4 and S5. For FDOPA, this is shown in Supplementary Figures S6 and S7.
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Multiple Linear Regression Analysis

Kinetic parameters from FLT alone provided better results in predicting OS than using
information from FDOPA alone (Table 2). Parameters from FLT and FDOPA combined
resulted in a better MLR model (adjusted R2 = 0.83) than using information from FDOPA
alone (adjusted R2 = 0.41), and not significantly different from using information from FLT
alone (adjusted RZ = 0.82). Information from standardized uptake values (either from FLT
alone, FDOPA alone, or both together) gave inferior predictive results (best adjusted R2 =
0.25). For each probe, pooling parameter values (at each of the 3 study time points) along
with their associated changes between studies resulted in a better regression model than
using information provided by them alone (Table 2).

The partial regression coefficients for the MLR models when using information from FLT
alone, FDOPA alone, and FLT and FDOPA combined are listed in Table 3 and
Supplementary Tables S13 and S14, respectively. All of these models passed various
regression diagnostics such as tests for multicollinearity, normality of the residuals, and
constant error variance. The predictive results of the best three-parameter MLR model that
uses only FLT kinetic information (MLR-1) are shown as scatter plots in Figure 5 and as bar
graphs (with error bars) in Supplementary Figure S8A. The root mean square error for the
MLR-1 model was 106 days (Table 3). To put the MLR results in perspective, if the sample
mean was used for predicting the OS of every patient (and any new patient with a recurrent
brain tumor who is undergoing treatment with bevacizumab and irinotecan), then each of
these individuals would have a predicted OS of 401 + 252 days (13.2 + 8.3 months); with 1
SD, this prediction is anywhere from 149-653 d (4.9-21.5 months) (see Supplementary
Figure S8B).

DISCUSSION

To our knowledge, this is the first longitudinal study to investigate and compare both FLT
and FDOPA kinetic parameters in patients with recurrent malignant glioma before and early
after the start of therapy. In this study, we aimed to develop a multiple linear regression
model to predict OS as a continuous variable using information provided to us by two
molecular imaging probes. Survival predictions become critical elements in the management
of brain tumor patients, especially when the clinical course for glioblastoma is rapid and
fatal.

Kinetic analysis with dynamic PET imaging can quantify and capture multiple aspects of
tumor biology and their changes in response to treatment. We found that kinetic parameters
from FLT alone provided better results in predicting OS than information from FDOPA
alone when inputted into an MLR model that used a maximum of three predictor variables.
This result seems to agree with findings from previous clinical investigations that were
performed separately with FLT and FDOPA PET [27, 52]. Yamamoto et al. reported that in
patients with recurrent glioma, FLT uptake (calculated as tumor-to-normal ratio) was
significantly correlated with tumor proliferative activity [52], as measured by the ex vivo
Ki-67 tumor proliferation index. The Ki-67 antigen, which is targeted by the MIB-1
antibody, is expressed only in proliferative stages of the cell cycle [24]. Fueger et al. found
that FDOPA uptake (expressed as SUV) correlated significantly with the Ki-67 tumor
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proliferation index in newly diagnosed glioma but not in recurrent glioma [27]. Although
FDOPA PET information did not provide great results in predicting the OS of recurrent
brain tumor patients using an MLR model, it might still offer other advantages such as
capturing the extent of the tumor or for its use in tumor diagnosis.

In this study, parameters from FLT and FDOPA combined resulted in a better MLR model
(adjusted R2 = 0.83) than using information from FDOPA alone (adjusted R? = 0.41), and
not markedly different from using information from FLT alone (adjusted R2 = 0.82). This
suggests that FLT kinetic parameters taken early after the start of treatment may provide
sufficient information to predict OS with reasonable confidence using a multivariate
regression analysis. The marginal increase in accuracy for predicting OS with a combination
of FLT and FDOPA PET probes may not warrant the additional acquisition of FDOPA PET
scans in a clinical setting for therapy monitoring of patients with recurrent malignant
glioma. Whether the combined information from FLT and FDOPA PET images may help in
the prediction of OS in patients with newly diagnosed glioma remains to be investigated.

The MLR model that used the kinetic information from FLT alone (Table 3) revealed that
patients that tended to live longer had a smaller absolute value in their tumor volume of
distribution at 2 wks, a larger k4 ratio from baseline—2 wks, and a larger k, ratio from 2
wks—6 wks when compared to short-term survivors. This seems to indicate that, in the
tumors of the long-term survivors, the change in the dephosphorylation from baseline—2
wks (right after start of therapy) was more positively increased, the change in the efflux of
FLT back into the plasma was more positively increased from 2 wks—6 wks (the rebound
phase), and the volume of distribution of the tumor at 2 wks was smaller than that of the
short-term survivors. Taken together, these results seem to suggest that the tumors of the
long-term survivors may not be cycling through the cell cycle as much as the short-term
survivors, or that the tracer goes in and out of the cell without doing anything inside. It must
be kept in mind that although TKZ1 activity is a requirement for the accumulation of FLT,
retention is dependent on nucleoside/nucleotide efflux and the retrograde metabolism of
FLT nucleotides [53, 54].

The MLR model that used kinetic information from FDOPA alone (Supplementary Table
S13) revealed that patients that tended to live longer had a smaller absolute value in their
sequestration rate constant ks at the baseline study when compared to short-term survivors, a
smaller FDOPA tumor volume of distribution at the baseline study when compared to short-
term survivors, and a more negative change in their K; membrane transport from 2 wks—6
wks (the rebound phase) than the short-term survivors. The relative demand for amino acids
was thus generally lower in the tumors of the long-term survivors at baseline (before
treatment) and the time period from 2 wks—6 wks, when multiple treatment infusions had
already been administered.

In the MLR analysis, PFS was not entered as a possible predictor variable in any of the
MLR models because we wanted to use only information available to us at the end of 6
weeks, which, for the most part, was the PET information from the dynamic FLT and
FDOPA PET images. We did not want the MLR model to be dependent on the time it took
to determine the PFS, which for most patients in our study was more than 6 weeks.
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The predictor variables in this study were different from our Clinical Cancer Research
article [29] because the aims of these two studies were different. In the Clinical Cancer
Research article [29], we wanted to classify patients into one of two OS groups using
discriminant analysis, while in this study we wanted to predict OS as a continuous outcome
variable. The number of patients in this study was also larger than our Clinical Cancer
Research investigation [29].

One of the limitations of this study was that we did not measure metabolite data from the
patients but instead used theoretical curves as an approximation of the metabolite fraction
over time. This can be a problem if there are fluctuations in the metabolite fraction due to
impaired liver function as a result of chemotherapy (i.e., the greater the liver impairment, the
more presence of the authentic tracer and the less presence of its metabolic products in
plasma). Future work will try to address some of these issues by analyzing the data in a
different way. One such approach is to use the reference tissue model [55, 56]. If a brain
region can be identified, which is devoid of specific binding, the TAC for this “reference
region” can be used as an indirect input function for the target region [57]. An advantage of
this method over “classical” compartmental methods is that no metabolite correction is
needed [57]. This is because the input function in these simplified reference tissue models
can be built into the model itself, utilizing the fact that different tissue regions are exposed to
the same input function. Another limitation of this study was the short acquisition time of
the FDOPA PET scans (35 min). If we were able to measure out to 75 min, our MLR results
for FDOPA may have yielded better predictive results because the shape of the descending
portion of the tumor uptake curve can provide additional information [45].

Collectively, this study has demonstrated that the use of PET kinetic analysis and MLR can
be a powerful tool for clinicians monitoring patient treatment as it may allow for a window
of opportunity during which treatment regimens can be tailored accordingly, depending on
the survival predictions from the MLR analysis. Specifically, it offers the neuro-oncologist
an index on whether to wait and watch on the current therapy or to switch the patient
altogether to a different and potentially more efficacious treatment regimen earlier on. The
clinical effect of this added information could potentially help increase patient lifespan,
avoid unnecessary drug toxicity to the patient, and reduce undue health care costs. This
method could also augment the conventional assessment of tumor response that is done with
morphological imaging and could be included in standardized criteria for response
evaluation in neuro-oncology. In the meantime, we need clinical chemists to come up with
new, more effective, and less toxic therapeutics against this terrible disease. Working on
brain tumor research can often be a Herculean task in that fighting against these cancer cells
can be like trying to kill the Hydra, which grew back two heads when one was severed.
However, we have to persevere like Hercules, and make leaping strides in trying to increase
the lifespan of these patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Experimental design showing the relative timing of treatment administration and PET image acquisition. Each patient was used

as his or her own control.
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(A) Tracer kinetic model for FLT in brain tumors. The catenary model consists of a vascular compartment and two tissue
compartments, each of which represents FLT in one of two different chemical states. Intracellular radioactivity accumulation
results from the formation of phosphorylated FLT nucleotides in competition with nucleotidase-mediated dephosphorylation and
FLT efflux [42]. K; is the transport rate constant of FLT from blood (or plasma) into the tumor cell via nucleoside-facilitated
transporters, ky is the loss or leak from the system, k3 is the rate constant for kinase-modulated phosphorylation of FLT, and k4
is the rate constant that describes the dephosphorylation of FLT-monophosphate by phosphatases [such as 5 (3")-
deoxyribonucleotidase 1 (dNT1)] [42]. (B) Tracer kinetic model for FDOPA in brain tumors. FDOPA is transported across
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tumor cell membranes by L-amino acid transporters, which are overexpressed in most gliomas [38]. Increased transport of
amino acids is most likely a result of increased demand for amino acids. The parameter k3 is the sequestration rate constant
which describes the transfer of FDOPA into the amino acid pool of the tumor, which is larger in tumors than in normal brain
tissue (e.g., cerebral cortex and cerebellum). Huang et al. was the first to estimate FDOPA kinetics in the brains of normal
human subjects [44]. Schiepers et al. was the first to report FDOPA kinetics in human brain tumors [45].

Eur J Nucl Med Mol Imaging. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wardak et al. Page 18

Factor 1 - Vascular

CBlood(t)

10 20 30 40 50 60

Time (min)

Factor 2 - Tumor

C Tu mor(t)

30 40 50

Time (min)

Figure3.
Vascular and tumor factor images along with their corresponding blood and tumor TACs as shown for an FLT PET study. The

superior sagittal sinus and the left and right transverse sinuses can be seen in the vascular factor image. Note the tumor and
normal bone marrow in the tumor factor image. This figure nicely illustrates the different types of biological information
provided by a dynamic PET scan at early and late times after tracer injection.
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(A) FLT PET images at baseline and after 2 and 6 weeks from the start of treatment as shown for a long-term survivor (Patient
A, top row) and two short-term survivors (Patients B and C, middle and bottom rows). Images are displayed in radiological
view, where the right side of the subject’s brain is on the left side of the image and vice versa. (B) FDOPA PET images at
baseline and after 2 and 6 weeks from the start of treatment as shown for a long-term survivor (Patient A, top row) and two
short-term survivors (Patients B and C, middle and bottom rows). Note that Patient A has a tumor near the left striatum. Patients
A, B, and C are Patients 20, 4, and 2 in Table 1, respectively.
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Figure5.

Actual OS versus model predicted OS using only FLT kinetic information in the MLR analysis. Results from the best three-

predictor MLR model are shown above.
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Table 2

Multiple linear regression results using parameter information from FLT only, FDOPA only, and FLT and
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FDOPA combined.

Typeof PET Information
Inputted into a Three-Predictor
Multiple Linear Regression Model

FLT only

FLT only

FLT and
FDOPA

Kinetic Parameter Values at Each Study

Adjusted-R? = 0.56

Adjusted-R? = 0.32

Adjusted-R? = 0.58

Changein Kinetic Parameter Values Between Studies

Adjusted-R? = 0.80

Adjusted-R? < 0.20

Adjusted-R? = 0.83

Combination of Kinetic Parameter Values and their Changes

Adjusted-R? = 0.82

Adjusted-R? = 0.41

Adjusted-R? = 0.83
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Table 3

Parameter estimates from MLR model using information from FLT only (absolute values and changes).

Multiple Linear Regression Model for Predicting Overall Survival (MLR-1)
Predictor Variable Parameter Estimates P-value
FLT V4 absolute value at S2 -443.29 <.0001
FLT K, ratio (S2/S1) +158.44 <.0001
FLT k, ratio (S3/S2) +289.66 <.0001
Intercept +87.95 0.22

*
R2 =0.85, adjusted-R2 =0.82, root MSE = 106 days, and the average variance inflation factors were 1.0.

S1 = Baseline FLT PET, S2 = FLT PET at 2 weeks after start of treatment, S3 = FLT PET at 6 weeks after start of treatment.
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