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We present a method to measure the regional rate of cellular
proliferation using a positron-emitting analog of thymidine (TdR)
for human imaging studies. The method is based on the use of
3�-deoxy-3�-18F-fluorothymidine (FLT) to estimate the flux of
TdR through the exogenous pathway. The model reflects the
retention of FLT-monophosphate (FLTMP), which is generated
by the phosphorylation of FLT by thymidine kinase 1 (TK1), the
initial step in the exogenous pathway. Methods: A model of FLT
kinetics has been designed based on the assumptions of a
steady-state synthesis and incorporation of nucleotides into
DNA, an equilibration of the free nucleoside in tissue with the
plasma level, and the relative rates of FLT and TdR phosphor-
ylation from prior data using direct analysis with in vitro assays.
A 2-compartment model with 4 rate constants adequately de-
scribes the kinetics of FLT uptake and retention over 120 min
and leads to an estimation of the rate of cellular proliferation
using the measured FLT blood clearance and the dynamic FLT
uptake curve. Results: Noise characteristics of kinetic param-
eter estimates for 3 tissues were assessed under a range of
conditions representative of human cancer patient imaging. The
FLT flux in these tissues can be measured with a SE of �5%,
and FLT transport can be estimated with a SE of �15%. Ab-
breviating the data collection to 60 min or neglecting k4, giving
a 3-parameter model, results in an unsatisfactory loss of accu-
racy in the flux constant in tumor simulations. Conclusion:
These analyses depict model behavior and provide expected
values for the accuracy of parameter estimates from FLT imag-
ing in human patients. Our companion paper describes the
performance of the model for human data in patients with lung
cancer. Further studies are necessary to determine the fidelity of
KFLT (FLT flux) as a proxy for KTDR (thymidine flux), the gold
standard for imaging cellular proliferation.
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Imaging cellular proliferation to assess the growth in
cancer holds great clinical promise. Prior studies using
11C-thymidine for imaging cellular proliferation showed the
potential value of TdR PET and demonstrated the ability to
assess tumor proliferation in vivo (1–6). The advantage of
labeled TdR as a proliferation tracer is that the native
compound is incorporated into DNA through the exogenous
pathway, for which there is an established body of knowl-
edge based on years of laboratory investigation (7). The
short half-life of 11C and the in vivo generation of labeled
metabolites have limited its clinical utility. However, ana-
logs of TdR with less catabolism, which are radiolabeled
with a longer half-life, may also provide estimates of flux
through the exogenous pathway. 3�-Deoxy-3�-18F-fluoro-
thymidine (FLT) is a thymidine analog that is phos-
phorylated by thymidine kinase 1 (TK1), a rate-controlling
enzyme in the salvage pathway. In contrast to thymidine,
FLT does not degrade in vivo. While FLT nucleotides are
not incorporated into DNA, they are trapped in cells. We
propose a model to assess the rate of cellular proliferation
by estimating the flux of FLT from blood into phos-
phorylated nucleotide pools in tumors. Other groups (8,9)
have proposed an analysis method based on compartmental
modeling using 3 rate parameters. Our analysis for FLT
PET differs by generating rate parameters that are based
on known biochemistry. We have analyzed model behav-
ior and the accuracy of parameter estimates. Modeling
and parameter analysis are presented in this report, with
the results from human studies appearing in a companion
report (10).

FLT is transported between blood and cells by the same
nucleoside transporters as thymidine (11), along with a
small amount of facilitated diffusion. Once intracellular,
FLT tracks the salvage pathway of DNA synthesis and
undergoes the same early fate as thymidine, which is phos-
phorylation by TK1. FLT directly competes with thymidine
for TK1 phosphorylation. TK1 activity is directly linked to
cellular biosynthesis, where it has been shown to increase
10-fold during the DNA synthetic (S phase) part of the cell
replication cycle (12–14). The phosphorylated product of
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TK1 metabolism, FLT-monophosphate (FLTMP), is re-
tained in tissues (15) and may continue to be phosphory-
lated to FLT-diphosphate (FLTDP) and FLT-triphosphate
(FLTTP) (Fig. 1). At this point in the pathway to DNA, FLT
differs from thymidine. FLTTP is not incorporated into
DNA (11) because of the 3� substituent and its metabolism
goes no further in the exogenous pathway. Because FLTTP
is not incorporated into DNA, the rate-limiting step for FLT
retention is the initial phosphorylation by TK1 (15). Phos-
phorylated FLT can be dephosphorylated back through the
pathway to FLT by 5�-deoxynucleotidase enzymes. How-
ever, this occurs at a slow rate relative to TK1 activity
(11,16,17). Thus, the retention of FLT nucleotides is a
measure of the TK1 activity.

Since TK1 is a control point in the salvage pathway,
assessing the uptake and retention of FLT through TK1
enzyme activity provides a direct association with cellular
proliferation. The use of FLT to measure flux through the
thymidine salvage pathway is similar to the use of the
glucose analog FDG to assess the glucose metabolic rate.
FLT tracks a control point of metabolism but does not
continue on the metabolic pathway to DNA, just as metab-
olism of FDG does not continue beyond the hexokinase
reaction.

MATERIALS AND METHODS

Description of Model
The proposed kinetic model of FLT metabolism is similar in

design to our previously validated kinetic model for thymidine
uptake in somatic tumors (18,19), but without compartments for
labeled metabolites. The schematic and symbols of the FLT model
are presented in Figure 2 and Table 1, respectively. The model for
FLT requires 2 tissue compartments and is driven by a single input,
the FLT blood clearance function. Four rate parameters describe
the transfers into and out of each of these compartments.

FLT and thymidine in plasma share a common transport system
reflected by the parameter K1. The exchangeable tissue compart-
ment (Qe) models the initial transfer of FLT from blood into cells
entering a common precursor pool shared by FLT, thymidine, and
other pyrimidine nucleosides. From this pool FLT exchanges
freely between the extracellular volume and blood or it continues
to be metabolized. The second compartment (Qm) reflects retention
of FLT in the tissue. This compartment includes FLTMP, FLTDP,

and FLTTP that are retained in the cell but are not incorporated
into DNA. The rate-limiting step for entry into this compartment,
represented by k3, is phosphorylation by TK1 to yield FLTMP. In
vitro studies have shown that the phosphorylated product FLTMP
can be converted back to FLT by 5�(3�)-deoxyribonucleotidase
(dNT) (16,17), a mechanism by which FLT can potentially leave
the imaging region of interest (ROI). Dephosphorylation can be
represented in the model by the rate parameter k4.

FLT is not a substrate for thymidine phosphorylase, the enzyme
that breaks the bond between the pyrimidine and deoxyribose.
However, FLT is glucoronidated in the liver and then delivered to
the blood. FLT-glucuronide is restricted to the vascular space and
is cleared by the kidneys. A sizeable fraction of the total plasma
activity appears in the form of FLT-glucoronide late in the imaging
sequence, so that the total plasma activity during the imaging study
becomes a combination of FLT and FLT-glucoronide. No other
labeled metabolites of FLT have been observed in human plasma
(8,11,20). The proportion of FLT present as the glucuronide in
plasma can be assessed by chromatographic analysis. The infor-
mation is used to derive the metabolite-corrected time course of
FLT activity in plasma. The whole blood and plasma activity
concentrations have been reported to be statistically identical,
showing no partitioning (8,10). The FLT plasma clearance curve
provides the input to the compartmental model to characterize FLT
tissue uptake. The total blood activity curve is also used in the
modeling process to account for the contamination of vascular
activity within each PET image region.

FIGURE 2. Kinetic model of FLT metabolism is comprised of
an exchangeable tissue compartment (Qe) and a compartment
of trapped FLT phosphorylated nucleotides (Qm). Four rate con-
stants describe kinetic transfer rates between the 2 compart-
ments and blood. FLT-gluc � FLT-glucuronide; CpFLT � con-
centration of FLT in arterial plasma; Cmet � concentration of
metabolites in arterial plasma.

FIGURE 1. Biochemical fate of FLT is similar
to native thymidine but with 2 important dis-
tinctions for modeling flux through the DNA
salvage pathway: (a) FLTTP is not incorpo-
rated into DNA and (b) FLT does not gener-
ate significant metabolites during the imaging procedure as does native thymidine. TMP, TDP, and TTP represent mono-, di-, and
triphosphates of thymidine. Enzymes identified in pathways are TK1 � thymidine kinase 1; dNT � 5�(3�)-deoxyribonucleotidase; TP �
thymidine phosphorylase.
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The essential features of the model are founded on the biochem-
ical behavior of FLT described here. The application of our model
to the estimation of regional cellular proliferation requires some
additional assumptions:

● The model is applicable to regions of tissue that are homo-
geneous with respect to blood flow, rates of transport, con-
centrations of FLT, TdR, and FLTMP, and the synthetic rate
of DNA.

● FLT and FLTMP are present in tracer amounts and do not
perturb flux through the thymidine salvage pathway.

● The free FLT in each homogeneous tissue element is present
in a single compartment, which assumes that transport is
rapid compared with metabolism. The concentrations are
those of the precursor pools for either the TK1 reaction or
transport (18).

● The rate of synthesis of DNA is at steady state. The TdR
concentration, the incorporation rate of TdR into DNA, and
the concentrations of TdR nucleotides remain constant during
the imaging procedure.

● The capillary concentrations of FLT and TdR are approxi-
mately equal to the arterial plasma concentration (18)—that
is, there is no gradient across capillary membranes. This
implies that measurements performed on arterial blood sam-
ples represent values at the capillary membrane and in the
interstitial fluid and, therefore, reflect the concentration avail-
able for transport into cells.

An essential premise of the imaging experiment is that FLTMP
and other FLT-phosphates are trapped in the tissue for the duration

of the imaging study. Grierson et al. (17) observed in a lung
carcinoma cell line (A549) that the phosphorylated products are
essentially retained in the cell with negligible activity measured in
the extracellular fluid. Basic cell studies suggest that phosphory-
lated intermediates, such as nucleotides, would not be observed in
blood (17). Our group has also measured the slow rate of dephos-
phorylation of FLTMP by dNT (17). Others have characterized the
relative rate of phosphorylation by TK1 for TdR and FLT, pro-
viding biochemical data for modeling FLT (14,21,22).

Anytime after injection of FLT, the total concentration of FLT
in tissue, Ct, is comprised of the sum of the amounts of free FLT
in the precursor pool, Qe, and in phosphorylated products of FLT,
Qm:

Ct � �Qe � Qm � VpCptot��, Eq. 1

where Vp is the fraction of vascular space within the tissue region
(mL/g), Cptot is the concentration of radioactivity in the plasma
(mBq/mL), and � is the tissue-specific gravity (g/mL).

The rate of change of the amount of free FLT in the tissue,
dQe/dt, is equal to the difference between the rate of accumulation
of FLT by transport into tissue from plasma or from dephosphor-
ylation of FLTMP, the rate of loss of FLT by transfer of intracel-
lular FLT back to the plasma, or phosphorylation by TK1 to
provide FLTMP. The following equation applies:

dQe

dt
� K1CpFLT � k2Qe � k3Qe � k4Qm , Eq. 2

where CpFLT is the concentration of FLT in arterial plasma, and K1

(mL/min/g), k2 (min�1), k3 (min�1), and k4 (min�1) are respec-
tively, the rate constants for the transfer of FLT into the cellular
compartment; the transfer of unmetabolized FLT from the cellular
compartment back into blood; the phosphorylation of FLT by TK1,
leading to nucleotides that are retained in the cell; and the dephos-
phorylation of FLTMP by dNT to FLT, which can then potentially
leave the cell.

The initial transfer constant in the model, K1, reflects the net
transport of FLT from blood through various barriers into cells.
There is negligible protein binding of FLT or TdR in the blood
(23). CpFLT is the average capillary concentration of FLT and is
assumed to be the FLT concentration in peripheral arterial plasma.
A similar assumption that arterial plasma thymidine concentration
reflects the capillary concentration was used in the determination
of the synthetic rate of DNA from TdR uptake (18). K1 is com-
prised of blood flow, diffusion into the interstitial space, and
nucleoside membrane transport (24–26). In somatic tissues, trans-
port of thymidine into the cell is rapid (27) and K1 reflects
primarily blood flow (18,28). Transfer of FLT is similar to the
transport of thymidine and involves facilitated diffusion through
both equilibrative and concentrative transporters (26,29). Equili-
brative transporters, predominantly found in human tumor cell
lines, are thought to be the primary process mediating the facili-
tated influx and efflux of nucleosides (24,29).

FLT can also leave the tissue by way of a similar transport
process in the reverse direction, k2 in the model. However, once
FLT is in the tissue, it can also be phosphorylated to FLTMP by
TK1. This process is represented in the model by transfer from Qe

to the compartment Qm. The transfer constant for this phosphory-
lation reaction is given by k3 and characterizes the rate-limiting
step in the uptake and retention of FLT (11,15,30). Qm includes the
additional trapped intermediates FLTDP and FLTTP (Fig. 1), but

TABLE 1
Definition of Parameter Abbreviations

Parameter Identification

Cptot Plasma 18F activity concentration over time
(MBq/mL)

CpFLT Plasma 18F-FLT concentration as a function of time
(MBq/mL)

K1 Initial transfer rate constant for FLT from capillaries
into cells (mL/min/g)

k2 Transfer rate constant for FLT from cell back to
capillaries (min�1)

Vd Estimation of early distribution volume of FLT in
tissue (K1/k2) (mL/g)

k3 Rate constant for phosphorylation of FLT to FLTMP
by TK1 (min�1)

k4 Rate constant for dephosphorylation of FLTMP to
FLT by dNT (min�1)

Vp Fraction of vascular space in tissue VOI (mL/g)
KFLT Flux constant for FLT from plasma into

phosphorylated state in tissue (mL/min/g)
Qe Tissue activity content for FLT available for

exchange or metabolism (MBq/g)
Qm Tissue activity content for retained phosphorylated

nucleotides (MBq/g)
Ct Total tissue concentration predicted by the model

(MBq/mL)
Ci Measured tissue concentration from PET VOI

(MBq/mL)
� Weighting function for each PET frame
� Density of tissue (g/mL)
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these are not rate-limiting steps. These intermediates may also be
dephosphorylated back through the pathway to FLTMP. The rate
constant k4 describes the reverse reaction catalyzed by dNT to
yield FLT, which then has the possibility of leaving the PET ROI
mostly through the same equilibrative transporter or passive dif-
fusion process. The mathematic description of the rate of change of
FLT nucleotides as a function of time, dQm/dt, is given by the
following formula:

dQm

dt
� k3Qe � k4Qm . Eq. 3

Equations 1–3 provide the basis for the determination of the rate
constants K1, k2, k3, and k4. They describe the time course of the
total amount of radioactivity in the tissue as a function of time. The
total concentration of FLT predicted by the model (Ct) is fitted to
the measured concentration of FLT for each time point from the
dynamic PET sequence, Ci. A nonlinear least-squares optimization
process based on the Levenberg–Marquart approach computes the
best-fitting values of the kinetic parameters. This method mini-
mizes the weighted sum of the square error (WSSE) using a
weighting function (�) derived from the total counts of a PET
image ROI in a time frame and the duration of the time frame (31):

WSSE � �
i�0

n

�Ct � Ci�
2 � �. Eq. 4

The FLT flux estimated by the model is given by the product of
the transport rates of FLT from blood to tissue and phosphoryla-
tion of FLT by TK1 divided by the sum of the rates of efflux from
the exchangeable tissue compartment. This FLT model composi-
tion is similar to the FDG model proposed by Sokoloff et al. (32)
and the TdR model proposed by Mankoff et al. (18). By analogy,
the flux constant for the proposed FLT model is calculated using
Equation 5:

KFLT �
K1k3

k2 � k3
. Eq. 5

The model of FLT kinetics described here assumes no local
metabolism of FLT other than phosphorylation. Thus, the model
would be inappropriate for the liver, where metabolism produces
FLT-glucoronide that is able to leave the tissue region and enter
the blood. Under these conditions, the assumption that retention is
correlated with TK1 activity would not hold, and an alternative
model would have to be proposed and validated.

Parameter Ranges and Typical Values
In any compartmental model, it is necessary to establish the

range of realistic parameter values expected in typical imaging
conditions (Table 2). Of the parameters used to calculate KFLT in
Equation 5, the expected values can be estimated from previously
published rates. The transport of FLT, K1, can be estimated from
the transfer constant of thymidine from blood through several
barriers into the tissue. We previously estimated a typical K1 for
thymidine in proliferating tissue of 0.20 mL/min/g, with a range of
0.05–0.30 mL/min/g (18). Transport of FLT has been estimated in
cell experiments to be approximately 0.08 mL/min/g (15), and in
vivo in dogs it ranged from 0.14 to 0.22 mL/min/g (9). Because the
3 tissues examined in this study potentially have great differences
in FLT uptake, the parameter ranges are expected to be wider than
previous model implementations using thymidine. Therefore, we

can expect the range of K1 to be wider for FLT than for TdR, but
the initial model parameter should be less than TdR. We therefore
use a typical value for K1 of 0.1 mL/min/g as the initial starting
parameter, with a range of 0.05–0.5 mL/min/g.

In our model of FLT kinetics, k2 represents the rate of efflux of
FLT from the cellular compartment to the blood. Our initial
sensitivity and identifiability assessment showed a high covariance
between K1 and k2 for all 3 tissue types. Thus, as in the thymidine
model, we combined these parameters in the model as K1, Vd, k3,
and k4, where Vd is the volume of distribution for FLT and is
defined as K1/k2 (4P or 4-parameter model). We expect free tissue
FLT to be less distributed than TdR since, in the TdR model, k3

includes the incorporation into DNA. Therefore, the initial value of
Vd for FLT was set at a typical value of 1 mL/g, with a range of
0.1–5 mL/g. The higher limit accounts for the possibility of con-
centrative transporters yielding K1/k2 ratios greater than unity.

The transfer constant k3 represents the rate-limiting step of FLT
retention via the salvage pathway: FLTMP production from FLT
by TK1. This is different from the thymidine model, in which the
incorporation of thymidine triphosphate (TTP) into DNA is the
rate-limiting step along the pathway to DNA synthesis. Based on
the in vitro relationship of the Michaelis–Menten constants (Km,
Vmax) between TdR and FLT with respect to TK1 activity (21,22),
the phosphorylation ratio (PRTK1) of TK1 can be measured and
used as a starting point for estimating the relative rate of metab-
olism of FLT by TK1 (33,34). The PR for TK1 can be calculated
from earlier reports as 0.08 (21). From this relationship, the start-
ing value of k3 was set at 0.1 min�1 (range, 0.001–1.0 min�1).

The activity in the metabolic compartment, Qm, includes all 3
FLT nucleotides. FLTDP and FLTTP are not available for extra-
cellular transfer but they add to the activity of the compartment.
FLTMP is the product of TK1 activity on FLT in the first few
minutes, after which there is progressive production of FLTTP
(17). A component of this metabolism, the dephosphorylation of
FLTMP by dNT, is defined in our model as k4. It is important since
FLT resulting from dephosphorylation can be lost from the tissue
region through a metabolic pathway independent of the formation
of FLTMP. This loss has been estimated in vitro by monitoring the
egress of activity from cells labeled with FLT nucleotides over
time (17). Thus, based on the in vitro data, k4 was given the initial
value of 0.02 min�1 (range, 0.001–0.200 min�1). Typical values
and ranges of K1, Vd, k3, and k4 that were used as the starting
condition in the model optimization process are summarized in
Table 2.

Model Analysis
Model Input Function. The FLT plasma clearance curve serves

as the input to the model. For use in model analysis and simula-
tions, we estimated a typical FLT plasma clearance curve from

TABLE 2
FLT Model Parameters, Expected Ranges,

and Starting Values

Parameter (units) Typical value Range for optimization

K1 (mL/min/g) 0.1 0.05–0.5
Vd (mL/g) 1.0 0.1–5.0
k3 (min�1) 0.1 0.001–1.0
k4 (min�1) 0.02 0.001–0.2
Vb (mL/g) 0.05 0.01–0.10
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patient results. Nine patients with arterial catheters each had 30
arterial blood samples assessed for radioactivity throughout the
120 min of imaging in the following sequence: eight 15-s, two
30-s, three 1-min, three 3-min, five 5- min, and nine 10-min
samples. For each blood sample, 0.1 mL plasma was assayed for
radioactivity. As reported in our companion paper, there were no
statistical differences between blood and plasma for the 120-min
imaging period, but the plasma curve showed less sampling vari-
ability. The 9 arterial plasma activity curves were peak normalized
and time shifted to align the peak of the curves. No curve was
shifted more than 	0.5 min. The average activity at each time was
generated by interpolating the activity of the nearest time points.
The average total blood time–activity curve was then scaled to a
185-MBq injection of FLT used in further model simulations.

Because the catabolism of FLT in the liver produces a metab-
olite that contributes to blood activity, the total measured activity
in blood was not entirely labeled FLT during the imaging period.
To assess the proportion of FLT and labeled metabolites in blood
over time, an aliquot of plasma from several samples was assayed
for FLT content. As previously described (10), the individual
curves for FLT fraction versus time after injection were empiri-
cally fitted to a monoexponential function. An average curve for
FLT blood clearance, accounting for metabolites, was generated to
provide the FLT input function (CpFLT) used for further modeling
analysis.

The proposed model was evaluated to determine the extent to
which the information obtained from a typical imaging study is
sufficient to produce a unique solution with identifiable parame-
ters. The model was characterized with respect to parameter sen-
sitivity, identifiability, and susceptibility to noise to establish the
most reliable approach for parameter estimation.

Sensitivity Analysis. Sensitivity analysis measures the degree to
which a change in an individual input parameter results in a change
in the output of a model. Sensitivity functions for each parameter
in the model were generated by determining the change in model
output resulting from a 1% deviation in the parameter using the
following formula (35):

Sensitivityk

�t� �

�TAC�t�/TAC�t�

�k
/k

, Eq. 6

where �TAC(t) is the difference in the model output of the time–
activity curves resulting from a 	1% change in the parameter k
(�k
/k
 � 0.02) at time t, TAC(t) is the activity in the tissue
(time–activity curve) predicted by the model at time t. The starting
parameter values given in Table 2 are based on our initial analysis
of human studies (10). The parameter values used for sensitivity
analysis produced a simulated curve representative of an average
uptake profile for 3 different representative tissues: marrow, tu-
mor, and muscle.

Transfer of FLT into the tissue, washout of unmetabolized FLT,
phosphorylation by TK1 to FLTMP, and dephosphorylation of
FLTMP to FLT all influence the curve and each has its maximal
influence on the time–activity curve at different times. Some
changes are opposite in sign to others, suggesting some capacity
for the model to estimate each parameter. The required length of
the experimental data collection and analysis may be indicated
from the sensitivity functions. When parameter sensitivity to the
model solution is not changing for a long duration near the end of
the scan, the imaging time may be shortened without sacrificing
information.

If each of the sensitivity functions for the parameters are suf-
ficiently different over time, then the parameters are identifiable.
To test the ability of the model to estimate parameters indepen-
dently, we used identifiability analysis of the sensitivity curves to
generate a sensitivity matrix as previously described (18,36,37).
Each element in the sensitivity matrix represents the covariance of
any 2 parameters to produce a change in the output of the model.
The sensitivity matrix was inverted and normalized to give the
correlation matrix with values that range from �1 to 1. Pairs of
parameters within the correlation matrix elements close to 	1 will
have estimates that covary considerably and are therefore difficult
to estimate independently.

Monte Carlo Error Analysis. The expected SDs of the rate
constants and of the macroparameters (Vd, KFLT) were derived
using a Monte Carlo technique (38) and simulated tissue time–
activity curves. Poisson noise was added to each simulated time–
activity curve based on a level derived from the total counts and
the duration of each time frame (31). Briefly, each tissue curve was
re-sampled based on the noise characteristics at each time frame,
and the optimization process was repeated 200 times. The SD of
the tabulated parameter estimations from each run was then deter-
mined. The bias and coefficient of variation (COV) of each pa-
rameter were computed for each tissue type, which gives an
approximation of the parameter error.

Model Accuracy. To investigate the ability to estimate key
parameters of FLT metabolism accurately across the entire ex-
pected clinical range, we generated a set of noisy simulated tissue
curves. The simulated PET time–activity curves were created from
randomly selected parameter values inside the expected ranges
typical of a tumor time–activity curve from our lung cancer pa-
tients. Each parameter was randomly sampled over a range of
values observed in a study of 17 patients (10). For this analysis,
200 simulated tissue curves at high temporal resolution (0.02-min
sampling) with known parameters were generated and rebinned to
yield activity curves similar to our PET time frames (eight 15-s,
four 30-s, six 60-s, two 5-min, and ten 10-min bins). This resulted
in simulated curves with flux constants ranging between 0.005 and
0.200 mL/min/g, a range similar to that seen in our initial analysis
of patient studies. Poisson noise was then added to the simulated
PET curves at levels typical for clinical studies for a 185-MBq
injection and a 70-kg subject. The error distribution was based on
an estimation of variance in the counts using the activity and
duration of each time frame in the simulated PET sequence
(31,37). This approach produced a 1%–3% COV for a simulated
10-min imaging frame at 60 min, which was representative of our
PET measurements in patients with lung tumors. The curves were
optimized using the initial starting parameters in Table 2. The true
(simulated input) and estimated parameter values were compared
by examining the correlation coefficient for estimated versus true
parameter, the percentage bias (the difference in the measurements
for estimated vs. true parameter), and the precision (SEE for
estimated vs. true parameter divided by the mean true parameter,
SEE/mean), which is an approximation of the associated error for
each parameter estimate. Several model conditions were exam-
ined, including the 4P model with 120 min of simulated data and
a reduced dataset of 60 min. An earlier report implemented a
model of FLT metabolism based on a 3-parameter model (3P)
excluding k4 (k4 � 0) in the optimization process with 60 min of
data (8). We examined these alternative model conditions for bias,
precision, and associated error (SEE/mean).
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RESULTS

Blood Input Functions and Tissue Activity Curves
Figure 3 presents the total FLT blood activity (Cptot) curve

for a 185-MBq injection and the metabolite-corrected FLT
input function (CpFLT). An example of each type of tissue
time–activity curve (Fig. 4) reveals a wide variation in FLT
uptake by tissue type. Highly proliferative tissues, such as
bone marrow, show rapid and persistent uptake, whereas
muscle has a much-reduced uptake.

Sensitivity Analysis
The sensitivity of each parameter versus time for marrow,

tumor, and muscle is shown in Figure 5. In our analysis of
the sensitivity curves, K1 and k2 (data not shown) covari-
ances were essentially mirror images of each other, indicat-
ing a high degree of overlapping sensitivity for each param-
eter. Because of this result, the model was reparameterized
to K1, Vd, k3, and k4 (Fig. 5), where Vd � K1/k2. For each
parameter the sensitivity curves were qualitatively similar
for the 3 test tissues. Marrow blood-to-tissue transfer of

FLT, K1, has an apparent greater effect on FLT uptake than
phosphorylation, k3, due to a large k3 indicating marrow’s
large capacity to phosphorylate FLT and minimal dephos-
phorylation, k4. The sensitivity of K1 for tumor is similar to
thymidine in magnitude and time course, with a large im-
pact on the model output early after injection but diminish-
ing after a few minutes. The individual parameter with the
greatest sensitivity during the uptake phase of FLT, shortly
after injection and equilibration of blood FLT with tissue,
was k3. The low uptake in muscle results in high sensitivity
for the initial distribution volume, where FLT enters and
exits the tissue with minimal phosphorylation and retention.
The curve shape and magnitude of k3 is similar to Vd for
tumor and marrow, signifying that these variables may be
difficult to estimate independently. All of the curves were
relatively stable between 90 and 120 min, suggesting that
imaging beyond 90 min adds little to the kinetic analysis,
with exception to k4.

Correlation Matrix and Parameter Identifiability
Correlation matrices for each tissue type are presented in

Table 3. There is a high level of covariance (correlation
coefficient, 	1) between k3 and Vd for the 3 tissue types.
Similarly, K1 and Vd are highly correlated for marrow. This
suggests that it will be difficult to obtain independent esti-
mates of k3 and Vd.

The results for simulations of the effect of noise on
parameter estimation using the Monte Carlo approach for
the 3 tissues are summarized in Table 4. In the presence of
statistical noise typical for PET there is a bias and COV of
�5% for the estimate of KFLT in moderate or highly prolif-
erative tissue (tumor or marrow). The transport constant K1

showed a COV of �15% for these measurements in marrow
and tumor. However, the COV is greater in muscle than in
tumor or marrow that reflects the low level of FLT uptake in
nonproliferating tissues.

Model Accuracy and Precision
The accuracy of parameter estimates over the clinical

range for tumor is shown in Figure 6 and is summarized in
Table 5. The results of the simulation showed that the

FIGURE 3. Blood clearance curve (input function) for FLT
(solid line) is determined by combining total blood activity (dot-
ted line) over time and fraction of activity associated with FLT.
FLT input function applied to model presented in this report is
derived from 9 patients with arterial sampling and using an
independent assay to determine proportion of activity associ-
ated with FLT.

FIGURE 4. (A) Representative simulated
tissue curves for marrow (dotted line), tu-
mor (solid line), and muscle (dashed line)
were based on estimated parameter val-
ues from lung cancer patients in a com-
panion report (10). The SD at each point is
based on errors observed in patient stud-
ies. (B) Expansion of curves in A, revealing
the simulated error range during first 20
min.
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estimation of FLT flux is accurate over a wide clinical range
using image noise similar to actual human PET data. The
correlation coefficients for estimated versus true parameter
values for K1 and KFLT are r � 0.94 and 0.99, respectively,
reflecting robust estimates. Correlation values were lower
for k3 (r � 0.73) and Vd (r � 0.30), indicating less robust
estimation as predicted by the sensitivity and identifiability
analysis. The bias in the estimate was 2% for K1 and about

�2% for KFLT, indicating a reliable estimation process. The
precision of the estimates (SEE/mean) over the expected
range was good for KFLT (4%) and modest for K1 (13%) but
was considerably poorer for Vd, k3, and k4.

Examination of the 4P model with 60 min of data re-
vealed associated errors (SEE/mean) greater than 80% in

FIGURE 5. Sensitivity function repre-
sents time-dependent percentage change
in model solution Ct resulting from 	1%
change in parameter value. Sensitivity
curves for FLT representative of 3 tissue
types (marrow � dotted line, tumor � solid
line, muscle � dashed line) are plotted with
respect to floating model parameters K1

(A), Vd (B), k3 (C), and k4 (D). A 1% change
in Ct would indicate a sensitivity function of
1 as defined in Equation 6.

TABLE 3
Covariance Matrices for 3 Tissues

Parameter K1 Vd k3 k4

Marrow
K1 1 — — —
Vd �0.89 1 — —
k3 0.80 �0.91 1 —
k4 �0.32 0.10 0.04 1

Tumor
K1 1 — — —
Vd �0.69 1 — —
k3 0.53 �0.92 1 —
k4 �0.21 �0.32 0.55 1

Muscle
K1 1 — — —
Vd �0.73 1 — —
k3 0.58 �0.97 1 —
k4 0.09 �0.63 0.81 1

TABLE 4
Monte Carlo Analysis: Bias and COV

Parameter True Bias (%) COV (%)

Marrow
K1 0.10 11 14
Vd 3.2 110 132
k3 0.3 1 88
k4 0.007 4 405
KFLT 0.09 1 2

Tumor
K1 0.16 �4 15
Vd 0.98 7 41
k3 0.18 26 33
k4 0.014 49 15
KFLT 0.08 4 4

Muscle
K1 0.03 7 21
Vd 0.67 �7 37
k3 0.03 81 135
k4 0.019 �2 34
KFLT 0.01 87 25
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the estimation of k4, whereas the error in KFLT was about
10%. Eliminating k4 from the optimization process and
using 60 min of data resulted in bias estimates for KFLT of
approximately �30% and a SEE/mean of about 20%.
Clearly, FLT imaging is capable of more accuracy with 90
min of data.

DISCUSSION

The rate of cellular proliferation is an important feature
identifying the growth characteristics of tumors. PET with
18F-FLT provides a noninvasive method of estimating the
rate of cellular proliferation. Our model for FLT kinetics
provides an assay of the TK1 enzyme activity of the pyrim-
idine salvage pathway, which is the rate-limiting step for
FLT retention. The model flux parameter KFLT is predicted
to be an accurate index of cellular growth.

The model shows good sensitivity and precision for es-
timating K1 and KFLT but has difficulty reliably estimating k3

and Vd (k2) independently, similar to what we found for
11C-thymidine (18,37). Monte Carlo error analysis for mar-

row shows a large COV for parameters other than K1 and
KFLT, including k4.

Simulations using a noise level typical of untreated lung
cancer in human PET FLT time–activity curves showed
accurate estimates of K1 and KFLT with little bias and SEs of
�15% over a realistic range of values. In a prior report
assessing the change in cellular proliferation, treatment re-
sponders had a 40%–50% decrease in the analogous param-
eter for 11C-thymidine, KTDR (3). This suggests that applying
KFLT as a measure of proliferation has the potential for
sufficient precision to be useful in measuring therapy re-
sponse, where anticipated changes in KFLT will likely ex-
ceed the errors in the parameter estimate.

The model had difficulty estimating loss of labeled nu-
cleotides (k4), even with 120 min of data, which is similar to
FDG (39). Although estimates of k4 are not as accurate as
other model parameters, it accounts for the effect of label
lost from the tissue for the best possible determination of
KFLT. The ability to estimate small k4 values with 60 min of
data is limited, with errors of �80%.

FIGURE 6. Comparisons of estimated vs. “true” parameters K1 (A), Vd (B), k3 (C), k4 (D), and KFLT (E) are plotted for simulated data.
The 200 simulated curves represented in plots were generated by randomly varying parameters over a clinically expected range and
then adding Poisson noise to each curve based on noise profiles typical in patient studies. Curves were fit by the model optimization
process, and the true parameter was compared with the estimated parameter. Estimated value is plotted vs. true value. True value
is parameter value used to generate simulated curves.
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Estimation of k4 in the 4P model may be important for
interpreting FLT metabolism (KFLT)—especially in tumors,
where therapy may have an effect on nucleotide reutiliza-
tion. The simulations suggested that longer imaging times
may be helpful to reduce the bias and associated error
(SEE/mean) in estimation of KFLT. Eliminating k4 in lung
tumor simulations leads to a bias in the KFLT estimate
(underestimated by approximately 30%). This bias could
mask a biologic response to therapy, as estimated by a 3P
model or a nonmodeling approach, emphasizing the need to
assess possible changes in the k4 estimate over the course of
treatment. For the 60-min dataset, the k4 estimate had a
large error; however, the resulting KFLT estimate had errors
of approximately 10% with little bias and was half of the
KFLT error using a 3P model.

Marrow showed less bias in the KFLT estimate than in
tumor simulations. It is important to note that simulations
based on data from untreated lung cancer patients may not
represent other pathologic disease, such as cancer of the
breast or colon, where the uptake behavior may be closer to
marrow than lung cancer. Examination of full-length data-
sets in a variety of cancers will be necessary to guide future
studies using FLT and determine the trade-off between the
improved accuracy in parameter estimation with longer
imaging times versus the practical need to minimize the
time of clinical imaging studies. Our results, using model
parameters appropriate for lung cancer, suggest that short-
ening the imaging time from 90 to 60 min may result in
increasing the error in the flux estimate from approximately
5% to approximately 10%, and this would decrease the
potential for FLT to measure response to cytostatic therapy.

CONCLUSION

Our model adequately describes moderately and highly
proliferative tissue (tumor and marrow) kinetics for 18F-
FLT. The FLT flux in these tissues can be measured with a
SE of �5%, and FLT transport can be estimated with a SE
of �15%. Our companion paper (10) describes the perfor-
mance of the model for human data in patients with lung
cancer and compares KFLT estimates to an in vitro assay of
proliferation in tumor samples using Ki-67 immunohisto-
chemistry analysis. Further studies are necessary to deter-
mine the fidelity of KFLT as a proxy for KTDR (thymidine
flux), the gold standard for imaging cellular proliferation.
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