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O-(2-18F-fluoroethyl)-L-tyrosine (8F-FET) is a radiolabeled artificial
amino acid used in PET for tumor delineation and grading. The pre-
sent study compares different kinetic models to determine which
are more appropriate for 8F-FET in rats. Methods: Rats were
implanted with F98 glioblastoma cells in the right hemisphere and
scanned 9-15 d later. PET data were acquired during 50 min after a
1-min bolus of '8F-FET. Arterial blood samples were drawn for ar-
terial input function determination. Two compartmental pharmaco-
kinetic models were tested: the 2-tissue model and the 1-tissue
model. Their performance at fitting concentration curves from re-
gions of interest was evaluated using the Akaike information crite-
rion, F test, and residual plots. Graphical models were assessed
qualitatively. Results: Metrics indicated that the 2-tissue model
was superior to the 1-tissue model for the current dataset. The
2-tissue model allowed adequate decoupling of '8F-FET perfusion
and internalization by cells in the different regions of interest. Of the
2 graphical models tested, the Patlak plot provided adequate re-
sults for the tumor and brain, whereas the Logan plot was appro-
priate for muscles. Conclusion: The 2-tissue-compartment model
is appropriate to quantify the perfusion and internalization of 18F-
FET by cells in various tissues of the rat, whereas graphical models
provide a global measure of uptake.
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The radiolabeled artificial amino acid O-(2-'8F-fluoroethyl)-L-
tyrosine ('8F-FET) has proven useful for the PET assessment of
brain tumors in preclinical and clinical settings (/-3). Its high
uptake in tumor tissue compared with normal brain and inflamed
tissues allows for efficient tumor delineation (4), but the typical
SUVs and tumor-to-brain ratios are of limited use for tumor grad-
ing (5,6). In contrast, the shape of time-activity curves are in-
dicative of tumor grade and aggressiveness (7). For example, in
untreated or recurring gliomas, continuously ascending curves are
associated with a better prognosis than curves that reach a max-
imum a few minutes after injection (6,8), but the underlying mech-
anisms remain to be clarified (7,9,10). A pharmacokinetic model
could help explain these differences and would allow quantitative
comparison of cohorts.
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There have been few reports on '®F-FET pharmacokinetic mod-
eling (/1,12), and a consensus on the most appropriate models has
not been proposed. The present study aims at identifying the best
models in different tissue types.

MATERIALS AND METHODS

Animal Model

Experiments were conducted in accordance with the recommenda-
tions of the Canadian Council on Animal Care and the local Ethics
Committee. F98 glioblastoma cells were implanted in the right
hemisphere of 17 male Fischer rats (254.6 = 15.9 g, Charles River
Laboratories) according to a previously published protocol (/3). The
animals underwent dynamic PET scans 9-15 d after implantation. All
imaging procedures were performed under isoflurane anesthesia with
breathing rate and temperature continuously monitored. An automatic
injector was used to administer the '8F-FET solution through a cath-
eter in the caudal vein. Another catheter was inserted either in the
caudal artery (n = 10) or in the femoral artery (n = 7) and used for
manual blood sampling during the PET scan.

Imaging Procedures

MRI was performed with a 7T small-animal scanner (Varian). The
animals were subsequently transferred to a LabPET4 small-animal
PET scanner (Gamma-Medica/GE Healthcare). Data were acquired in
list mode over 50.5 min, with 'F-FET (26 + 6 MBq) and Gd-DTPA
(142.9 mM) coinjection of 500 pL (accounting for the catheter dead
volume of 100 pL) performed at a rate of 400 wL/min at 0.5 min.

Arterial Input Function (AIF) Determination

Blood sampling and tracer dosing were performed according to
a published protocol (/4). The plasma curve (Fig. 1A) was fitted to
the following biexponential model (/5) using least-squares fitting in
MATLAB (The MathWorks):

i
G =ax]][0e (»vde’a + wee*é>, Eq. 1
Iy

f
where A is the injection rate (% of injected dose/min), [] (¢) is the

boxcar function with amplitude 1 between the start and ‘end of the
injection, and ® is the convolution operator. Distribution and elimi-
nation are modeled as decreasing exponential functions with charac-
teristic times, #4 and 7. (min), and characteristic weights, wy and w,
(mL~1"). The Gd-DTPA AIF was also measured but was used for the
purpose of another study.

Image Processing and Modeling

PET images were reconstructed using a maximum likelihood
expectation maximization algorithm and 15 iterations. Random coin-
cidences, scatter, decay, and attenuation corrections were part of the
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FIGURE 1. Pharmacokinetic modeling of '8F-FET in rat glioma model. (A) Experimental blood concentration curve and fitted AIF model. (B)

Registered PET and MR images (tumor is indicated by arrow). (C) Time-activity curve for tumor ROI and representative fit of 2-tissue model.

reconstruction process. Different frame durations were tested (Sup-
plemental Fig. 1; supplemental materials are available at http://jnm.
snmjournals.org), and data are presented for the following time inter-
vals: 1 X 50s,8x40s, 10 X 1.5 min, 4 X 2 min, 3 X 5 min, and 1 X
6.3 min. PET images were converted to percentage injected dose per
gram of tissue and registered, using ANTs (Penn Image Computing
and Science Laboratory), to the MR images (Fig. 1B). Similar-sized
regions of interest (ROIs) were drawn manually on the MR images
over the tumor, the contralateral brain hemisphere, and the right tem-
poral muscle and copied onto the registered PET images. Time—activity
curves were extracted, and modeling was performed in MATLAB
using uniformly weighted, trust-region-reflective least-squares fitting
(Fig. 1C). Weighting based on the variance of data in each frame was
also examined (Supplemental Fig. 2).

Model Selection

Pharmacokinetic models have been extensively studied and applied
to several other radiolabeled amino acids (/6,77). Similarities between
the transport mechanisms of these radiotracers (/8,19) provide a start-
ing point to determine a suitable '8F-FET model. However, unlike
certain tracers, '8F-FET is known to produce only a few metabolites
that are quickly eliminated from the blood pool (4). Also, contrary to
its natural counterpart, '8F-FET is not incorporated into proteins
(4,20).

Two classic compartment models will be tested: the 2-tissue model
and the 1-tissue model (Fig. 2B). It is assumed that the voxels are
sufficiently large such that diffusion of '3F-FET between voxels is
negligible (15).

The differential equation describing the 1-tissue model is as follows:

dC,
— = KiC, — kC. Eq. 2
a 1Cp 2C q
The 2-tissue model is described by similar equations:
dc
=1 KICp (kz + k3)C1 + k4G
dt
ic , Eq. 3
2
— = k€ — kC
a 30 4C2

where Cy, C, and C, are the concentrations of '8F-FET in the first,
second, and plasma compartment, respectively. For the 1-tissue model,
the time—activity curve corresponds to Cy, and for the 2-tissue model,
it corresponds to C; + C, (if the radioactivity from blood vessels
within the tissue is negligible). For both models, C, represents the
AIF. The kinetic parameters derived from the model are K; (mL/g/min),
referred to as the flow constant, and k»—k, (min~!), the rate constants.
Figure 2A outlines the significant steps in '3F-FET uptake. The 2-tissue

I8F_FET KINETIC MODEL DETERMINATION ~ ®

model applies if there are 2 rate-limiting steps; otherwise, if there
is a single rate-limiting step (i.e., when k3 and k4 are much faster
than K; and k), the 1-tissue model applies. These steps can be
any single process (e.g., K; represents the transport across the
blood—brain barrier and k3 the transport across the cell membrane)
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FIGURE 2. '8F-FET transport and kinetic models. (A) L-tyrosine and
18F-FET can cross capillary walls through specific transporters. In the
case of highly permeable vessels, such as tumor neovascularization,
passive diffusion is also possible. A variety of transporters are known
to carry L-tyrosine and '8F-FET into cells (depending on cell type). Con-
trary to L-tyrosine, '8F-FET is not metabolized. (B) Compartment models
are represented as black boxes indicating rate-limiting steps. Tracer
concentration in each well-mixed compartment is denoted by C, and
(K1—k4) are the transfer rate constants.
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FIGURE 3. Effect of the initial parameter guesses on kinetic modeling for representative animal.
(A and B) Effect of guess provided to fitting algorithm on resulting kinetic parameter values (K1-vy,)
and on fit quality (R2). Each point represents value obtained with 1 of 15,680 sets of guesses. For
example, x = 1 corresponds to the first set (Ky = 0.01, k, = 0.02, k3 = 0.01, ks = 1074, v,, = 1079),
and x = 2 corresponds to the second set. Dashed vertical lines indicate guesses selected for
remaining analyses. On graphs, points converging to most common value give impression of bold
horizontal line. Arrows in A indicate results corresponding to different initial guesses illustrated in
C. (C) Example of fits (solid line) for tumor. Dashed lines are initial curve provided to fitting

algorithm. (Top) Fits with lower values of R2. (Bottom) Fits with highest values of R2.
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or combined processes (e.g., K represents
the transport across the capillary wall and
cell membrane).

Both models have similar solutions in the
form of decreasing exponentials convolved
with the AIF (27). Because the blood signal
can contribute significantly to the time-—
activity curve, each model can include a blood
volume fraction term, v, (adding + Cpvy to
the model). This term has been shown to
improve kinetic models for highly perfused
tissues (22). Models with and without a v,
term will be compared.

Two graphical methods will also be
tested: the Patlak method for irreversible
uptake (23) and the Logan method for re-
versible uptake (24).

The Patlak plot is derived from the fol-
lowing equation:

C Jo Cp(7)dr

— K=——— + V Eq. 4

Cp 1 Cp b q
where C, is the time-activity -curve,

_ Kiks

K; (CREy) is the influx rate, and V
is a combination of v, and the reversible
compartment distribution volume (DV). Lin-
earity in the Patlak plot indicates irreversible
uptake over the scan period (23,25).

The Logan plot is defined as follows:

t 1
Jo Cu(7)dr - DV Jo Co()d7 + int,
G G
Eq. 5
where DV = ’k%' + v is the distribution

volume for the 1-tissue model, which
becomes DV Ik% (1 + % + wp) for
the 2-tissue model; and int is the intercept.
All these values are explained in detail by
Logan (24).

Compartment Model Quality Metrics

Compartment models are based on non-
linear equations that must be solved itera-
tively. This poses a few problems, notably: (1)
initial parameter guesses can significantly
affect results, and (2) the coefficient of de-
termination (R?) is not the best metric to com-
pare nonlinear models. Notably, it has been
shown through simulations that a better model
can have an identical or lower R?> than a
poorer model (26).

To solve issue 1, the best fit for each
model was determined from a wide range of
initial guesses. A first set of guesses was
based on the initial slope and the washout
pattern, and then each parameter was varied
over =100% of the original value. The op-
timal set of guesses was selected on the basis
of R?, which is adequate to compare the re-
sults of a single model. The sensitivity of the
kinetic parameters to the initial guesses (fit
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. The F statistics is used to extract a P value. If
- 1't'ssue_ model the P value is 0.05 or less, the model with more
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FIGURE 4. Compartment model fits for representative animal. Best fits of time—-activity curves

ences were observed between tissues.

with 1-tissue and 2-tissue models. Residuals are shown below their respective fits.

stability) was evaluated at the same time. This was performed for all
animals.

To solve issue 2, best fits were compared based on 2 quantitative
criteria validated for nonlinear models (27). These criteria penalize the
addition of superfluous parameters (i.e., overfitting).

The first criterion is the F test comparing 2 models (models 1 and 2):

- (R581 - RSSz)/(dfl _ dfz)
- RSS3/4t, ’

Eq. 6

where RSS is the residual sum of squares, and df is the degrees of
freedom (number of data points minus the number of fitted parameters).

TABLE 1
F Test P Values Comparing Compartment Models Based on
Population Average

Model Tumor  Muscle Brain
2-tissue model vs. <0.0001 <0.0001 <0.0001
1-tissue model
Reversible vs. >0.05 >0.05 >0.05

irreversible 2-tissue model

Reversible (fitted ky), irreversible (k; = 0). A P value of = 0.05
indicates that the model with more parameters yielded a better fit
to the data.

I8F_FET KINETIC MODEL DETERMINATION ~ ®

RESULTS

Fit Stability

The 2-tissue model is sensitive to initial guesses when all
parameters are free to vary. A nested loop algorithm was used to
test multiple initial guesses sets. The kinetic parameters resulting
from these trials were plotted as a function of the trial number
(Fig. 3). For example, the first point on the graph, titled K, rep-
resents the values of K for trial 1. This was repeated for the tumor
(Fig. 3A), brain (Fig. 3B), and muscle (Supplemental Fig. 3).
More than 90% of fits returned the same parameter values (within
a 1% error margin) and had high R?. Because of the wide range of
initial guesses tested, the existence of a better solution is improb-
able. For the other 10% of fits, the algorithm stopped before reach-
ing a better solution because the variation in the sum of squares
was less than the threshold (1078), which is indicative of a local
minimum. Inspection of the initial curves provided to the fitting
algorithm (Fig. 3C) suggests that local minima are encountered
when the initial uptake slope and maximum concentration are
poorly estimated. This phenomenon is most important for very
low (0.01 mL/g/min) and very high (0.1 mL/g/min) values of
K, the main parameter modulating initial uptake. Cyclic varia-
tions in other parameters (especially high values of k4 and v,) are
responsible for smaller deviations. Because vy, and k, fitted for the
tumor and brain are consistently small, it is possible to set these to
zero. In this case, the model always converges to the best solution.
In muscles, k4 is nonzero, so this method cannot be used and only
setting v, does not improve fit stability. In all cases, the same
optimal set of guesses could be used for all animals and ROIs.

Richard et al. 1281



TABLE 2

AIC for Different Compartment Models Based on Population

Average
Model Tumor Muscle Brain
2TM + vy 68 + 21 123 + 38 63 + 33
2T™M 67 + 20 122 + 38* 62 + 33
Irreversible 2TM + v, 67 + 20* 123 + 38 62 + 31
Irreversible 2TM 67 £+19* 123 +38 61 + 29*
1T™ + v, 141 £ 29 138 + 33 130 + 33
1™ 148 + 33 138 + 32 136 + 33

*Lowest values (smallest AlCc).

2TM = 2-tissue model; +v, including contribution of the
blood volume fraction; 1TM = 1-tissue model; Irreversible (ks =
0). Data are mean + SD.

Finally, the 1-tissue model is stable with regards to initial guesses
(Supplemental Fig. 4).

Fit Quality

Visual inspection of the fitted curves indicates that the 2-tissue
model fits the experimental data more closely than the 1-tissue
model (Fig. 4). The F test (Table 1) further confirms that the 2-
tissue model is superior to the 1-tissue model; however, it does not
establish superiority of the reversible 2-tissue model (k4 is fitted)
over its irreversible counterpart (k, = 0). Additional comparisons
between model variants were performed using the AICc. The
irreversible 2-tissue model without vy, minimized the AICc for
the brain, whereas the reversible 2-tissue model without vy, proved
superior for muscles (Table 2). Results are inconclusive for the
tumor, and there is a large uncertainty on the AICc for all ROIs.
Therefore, it is impossible to base the choice of model on this
criterion only.

The previous metrics are useful to compare models, but not to
identify their weaknesses. Random distribution of the residuals
(Fig. 4) would be expected to reflect the normal distribution of
experimental data. Any pattern warrants explanation and adjust-
ment of the model. For example, the residual plot for the 1-tissue
model shows a distinctive inverted U shape that is most obvious
for the tumor and brain. This shape is observed when a model has

TABLE 3
COV (%) for Different Models
Model Tumor Muscle Brain

COV K;

2TM + vy 24.30" 39.90 28.06

Irreversible 2TM 26.91 30.13* 31.01

1T™M + vy 34.06 37.69 34.71
COV ko

2TM + vy 61.58 51.72 51.57

Irreversible 2TM 61.98 48.32¢ 46.15

1T™M + vy 40.31* 49.64 40.58
COV k3

2TM + vy 39.10 52.22* 25.20*

Irreversible 2TM 31.93* 64.88 31.16
COV k4

2TM + v, Not applicablet 159 Not applicablet
COV K;

Patlak 27.10 25.52 25.39
COv bV

Logan 39.39 36.62 41.31

*Lowest values.

TNot applicable because values are close to zero (<1075).

2TM = 2-tissue model; +v, including contribution of the
blood volume fraction; 1TTM =1-tissue model.

Irreversible (k4 = 0). Note that vy, is almost zero for all ROlIs.

too few degrees of freedom to properly fit the data, yielding over-
and undershooting.

Graphical Analysis

The Patlak plots (Fig. SA) are linear in the latter portion of the
curve (¢ = 20 min) for the tumor and brain. For muscles, there is a
slight deviation, which may be associated with reversible uptake.
The opposite is observed for Logan plots (Fig. 5B) where linearity
is reached rapidly (r = 10 min) in muscles, whereas such linearity
is reached much later, if at all, in the tumor and brain. This delay
suggests that the tracer is trapped in the tumor and brain over the

scan period.
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the Logan plot (Table 3). No compartment
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FIGURE 5. Patlak (A) and Logan (B) plots for representative animal. Slope (straight blue lines) is

obtained by fitting linear region in last part of plot.
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matrix. It is under 5% for all parameters of
the 1-tissue model. For the 2-tissue model, it
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is under 10% for K, under 20% for k, and k3, and over 200% for k4
and vy, Setting k4 and vy, to zero for the tumor and brain results in a
SE under 5% for the remaining parameters.

Parameter differences between ROIs were assessed using
paired and unpaired ¢ tests with control for false discovery rate
(Fig. 6 and Supplemental Fig. 5, respectively). For the 2-tissue
model, muscles have significantly lower k, and k3 than both the
brain and the tumor, whereas the tumor has significantly higher
k3 than the other ROIs. Values of k4 and vy, are small and highly
variable for all ROIs and show no significant differences. For the
1-tissue model, both K, and k, are highest in muscles, and the
tumor has a higher K, and a lower k, than the brain. Values of vy,
are much higher and less variable than for the 2-tissue model.
Finally, for the graphical models, both K; and DV are highest in
muscles, followed by the tumor, with the brain having the lowest
values. K; could also be calculated from the 2-tissue model
parameters. There are no significant differences between the
K; obtained with either method. DV could not be calculated
from the 2-tissue model for the brain and tumor because k, is
close to zero. For muscles, it proves more variable than the
Logan DV due to variability in k, estimations. Supplemental
Figure 6 shows parameter maps for the tumor of a representative
animal.

DISCUSSION

Model Choice
The AICc and F test establish the superiority of the 2-tissue-
compartment model over the 1-tissue model. The small differ-

ences and large SD for the AICc do not allow us to draw firm
conclusions about variants of the 2-tissue model. However, the
AICc and the graphical analysis agree for the brain (irreversible
uptake) and muscle (slight reversibility). For the tumor, graphical
analysis indicates that the irreversible Patlak model applies and
that the Patlak K; agrees with the Kj results from the 2-tissue
model. According to unpublished analyses, scan duration signifi-
cantly affects graphical analysis results such that reversibility
should be assessed for other experimental conditions. Finally, pa-
rameters derived from graphical analysis have lower interanimal
variability, which makes statistical comparisons of cohorts easier.
However, they cannot distinguish between perfusion and internal-
ization by cells.

Model Variants and Limitations
Different 2-tissue model variants are possible. Some take into
account the contribution of blood to the signal (v;,) or release of
IBE-FET by cells (ky). Setting v, or k4 to zero may improve fit
stability but should be justified by the underlying biology or ex-
perimental limitations. The low and highly variable v, observed in
the present study is attributed to a lack of information on the first-
pass bolus (i.e., absence of a sharp initial time-activity curve
peak) due to insufficient time resolution or low perfusion in the
rat. The need to include k, depends on tissue type. For example,
I8F_FET appears trapped in the brain and tumor during the scan
period. This result, consistent with an early study of '3F-FET
uptake in gliomas (29), justifies setting k4 to zero. In contrast,
for muscles, '8F-FET internalization may be reversible such that
including k4, was deemed preferable, even though it is small and
highly variable between animals (Table 3).
Because different tumors use different '8F-

FET uptake mechanisms (4), these results

apply to the F98 glioblastoma, but tumors
with similar energy-independent '8F-FET
uptake mechanisms, such as human gliomas
(30), are likely to show similar kinetics,
although v, is expected to be significant in
humans.

In this study, graphical analysis proved

the best tool to assess reversibility, whereas
interanimal variability and curve shape
justified neglecting v,. However, probabi-
listic algorithms that select the optimal
model could facilitate '8F-FET modeling
3.

Finally, radiometabolites were not mea-
sured in this study. The fraction of '8F-FET
metabolites in humans was provided by

Logan Langen et al. (4). We did not assume it to

e be similar in rats and did not correct the

AIF—this is a limitation of our study.

%

dekkk

Comparison of Kinetic Parameters
Between Models
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FIGURE 6. Results of pharmacokinetic modeling. Kinetic parameters for each animal derived by
compartmental and graphical methods (n = 16 for both, 1 animal had no visible tumor and was
excluded). Outliers were removed in GraphPad Prism (ROUT Q = 1%) for analysis but are shown
here. *P = 0.05, **P = 0.01, **P = 0.001, ***P = 0.0001, false discovery rate—controlled.
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take in the brain. This is reflected in the
values of K; and DV, as well as in a higher
K, for the 1-tissue model. However, the
2-tissue model suggests different uptake
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mechanisms for muscles and the tumor. In this case, all tissues
have similar values of K, but k, and k3 are generally lower for
muscles than for the tumor or brain, indicating that '®F-FET tends
to remain in the reversible compartment (most likely the extracellular—
extravascular space (30)). On the other hand, values of k3 are
highest in the tumor, suggesting that the principal accumulation
mechanism of '8F-FET in F98 glioblastoma is internalization.
Finally, the low signal in the brain arises from a combination
of slower uptake and similar washout compared with the tumor.
This is an example of how modeling can decouple and quantify
different physiologic processes.

CONCLUSION

The 2-tissue-compartment model is appropriate for quantifying
the perfusion and internalization of '8F-FET in the tumor, brain,
and muscles of F98 brain tumor—bearing rats. The Patlak plot can
evaluate uptake in the tumor or brain, whereas the Logan plot is
preferable for muscles. However, verifying the impact of scan
duration on reversibility before choosing between reversible and
irreversible models is advised. In human gliomas, because of sim-
ilar '8F-FET uptake mechanisms, the same models should apply,
although the contribution of v, must be assessed. Validation in
humans or other animals could easily be performed using the tools
presented here.
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