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Many quantitative imaging protocols that make use of a metabolite-
corrected arterial input function require the use of a mathematic
model to describe the rate of metabolism of the radioligand. Com-
monly, parametric models are fit to metabolism data and then
the fitted model is used to correct the plasma input function.
11C-WAY 100635 is a rapidly metabolized radioligand used ex-
tensively in mapping the 5-hydroxytryptamine receptor 1A sys-
tem. Methods: To evaluate the adequacy of fit of 4 metabolite
models, we examined data from 92 subjects who received an
injection of 11C-WAY 100635, were imaged with PET, and under-
went measurement of total plasma concentration and metabolites.
The performance of these models was assessed according to re-
sidual plots, as well as fit and information criteria. Results: The
study showed that the choice of model has a substantial effect
on the resulting estimates of outcome measures. Conclusion:
Among the models considered, the Hill model provides the best
fit across all criteria.
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The radioligand 11C-WAY-100635 is used extensively in
imaging the 5-hydroxytryptamine receptor 1A system (1–
5). In such studies, the method for estimation of binding
potential (maximum number of binding sites divided by
dissociation constant) that involves the fewest assumptions
requires determination of the metabolite-corrected arterial
input function. Typically, total radioactivity counts in the
plasma are corrected for the rate of metabolism of the in-
jected ‘‘parent’’ (unmetabolized radiotracer). In the case of
the PET ligand 11C-WAY-100635, metabolism is rapid, with
nearly 80% of the parent compound being metabolized with-
in 5–15 min.

For accurate quantification of the binding potential, we
have shown that a minimum of 110 min of emission scan-
ning are required (6). Metabolites cannot be determined reli-
ably at late times because of low levels of parent compound;
low counting rates decrease confidence in count estimates;
and 11C decays relatively quickly: For these reasons, the
metabolite curve is typically fit by a parametric model and
extrapolated to late times according to the fitted model.

Models that have been used for this purpose include
1-exponential (6), 2-exponential with 1 time constant con-
strained (7), 3-exponential (8,9), multiexponential (10,11),
and a Hill function (12,13).

We examined 4 candidate models for the rate of metab-
olism of the parent compound in plasma over time. Model
fit was assessed using residual sum of squares, Akaike in-
formation criterion (AIC) (14), and residual plots.

MATERIALS AND METHODS

Data Description
We considered data from 92 subjects recruited in an ongoing

neuroreceptor imaging study. Imaging and measurement of me-
tabolites were performed as described previously (6). Briefly, after
acetonitrile extraction of the plasma, samples were separated into
parent and 1 polar metabolite peak by high-pressure liquid chro-
matography on 5 samples. Extraction was measured at every time
point and did not vary with time. The rate of metabolism is pre-
sented as a ratio of the area under the curve of the unmetabolized
compound peak divided by the total unmetabolized and metabo-
lized peak. In other words, the fraction of unmetabolized com-
pound is
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where vi is the radioactivity count, corrected for background and
decay, under peak i. The metabolites are eluted from the column
first and collected in tubes (fractions) numbered 1 through 3. The
parent is eluted later, with no overlap between the parent and
metabolite, and collected in fractions 4 and 5. The fractions are
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then counted in the well counter, and the percentage of unmetab-
olized compound is calculated as above.

Modeling Metabolite Data
We considered 2 types of models. One approach is to model the

proportion of unmetabolized parent ligand. An alternative is to
model the concentration of the parent compound directly with a
physiologic model of metabolism. At time t, we used Cp(t) and
Cmet(t) to denote the concentrations of parent compound and me-
tabolite, respectively. Total concentration is given by CtotðtÞ 5

CpðtÞ1 CmetðtÞ. Thus, ‘‘proportion models’’ are fit to describe the
fraction CpðtÞ=CtotðtÞ; the kinetic modeling alternative is to fit the
CmetðtiÞ measurements directly.

Proportion Models. Observed fractions Y1; . . . ; Yn taken at
corresponding time points are modeled as Yi 5 f ðtiÞ1 ei, where
ei represents the noise. Proportion models are constrained in 3
ways. Specifically, because the compound is injected at time zero,
it is assumed that the compound is not metabolized and hence
f ð0Þ 5 1 (the first constraint). After that, the compound is con-
tinuously metabolized (the second constraint), and its metabolism
is irreversible (the third constraint).

The first proportion model considered is the 1-exponential model:

f ðtÞ 5 be2lt 1 1 2 b: Eq. 1

The restrictions are satisfied provided that 0 , b # 1 and l . 0.
Another common model is the 2-exponential model:

f ðtÞ 5 be2l1t 1 ð1 2 bÞe2l2 t: Eq. 2

We arbitrarily let l1 represent the larger of the 2 time constants
(i.e., l1 . l2 . 0). Restrictions on this model are satisfied if
l2=ðl12l2Þ # b # 1.

The third model for metabolite fraction considered is the Hill
model (15):

f ðtÞ 5 1 2
btd

td 1 g
; Eq. 3

for which we require 0 , b # 1, d . 0, and g . 0.
A Kinetic Model. Knowledge of the kinetics of the metabolism

process may improve our ability to model the data. To our knowl-
edge, no published paper using WAY100635 has applied a kinetic
model to fit the metabolite function, but it seems important to con-
sider at least 1 kinetic model for comparison’s sake. We considered
a basic 2-compartment kinetic model that allows for 1 metabolite
as diagrammed in Figure 1. Though alternative kinetic models
could be fit, model complexity is limited by the small number of
data points per subject.

The total concentration of radioactivity in the plasma is mea-
sured over time through plasma analysis. The concentration of
metabolite Cmet is measured through metabolite analysis, but Ctis

cannot be observed directly. In our study, the metabolite data
consist of the fraction of unmetabolized compound at nmet specific
time points (Y1; . . . ; Ynmet

), and the plasma data consists of nplas

time points and corresponding total concentrations of radioactive
substances (i.e., Ctot).

The system of differential equations corresponding to Figure
1 in terms of rate parameters is

dCtisðtÞ
dt

5 2ðk2 1 k3ÞCtisðtÞ 1 k1CpðtÞ;

dCmetðtÞ
dt

5 k3CtisðtÞ 2 k4CmetðtÞ:

The solution for Cmet is given by

CmetðtÞ 5 aðe2l1t 2 e2l2tÞ5CtotðtÞ; Eq. 4

where 5 denotes convolution.
The total concentration CtotðtÞ in Equation 4 was estimated

from a plasma data model. Our plasma model comprised 2 pieces:
After the injection, the concentration of the compound in plasma
increased linearly for a short time to its peak value; after peaking,
the concentration fell off according to a sum-of-exponentials
model (6). The linear rise in the plasma function until the peak
was a fairly crude representation of the true plasma concentration
curve, but because this interval was small relative to total scanning
time (about 1%), it makes little difference in the resulting model
estimates. Once the total plasma data are fit to this model, the
estimated plasma concentration function is plugged in for esti-
mating CmetðtÞ.

Weighting. The data used for the fitting are computed as ratios
of radioactive counts in each fraction. In general, the fraction of
unmetabolized (parent) compound is computed for a given time as

Y 5
+i 2 Ivi

+jvj
;

where I represents an index set. For our data, indices range from
1 to 5 and I 5 f4, 5g.

The g-counter (1480 Wizard 3M Automatic g-Counter; Wallac)
provides both the vi values and an estimate of their SD. Using
these quantities, estimates of the SD of the fractions can be com-
puted using the so-called delta method. If each si denotes the SD
of the corresponding vi measurement and the vi’s are taken to be
independent, then the variance of Y is approximated according to

VarðYÞ �
ð+i;IviÞð+i2Is

2
i Þ 2 ð+i2IviÞð+i;Is

2
i Þ

ð+jvjÞ2
: Eq. 5

This is used to determine the weights used in model fitting.

FIGURE 1. Diagram of kinetic model. Parent compound
begins in plasma and passes to tissue compartment (thought
to be composed primarily of liver but could also include kidneys
and other tissues). Some compound is metabolized and moves
to ‘‘met’’ compartment; rest is excreted back to blood without
being metabolized. Rate parameters k1– k4 are assumed to be
nonnegative.
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Model-Fitting Algorithm. Standard iterative nonlinear regres-
sion methods are used for the model fitting:

b̂5 argminb +
m

i51

wiðYi 2 f ðti;bÞÞ2; Eq. 6

where b is the vector of the parameters in the models and wi is
computed as wi 5 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðYiÞ

p
according to Equation 5.

RESULTS

Visual Analysis of Model Fits

Figure 2 gives example fits for each model for a specific
dataset. For the kinetic model, to equalize the model-fitting
procedure (to allow a more direct comparison), we com-
puted the corresponding fraction f ðtÞ by

f ðtÞ 5
CtotðtÞ 2 CmetðtÞ

CtotðtÞ
;

where CmetðtÞ comes from Equation 4 and then is fit using
Equation 6. Though the fitting is done using the fractional
data, results are displayed using metabolite concentration
data. The 2-exponential model clearly undershoots the later
time points, because the 2-exponential model does not
contain a constant term and is thus constrained to go to zero
rapidly, even when the data do not justify this (as in this
example). The data were also fit with a 2-exponential model
with constant (results not shown), but the fitting procedure

was rather unstable (many parameters with few data points)
and for almost all subjects, one of the exponential terms
had a zero coefficient, providing no improvement over the
1-exponential model.

Comparisons Based on Fit Diagnostics

We also compared weighted residual sum of squares and
AIC for each model across all datasets. AIC (14) attempts
a compromise between model fit and parsimony by impos-
ing a penalty for additional model parameters. For normally
distributed errors, the criterion is AIC 5 nlog(weighted re-
sidual sum of squares/n) 1 2M, where n is the number of
data points and M is the number of model parameters.

Figure 3 shows box plots for AIC values corresponding
to each candidate model; corresponding box plots for
log(weighted residual sum of squares) are similar and not
shown. On the basis of these measures, the Hill model fits
the data best among the models considered.

Residual Analysis

If the model fits well, at least in large datasets, residuals
for each dataset should have an approximate normal distri-
bution with a mean of zero. We had no more than 6 obser-
vations in each dataset and thus could not expect residuals
to have a distribution close to normality. However, for an
appropriate choice of model, we would expect residuals to
be centered on zero and to be nearly symmetric.

In a typical regression analysis, many observations are
pooled to fit a model and all residuals are plotted together

FIGURE 2. Fitted data for all models for
1 subject’s data. Plots show fitted un-
metabolized fraction vs. observed data.
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in a single plot. In our present study, data from each subject
were fitted separately. In such a situation, we search for pat-
terns among independent residuals by pooling across all sub-
jects separately for each time point.

All residuals from all 92 subjects are displayed simulta-
neously in Figure 4. On the basis of both absolute size of

residuals and distribution of residuals about zero, the Hill
model would be preferred.

Effect on Kinetic Outcome Measures

A crucial question about metabolite modeling is whether
the choice of model makes a difference for subsequent region-
of-interest or voxel-level analysis. Therefore, we compared
the resulting biologic parameters binding potential (BP1)
and volume of distribution (VT) that resulted from different
metabolite models.

For each candidate model, the resulting estimated metabolite-
corrected plasma concentration curve was used as the input
function for subsequent kinetic modeling of PET data. This
procedure was applied to all 87 complete datasets to estimate
total equilibrium VT (using a 1-tissue kinetic model) for
cerebellum, and BP1 (using a 2-tissue constrained model) (6)
for 4 regions: amygdala, hippocampus, cingulate, and pari-
etal lobe.

The effect of the metabolite modeling is summarized in
Table 1. To test for significance of the differences, paired
t tests and Wilcoxon signed-rank tests were applied. Results
are given in Table 2. All P values are small, indicating that
the choice of metabolite model had a highly significant impact
on resulting outcome measures derived from the imaging data.

DISCUSSION

Having an arterial input function for modeling of dy-
namic PET data can be a great help, provided that the input

FIGURE 3. Box plots of AIC values for 1-exponential,
2-exponential, Hill, and kinetic models. One- and 2-exponential
models have similar results, and kinetic model has smaller
values than exponential models. Compared with the others, Hill
model tends to have much smaller values: Maximum AIC value
is less than median for kinetic model and less than 25th
percentile for other models. exp 5 exponential.

FIGURE 4. Graph of weighted residual
for each model. For better visual display,
points are spread out by adding small
amount of gaussian noise in x direction.
For 1- and 2-exponential models, resid-
uals tend to fall only on one side of zero
at each time point. Means of residuals
are relatively far from zero, and distribu-
tions of residuals are, in general, rather
asymmetric and heavily skewed. For
kinetic model, similar problems exist.
Residuals for Hill model look more rea-
sonable: They are evenly scattered
around zero, and their distributions are
fairly symmetric. Although, at first 2 time
points, residuals are skewed to one side
of zero, they are all quite small relative to
those of other models.
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function is measured and modeled appropriately. Key to the
validity of the input function is correctly accounting for the
metabolism process of the ligand. Thus, it is of vital impor-
tance to ensure that the model used to describe metabolism
is adequate.

We considered only 1 kinetic model, though others are
possible. Huang et al. (16) presented the kinetic model build-
ing procedure and model formulas for the general case, in-
cluding the case of multiple metabolites. Andree et al. (17)
showed that WAY100635 has more than 1 metabolite in
humans. However, they also pointed out that only 1 metab-
olite (11C-desmethyl-WAY-100635) can be used as a radio-
ligand for central 5-hydroxytryptamine receptor 1A; other
metabolites are more polar and not likely to pass the blood–
brain barrier. Osman et al. (18) observed another significant
polar metabolite in some experiments—11C-cyclohexane-
carboxylic acid—along with some other metabolites that

were more polar still. Thus, with the exception of 11C-
desmethyl-WAY-100635, no metabolites are expected to
bind strongly to 5-hydroxytryptamine receptor 1A. Even if
the radioactive acid metabolite binds nonspecifically, it is
in low levels and cleared rapidly (in about 5 min). On the
basis of these considerations, as well as the obvious limi-
tation on the complexity of models that can be fit with 6
data points, we concluded that the kinetic model considered
in the data would be an appropriate candidate for these data.

CONCLUSION

Among those considered, the Hill function was the model
of choice to describe the metabolism of 11C-WAY-100635,
and the impact of model choice was confirmed by the anal-
ysis on BP1 and VT data, demonstrating the need to carefully
select an appropriate metabolite model in analyzing PET data.

TABLE 1
BP1 Measurements Using Each of the 4 Candidate Models on 4 Brain Regions, Along with VT Estimates for Cerebellum

BP1

Model Amygdala Hippocampus Cingulate Parietal lobe VT, cerebellum

1-exponential 3.87 (2.41) 3.14 (1.27) 2.54 (1.01) 5.91 (5.01) 0.555 (0.257)
2-exponential 3.98 (2.56) 3.16 (1.27) 2.59 (1.09) 5.43 (3.13) 0.557 (0.237)

Hill 2.73 (1.21) 2.47 (1.00) 2.03 (0.83) 3.88 (1.98) 0.488 (0.211)

Kinetic 1.12 (1.31) 1.07 (1.43) 0.95 (1.26) 2.05 (3.69) 0.282 (0.237)

Data are means, with SDs in parentheses. SDs are substantially smaller for Hill model.

TABLE 2
Paired t Tests and Signed-Rank Tests for Testing Difference Between BP1 and VT Estimates from Different Models

BP1

Model Test Amygdala Hippocampus Cingulate Parietal lobe VT, cerebellum

Hill vs. 1-exponential t statistic 6.62 8.92 12.97 4.93 9.81

Degrees of freedom 84 83 84 83 83

P value ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001

No. of outliers 2 3 2 3 3
Signed-rank statistic 33 81 40 138 199

P value ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001

Hill vs. 2-exponential t statistic 6.20 10.88 11.69 9.09 10.95
Degrees of freedom 84 83 84 80 83

P value ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001

No. of outliers 2 3 2 6 3

Signed-rank statistic 96 120 95 140 246
P value ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001

Hill vs. kinetic t statistic 29.79 29.57 28.25 24.07 25.52

Degrees of freedom 75 77 77 76 78

P value ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001
No. of outliers 11 9 9 10 8

Signed-rank statistic 906 822 791 905 760

P value ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001

For Wilcoxon test, all 87 subjects are included, but several outliers (generally resulting from nonconvergence of modeling of PET data)

were removed before computing summaries displayed in Table 1 and conducting paired t tests.

930 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 48 • No. 6 • June 2007



ACKNOWLEDGMENTS

This work was supported in part by MH62185 and
NARSAD.

REFERENCES

1. Fisher PM, Meltzer CC, Ziolko SK, Price JC, Hariri AR. Capacity for 5-HT(1A)-

mediated autoregulation predicts amygdala reactivity. Nat Neurosci. 2006;9:

1362–1363.

2. Parsey RV, Olvet DM, Oquendo MA, Huang YY, Ogden RT, Mann JJ. Higher

5-HT1A receptor binding potential during a major depressive episode predicts

poor treatment response: preliminary data from a naturalistic study. Neuropsy-

chopharmacology. 2006;31:1745–1749.

3. Parsey RV, Oquendo MA, Ogden RT, et al. Altered serotonin 1A binding in

major depression: a [carbonyl-C-11]WAY100635 positron emission tomography

study. Biol Psychiatry. 2006;59:106–113.

4. Borg J, Andree B, Lundberg J, Halldin C, Farde L. Search for correlations

between serotonin 5-HT1A receptor expression and cognitive functions: a strat-

egy in translational psychopharmacology. Psychopharmacology (Berl). 2006;185:

389–394.

5. Bailer UF, Frank GK, Henry SE, et al. Altered brain serotonin 5-HT1A receptor

binding after recovery from anorexia nervosa measured by positron emission

tomography and [carbonyl11C]WAY-100635. Arch Gen Psychiatry. 2005;62:

1032–1041.

6. Parsey RV, Slifstein M, Hwang D-R, et al. Validation and reproducibility of

measurement of 5-HT1A receptor parameters with [carbonyl-11C]WAY-100635

in humans: comparison of arterial and reference tissue input functions. J Cereb

Blood Flow Metab. 2000;20:1111–1133.

7. Abi-Dargham A, Simpson N, Kegeles L, et al. PET studies of binding compe-

tition between endogenous dopamine and the D1 radiotracer [11C]NNC 756.

Synapse. 1999;32:93–109.

8. Roivainen A, Forsback S, Gronroos T, et al. Blood metabolism of [methyl-
11C]choline: implications for in vivo imaging with positron emission tomography.

Eur J Nucl Med. 2000;27:25–32.

9. Acton PD, Choi SR, Hou C, Plossl K, Kung HF. Quantification of serotonin

transporters in nonhuman primates using [123I]ADAM and SPECT. J Nucl Med.

2001;42:1556–1562.

10. Hume SP, Ashworth S, Opacka-Juffry J, et al. Evaluation of [O-methyl-3H]WAY-

100635 as an in vivo radioligand for 5-HT1A receptors in rat brain. Eur J

Pharmacol. 1994;271:515–523.

11. Carson RE, Wu Y, Lang L, et al. Brain uptake of the acid metabolites of F-18-

labeled WAY 100635 analogs. J Cereb Blood Flow Metab. 2003;23:249–260.

12. Gunn RN, Sargent PA, Bench CJ, et al. Tracer kinetic modeling of the 5-HT1A

receptor ligand [carbonyl-11C]WAY-100635 for PET. Neuroimage. 1998;8:426–440.

13. Oikonen V, Allonen T, Nagren K, Kajander J, Hietala J. Quantification of

[carbonyl-(11)C]WAY-100635 binding: considerations on the cerebellum. Nucl

Med Biol. 2000;27:483–486.

14. Akaike H. Information theory and an extension of the maximum likelihood

principle. In: Petrov BN, Csaki F, eds. Proceedings of the 2nd International

Symposium on Information Theory. Budapest, Hungary: Akademiai Kiado;

1973:267–281.

15. Hill AV. The possible effects of the aggregation of the molecules of haemoglobin

on its dissociation curves. J Physiol (Lond). 1910;40:4–7.

16. Huang SC, Barrio JR, Yu DC, et al. Modelling approach for separating blood

time-activity curves in positron emission tomographic studies. Phys Med Biol.

1991;36:749–761.

17. Andree B, Halldin C, Thorberg SO, Sandell J, Farde L. Use of PET and the

radioligand [carbonyl-11C]WAY-100635 in psychotropic drug development. Nucl

Med Biol. 2000;27:515–521.

18. Osman S, Lundkvist C, Pike VW, et al. Characterisation of the appearance of

radioactive metabolites in monkey and human plasma from the 5-H T 1A

receptor radioligand, [carbonyl-11C]WAY-100635: explanation of high signal

contrast in PET and an aid to biomathematical modelling. Nucl Med Biol.

1998;25:215–223.

OPTIMAL METABOLITE CURVE FITTING • Wu et al. 931


