
ORIGINAL ARTICLE

Improved models for plasma radiometabolite correction and
their impact on kinetic quantification in PET studies
Matteo Tonietto1, Mattia Veronese1,2, Gaia Rizzo1, Paolo Zanotti-Fregonara3,4, Talakad G Lohith3, Masahiro Fujita3, Sami S Zoghbi3 and
Alessandra Bertoldo1

The quantification of dynamic positron emission tomography studies performed with arterial sampling usually requires correcting
the input function for the presence of radiometabolites by using a model of the plasma parent fraction (PPf). Here, we show how to
include the duration of radioligand injection in the PPf model formulations to achieve a more physiologic description of the plasma
measurements. This formulation (here called convoluted model) was tested on simulated data and on three datasets with different
parent kinetics: [11C]NOP-1A, [11C]MePPEP, and [11C](R)-rolipram. Results showed that convoluted PPf models better described the
fraction of unchanged parent in the plasma compared with standard models for all three datasets (weighted residuals sum of
squares up to 25% lower). When considering the effect on tissue quantification, the overall impact on the total volume of
distribution (VT) was low. However, the impact was significant and radioligand-dependent on the binding potential (BP) and the
microparameters (K1, k2, k3, and k4). Simulated data confirmed that quantification is sensitive to different degrees to PPf model
misspecification. Including the injection duration allows obtaining a more accurate correction of the input function for the presence
of radiometabolites and this yields a more reliable quantification of the tissue parameters.
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INTRODUCTION
Quantitative dynamic positron emission tomography (PET) usually
requires sampling the subject’s radial artery, either manually or
automatically with a peristaltic pump, and measuring the plasma
concentration of the unchanged radioligand on each sample. This
information is fundamental to describe the delivery of the
radioligand to target tissues and therefore to provide an absolute
quantification of the physiologic tissue processes measured with
the PET scan.
Measuring the authentic radioligand concentration in the

plasma is not straightforward: when injected into the body, most
of currently used radioligands are metabolized by the organism,
producing radiometabolites still containing the radioactive isotope.
Hence, only a fraction of the total activity measured in the plasma
is because of the parent (plasma parent fraction (PPf)). This
fraction is not constant over time and it should ideally be
measured using high-performance liquid chromatography (HPLC)
equipped with radiation detector on as many samples as possible.
However, for practical and technical reasons, the number of
samples is often more limited (typically four to seven samples in a
1- to 2-hour PET scan with 11C or 18F). Ad hoc analytical functions
are then fitted to the discrete PPf measures to recover a con-
tinuous time course and to reduce the effect of measurement
noise.
Toward this end, several PPf models—typically based on

monotonic decreasing functions—were proposed in literature.1–6

Notably, the choice of the function may have an impact on the
tissue kinetic modeling.7

Although these models are defined by different formulas, they
all are empirical functions chosen with the unique purpose of
describing the PPf data. Thus, they are commonly applied without
explicitly considering underlying physiologic processes of radi-
oligand metabolism (e.g., the rate of metabolism) or experiment
variables (e.g., radioligand injection time). Some attempts to
account for the physiology of radioligand metabolism have been
conducted with compartmental models.8,9 However, these meth-
ods require a priori knowledge of the biochemical pathways of the
radioligand, which are radioligand specific and most of times not
completely known.
In this study, we proposed a modeling approach, which could

help improving the description of the PPf measures by taking into
account the duration of the radioligand injection. Our method lies
in between the full physiologic modeling of the metabolism
kinetic and the experiment-unrelated analytical function. In fact,
on the one hand, it allows including an experiment-specific
variable into account while on the other hand it does not lose
generality since it can be applied to any of the aforementioned
analytical functions that are currently the mostly used PPf models.
This method was validated on three radioligands ([11C](R)-

rolipram, [11C]NOP-1A, and [11C]MePPEP), which exhibit different
blood and radiometabolite kinetics and for which an unusually
high number of PPf samples was available (on average 15 per
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subject). Subsequently, the same analysis was repeated on a
downsampled version of the same dataset to reproduce a typical
scenario. Finally, computer simulations were performed to
quantify the bias and variability generated in both PPf description
and tissue quantification when the PPf model does not take into
account the injection length.

MATERIALS AND METHODS
Plasma Parent Fraction Models
In a PET study with blood sampling, the measurement of the radioligand
concentration in arterial plasma—Cp(t)—requires two steps: first, the blood
must be centrifuged to separate the plasma to quantify the total plasma
radioactivity (Ctot(t)), which is then decay corrected back to the injection
time. Second, the contribution of radiometabolites to total plasma activity
must be removed. Each radiochromatogram data point is decay corrected
till the injection time onto the chromatographic column to allow the
relative distribution of radioactivity among the radiometabolites as well as
in the parent compound. This is followed by multiplying this plasma parent
fraction by the total plasma activity:

CpðtÞ ¼ PPfðtÞUCtotðtÞ ð1Þ
For practical and technical reasons, parent fraction measurement cannot
always be performed as frequently as blood sampling. Hence, only a few
measures of PPf(t) are generally available, and a mathematical model has
to be applied to reconstruct the whole PPf(t) time-activity course.
In mathematical terms the plasma radiometabolite correction is

performed as:

CpðtÞ ¼ f x t;mð ÞUCtotðtÞ ð2Þ
Where fx(·) indicates the plasma parent fraction model for the particular
radioligand x and m indicates its parameter vector specific for the
particular subject under study. Because the parent fraction cannot be
negative nor greater than the total plasma activity, fx values are bounded
in the interval [0;1].
As expressed by equation 2, the quality of Cp(t) estimation depends

directly on the ability of fx(t,m) to describe accurately the PPf measures.
An extensive review of the literature revealed that the most frequently

used PPf models (i.e., fx(·)) can be categorized into three main groups:
power, Hill, and exponential (Table 1). The power model is based on an
empirical sigmoidal function proposed by Watabe et al6 and designed to
equal 1 at time 0 with a zero first derivative (Supplementary Figure 1A).
The Hill model5 has a similar sigmoidal shape but it can also describe a
final plateau different from zero (Supplementary Figure 1B). The
exponential model10 represents the simplest class of models based on a
sum of a variable number (usually 1 to 3) of decaying exponential
functions (Supplementary Figure 1C) but, in contrast to the Hill and power
models, exponential functions may not adequately fit the smooth decrease
of the parent fraction in the first minutes. All PPf models may include a
time delay term (t0, i.e., the time of plasma radiometabolite appearance
after radioligand injection) and an initial value of PPf (PPf0) that can differ
from 1 (Table 1), to take into account the possible presence of coinjected
radiochemical impurities and other compounds eventually formed in the
blood because of the radioligand instability.1

Incorporating Injection Duration in Plasma Parent Fraction Models:
Convoluted Models
When the radioligand is administrated as a bolus, the injection duration is
assumed to be instantaneous, even if in practice it can last from some tens
of seconds up to few minutes. This may affect the initial phase of the PPf
curve since the organism is already metabolizing a part of the radioligand
while the rest has just been injected.
To account for this effect, we explicitly modeled the injection as a boxcar

function u(t,T) =D[1(t)− 1(t− T)], where 1(t) represents the Heaviside step
function and T the length of radioligand injection. The amplitude D is
assumed constant (constant rate infusion), while its value is such that the
area under the curve of u(t,T) equals the injected activity. u(t,T) is assumed
to be the input of a dynamic system whose impulse response function—
fx(t,m)—is a mathematical function such as the ones currently used to
model the PPf. The final formulation, which we called the convoluted
model, is given by:

f Cx t;m; Tð Þ ¼ f x t;mð Þ � uðt; TÞR t
0 u s; Tð Þds ð3Þ

Where f Cx t;m; Tð Þ is the convoluted version of the radioligand-specific
model fx(t,m) and ⊗ is the convolution operator. The integral at the
denominator ensure the normalization of the model in the interval [0;1].
Notably, the amplitude of the boxcar function—D—appears at both the
numerator and the denominator and can therefore be simplified and
set to 1.
Please note that this new mathematical description does not introduce

any new parameter to be estimated because the value of T is known from
the experiment protocol.

Clinical Datasets
To test the validity of the convoluted PPf models compared with the
standard ones, three different datasets acquired at the Molecular Imaging
Branch of the National Institute of Mental Health (USA) were considered.
The radioligands, characterized by different pharmacokinetic proprieties
(i.e., faster or slower kinetics) were [11C]NOP-1A, a nociceptin/orphanin
FQ peptide receptor ligand (n= 22; 716 ± 83MBq, scan duration= 120 -
minutes);11 [11C]MePPEP, an inverse agonist for cannabinoid receptor
type 1 receptors (n= 20, 657 ± 76MBq, scan duration = 90minutes);12 and
[11C](R)-rolipram, a ligand for phosphodiesterase 4 (an enzyme that
metabolizes cyclic adenosine monophosphatase) in the brain (n=24,
420 ± 144 MBq, scan duration= 90minutes).13 Recruitment processes and
eligibility criteria are described in the original publications. The protocol
was approved by the Ethics Committee of the National Institutes of Health;
all subjects gave written informed consent. All the studies were conducted
according to the Declaration of Helsinki.
Radioligands were injected intravenously over 1 minute using an

automated pump, and blood samples were manually drawn from the
radial artery at 15-second intervals until 120 or 150 seconds, and then at
increasingly longer intervals until the end of the scan. Each input function
consisted of about 22 individual samples.

Blood sample processing. Plasma was first separated from blood cells by
centrifugation. Activity in both the whole blood—Cb(t)—and total plasma
—Ctot(t)—were measured. Sample counts were consistently monitored

Table 1. PPf standard models

Power model Hill model Exponential model

f x t;mð Þ ¼

PPf0; t� t0

PPf0
½1þ a t - t0ð Þð Þb �c; t > t0

8<
:

PPf0; t� t0

PPf0 þ ða - PPf0Þðt - t0Þb
cþðt - t0Þb ; t > t0

8<
:

PPf0; t� t0

aUe - b t - t0ð Þ þ ðPPf0 - aÞUe - c t - t0ð Þ; t > t0

8<
:

Parameters m= [a, b, c, PPf0, t0] m= [a, b, c, PPf0, t0] m= [a, b, c, PPf0, t0]

Parameter
meaning

1 PPf0: Initial value of parent fraction
2 t0: Delay term
3 a,b,c: Shape modulation factors

1 PPf0: Initial value of parent fraction
2 t0: Delay term
3 a: Plateau
4 b,c: Shape modulation factors

1 PPf0: Initial value of parent fraction
2 t0: Delay term
3 a: First exponential coefficient
4 b,c: Time constants
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and variable volumes were aliquoted to keep the counting error in each
sample o2.5% (~2,000 counts) at 1 s.d.
Radiometabolite separation from parent plasma concentration was

performed by HPLC on almost every blood sample, as described in Zoghbi
et al,14 obtaining an unusually high number of PPf samples per subject
(17± 2 for [11C]NOP-1A; 13 ± 2 for [11C]MePPEP, and 13± 1 for [11C](R)-
rolipram).
The fraction of parent plasma concentration at a given time, PPf(t), was

calculated as the ratio between the AUC of the parent peak—AUCp(t)—
with the total area in the radiochromatogram—AUCtot(t):

PPf tð Þ ¼ AUCpðtÞ
AUCtotðtÞ ¼

AUCpðtÞ
AUCpðtÞ þ AUCmðtÞ ð4Þ

Where AUCtot(t) is obtained by summing both parent and radiometabolite
areas, i.e., AUCp(t) and AUCm(t), respectively. Supplementary Figures 2A–C
show the plasma radiochromatographic profiles of the three considered
radioligands ([11C]NOP-1A and [11C]MePPEP at minute 10; [11C](R)-rolipram
at minute 6).

Radiometabolite Data Modeling and Statistical Analysis
Model parameter quantification. All three previously described standard
models (power, Hill, and exponential; Table 1) and their corresponding
convoluted versions were fitted to the PPf measures of each subject. The
parameter vectors for each model and each subject were estimated using
a maximum-likelihood nonlinear estimator with a relative weighting
scheme based on HPLC measurements. Measurement error was assumed
to be additive and uncorrelated with zero mean and variance assumed to
be known up to a proportionally constant γ; furthermore, measurement
error was assumed to be derived from the extension of both AUCp and
AUCm errors, each described by independent Poisson statistic. Thus,
applying the principle of propagation of uncertainty, the variance
associated to each PPf measure was derived as:

Var PPfðtÞð Þ ¼ γ
AUCpðtÞUAUCmðtÞ

AUCpðtÞ þ AUCmðtÞ
� �3 ð5Þ

Further details on the derivation of equation 5 are reported in Appendix 1.
Weights were then chosen as the inverse of the variance, and the
proportionality constant γ was estimated a posteriori as by Bertoldo et al.15

Criteria for model comparison. We compared the performance of the
standard versus the convoluted version for power, Hill, and exponential
model classes. Then, for each radioligand, the optimal model to describe
the PPf measures was selected considering the following performance
indices:

1. Weighted residual sum of squares (WRSS): the Akaike's Information
Criterion,16 which balances the WRSS with the number of model
parameters, is generally used to compare different models. However,
because all the models considered had the same number of parameters,
WRSS was used to investigate model performance instead of Akaike's
Information Criterion. In particular, we considered the percentage
difference between the WRSS of convoluted and standard models,
calculated as: %diff = (WRSSstandard−WRSSconvoluted)/WRSSstandard.

2. Coefficient of variation (CV) of the model parameter estimates: this
index returns information about estimate precision. It was calculated for
each model and each subject from the s.d. derived by the inverse of the
Fisher information matrix, and expressed as a percentage of the
estimated parameters. To note that, even if the PPf model parameters
do not have any physiologic meaning about metabolite metabolism,
the associated CVs are important since they return an indirect measure
of the model robustness.

3. Percentage of outliers, defined as the fraction of subjects in which at
least one estimated parameter had a CV41,000%, excluding t0. Outliers
are not considered in the calculation of the other performance indices
as they would bias their estimates. Nevertheless, the percentage of
outliers is indicative of the model robustness.

4. Residual zero-line crossing: this index represents an indirect measure of
the polarization of the residuals. It is calculated as the number of times
that the weighted residuals cross the zero line, normalized by n− 1,
where n is the total number of samples. The expected value for the
zero-line crossing is 0.5 (as from a Bernoulli distribution with P= 0.5 and
n− 1 trials). The lower this number, the more polarized the residuals.

Impact on tissue kinetic quantification. The optimal PPf model selected in
the previous step (both in its standard and convoluted version) was used
to perform radiometabolite correction. Thus, two input functions were
generated for each subject:

CpstandardðtÞ ¼ CtotðtÞUf x t;mð Þ ð6Þ

CpconvolutedðtÞ ¼ CtotðtÞUf Cx t;m; Tð Þ ð7Þ
For the three radioligands considered, the optimal model to describe the
kinetic behavior at regional level was a two-tissue compartmental model
(2TCM).11,12,17

The rate constants K1
mL
cm3=min
� �

, k2 (1/min), k3 (1/min), k4 (1/min), and Vb
(unitless) were estimated for each region with a maximum-likelihood
nonlinear estimator. The parameters of interest were:

• VT ¼ K1
k2

1þ k3
k4

� �
: the total volume of distribution (mL/cm3), which

equals the ratio at equilibrium of the concentration of radioligand in
the brain to that in the plasma;18

• BPP ¼ K1k3
k2k4

: the binding potential (mL/cm3), which refers to the ratio
at equilibrium of specifically bound radioligand to that in the
plasma;18

• BPND ¼ k3
k4
: the nondisplaceable binding potential (unitless), which

refers to the ratio at equilibrium of specifically bound radioligand to
that of nondisplaceable radioligand in the tissue.18

Positron emission tomography data measurement error was assumed to
be additive and uncorrelated, with zero-mean and Gaussian distribution.
We defined the diagonal elements of the error covariance matrix according
to the formula originally proposed by Mazoyer et al:19

Var Cið Þ ¼ γCi=Δti ð8Þ
Where Ci represents the activity of the radioligand in a specific volume of
interest in the frame i, and Δti is the duration of frame i. The proportionality
constant γ is, as for the radiometabolite fit, an unknown scale factor
estimated a posteriori as by Bertoldo et al.15

All the data were corrected for the radioligand decay and blood arterial
delay (defined as the time difference between the blood arrival from the
radial artery and the brain).20

The correlation between the VT values obtained with the two different
inputs, i.e., CpstandardðtÞ and CpconvolutedðtÞ, was calculated
with Pearson's R2 coefficient for all the regions for each subject.
We also computed the mean relative difference (MRD), calculated as the
average of the absolute value of the relative differences, i.e.,
RD ¼ 2U VTstandard - VTconvolutedð Þ= VTstandard þ VTconvolutedð Þ. The same indices were
considered also for BPP, BPND, and the microparameters (i.e., K1, k2, k3, and k4)
to evaluate which ones are the most influenced by the different
radiometabolite correction.

Impact of reduced sample size. Since our dataset was particularly rich in
the number of samples, we evaluated the performance of standard and
convoluted models in a more typical situation when limited PPf measures
are available. The original datasets were thus downsampled keeping only
the seven measures taken closer to the times t=2, 5, 10, 15, 20, 40, and
70 minutes. Sampling times were chosen based on the literature.1,4,21,22

Data fitting and model comparison were performed in the same way as
done with the full dataset.

Simulated Datasets
Different simulations were performed to:

1. Evaluate the error introduced by using a standard PPf model in the
presence of a nonimpulsive radioligand injection;

2. Assess the impact of applying a standard PPf model for radio-
metabolite correction on tissue quantification, when tissue kinetics
are generated with a plasma input function corrected with a
convoluted PPf model.

Impact of using a standard plasma parent fraction model in the presence of a
nonimpulsive radioligand injection. To understand the error introduced by
fitting a PPf time course with a standard model when the radioligand
injection length is different from an actual bolus, 1,000 PPf curves were
simulated using the convoluted Hill model and fitted with the standard Hill
model. Each of the 1,000 PPf curves was generated with a different set of
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parameters (a, b, c, PPf0, and t0), assuming an injection time T= 1minute.
These were randomly sampled from a Gaussian distribution whose mean
and s.d. were set as the mean and s.d. of the parameter estimates obtained
from all the subjects of the [11C]NOP-1A dataset (a= 0.14± 0.04,
b= 2.28± 0.40, c=220± 214, PPf0 = 0.98 ± 0.02, and t0 = 1.87 ± 1.39). The
times of the samples were chosen taking the time grid used for a
representative [11C]NOP-1A subject. White noise (zero-mean and Gaussian
distribution) was added to the curves with variance defined according
equation 5. High-performance liquid chromatography information was
derived from the same representative subject used for the time grid.
Parameter estimation using the standard Hill model was obtained as
explained in the previous section (clinical data). Results were assessed by
calculating the relative difference between the estimated PPf curves and
the simulated ones.
Within the same simulation, the impact of using a standard Hill model to

fit PPf data generated with increasing radioligand injection times was
evaluated. The range of injection lengths explored was from T= 0.5 to
3minutes with a time step of 0.5 minute. Therefore, 1,000 curves were
simulated for each value of T for a total of 6,000 PPf curves.

Impact on the tissue kinetic estimation. The simulation included the
following steps:

1. The parameter estimates obtained with 2TCM on the whole brain 120-
minute time-activity curves (TACs) of one [11C]NOP1A subject became
the baseline values. The parameters k2 and k3 were varied in the range
0.01:0.1 (10 variations each). The values were chosen on the basis of
previous results and cover a wide range of physiologic kinetics. The
other microparameters were left unchanged (K1 ¼ 0:34mL

cm3=minute and
k4 = 0.03/minute).

2. A noise-free TAC was calculated using the 2TCM with each set of
parameters determined in step 1 (20 TACs in total). The arterial input
function used for generating the TACs was the one measured for the
same [11C]NOP1A subject used in step 1 (corrected for the presence of
radiometabolites with the convoluted Hill model).

3. One hundred noisy TACs data were then obtained for each set of
parameters by summing noise-free data and simulated white noise
(zero-mean and Gaussian distribution). The simulated noise variance
was defined using equation 8, with the proportionality constant γ
estimated from the real data.

In summary, 2,000 kinetic TACs (100 curves × 20 cases) were generated.
Simulated data were quantified with 2TCM (see previous section, Clinical
Datasets), but using the input function corrected with the standard
Hill model.
The impact of the use of a standard PPf model was assessed by

comparing the 2TCM estimates obtained for each set of parameters versus
the 2TCM true value, as:

Δm ¼ 100 ´
m̂-m
m

ð9Þ

Where m̂ represents the estimated value and m is the true value.

RESULTS
Plasma Radiometabolites Modeling in Clinical Data
Convoluted versus standard models. The use of a convolution
term to account for the duration of radioligand injection improved
model fit performance for all radioligands and all PPf model
classes (Figures 1A–1C). In particular, the WRSS obtained using
convoluted PPf models was always lower than the one obtained
using the standard versions. However, the magnitude of the
relative WRSS difference depended on the PPf function; it was
relatively small with the power model (1%±6% on average), but
significantly greater with Hill and exponential (up to 21% and 25%,
respectively). An example of the fits obtained with standard and
convoluted Hill model for a representative [11C]NOP-1A subject is
presented in Supplementary Figure 3. Since convoluted models
better described PPf data than standard models, the optimal
model selection for each radioligand is presented using only the
former (see Supplementary Table 1 for all the performance indices
related to the standard models).

Selection of the optimal plasma parent fraction model. For all
radioligands, Hill convoluted was the optimal model (Table 2).
For [11C]NOP-1A, the Hill model had the lowest mean WRSS
(1.00E-04 ± 9.81E-05), the lowest CVs for all parameters (excluding
t0), and the most random residuals (0.48 of zero-line crossing)
among the three models (Table 2). In terms of outliers, parameter
identification failed for only one subject. The good performances
of the Hill model for [11C]NOP-1A were visually corroborated by
the good fit of the model to the PPf data (Figure 2A). The
weighted residual time course was consistent with the assumption
made for the error variance law (Figure 2B).
For [11C]MePPEP, Hill convoluted had the lowest WRSS

(1.77E-05 ± 1.27E-05), the lowest parameter CVs (t0 excluded)
and random residuals (0.61 of zero-line crossing; Table 2). Notably,
the exponential model did not achieve reliable parameter
estimates in 15% of subjects. Visually, the Hill model well fitted
the measured data (Figure 2A), and the weighted residuals
(Figure 2C) were random, with zero mean and variance equal to
one (in agreement with the assumption made for the variance
error law).
When applied to the [11C](R)-rolipram dataset, the PPf models

were simplified with PPf0 constrained to 1. In fact, [11C](R)-rolipram
was obtained in high radiochemical purity (99.9%± 0.2%) and
impurities were thus negligible. The exponential model showed
the lowest WRSS (3.29E-06 ± 5.48E-06), but a substantial percen-
tage of subjects (22%) had nonreliable parameter estimates
(Table 2). In terms of parameter CV, both Hill and exponential
models had similar precisions (ranging from 8% to 22% for Hill
and from 5% to 26% for the exponential model), while the power
model showed higher variability. Randomness of the residuals was
comparable between the three models. However, Hill model did
not yield any outliers, making it the preferred method to fit [11C]
(R)-rolipram data. Figures 2A and 2D, show an example of a Hill
model description of [11C](R)-rolipram PPf and the weighted
residual time course.

Impact on tissue kinetic quantification. The estimates of the
macroparameters were comparable with the ones reported in the
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Figure 1. The effects of radioligand injection on plasma parent
fraction modeling. The figure reports the weighted residual sum of
square (WRSS) percentage difference, computed between convo-
luted plasma parent fraction (PPf) modeling (accounting for the
radioligand injection time) and standard PPf modeling (applied
without any information about radioligand injection time). A, B, and
C refer to [11C]NOP-1A, [11C]MePPEP, and [11C](R)-rolipram analysis,
respectively. For each radioligand, all the PPf model classes were
tested and intersubject mean (x) and variability (error bars) of
percentage difference between convoluted and standard PPf
modeling are reported. Values falling in the red band (top) means
the WRSS of the standard model is lower than the corresponding
WRSS of the convoluted model (i.e., standard model performs better
than convoluted one). The opposite for the yellow band (bottom).
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literature11–13,23 ([11C]NOP-1A: VT ¼ 8:9071:53mL
cm3,

BPP ¼ 2:6970:94mL
cm3, and BPND= 0.49 ± 0.23; [11C]MePPEP:

VT ¼ 15:2676:97mL
cm3, BPP ¼ 14:5076:99mL

cm3, and BPND
= 24.86 ± 11.07; and [11C](R)-rolipram: VT ¼ 0:5970:12mL

cm3,
BPP ¼ 0:3070:08mL

cm3, and BPND= 1.02 ± 0.23).
Among the three radioligands considered, [11C]NOP-1A

(Figure 3A) showed the greatest differences in the micropara-
meters k3 and k4 (MRD=18%±12% and 18%±14%, respectively)
obtained with the two input functions, yet the differences on the
VT estimates were limited (MRD= 2%±2%). Correlation coefficient
on VT was R2 = 0.98 ± 0.04, range [0.86; 1]. Both measures of the
binding potential, BPP and BPND, exhibited a greater difference

(MRD=8%± 7% and MRD= 10%±8%, respectively) and a lower
correlation (R2 = 0.88 ± 0.12 and R2 = 0.90 ± 0.12, respectively) than
VT. Interestingly, k3 and k4 estimates were highly correlated (on
average R2 = 0.98 ± 0.03 and R2 = 0.97 ± 0.07, respectively), but they
showed a different range of correlation values (k3: [0.90; 1], k4:
[0.69; 1]).
[11C]MePPEP (Figure 3B) showed negligible differences in both

macro- and microparameter estimates (on average MRD o3%
and R240.99).
Also [11C](R)-rolipram (Figure 3C) presented negligible differ-

ences on the macroparameter (MRD=1%±1% and R2 = 0.99± 0.02
for VT; MRD= 3%±2% and R2 = 0.98 ± 0.06 for BPP; and
MRD=5%±2% and R2 = 0.97 ± 0.11 for BPND). Nevertheless, there
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Figure 2. Optimal plasma parent fraction modeling in [11C]NOP-1A, [11C]MePPEP, and [11C](R)-rolipram positron emission tomography (PET)
data. (A) Shows an example of the optimal plasma parent fraction (PPf) model in three representative subjects belonging to the three
analyzed PET datasets; blue open circles, green triangles, and red squares indicate [11C]NOP-1A, [11C]MePPEP, and [11C](R)-rolipram metabolite
data, respectively. (B–D) show the weighted residual time-activity course (PPf data—PPf model prediction) for the same representative
subjects (with the same order of datasets). Dashed lines indicated the − 1/1 confidence region as well as the zero line.

Table 2. PPf model selection

CVa Outliersb Zero-line
crossingc

WRSSd

a b c PPf0 t0

[11C] NOP-1A Power 61%± 51% 199%± 206% 191%± 193% 0.3%± 0.1% 242%± 132% 5% 0.37 2.24E-04± 2.16E-04
Hill 10%± 80% 13%± 6% 82%± 42% 0.2%± 0.1% 34%± 22% 5% 0.48 1.00E-04± 9.81E-05
Exponential 12%± 10% 20%± 12% 170%± 155% 0.2%± 0.1% 6%± 3% 24% 0.46 2.19E-04± 1.95E-04

[11C] MePPEP Power 38%± 35% 140%± 127% 129%± 116% 0.2%± 0.1% 336%± 299% 0% 0.46 3.03E-05± 2.66E-05
Hill 14%± 80% 10%± 5% 52%± 40% 0.1%± 0.1% 53%± 149% 0% 0.60 1.77E-05± 1.27E-05
Exponential 70%± 50% 24%± 26% 89%± 60% 0.2%± 0.1% 14%± 18% 15% 0.61 5.44E-05± 5.62E-05

[11C] (R)-Rolipram Power 96%± 122% 79%± 152% 123%± 149% 48%± 67% 17% 0.56 1.11E-05± 4.31E-05
Hill 22%± 20% 13%± 7% 22%± 12% 8%± 6% 0% 0.54 1.38E-05± 4.41E-05
Exponential 15%± 10% 26%± 20% 21%± 22% 5%± 3% 22% 0.51 3.29E-06± 5.48E-06

Abbreviations: CV, coefficient of variation; PPf, plasma parent fraction; WRSS, weighted residual sum of squares. aCV of the parameter estimates (mean± s.d.),
which reflects estimate reliability. bThe percentage of subjects over the total who reported at least one parameter with a corresponding CV41,000%
(excluding t0).

cNumber of times that weighted residuals cross the zero line over the total number of residuals. The value reported is the mean between
subjects (excluding outliers). dWRSS (mean± s.d.).
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was an important impact on the modeling of the PPf on the
microparameters on 4 subjects out of 24. In particular, k3 and k4
showed the highest MRD and the smallest correlation (MRD up to
46% and R2 down to 0.70 for k3).

Impact of reduced sample size. When comparing the WRSS
obtained with the standard and the convoluted PPf models in
the downsampled dataset, the latter had still better performance
even if the difference between the two was quite limited (o5%
on average; see Supplementary Figure 4). With regard to the
model selection, Hill convoluted was confirmed to be the optimal
model for all three datasets, as the convoluted power model and
the convoluted exponential model had higher parameter CVs and
number of outliers (Supplementary Table 2).

Simulated Datasets
Impact of using a standard model in the presence of a nonimpulsive
radioligand injection. The error generated in the PPf model
description when the radioligand injection length is not taken into
account depends on the duration of the injection. As expected,
the longer the injection time, the greater the percentage differ-
ence (Supplementary Figure 5). Interestingly, even when the error
was on average negligible, that is, when the simulated injection
time was T= 0.5 minute with a mean error o1%, it showed a
constant variability 45%.

Impact on the tissue kinetic estimation. Figure 4 reports the
results of the use of the standard Hill model for radiometabolite
correction on tissue quantification, when tissue kinetics are
generated with a plasma input function corrected with a
convoluted Hill model, in a variety of kinetic behaviors.
There was a different impact depending on the radioligand

kinetics and on the parameters considered. Although K1 and VT
were insensitive to both changes in k2 and k3 (with an average
bias of 0.2%±1.0% and 3.0%±0.4%, respectively), both k3 and k4
were sensitive to changes in k2 and k3 (with an average bias of
− 14%±18% and − 18%± 5%, respectively),
On the contrary, BPP and BPND were most sensitive to changes

in k2 with bias 450%. These results showed how the use of a
standard PPf model can heavily impact both micro- and macro-
parameters depending on the radioligand kinetics under study.

DISCUSSION
This study sought to improve the accuracy of the estimation of the
input function through a better modeling of the plasma parent
fraction for the radiometabolite correction. We reached our aim by
introducing a modification of the existing PPf models, which
improved the description of the PPf measures by taking into
account the duration of the radioligand injection. Three different
radioligands with different blood kinetics and with a rich sample
size were used to validate our modeling approach. In addition, we

Figure 4. Parameters bias in tissue quantification in simulation studies. Tissue curves were simulated with a plasma input function corrected
with a convoluted Hill model and varying k2 (left) and k3 (right) values. k2 and k3 varied between [0.01;0.1] (from top to bottom), with
logarithmically and uniform spacing, respectively, to simulate physiologic set of kinetics. Parameter estimates were obtained by fitting the
simulated curves using the plasma input function corrected with the standard Hill model. Figure shows how the bias changes depending on
the tissue kinetics: green indicates negligible bias, yellow to red represents overestimation, and cyan to dark blue indicates negative bias.
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performed simulation studies to quantify the error generated by
not taking into account the radioligand injection length.
In this study, the standard PPf models available in the literature

were subdivided into three main categories—power, Hill, and
exponential—and used to obtain a better description of the PPf
measured data by incorporating the duration of radioligand
injection into their mathematical formula (thereby creating
convoluted models). These convoluted models always performed
better than standard models without increasing their complexity
in terms of the number of parameters to be estimated. In
particular, the convoluted versions of both the Hill and
exponential models improved the PPf measure description up to
21% and 25% in terms of mean WRSS. All radioligands were
injected over the course of 1 minute. Simulated studies explored
the impact of not taking into account the radioligand injection
lengths for T different from 1minute. As expected, the longer the
injection time, the higher the impact.
The Hill convoluted model was selected as the optimal model

for the three datasets in this study ([11C]NOP-1A, [11C]MePPEP, and
[11C](R)-rolipram). This model provided accurate and precise
parameter estimates, and was flexible enough to describe the
final plateau in all the analyzed PPf data. As the present study
confirmed, the Hill function works well across different radio-
ligands. However, it may not be suitable for some radioligands
that display very particular shapes of the input function. For
instance, the plasma parent concentration of [11C]DASB4 actually
increases over time, most likely because of an initial trapping of
the parent in the lungs; this would not be amenable to modeling
with Hill function. Interestingly, for all the radioligands, when a
reduced number of samples was considered, the PPf model
selection mirrored the results obtained in the full datasets. Hill
convoluted was still the optimal model to describe PPf data, even
if the differences between the standard and convoluted models
were reduced.
In terms of impact on tissue estimates, the convoluted PPf

models showed negligible influence on the macroparameter VT
and varying impact on BPP, BPND, and the microparameters, which
can be more sensitive to the shape of the input function (e.g.,
~ 18% of MRD of k3 and k4 in [11C]NOP-1A). These results were
confirmed by simulation studies: the use of a standard PPf model
can heavily impact both micro- and macroparameters depending
on the radioligand kinetics.
To note that when the tracer is injected relatively fast

(o1minute) and when the number of samples collected for
radiometabolite measurements is small (as it is the standard
practice in the majority of PET studies), standard and convoluted
models produce similar fits.
Also, it must be taken into account that the true input function

is not known in the clinical datasets but, as assumed in other
previous works,7,24 a better description of the PPf should lead to a
more correct quantification of the tissue parameters.
We found no clear relationship between total plasma or PPf

kinetics and the impact of modeling on the final tissue estimates.
Among the three datasets, [11C]MePPEP had the fastest kinetics,
while [11C](R)-rolipram showed the slowest ones. Nevertheless,
[11C]NOP-1A had the highest sensitivity to PPf and plasma input
modeling. No relationship was found between the MRD of the
tissue estimates and the estimates themselves either.
This study used an unusually rich dataset acquired at the

Molecular Imaging Branch, National Institute of Mental Health,
USA. The high number of HPLC measurements (almost one per
blood sample) provided optimal conditions for selecting the best
PPf models and allowed us to avoid the use of complex modeling
approaches, particularly nonlinear mixed effects ones.24 We took
advantage of this data-rich environment to not only derive the
optimal model for describing radiometabolite time course, but
also to define a consistent and theoretically justifiable error model
for the definition of PPf modeling weights. The error law used in

our study accounted for the fact that the PPf is the ratio of two
measurements obtained from HPLC, and both of them are
affected by a measurement error. These two independent errors
contribute to the final PPf error according to the principle of
propagation of uncertainty. This error model was validated
a posteriori by analyzing the weighted residual randomness, its
mean value (expected to be zero), and variance (expected to be 1).
Other error laws (for instance, based on the unitary variance of the
weighted residuals) failed to satisfy the hypothesis (data not
shown). Notably, we checked the residual polarization using the
zero-line crossing values and normality using the Anderson-
Darling test. We tested three other error laws: the first assumed
the variance of the error to be constant among the PPf data, the
second assumed it proportional to the PPf data, and the third was
the Poisson error law. The weighted residual analysis showed that
all of them overestimated the variance of the first samples and
underestimated the variance of the lasts.

CONCLUSION
Including the injection duration in the PPf model description
allows convoluted models to better describe the data compared
with standard models. For the radioligands studied, the Hill
convoluted model provided better fits and more precise
parameter estimates than exponential fitting and power models.
The final kinetic results were influenced by how the input

function was generated, although the magnitude of this effect
depended on the radioligand and on the parameters considered.
In particular, limited effect on VT was found for fast tracer

injection (below 1minute) as common in the majority of PET
studies.
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APPENDIX 1
Derivation of the PPf Variance
The value of the plasma parent fraction at time t (PPf(t)) was
calculated as the ratio of the area under the curve (AUC) of
the parent peak (AUCp(t)) and the total AUC (AUCtot(t)) in the
radiochromatogram obtained by analyzing the plasma sample
taken at time t with high-performance liquid chromatography.
The total AUC is the sum of the parent peak AUC and AUCs of the
radiometabolite peaks (AUCm(t)).

PPf tð Þ ¼ AUCpðtÞ
AUCtotðtÞ ¼

AUCpðtÞ
AUCpðtÞ þ AUCmðtÞ ðA1Þ

Both AUCp(t) and AUCm(t) represent a sum over time of
radioactive counts. These are random processes that can
be modeled with a Gaussian distribution whose variance is known
up to an unknown proportionality constant, γ,15 to equal the
mean. Thus, the variance of the two processes was expressed as
follows:

Var AUCp tð Þ� � ¼ γUAUCp tð Þ ðA2Þ

Var AUCm tð Þð Þ ¼ γUAUCmðtÞ ðA3Þ
To derive the variance of PPf(t), we used the formula of
propagation of variance25 that, for a function f(x,y) is given by:

σ2
f ¼

δf
δx

� �2
Uσ2

x þ
δf
δy

� �2
Uσ2

y þ 2
δf
δx

� �
δf
δy

� �
σxy ðA4Þ

Where σ2
f , σ

2
x , and σ2

y are the variances of f, x, and y, respectively;
σ

xy

is
t-
h-
e

covariance between x and y, while δf/δx and δf/δy are the partial
derivate of f with respect to x and y.
Assuming AUCp(t) and AUCm(t) to be independent, their

covariance was zero. Thus, the formulation of the variance of
PPf(t) was calculated as follows (for the sake of clarity, the
dependency from the time t has been omitted in the following
passages):

Var PPfð Þ ¼ δPPf
δAUCp

� �2
UVar AUCp

� �

þ δPPf
δAUCm

� �2
UVar AUCmð Þ

¼ AUCm

AUCp þ AUCm
� �2

" #2

UγUAUCp

þ -AUCp

AUCp þ AUCm
� �2

" #2

UγUAUCm

¼ γU
AUCpUAUCmU AUCp þ AUCm

� �
AUCp þ AUCm
� �4

¼ γU
AUCpUAUCm

AUCp þ AUCm
� �3 ðA5Þ

Equation A5 represents the model of the PPf variance used herein.
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