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PET with 18F-choline (18F-FCH) is used in the diagnosis of pros-
tate cancer and its recurrences. In this work, biodistribution
data from a recent study conducted at Skåne University Hos-
pital Malmö were used for the development of a biokinetic and
dosimetric model. Methods: The biodistribution of 18F-FCH
was followed for 10 patients using PET up to 4 h after admin-
istration. Activity concentrations in blood and urine samples
were also determined. A compartmental model structure was
developed, and values of the model parameters were obtained
for each single patient and for a reference patient using a pop-
ulation kinetic approach. Radiation doses to the organs were
determined using computational (voxel) phantoms for the de-
termination of the S factors. Results: The model structure
consists of a central exchange compartment (blood), 2 com-
partments each for the liver and kidneys, 1 for spleen, 1 for
urinary bladder, and 1 generic compartment accounting for
the remaining material. The model can successfully describe
the individual patients’ data. The parameters showing the great-
est interindividual variations are the blood volume (the clear-
ance process is rapid, and early blood data are not available
for several patients) and the transfer out from liver (the physical
half-life of 18F is too short to follow this long-term process with
the necessary accuracy). The organs receiving the highest doses
are the kidneys (reference patient, 0.079 mGy/MBq; individual
values, 0.033–0.105 mGy/MBq) and the liver (reference patient,
0.062 mGy/MBq; individual values, 0.036–0.082 mGy/MBq). The
dose to the urinary bladder wall of the reference patient varies
between 0.017 and 0.030 mGy/MBq, depending on the assump-
tions on bladder voiding. Conclusion: The model gives a satis-
factory description of the biodistribution of 18F-FCH and realistic
estimates of the radiation dose received by the patients.
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Choline uptake is increased in cancerous tissues be-
cause the high metabolic rates of tumor cells require cho-
line for the synthesis of phospholipids. For example, choline
kinase is overexpressed in prostate cancer cells (1,2), thus
making choline a suitable indicator for early and differential
diagnosis of prostate cancer.

PET with radiolabeled choline is therefore used for diag-
nosis of malignant and recurrent tumors and of metastases
in prostate cancer patients (3–7). A correct evaluation of the
patient dose and the optimization of the imaging protocols
imply knowledge of the biodistribution and kinetics of
the administered compounds. Recently, the biokinetics of
18F-choline (18F-FCH) in 4 prostate cancer patients were
investigated in a study conducted in the frame of the Euro-
pean Collaborative project MADEIRA (Minimizing Activity
and Dose with Enhanced Image quality by Radiopharmaceu-
tical Administrations (8–9)). Six new patients have now been
included in the study. In these investigations, biodistribution
and excretion data were collected for up to 4 h after injection
of the radiopharmaceutical. Previous human studies with
11C- or 18F-choline were limited up to 1 h after administra-
tion (3–7,10).

The aim of this work was to develop a compartmental
model for 18F-choline using the patients’ data collected in
the MADEIRA study. The study presented here represents
1 of the 2 different modeling approaches independently
pursued within the project (11). Preliminary results on
a smaller set of patients were presented at the 2010 meeting
of the International Society for Optics and Photonics SPIE
(12).

MATERIALS AND METHODS

Biokinetic Studies
Patient measurements were performed at the Department for

Imaging and Functional Medicine of the Skåne University Hos-
pital in Malmö according to the protocol approved by the Re-
gional Ethical Vetting Board at Lund University. 18F-FCH was
synthesized using a TRACERlab MX module (GE Healthcare)
and reagent kits (ABX GmbH) at the cyclotron facilities at
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Skåne University Hospital in Lund and then delivered to
Malmö.

Ten patients (age range, 59–77 y) with a previous history of
prostatectomy and raised prostate-specific antigen levels detected
during a control check were enrolled in the study. The patients
were given written and oral information about the study and were
allowed to quit at any time. The patients arrived at the hospital at
noon after having fasted since 6 o’clock the evening before. Forty-
five minutes before the injection, the patients received 600 mL of
oral purgative (Laxabon; BioPhausia). After intravenous adminis-
tration of 18F-FCH (administered activity, 4 MBq/kg of body
weight—that is, between 280 and 430 MBq), subsequent PET
images (thigh to neck) were acquired with a Philips Gemini TF
PET/CT scanner at the following 4 time points: directly after the
injection and at 1, 2, and between 3 and 4 h thereafter. The PET
field of view was 18 cm with an overlap of 9 cm, with on average
9 bed positions per scan (2 min per bed position). Low-dose CT
images (30 mAs; slice thickness, 5 mm; voxel size, 80 mm3) were
obtained for attenuation and scatter correction immediately after
injection and 2 and 3 h after injection. One hour after injection,
100 mL of intravenous x-ray contrast medium (Omnipaque
300 mg I/mL; GE Healthcare) were given to the patients, and
a diagnostic CT image (120 mAs) was acquired. The patients were
allowed to eat between the second and third acquisitions.

The activity concentrations in selected body organs and tissues,
such as the liver, kidneys, spleen, urinary bladder, and, if present,
tumor or metastases, were determined from the PET measure-
ments using the software tool provided with the scanner (regions
of interest manually defined). Then the concentrations were trans-
formed into absolute activity values using the organ volumes deter-
mined from the registered CT images.

A specific correction was required for the measurements of the
first scan in each patient. The first scan was indeed obtained
immediately after injection, while the radiopharmaceutical was
still being distributed to the organs and tissues. In this early phase,
the result of the measurement can depend strongly on the position
of the region of interest and on whether it was measured at the
beginning or end of the scan. The software, however, refers the
result of the measurement back to the beginning of the scan,
correcting for the radioactive decay and neglecting the biokinetic
variations during scan time. Therefore, significant systematic
errors in the estimation of the initial activity concentration can
occur. Because the accuracy of this information was of the
uttermost importance for the correct development of the biokinetic
model, an algorithm was implemented that identified the position
of each organ and consequently the exact time point when that
organ was imaged; retrieved the correct value of the measured
activity concentration, cancelling the correction for radioactive
decay introduced by the software; and referred the measured
activity concentration to the exact time point of measurement (and
not to the beginning of the scan).

The biokinetic variations during the later scans (at 1, 2, and
between 3 and 4 h after injection) that differed from the first one
were considered to be negligible, and no correction was performed.

Additionally, blood and urine samples were collected between
the PET scans. Four to 5 blood samples were taken from the arm
opposite the one used for injection. In 5 patients, the first sample
was drawn within the first 2 min after administration, whereas in
the other patients the first sample was drawn later, around 30 min
after administration, because of operative problems. Four to
6 urine samples were collected for each patient at different time

points after activity administration. Patients were asked to empty
their bladder after the first scan. Additional urine samples were
collected between scans, indicatively every hour, to obtain a de-
tailed picture of the excretion pattern of 18F. The concentration
of 18F in the biologic samples was measured in an automatic
g-counter (Wizard 1480; Wallac), introducing a correction for
the counting efficiency at different activity levels. Total activity
excreted in urine was calculated, multiplying the measured activ-
ity concentrations by the sample volumes, assessed by weighting.

Modeling
Evaluations for individual patients and population kinetic

analysis were performed using 2 different software packages,
SAAM II (13) and ADAPT 5 (14). For the population analysis,
the maximum-likelihood approach using the expectation and
maximization algorithm (15,16) was applied (MLEM approach).
Identifiability of the compartmental system (i.e., the possibility
of having a finite or unique number of solutions for all of the
model parameters) was verified using the GLOBI software (17).

Radiation Dosimetry
Radiation dose coefficients to the target regions rT were calcu-

lated according to the formula:

dðrT ; TDÞ 5 +
rS

~aðrS; TDÞSðrT)rSÞ; Eq. 1

where ~aðrS; TDÞ is the time-integrated activity coefficient in source
region rS over dose-integration period TD (i.e., the number of nu-
clear transformations in rS after administration of an activity of 1
MBq to the patient) and SðrT)rSÞ is the mean absorbed dose rate
to target region rT per unit activity present in source region rS (18).

Organ dose estimates were performed for a so-called reference
patient and for each patient individually. In the first case, the time-
integrated activity coefficients were evaluated using the biokinetic
parameters derived from the population analysis, and the S factors
of Equation 1 were derived using the adult male reference com-
putational phantom (RCP-AM) recently adopted by the Interna-
tional Commission on Radiological Protection (ICRP) (19). For
the individual dose estimates, the time-integrated activity coeffi-
cients were evaluated using the biokinetic parameters from the
individual analysis. The S factors were based on the series of
computational phantoms with different anatomic characteristics
available at the Helmholtz Zentrum München (20). Additionally,
1 patient-specific voxel phantom was segmented from the CT data
of 1 of the patients participating in this study (patient 1). The
phantom was named MadPat (Madeira Patient).

Each single patient was individually associated to the phantom
that most closely resembled his anatomic characteristics—that is,
the phantom that minimized the following expression:

D 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
hpat 2 hph

hph

�2

1

�
mpat 2 mph

mph

�2
s

; Eq. 2

where hpat and mpat are the height and mass of the patient and hph
and mph the corresponding quantities of the phantom. Table 1
summarizes the main features of the phantoms.

For each of the phantoms used, the S factors for 18F were
obtained, starting from specific absorbed fraction values for monoe-
nergetic photons and electrons calculated with version V4-2-2-5 of
the EGSnrc Monte Carlo code package (21) using the nuclear
decay data from ICRP publication 107 (22).
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To evaluate the whole-body exposure of the prostate cancer
reference patient undergoing an 18F-FCH study, a quantity was
calculated, which we refer to as the risk-weighted absorbed dose
coefficient defined following the quantity effective dose in ICRP
publication 60 (23):

e 5 +
T

wT dðrT ; TDÞ; Eq. 3

where the list of target organs rT, composition of the remainder,
and values of the weighting factors wT are those presented in ICRP
publication 60.

RESULTS

Biokinetic Data

Figure 1 shows that the biokinetic patterns are similar in
all individuals. The concentration in blood decreases rap-
idly in the first hour after administration. The greatest in-
terindividual variations were observed for the concentration
values in the first collected blood sample. For the liver,
kidney, and spleen, the activity curves (not corrected for
radioactive decay) reach their maxima in the first scan. In-
dicative maximum values correspond to about 11% of the
injected activity for the liver, 5% for the kidneys, and 1%
for the spleen. Activity for the liver and the spleen
decreases with half-times similar to the physical half-time
of 18F, the decrease for the kidneys is faster. Urinary excre-
tion is rapid; most of the activity is eliminated in the first
hour after administration.

Model Development

The starting model structure featured a central exchange
compartment (blood) in which the injected radiopharma-
ceutical was initially distributed and a series of subsystems
representing the organs and tissues in which most of the
activity was concentrated and that were imaged in all
patients: liver, kidneys, spleen, and urinary bladder. A
further compartment (rest of the body [RoB]) was added to
account for the material transported to organs and tissues
different from those explicitly modeled. For some patients,
activity concentrations were available also for the salivary
glands, tumors, or metastatic tissues. The activities present
in these regions were, however, small; thus, it was decided
not to indicate them explicitly in the model structure and
include them in the RoB.

The first tests showed that such a simple model structure
was unable to describe simultaneously and with sufficient
realism the available experimental data. Two strategies
were pursued to refine the model structure. On the one
hand, the possibility of using nonlinear kinetics for some
transfer processes was investigated (11). As an alternative,
the so-called forcing-function approach (24) was used here:
the original simple model structure was split into several
independent subsystems. The decoupling was achieved us-
ing a sum of exponentials with fixed coefficients (the forc-
ing function) to describe the activity in the central
compartment (blood). The forcing function was then ap-
plied as an input for each peripheral compartment sepa-
rately, and the best structure and the parameter values for
each subsystem were determined, fitting the model predic-
tions only to the data collected in that subsystem. The
separate substructures were then recombined into the com-
plete model, the forcing function lifted, and the new fit
performed in the recombined structure, using as starting
estimates the parameter values obtained in the previous
analysis.

The final structure of the model is shown in Figure 2. The
compartment liver had to be split into 2 subunits, the first
one exchanging material with blood and the second one
eliminating it through the biliary-fecal pathway. Two com-
partments were used to describe the kidneys as well, adopt-
ing the representation commonly used by the ICRP: urinary
excretion is assumed to arise from direct transfer to the
urinary bladder and from delayed transfer after retention
in the kidney tissues (urinary path).

Table 2 reports the values of the model parameters esti-
mated with the population analysis and the ranges of the
model parameter values estimated with the individual analy-
sis. Figure 1 compares the population model predictions of the
activity in blood, liver, kidneys, and spleen, and of the urinary
excretion rate with the corresponding sets of data. For a better
comparison with the available data, the model prediction of
the average urinary excretion rate is expressed as a step func-
tion over consecutive collection periods of 1 h. Supplemental
Figure 1 (supplemental materials are available online only
at http://jnm.snmjournals.org) compares the individual model
predictions of the activity in the liver, kidneys, and blood for
each patient with that patient’s corresponding data.

TABLE 1
Physical Characteristics of Computational Phantoms

Phantom name

Characteristic RCP-AM Frank MadPat Visible Human

Age (y) NA 48 69 38

Height (cm) 176 174 172 180
Weight (kg) 73 95 70 103

No. of voxels (millions) 1.95 23.7 8.3 20.1

Slice thickness (mm) 8 5 5 5
Voxel volume (mm3) 36.5 2.7 6.9 4.3

Coverage Whole body Head and trunk Head to thigh Head to thigh
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Dosimetry

Table 3 shows the time-integrated activity coefficients for
the reference patient calculated using the results of the
population analysis. Also, the maximum, minimum, mean,

and median values of the coefficients calculated for each of
the 10 patients (individual analysis) are shown. For calcu-
lating the activity coefficients in the urinary bladder, 2
assumptions were made: bladder voiding every hour, in

FIGURE 1. Biokinetic data measured in 10 patients. Uncertainty bars in liver, kidneys, and spleen correspond to 1 SD and combine

statistical uncertainty provided by software that calculates activity concentration in region of interest and uncertainty on organ volume from

registered CT scan. Uncertainty bars in urine and blood data correspond to 1 SD from measurements of duplicate specimen of same
sample. Solid lines represent results of population analysis with compartmental structure of Figure 2.
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accordance with the collection schedule followed by the
patients, and bladder voiding every 3.5 h, as generally as-
sumed in the ICRP calculations.
These values were used as an input for the calculation of

the organ doses received during an 18F-choline study. Table
4 reports the results for the reference patient. The doses
were calculated using the S values obtained with the adult
male reference computational phantom (RCP-AM) recently
adopted by ICRP (19). For comparison, the table also shows
the dose values calculated with the software OLINDA/
EXM (25), which uses the conventional S values obtained
with a set of stylized mathematic phantoms (26).
The risk-weighted absorbed dose coefficient for the

reference patient, calculated according to Equation 3 using
the organ dose coefficients given in the “RCP-AM” col-
umns of Table 4, amounts to 0.018 mSv/MBq in the case
of the bladder-voiding interval of 1 h. Considering bladder
voiding every 3.5 h has only a limited effect on the co-
efficient (0.019 mSv/MBq).
The individual organ doses were calculated for each

patient using the appropriate voxel phantom identified by
the simple algorithm described by Equation 2. The following

associations were found: patients 1 and 2, MadPat; patients
3, 8, and 9: RCP-AM; patients 4 and 7, Frank; and patients
5, 6, and 9, Visible Human.

The ranges (maximum, minimum, mean, and median
values) of the individual doses to selected target organs are
summarized in Table 5 and compared with the values
obtained for the reference patient.

DISCUSSION

Figure 1 and Supplemental Figure 1 show that the model
is successful in describing the average behavior of the mea-
sured data and can be easily characterized for each individ-
ual patient. The greatest deviations are observed in the
description of the initial blood clearance, for which the
spread of the data is higher.

The parameter values obtained from the population
analysis (reference patient) indicate that 18F-choline is
eliminated rapidly from blood and that the biologic clear-
ance time equals 7.5 min. Amount of material transported
to liver is 17.4%, to the kidney tissues 5.2%, to the spleen
1.2%, and to the compartment RoB 71.1%. The remaining
5.1% is excreted into the urine, mostly through the urinary
path. The transit time in the urinary path is 7.15 min.

In our model, the liver is split into 2 compartments:
Liver1 describes the exchange with blood, and Liver2
describes long-time retention and excretion through the
biliary pathway. The half-time of the exchange process is
approximately 17 min. Slightly less than the half (44%) of
the material present in the liver goes back to blood; the
remaining 56% proceeds toward the biliary excretion
pattern. Because of the short physical half-life of 18F and
the duration of the studies, it was not possible to determine
the long-term retention component in the compartment
Liver2.

The compartments spleen, kidney tissues, and RoB
recycle choline back to blood with biologic half-times of
90, 110, and 150 min, respectively.

TABLE 2
Values of Model Parameters (min21) as Obtained from Fits

Population analysis Individual analysis

Parameter Mean Population SD Coefficient of variation (%) Median Minimum Maximum

Blood to liver1 1.61 · 1022 0.32 · 1022 20 1.63 · 1022 1.08 · 1022 2.18 · 1022

Liver1 to blood 1.84 · 1022 0.40 · 1022 22 1.87 · 1022 1.33 · 1022 2.61 · 1022

Liver1 to liver2 2.3 · 1022 1.7 · 1022 74 1.72 · 1022 9.00 · 1023 6.27 · 1022

Blood to spleen 1.13 · 1023 0.51 · 1023 45 1.03 · 1023 3.63 · 1024 1.98 · 1023

Spleen to blood 7.7 · 1023 2.6 · 1023 34 7.04 · 1023 3.78 · 1023 1.26 · 1022

Blood to urinary bladder 5.1 · 1024 3.0 · 1024 59 5.40 · 1024 1.84 · 1024 9.56 · 1024

Blood to kidney tissues 4.8 · 1023 1.3 · 1023 27 4.51 · 1023 2.97 · 1023 6.62 · 1023

Kidney tissues to blood 6.2 · 1023 3.2 · 1023 52 5.21 · 1023 2.50 · 1023 1.11 · 1022

Blood to urinary path 4.2 · 1023 1.1 · 1023 26 4.16 · 1023 2.47 · 1023 5.94 · 1023

Urinary path to bladder 9.7 · 1022 2.9 · 1022 30 9.68 · 1022 4.46 · 1022 1.25 · 1021

Blood to RoB 6.56 · 1022 0.91 · 1022 14 6.56 · 1022 5.46 · 1022 8.32 · 1022

RoB to blood 4.6 · 1023 2.4 · 1023 52 3.98 · 1023 1.44 · 1023 8.92 · 1023

Blood volume 1.28 · 104 0.83 · 104 65 9.39 · 103 3.45 · 103 2.51 · 104

FIGURE 2. Proposed structure of compartmental model for bio-

kinetics of 18F-FCH.
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One reason for using population analysis was that this
analysis can account separately for within- and between-
individual sources of variability, thus distinguishing between
the uncertainty sources that are due to the measurements or
to the inability of the model to describe the data (it should
be always considered that the mathematic models used are
a rough approximation of the actual biologic processes
going on) and those that are due to interindividual
variability (the population SD indicated in the table). The
range of variability of the individual estimates is also
indicated as a further term of comparison.
The population SD of the model parameters is in most

cases limited to 35% or less of the parameter value, and
only 2 parameters have coefficients of variation greater than
60%. The parameters with the highest relative SD are those

describing the longer-term processes, such as feedback to
blood from the organs or transfer to biliary excretion. One
explanation is that the physical half-life of 18F is too short
to enable the observation of such processes as long as re-
quired for accurate parameter determination. These param-
eters are indeed the ones showing also the highest
interindividual variations. Furthermore, the value of the
blood volume (distribution compartment) has a relatively
high population SD and large interindividual variability.
The estimates, ranging from 3.45 to 25.1 L, suggest that
18F-FCH may be initially distributed also in the interstitial
fluids. This parameter was difficult to estimate with suffi-
cient precision, because for several patients the first sample
was collected only after more than 30 min. Additionally, for
the patients who provided a blood sample immediately after

TABLE 3
Time-Integrated Activity Coefficients (Hours)

Individual analysis

Source organ Reference patient Minimum Maximum Mean Median

Liver 0.422 0.293 0.489 0.388 0.388

Kidneys 0.114 0.067 0.163 0.119 0.113
Spleen 0.022 0.008 0.034 0.022 0.021

Urinary bladder contents* 0.039 0.026 0.052 0.039 0.040

Urinary bladder contents† 0.119 0.080 0.156 0.117 0.122
Blood 0.270 0.196 0.421 0.280 0.251

Rest of body 1.621 1.503 1.866 1.643 1.614

*Bladder-voiding interval, 1 h.
†Bladder-voiding interval, 3.5 h.

TABLE 4
Committed Organ Dose Coefficients for Reference Patient (mGy/MBq)

Bladder-voiding interval

1 h 3.5 h

Organ RCP-AM OLINDA/EXM RCP-AM OLINDA/EXM

Kidneys 0.079 0.078 0.079 0.078
Liver 0.062 0.056 0.062 0.056

Spleen 0.038 0.030 0.038 0.030

Adrenals 0.027 0.017 0.027 0.017
Pancreas 0.022 0.016 0.022 0.016

Lung 0.018 0.011 0.018 0.011

Stomach wall 0.018 0.013 0.018 0.013

Esophagus wall 0.018 — 0.018 —

Urinary bladder wall 0.017 0.029 0.030 0.066

Colon wall 0.014 0.013 0.015 0.013

Small intestine wall 0.014 0.013 0.015 0.013

Thymus 0.013 0.010 0.013 0.010
Bone marrow 0.012 0.010 0.013 0.010

Breast 0.011 0.0085 0.011 0.0085

Thyroid 0.011 0.0095 0.011 0.0095

Muscle 0.0095 0.010 0.0097 0.010
Bone surface 0.0094 0.015 0.0097 0.015

Gonads 0.0093 0.0093 0.0096 0.010

Brain 0.0078 0.0082 0.0078 0.0082
Skin 0.0074 0.0078 0.0075 0.0079
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injection, the measured concentrations show large interin-
dividual variations. In this case, even small uncertainties in
the determination of the time of blood withdrawal (which
are unavoidable in a complex study involving suffering
patients) might affect significantly the parameter estimation
process, because of the extreme rate of the initial clearance.
As already explained, previous studies had collected

information on the biodistribution of choline only up to
about 1 h after administration. DeGrado et al. (4) acquired
whole-body PET images for male and female patients start-
ing 10–20 min after 18F-FCH administration. They found
lower mean uptake values in liver (~14%) and higher ones
in kidneys (between 8.2% and 9.1%) and spleen (between
1.3% and 3.0%) than in the present study. The high values
for kidneys and spleen observed there should, however, be
considered with caution, because a closer look at Table 3 of
that work suggests that the uptakes have been estimated
using rather large values of the organ masses. Similarly,
Schmid et al. (6) indicated kidneys, liver, spleen, and also
pancreas as preferred sites of 18F-FCH localization.
DeGrado et al. (4), using dynamic PET of the cardiac

blood pool, observed a rapid phase of blood clearance
(nearly complete after 3 min). The experimental schedule
used in the present study did not allow for verification of
this feature; however, the large differences observed in the
initial blood concentration values partially confirm it.
Choline can be administered also labeled with 11C. There

is experimental evidence of potential differences between the
pharmacokinetics of 18F-choline and 11C-choline, especially
with regard to the excretion pathways (11C-choline is not
excreted in the urine). As discussed by DeGrado et al. (4),
these differences may be attributed to the presence of the
fluorine atom, which renders the choline molecule less sus-
ceptible for oxidation to betaine, as usually observed with
11C-choline (3). The model presented here might, therefore,
not be applicable to the biokinetics of 11C-choline.
The dose estimates given in Table 4 show that the most

exposed organs are those that could be easily imaged in the
PET study and, therefore, explicitly introduced in the
model structure (kidneys, liver, spleen). Comparable doses
were calculated for adrenals, pancreas, and organs of the
alimentary tract. The dose to the urinary bladder increases
by about a factor of 2 (0.030 vs. 0.017 mGy/MBq) when the
bladder-voiding interval of 3.5 h is used instead of 1 h.

Nonnegligible differences between the dosimetric esti-
mates obtained with the RCP-AM phantom and the
conventional ones obtained with the OLINDA/EXM soft-
ware can be observed for several organs, although both
calculations start from the same values of time-integrated
activity coefficients presented in Table 3. In particular, the
doses calculated with the adult male reference computa-
tional phantom are higher for nearly all target regions, with
the noteworthy exception of the urinary bladder wall and of
the bone surface. The observed differences are ascribable
partially to the greater realism of the new computational
phantoms in terms of organ shape and position and partially
to the different assumptions used in the description of the
radiation transport processes. The specific absorbed fraction
values obtained with the RCP-AM phantom include explicit
Monte Carlo calculation of the electron absorption. In
OLINDA/EXM corrections for electron escape are per-
formed for small organs and high energies on the basis of
self-absorption specific-absorbed fractions for unit-density
spheres, but electron cross-fire to neighboring organs is not
considered (25,27).

These different assumptions affect particularly the cal-
culation of energy deposition for radionuclides contained
inside a walled organ, such as urinary bladder, and emitting
nonpenetrating b-radiation. Significant differences espe-
cially for electron energies below 1 MeV can be expected.

With regard to the intraindividual variability, it can be
observed from Table 5 that the spread of dose coefficients
between single patients is relatively limited, the ratio max-
imum value to minimum value being between 2.2 and 3.2.
This spread takes into account differences in the biokinetics
and in anatomy, because different phantoms were used for
the different patients.

The fact that the kidneys represent the dose-critical organ
is in agreement with the dose estimates previously available
(4,28), but the dose values obtained in this study are gen-
erally lower than the previous estimates.

DeGrado et al. (4) performed dosimetric calculations
on the basis of their biodistribution data, assuming imme-
diate uptake in the organ, infinite retention, and no elim-
ination from the bladder. For male patients, they found
organ doses of 0.159, 0.063, 0.059, and 0.054 mGy/MBq
for the kidneys, urinary bladder wall, liver, and spleen,
respectively.

TABLE 5
Committed Organ Dose Coefficients (mGy/MBq)

Individual

Target region Minimum Maximum Mean Median Reference patient

Liver 0.036 0.082 0.054 0.053 0.062

Kidneys 0.033 0.105 0.066 0.067 0.079
Spleen 0.014 0.040 0.027 0.027 0.038

Urinary bladder wall 0.015 0.037 0.022 0.020 0.017

Other tissues #0.022 #0.032 — — #0.031
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Based on the same data, Noßke and Brix (28) performed
dosimetric calculations with OLINDA/EXM, assuming or-
gan uptake values of 14%, 9%, and 2% for the liver, kid-
neys, and spleen, respectively. They considered infinite
retention time in the organs and a bladder-voiding interval
of 3.5 h. Using these conservative assumptions, they found
organ doses of 0.150, 0.063, 0.051, and 0.047 mGy/MBq
for the kidneys, spleen, liver, and urinary bladder wall, re-
spectively.
The doses for kidneys and spleen calculated by DeGrado

et al. (4) and by Noßke and Brix (28) are higher than those
obtained in this work using the conventional approach.
Doses for the liver and urinary bladder are comparable to
or slightly lower than the ones reported here. The assump-
tion of infinite retention time in the organs tends indeed to
overestimate the number of disintegrations in the organs
and to underestimate the ones in the urinary bladder. For
liver, the overestimation due to the assumption of infinite
retention is compensated by the lower liver uptake found by
DeGrado et al. The estimates of DeGrado et al. and those of
Noßke and Brix fall outside the range of variability of the
individual doses observed in this study for the kidneys,
spleen, and urinary bladder wall. For the urinary bladder
wall, the different assumptions used for describing bladder
emptying and the more realistic description of electron
transport in walled organs obtainable with the computa-
tional phantoms should be considered.
The effective dose, as defined by ICRP in publication 60

(23), is the quantity commonly reported as a generic index
of risk, and it is used for prospective radiologic protection
of a population of both sexes. Hence, it should not be used
as an index of stochastic risk to a single individual patient,
nor can it be assigned to male or female patients of body
morphometries significantly different from those of the
ICRP reference individuals (19). Furthermore, according
to the new recommendations of the ICRP (29), which have
superseded publication 60, the calculation of effective dose
requires averaging organ doses assessed separately for male
and female reference individuals and then weighting by
sex- and age-averaged factors. The group of patients inves-
tigated in this work is exclusively male and cannot be con-
sidered representative of the reference individual for which
the effective dose is calculated. Therefore, the quantity risk-
weighted absorbed dose coefficient was introduced for the
whole-body exposure of the reference patient undergoing
an 18F-FCH study. In this way, it was possible to evaluate
a quantity that can be easily compared with literature values
of effective dose. The value of 0.018 mSv/MBq obtained
for the risk-weighted absorbed dose coefficient is compa-
rable to the effective dose coefficient of 0.017 mSv/MBq
evaluated by Noßke and Brix (28).

CONCLUSION

A compartmental model structure for describing the
biokinetics and dosimetry of 18F-FCH in prostate cancer

patients was developed. The model proved to give a satisfac-
tory description of the biodistribution of 18F-FCH and re-
alistic estimates of the radiation dose received by the
patients. Interindividual variations of the model parameters
were significant only for those long-term model features that
could not be accurately investigated because of the physical
half-life of 18F. The range of variability of the individual
organ doses was in the worst case about a factor 3.

The model structure can furthermore be refined to take
into account uptake and retention in malignant or metastatic
regions and thus be used as a starting point for the
optimization of the imaging protocol.
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