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Previous studies have shown that 4-(29-methoxyphenyl)-1-
[ 29- (N -2 0-pyridinyl ) -p - [18F]fluorobenzamido]ethylpiperazine
([18F]MPPF) binds with high selectivity to serotonin (5-HT1A)
receptors in man. However, in these studies, the calculation of
the binding potential (BP, which equals receptor density divided
by equilibrium dissociation constant) used a metabolite-cor-
rected arterial input. The aim of this study was to determine
whether metabolite correction and arterial sampling are essen-
tial for the assessment of BP. Methods: Five analytic methods
using full datasets obtained from 6 healthy volunteers were
compared. In addition, the clinical applicability of these meth-
ods was appraised. Three methods were based on Logan anal-
ysis of the dynamic PET data using metabolite-corrected and
uncorrected arterial plasma input and cerebellar input. The
other 2 methods consisted of a simplified reference tissue
model and standard compartmental modeling. Results: A high
correlation was found between BP calculated with Logan anal-
ysis using the metabolite-corrected plasma input (used as the
reference method for this study) and Logan analysis using either
the uncorrected arterial plasma input (r 2 5 0.95, slope 5 0.85)
or cerebellar input (r 2 5 0.98, slope 5 0.91). A high correlation
was also found between our reference method and the simpli-
fied reference tissue model (r 2 5 0.94, slope 5 0.92). In con-
trast, a poor correlation was observed between our reference
method and the standard compartmental model (r 2 5 0.45,
slope 5 1.59). Conclusion: These results indicate that neither
metabolite analysis nor arterial sampling is necessary for clinical
evaluation of BP in the human brain with [18F]MPPF. Both the
Logan analysis method with cerebellar input and the simplified
reference tissue method can be applied clinically.
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The serotonin (5-HT1A) receptor plays an important role
in the pathophysiology of a variety of psychiatric and neu-
rodegenerative diseases such as depression, schizophrenia,
and dementia (1–4). Autoradiography studies have shown
changes in the receptor density that may be related to the

symptoms that are observed in these disorders (5–9).
Clearly, the ability to determine receptor binding noninva-
sively would enhance the prospect of early diagnosis and
assessment of disease progression as well as offer a poten-
tial way to evaluate therapy and early (phases 1 and 2) drug
testing. PET is a unique technique that provides the possi-
bility of imaging and quantifying metabolic processes and
receptor binding. Animal studies have shown the selectivity
of 4-(29-methoxyphenyl)-1-[29-(N-20-pyridinyl)-p-[18F]flu-
orobenzamido]ethylpiperazine ([18F]MPPF) for the 5-HT1A

receptor (10–14). Studies on volunteers have shown that
regional uptake agreed well with known receptor distribu-
tion (14–20). (The various radioligands for the 5-HT1A

receptor have been reviewed (21).) Using a metabolite-
corrected input function in a Logan analysis (22), binding
potentials (BPs, which equal receptor density [Bmax] divided
by equilibrium dissociation constant [KD]) were estimated
in several regions from their respective distribution volumes
(DVs) (BP ' DVregion/DVcerebellum2 1). The resulting ap-
parent BP closely correlated with previous PET studies
using [carbonyl-11C]WAY 100635 (17,18,23–25) and with
ex vivo autoradiography (26). Unfortunately, the require-
ment of arterial sampling and metabolite analyses hampers
the clinical applicability of this method.

The aim of this study was to determine whether metab-
olite correction and arterial sampling are essential for the
assessment of BP. Therefore, full datasets obtained from
healthy volunteers were analyzed by several methods. In
addition, the clinical applicability of the analysis methods
was appraised.

MATERIALS AND METHODS

Volunteers
Approval was gained from the medical ethics committee of the

Groningen University Hospital for this study. Six volunteers (2
men, 4 women; age range, 19–65 y) were included after written
informed consent had been obtained and an independent physician
had confirmed their suitability to take part in the study according
to the following inclusion and exclusion criteria: age between 18
and 65 y; healthy according to medical examination; no history of
neurodegenerative or psychiatric disorders; no use of neuroleptic
drugs, sedative drugs, or antidepressants; no use of corticosteroids
or agents that suppress adrenal function; and no pregnancy or
possibility of pregnancy.
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Experimental Procedure
Radiochemistry.[18F]MPPF was prepared by nucleophilic sub-

stitution of the aromatic nitro group (a comparable method has
been described elsewhere (11,12)). Quality control was performed
using reverse-phase high-performance liquid chromatography
(Nova-Pak; Waters, Milford, MA) with the following parameters:
150 3 3.9 mm, acetonitrile/tetrahydrofuran/0.01N NaOAc5 28:
6:65, pH 5, retention time (tR) of [18F]MPPF 5 5 min, tR of the
nitro precursor of MPPF5 7 min. The levels of the nitro precursor
were ,, 1 mg/L, and no detectable amounts of WAY-100634
(nonradioactive compound that is formed by hydrolysis of the
nitroprecursor during the synthesis, with affinity for both the
5-HT1A and the a1-adrenergic receptor (27)) were observed.
The radiochemical purity of the product was.99%.

PET Measurements.PET was performed on an ECAT EXACT
HR1 (CTI, Knoxville, TN/Siemens Medical Systems, Inc., Hoff-
man Estates, IL) with a resolution of 4 to 5 mm full width at half
maximum, giving 63 slices with a center-to-center distance of
2.425 mm. The volunteers were positioned in the camera using a
head restraint, and a transmission scan was obtained using 3
68Ge/68Ga rod-sources for consequent attenuation correction of the
dynamic PET data. After the transmission scan, the volunteers
received an intravenous bolus injection (10 s) of 1,850 MBq
[15O]H2O in 10 mL saline (0.9%). Radioactivity in the brain was
measured during 15 min. Eight consecutive frames were acquired.
At least 15 min after administration of [15O]H2O, during which the
volunteer remained in the camera, 696 17 MBq [18F]MPPF
(specific activity. 110 TBq/mmol at the time of injection) in 10
mL phosphate buffer (Na3PO4 5 9.0 mmol/L; Na2HPO4 5 1.3
mmol/L; 0.9% saline) at pH 7.4–7.6 with 7%–8% ethanol were
administered intravenously over 1 min. Twenty-one consecutive
frames were acquired, consisting of six 10-s frames, three 30-s
frames, two 60-s frames, two 120-s frames, two 180-s frames,
three 300-s frames, and three 600-s frames. Blood samples were
taken manually from the radial artery at 30-s intervals for the first
5 min, followed by 6 samples from 10 to 60 min at 10-min
intervals, giving a total of 16 samples. After centrifugation,
250-mL samples of plasma were counted in a calibratedg counter
(CompuGamma 1282 CS; LKB-Wallac, Turku, Finland) to obtain
the arterial input function. Whole-blood samples (250mL) were
also counted to estimate binding of [18F]MPPF to erythrocytes.

Metabolites.Seven of the 16 arterial plasma samples (1 mL,
obtained at 1, 2, 5, 10, 20, 40, and 60 min) were deproteinized with
70% perchloric acid (0.05–0.1 volume) to determine the rate of
metabolism. After precipitation of protein by centrifugation, the
supernatant was injected onto a Nova-Pak system (1503 3.6 mm;
MeOH/0.1N NH4HCO2/Et3N 5 45:55:0.3, flow rate5 1.0 mL/

min), and 30 samples were collected during 15 min using a fraction
collector. The retention time of the parent compound was 9 min.

Data Analysis
Regions of Interest.The image obtained by summation of the

[18F]MPPF frames (5–60 min) was used to determine areas with
enhanced uptake, in particular the medial temporal cortex and the
insular cortex. In addition, the image obtained by summation of the
[15O]H2O scan (0–3.5 min) was used to obtain anatomic informa-
tion on areas with moderate uptake, in particular the frontal,
cingulate, and lateral temporal cortices. Regions of interest (ROIs)
were drawn manually in the transaxial orientation using a contour
tool (Clinical Applications Programming Package; CTI). Partial-
volume correction was not applied.

BPs. Five methods for the calculation of BP were compared.
Three methods were based on Logan analysis of the dynamic PET
data for the calculation of DVs using metabolite-corrected and
uncorrected arterial plasma input or cerebellar input, from which
the BP can be calculated using BP5 DVregion/DVcerebellum 2 1
(21,28). The other 2 methods consisted of a simplified reference
tissue model (29,30) and standard compartmental modeling
(23,24,31). All calculations were performed in MATLAB (The
MathWorks, Inc., Natick, MA), with the Logan-based analysis
using least squares linear regression and the simplified reference
tissue model and standard compartmental modeling using the
Levenberg–Marquart optimization algorithm. Kruskal–Wallis
nonparametric ANOVA with Bonferroni post hoc multiple com-
parisons testing was performed to analyze the differences between
the various methods (SPSS, version 10; SPSS Inc., Chicago, IL).
Two-tailed probability values of,0.05 were considered signifi-
cant.

RESULTS

Intravenously injected [18F]MPPF was rapidly distributed
throughout the brain. ROI-derived time–activity curves
showed a rapid decrease of radioactivity in the cerebellum
and a slower decrease in target areas (i.e., frontal, cingulate,
insular, lateral temporal, and medial temporal cortices). An
example of time–activity curves for the cerebellum and the
frontal, insular, and medial temporal cortices in a single
volunteer is shown in Figure 1A. The corresponding spe-
cific binding (calculated by subtraction of the cerebellar
time–activity curve from the tissue time–activity curves) is
shown in Figure 1B. Tissue-over-cerebellum ratios reached
a maximum between 30 and 45 min after injection. Levels

FIGURE 1. Time–activity (Act) curves (A)
and corresponding specific binding (B) for
several regions in 1 volunteer after admin-
istration of 79 MBq [18F]MPPF.
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were 2 for the frontal and cingulate cortices, 3–4 for the
insular and lateral temporal cortices, and 6 for the medial
temporal cortex. As shown previously, [18F]MPPF rapidly
cleared from plasma and was subject to a high rate of
metabolism, resulting in approximately 1% parent com-
pound in plasma after 10 min (18).

To calculate BP, ROI-derived time–activity curves were
used to determine the DVs. The resulting BPs obtained for
the 5 methods are displayed in Table 1. The 3 Logan
analyses (i.e., using metabolite-corrected arterial input, un-
corrected arterial input, or cerebellar input) gave similar
results. Comparison of the ROI-derived BP obtained for
each volunteer using the second and third methods with the
first method (used as the reference method for this study)

showed an excellent correlation (r 2 5 0.95, slope5 0.85,
andr 2 5 0.98, slope5 0.91, respectively; Figs. 2Aand 2B).
The simplified reference tissue method, using the cerebel-
lum as reference tissue, also gave results that closely
matched our reference method (r 2 5 0.94, slope5 0.92;
Fig. 2C). Compartmental modeling failed to generate reli-
able values for k3 and k4, leading to BPs that correlated
poorly with our reference method (r 2 5 0.45, slope5 1.59;
Fig. 2D). Statistical analysis showed that only the standard
compartmental modeling method resulted in significantly
different BP results compared with the other methods. In
particular, compared with our reference method, BP in the
lateral and temporal cortices were significantly higher when
calculated with compartmental modeling.

TABLE 1
Calculated BPs for Several Regions Using 5 Methods

Region

Method*

1 2 3 4 5

FC 0.64 6 0.06 0.57 6 0.08 0.64 6 0.05 0.49 6 0.05 0.91 6 0.40
CC 0.83 6 0.09 0.71 6 0.09 0.84 6 0.12 0.65 6 0.11 1.23 6 0.57
INS 1.32 6 0.24 1.19 6 0.26 1.29 6 0.21 1.18 6 0.21 1.89 6 1.06
LTC 1.19 6 0.11 1.05 6 0.14 1.16 6 0.13 1.08 6 0.21 1.75 6 0.47†

MTC 2.02 6 0.27 1.72 6 0.27 1.92 6 0.18 1.77 6 0.23 3.24 6 1.54†

*Logan (22) analysis using metabolite-corrected arterial input (method 1), uncorrected arterial input (method 2), or cerebellar time–activity
curve input (method 3); simplified reference tissue model (method 4) (28); and standard compartmental modeling (method 5).

†Significantly different (P , 0.05) compared with method 1.
FC 5 frontal cortex; CC 5 cingulate cortex; INS 5 insular cortex; LTC 5 lateral temporal cortex; MTC 5 medial temporal cortex.
Data are listed as mean 6 SD (n 5 6).

FIGURE 2. Comparison of BPs obtained
by Logan analysis (21) using metabolite-
corrected arterial input (BP LP metab.
corr.) with uncorrected arterial input (BP LP
uncorr.) (A), with cerebellar input (BP LP
cereb. input) (B), with simplified reference
tissue method (BP ref. tis. [cereb.] (27)) (C),
and with compartmental modeling (BP
3-comp. model) (D).
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To assess if the similarity between ROI-derived BPs in
the selected target areas could be translated to the entire
brain, we performed pixel-by-pixel parametric imaging for
the Logan analysis using either the metabolite-corrected or
uncorrected arterial input and the reference tissue model. In
Figure 3, the images obtained by summation of the frames
(5–60 min) (Fig. 3A) can be compared with the resulting
parametric images at the level of the basal ganglia and at the
level of the medial temporal cortex (Figs. 3B–3D).

DISCUSSION

As shown previously (15–18), [18F]MPPF is rapidly taken
up in the brain and then clears quickly from the cerebellum
and more slowly from target areas (Fig. 1A). Moreover, the
distribution of [18F]MPPF agrees well with known 5-HT1A

receptor localization in the brain (Fig. 3A) (19,20,26,32). In
previous studies, BPs for [18F]MPPF were calculated
through Logan analysis using the metabolite-corrected ar-
terial input function (17,18,22). A drawback of this method
is that it requires both arterial sampling and metabolite
analysis. The literature has shown that the cerebellum of
adult primates contains few or no 5-HT1A receptors
(19,26,32,33); therefore, use of this region as a reference
may be possible because the radioactivity that appears in the
cerebellum after injection represents the free fraction of the
radioligand in the brain.

In this study, 5 different methods for the calculation of
BP were compared to determine whether metabolite correc-
tion and arterial sampling are essential for the assessment of
BP. In addition, the clinical applicability of these methods
was appraised. Obviously, the time–activity curves and,
therefore, the resulting DVs and BP are susceptible to inter-
and intraobserver variability and to partial-volume effects.
However, these will not influence the comparison of differ-
ent methods as presented here. The Logan method using
metabolite-corrected arterial plasma input has proven effec-
tive for the assessment of DV for several radioligands

(22,34,35) and has shown excellent fits in preliminary stud-
ies with [18F]MPPF (18). In addition, we observed severe
problems in the assessment of BP through compartmental
fitting. Therefore, we chose the Logan-based method (17) as
the reference for this study. All the methods used in this
study neglect cerebral blood volume because it is generally
small (3%–5%) (36).

As a first approach, metabolite correction of the plasma
input was dismissed. Considering the fast metabolism of
MPPF, this simplification changes the apparent DVs (DV*)
of both the target and the reference tissue considerably.
However, we determined that omitting the metabolite cor-
rection of the plasma input has little effect on BP (Table 1;
Fig. 2A). These findings can be predicted given a set of
model assumptions. Basically, both target and reference
DVs are affected equally by the metabolite correction. As a
consequence, the BP, which is based on the ratio of the
DVs, is independent of the metabolite analysis. A similar
conclusion can be drawn for the use of the cerebellar time–
activity data as the apparent plasma input (Appendix). In
this special case, the DV* of the cerebellum naturally re-
duces to unity and the determination of the BP can be
simplified to BP5 DV*target 2 1.

In this study, we assumed that the plasma metabolites do
not cross the blood–brain barrier. Data on rats confirm this
assumption (37). Both in our reference method and in the
first 2 simplifications, the DVs for the free tracer, K1/k2 and
K 19 /k29, respectively, are assumed to be identical in both
target and reference tissue. This assumption is also made in
the simplified reference tissue model. Also, the possibility
has been shown that direct calculation of the DV ratio, from
which the BP was calculated, by applying the cerebellum
time–activity data as input may result in a bias (28). Con-
sequently, estimation of BP by either the Logan-based
methods or the simplified reference tissue model may be
biased in comparison with direct assessment of BP through
the equation BP5 Bmax/KD. To use the termapparent BP
for the BP derived from the Logon-based methods or the
simplified reference tissue model would therefore be more
appropriate.

Direct assessment of BP through compartmental model-
ing resulted in a poor match with our reference method
(Table 1; Fig. 2D). This observation can be explained from
the poor quality of the values obtained for k3 and k4. A
similar effect was found in the assessment of [11C]raclo-
pride binding to the dopamine receptors (29), indicating that
for the quantification of [18F]MPPF binding to 5-HT1A re-
ceptors, a method that does not depend on calculation of
individual rate constants is desirable. Considering the ex-
cellent correlation between BP determined using either our
reference method or the simplified methods (Figs. 2A–2C),
we can conclude that deviations from the model assumption
actually have only a small effect on BP. The excellent
correlation of our reference method with both the Logan
analysis using cerebellar input and the simplified reference
tissue method, combined with the fact that for these 2

FIGURE 3. Comparison of frame summation (5–60 min) (A)
with results of pixel-by-pixel–based parametric imaging of Lo-
gan analysis using metabolite-corrected arterial input (B), cere-
bellar input (C) (21), and simplified reference tissue method (D)
(27) at level of basal ganglia (BG) and medial temporal cortex
(MTC).
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methods, arterial sampling and metabolite analysis are not
necessary, show that of the 5 methods tested, these are most
suited for clinical assessment of 5-HT1A BP. One further
alternative for the estimation of BP is, of course, the use of
the target-to-cerebellum ratio. Previously, this ratio, cor-
rected for body weight, was shown to correlate strongly
(r 2 5 0.92) with BP (18). However, the deviations were
somewhat larger when compared with the current results.
Nevertheless, for purely clinical applications, this approach
might be developed further and could potentially reduce
scanning time to 5–10 min.

CONCLUSION

Using 5 methods for the assessment of BP for [18F]MPPF
in the human brain, we have shown that neither arterial
sampling nor metabolite analysis is needed. Use of cerebel-
lar input in the Logan analysis or of the cerebellum as
reference tissue in the simplified reference tissue model
provides results similar to those of Logan analysis with
metabolite-corrected arterial plasma input. Considering the
excellent correlation between our reference method and
both the simplified Logan analysis and the simplified refer-
ence tissue model, we can conclude that the two are equiv-
alent for the determination of BP. These simplified methods
are readily applicable clinically.

APPENDIX

Determination of BP by DV
Consider the standard 2-compartment model for a refer-

ence region without specific binding, with K1 and k2 the rate
constants for the transfer of the ligand from plasma to
reference region and vice versa. For the target area, specific
binding is added, with rate constants k3 and k4 describing
the association and dissociation, respectively, of the ligand
with the receptor. In both models, nonspecifically bound
activity is considered negligible or in transient equilibrium
with free ligand. In the latter case, the BP will be biased;
however, this bias is only a scaling factor provided that the
level of nonspecific binding is relatively constant. Using
metabolite-corrected arterial input, the amount of radioac-
tivity present in a reference region as a function of time is
given by:

dCr

dt
5 K19Cp~t! 1 k29Cr~t!, Eq. 1A

where Cr(t) is activity in the reference region (Bqz mL21),
Cp(t) is the metabolite-corrected arterial plasma concentra-
tion (Bq z mL21), K 19 is the rate constant for transfer from
the plasma to the reference region (min21), and k29 is the
rate constant for transfer from the reference region to the
plasma (min21). The DV for this region is then defined at
equilibrium (dCr /dt 5 0) and given by:

DVreference5
Cpet~t!

Cp~t!
5

Cr~t!

Cp~t!
U

equilibrium

5
K19

k29
, Eq. 2A

assuming that the cerebral blood volume is negligible (gen-
erally small [3%–5%] (36)). For the target area where
specific binding occurs, the free (i.e., not receptor bound)
and bound fractions are given by:

dCf

dt
5 K1Cp~t! 2 ~k2 1 k3!Cf~t! 1 k4Cb~t! and Eq. 3A

dCb

dt
5 k3Cf~t! 2 k4Cb~t!, Eq. 4A

where Cf is the free fraction of radioactivity in target tissue
(Bq z mL21), Cb is the receptor-bound fraction of radioac-
tivity in target tissue (Bqz mL21), K1 is the rate transfer
constant from the plasma to the free compartment (min21),
k2 is the rate transfer constant from the free to the bound
compartment (min21), k3 is the rate transfer constant from
the free to the bound compartment (min21), and k4 is the rate
transfer constant from the bound to the free compartment
(min21). At equilibrium these equations yield:

Cb~t! 5
k3

k4
Cf~t! and Eq. 5A

Cf~t! 5
K1

k2
Cp~t!, Eq. 6A

and the DV is given by:

DVtarget5
Cpet~t!

Cp~t!
U

equilibrium

5
Cf~t! 1 Cb~t!

Cp~t!
5

K1

k2
S1 1

k3

k4
D . Eq. 7A

Assuming that (K1/k2) [ (K 19 /k29), the BP can then be
calculated by:

BP 5
DVtarget

DVreference
2 1

5
K1/k2~1 1 k3/k4!

K 91/k92
2 1 5

k3

k4
. Eq. 8A

We found that after 10 min, the Logan curve could be well
approximated by a straight line. Consequently, in practice,
DVs and BPs can be determined using Logan analysis, even
though the overall system is not in equilibrium (22).

Dismissal of Metabolite Correction
When uncorrected arterial plasma is used as the input

function, the apparent DV in free tissue is given by:

DVreference
u 5

Cr~t!

Cp
u~t!

5
K19

k29

Cp~t!

Cp
u~t!

, Eq. 9A

where Cp
u(t) is the uncorrected arterial plasma concentration

(Bq z mL21). For the target tissue, the apparent DV is now
given by:
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DVtarget
u 5

Cpet~t!

Cp
u~t!

5
Cf~t! 1 Cb~t!

Cp
u~t!

5
K1

k2
S1 1

k3

k4
D Cp~t!

Cp
u~t!

. Eq. 10A

Again assuming that (K1/k2) [ (K 19 /k29), calculation of BP
then leads to the well-known solution:

BP 5
DVregion

DVreference
2 1

5
K1/k2~1 1 k3/k4!~Cp~t!/Cp

u~t!!

K19/k29~Cp~t!/Cp
u~t!!

2 1

5
k3

k4
, Eq. 11A

showing that the determination of BP based on uncorrected
plasma data (Eq. 11A) is identical to the determination of
BP based on metabolite-corrected plasma data (Eq. 8A).

Cerebellar Time–Activity Data as Apparent Plasma
Input

When, instead of the metabolite-corrected plasma input
function, the time–activity curve of a reference region (e.g.,
cerebellum) is used as the input function, the apparent DV
in this region is clearly normalized to 1 (DVreference

c ). Sub-
stituting Cp(t) with Cr(t) in Eq. 7A gives:

DVtarget
c 5

Cpet~t!

Cr~t!
5

Cf~t! 1 Cb~t!

Cr~t!

5
K1/k2~1 1 k3/k4!Cp~t!

K19/k29Cp~t!
5 1 1

k3

k4
, Eq. 12A

from which BP can be obtained by:

BP 5 DVtarget
c 2 1, Eq. 13A

showing that the determination of BP based on a reference
region (Eq. 13A) is identical to the determination of BP
based on the metabolite-corrected plasma data (Eq. 8A).
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