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Serotonergic 5-HT2A receptors are of central interest in the complex
pathophysiology of schizophrenia. These receptors have also been
proposed as putative targets for atypical antipsychotic drugs. Suit
able radioligands for 5-HT2A receptors are required to evaluate this
hypothesis in vivo with PET. MDL 100,907 is a highly selective
5-HT2A receptor antagonist that is currently being developed as a
potential antipsychotic drug. We have previously reported on the
preparation of [11C]MDL 100,907 and initial characterization of
[11C]MDL 100,907 binding in the monkey brain. In this preliminary
PET study, the regional distribution and binding kinetics of [11C]MDL

100,907 were examined in healthy men. Methods: A PET examina
tion was performed in each of three subjects after intravenous
injection of [11C]MDL 100,907. The metabolite-corrected arterial

input function was used in a kinetic analysis according to the
standard three-compartment model. Results: The highest radioac
tivity concentration was observed in the neocortex, whereas radio
activity was lower in the cerebellum, pons, thalamus, striatum and
white matter. The binding potential (BP) in the neocortical regions
was 4-6 times higher, whereas BP in the striatum was slightly higher
than that in the cerebellum, demonstrating a regional distribution in
good agreement with 5-HT2A receptor densities measured in vitro.
The BP in the cerebellum was small but not negligible. Conclusion:
This preliminary study suggests that [11C]MDL 100,907 is a suitable
PET radioligand for studies on 5-HT2A receptors in man. The high
selectivity of MDL 100,907 represents a major advantage as com
pared to presently available radioligands with poor selectivity. Thus,
[11C]MDL 100,907 is recommended in the future for PET studies in

healthy subjects and schizophrenic patients, including the determi
nation of drug-induced 5-HT2A receptor occupancy.
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Ã„erotonergic 5-HT2A receptors are of central interest in the
complex pathophysiology of schizophrenia (1-4). The 5-HT2A

receptor has also been proposed as a putative target for atypical
antipsychotic drugs. This hypothesis is based on indirect phar
macological evidence and postmortem studies. To test the
hypothesis further, suitable radioligands are required for direct
studies in vivo of human brain 5-HT2A receptors with PET.

The spiperone derivative N-methylspiperone has been used
as radioligand both for dopamine D2 and 5-HT2A receptors in
man (5,6). More recently, radioligands such as [ F]altanserin
and [lxF]setoperone have been explored (7,8). However, none

of the currently available radioligands have proved to be ideal.
They all bind with a rather low specific-to-nonspecific binding
ratio. Moreover, they are not selective for the 5-HT2A receptor,
all having considerable affinity for other neuroreceptors, such
as the D2 dopamine and a,-adrenergic subtypes (9, JO).

MDL 100,907 (Fig. 1) is a potent and highly selective
5-HT2A receptor antagonist that is currently being developed as
a potential atypical antipsychotic drug (11-13). In vitro, MDL
100,907 binds with subnanomolar affinity to 5-HT2A receptors
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FIGURE 1. The chemical structure of [11C]MDL 100,907 [(R)-(+)-4-(1-
hydroxy-1-(2,3-dimethoxyphenyl)methy1)-N-2-(4-fluorophenylethyl) piperidine].

(KÂ¡= 0.2 nA/), whereas its affinity for other putative receptors
is at least 100-fold lower. In addition, its moderate lipophilicity
[log? of 2.7] and molecular structure enabling "C-methylation

of the corresponding 3-hydroxyl precursor (MDL 105,725)
identifies MDL 100,907 as a potential PET radioligand for
examination of 5-HT2A receptors.

We recently reported on the preparation of [HC]MDL

100,907 and initial PET measurements in monkeys (14). In
monkey brain, [MC]MDL 100,907 bound specifically and

reversibly to 5-HT2A receptors. The specific-to-nonspecific
binding ratio was high (3.5-4.5). Here, the regional distribution
and binding kinetics of ["C]MDL 100,907 were studied to

evaluate its suitability as a PET radioligand for 5-HT2A recep
tors in man.

MATERIALS AND METHODS

Subjects
The study was approved by the Ethics and the Radiation Safety

Committees of the Karolinska Hospital and the Medical Products
Agency of Sweden. Three healthy men (ages 20, 23 and 35 yr)
were recruited and gave written informed consent. The subjects
were healthy according to medical history, physical examination,
blood and urine screening analyses, and magnetic resonance
imaging (MR1) of the brain. They did not use any medication.

Radiochemistry
Carbon-11-MDL 100,907 was synthesized as recently reported

(14). The demethylated precursor, MDL 105,725, was provided by
A.A. Carr (Hoechst Marion Roussel, Cincinnati, OH). Carbon-11-
MDL 100,907 was obtained by methylation of MDL 105,725 using
["C]methyl iodide (Fig. 1). The specific radioactivity of
["CJMDL 100,907 at time of administration was 10-20 GBq/

/xmol.

PET Experimental Procedure
After intravenous bolus injection of 302-358 MBq ["C]MDL

100,907, brain radioactivity was measured in a consecutive series
of time frames for up to 93 min. The frame sequence consisted of
nine 20-sec frames, six to ten 3-min frames, four to six 6-min
frames and up to three 12-min frames. The PET system used was
Siemens ECAT Exact HR, which provides 47 sections with a
center-to-center distance of 3.125 mm (/5). The in-plane and axial
resolutions are 3.8 mm and 4.0 mm, respectively, FWHM. A head
fixation system with an individual plaster helmet was used both in
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FIGURE 2. The three-compartment model used to describe the kinetics of
["CJMDL 100,907 binding in brain.

the PET and MRI experiments to allow a master of positioning
between the two modalities (16).

To obtain the arterial input function, an automated blood
sampling system was used during the first 5 min of each PET
experiment (17). Thereafter, arterial blood samples were taken
manually at the midpoint of each frame until the end of the
measurement (18). The fraction of radioactivity representing un
changed ["CJMDL 100,907 in plasma was determined by gradient

high-performance liquid chromatography (HPLC), as described
previously (14,19,20).

Regions of Interest
T2-weighted and proton density MR images of the brain were

obtained for all subjects. The MRI system used was GE Signa
(Milwaukee, WI) (1.5 T). The positioning of the head and the series
of sections were the same as those in the PET studies. Regions of
interest (ROIs) were drawn on the MR images and transferred to
the reconstructed PET images. ROIs were defined for cerebellar
cortex, pons, thalamus, caudate, putamen and five neocortical
regions, representing the frontal, temporal, parietal and occipital
lobes and the cingulate gyrus. Each ROI was drawn in four
adjacent sections, and data were pooled to obtain the average
radioactivity concentration for the whole volume of interest. To
obtain regional time-activity curves, regional radioactivity was
calculated for each frame, corrected for decay and plotted against
time.

Kinetic Analysis
The time-activity curves of several neuroreceptor ligands have

been described using the standard three-compartment model with
four first-order rate constants (18,21-23). Three compartments are
defined as follows (Fig. 2):

1. The radioactivity concentration of unchanged radioligand in
plasma (Cp);

2. The radioactivity concentration of nondisplaceable radioli
gand in brain (Cn); and

3. The radioactivity concentration of radioligand specifically
bound to receptors (Cb).

All concentrations are in the units nCi/ml. It is assumed that all
compartments are homogeneous in concentration. The rate con
stants K, and k2 correspond to the influx and efflux rates for
radioligand diffusion through the blood-brain barrier, respectively.
The rate constants k3 and k4 correspond to the rates for radioligand
transfer between the compartments for nondisplaceable and spe
cific radioligand binding to receptors, respectively. On the basis of
this model, the following differential equations can be expressed:

dCn(t)/dt = K, â€¢Cp(t) - (k2 â€¢Cn(t)

dCb(t)/dt = k3 â€¢Cn(t) - It, â€¢Cb(t)

â€¢Cb(t),Eq. 1

Eq.2

and

C,(t) = Câ€ž(t)+ Câ€ž(t), Eq. 3

where C,(t) is the radioactivity concentration in brain as measured
by PET.

A widely used quantitative approach has been to express
radioligand binding in terms of distribution volume concepts (24).
Two such volumes are defined by Equations 4 and 5:

Vn = K,/k2 Eq. 4

and

V, = (K|/k2) â€¢(1 + k3/k4). Eq. 5

Vn is the distribution volume in a brain region with only nondis
placeable binding and, thus, is devoid of specific binding sites. V,
is the total distribution volume and has been used as a quantitative
measure for the binding of radioligands with low interindividual
variability in Vn. To calculate Vn and V,, the rate constants
obtained from the three-compartment model were entered into
Equations 4 and 5.

The three-compartment model analysis is based on the use of a
radioligand with high specific radioactivity. At such conditions, the
receptor density (Bma)()and affinity (Kd) cannot be differentiated
(18,21,22). The ratio Bmax/Kdcorresponds to the ratio k,/k4 and is
often referred to as the binding potential (BP):

= (k3/k4)-(l/f2), Eq. 6

where f2 is the free fraction of radioligand in the nondisplaceable
compartment.

Nonlinear Least Squares Fitting Analysis
The three-compartment model was used in an initial attempt to

describe the time-activity curves for regional ["C]MDL 100,907

binding. The traditional strategy is to estimate rate constants by
nonlinear least squares fitting (NLLSF) to the regional time-
activity curves (25). The model equations (Eqs. 1 and 2) were
combined and solved in a convolution integral procedure and then
used for the NLLSF analysis. The radioactivity of unchanged
["C]MDL 100,907 in plasma was used as the arterial input

function (18).
In a numerical analysis, variation is reduced by the use of fewer

parameters. Thus, two manners of the NLLSF analysis were
performed for each regional time-activity curve. The first analysis
included the estimation of four rate constants (K,, k2, k3 and k4).
The second analysis included that three rate constants were
estimated [K,, k, and k4 (k2 = K,/Vn)] assuming the Vn value
calculated from K, and k2 values of the cerebellum (26).

The cerebellum is a region with low density of 5-HT2A receptors
(27-29). In a region with no specific binding sites, the two-

compartment model with two rate constants, which does not have
specific binding compartment (Ch), should be sufficient to describe
the time-activity curves. To evaluate if specific binding in the
cerebellum can be regarded as negligible, both a two-compartment
and a three-compartment model were applied for this region (18).
To compare the two models, three statistical methods were used:
the Akaike information criterion (30). the Schwarz criterion (sulfur
chloride) (31) and F statistics (32).

Two approaches were applied to correct for the effect of cerebral
blood volume (CBV). The first was to exclude the first four frames
(0-80 sec) of the regional time-activity curves (33). The second
was to use reference values for regional CBV (34) and the curve for
measured radioactivity in arterial whole blood. The radioactivity in
CBV calculated in this way was then subtracted from the regional
time-activity curves before the kinetic analyses. The rate constants
obtained by both approaches were compared for cross-validation
purposes.

Graphical Analysis
The total distribution volume (Vt) was also calculated using the

graphical analysis developed by Logan et al. (35). This analysis has
been developed for reversible ligands and allows for the calculation
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FIGURE 3. PET images of Subject B in three dimensions, obtained by
summation of the frames from 39-81 min after intravenous injection of
["C]MDL 100,907. The subject's right hemisphere is to the left of the figure

in the transaxial and coronal sections. The anterior is to the right of the figure
in the sagittal section.

of V, by using simple linear least squares fitting, which requires
less calculation time. The radioactivity of unchanged ["CJMDL

100,907 in plasma was used as the arterial input function (Ifi).

RESULTS
After intravenous injection of ["CJMDL 100,907, the radio

activity appeared rapidly in brain. The highest radioactivity
concentrations were observed in the neocortex, whereas radio
activity was lower in the cerebellum, pons, thalamus, striatum
and white matter (Fig. 3).

The time courses for regional brain radioactivity are shown in
Figure 4. The radioactivity concentrations were on a similar
level among all neocortical regions and reached a plateau after
about 40 min. In all subjects, the ratios of radioactivity in the
neocortical regions to the cerebellum were 1.6-2.1 at 54 min

after injection.
The blood and plasma curves are shown in Figure 5. The

whole blood-to-plasma radioactivity ratio remained constant

with time and ranged from 1.64-1.66 in the three subjects. In

the repeated HPLC analyses, the parent compound and polar
metabolites could readily be identified in all subjects. However,
in Subject A, the HPLC analysis did not permit accurate
quantification of the parent compound. Therefore, a slightly
modified HPLC method was used in Subjects B and C. The
fraction of unchanged ["C]MDL 100,907 in plasma was about

95% at 4 min and about 40% at 50 min after injection in
Subjects B and C. The average values of unchanged [' 'C]MDL

100,907 in plasma for Subjects B and C were used to calculate
the arterial input function for Subject A.

The time-activity curves for all regions, including the cere
bellum, were well described by the three-compartment model

(Fig. 6). The uptake curve for the cerebellum was not ade
quately described by the two-compartment model (Fig. 6 and

Table 1). In the statistical analyses, the Akaike information
criterion and Schwarz criterion scores were lower for the
three-compartment model than they were for the two-compart
ment model, indicating the three-compartment model to be the

preferred model for the cerebellum. Moreover, F statistics
rejected the null hypothesis, i.e., that the the two-compartment

model more adequately describes radioligand uptake for the
cerebellum, at the 1% level for Subjects A and B and at the
0.1% level for Subject C.

The rate constants obtained by NLLSF analyses using the
three-compartment model are shown in Tables 2 and 3. Revers

ibility of binding was indicated by k4 values well above zero.
The BP (k,/k4) for the neocortical regions were 4-6 times

higher, whereas the BP in the putamen and caudate were
slightly higher than those in the cerebellum. In the NLLSF
analyses, similar results were obtained using three and four rate
constants (Table 2). Both approaches applied to correct for the
effect of CBV gave almost identical results in the kinetic
analysis (data not shown).

In the graphical analysis, a linear phase was observed from 42
min to end of measurement for all regions including the
cerebellum (Fig. 7). The slope of the fitted line corresponds to
V,. The observation that the slope was not infinite indicates that
["C]MDL 100,907 binding is reversible. The V, values ob-

1000

Occipital cortex
Temporal cortex
Frontal cortex
Thalamus
Putamen
Cerebellum

20 30 40 50

Time (min)

60 70 80 FIGURE 4. Time-activity curves for re
gional brain radioactivity after intravenous
injection of 357 MBq fqMDL 100,907
in Subject B.
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FIGURE 5. Time-activity curves for radio
activity in whole blood and plasma and
the time-activity curve for unchanged
[11C]MDL 100,907 in plasma of Subject

B.

1400-I

Whole blood
Plasma
Unchanged [UC]MDL 100,907 in plasma

Time (min)

tained by NLLSF analyses were consistent with those obtained
by the graphical analysis (data not shown).

DISCUSSION
Binding Characteristics of Carbon-11-MDL 100,907

Carbon-11-MDL 100,907 has a high affinity and selectivity
for the 5-HT2A receptor in vitro (11-13). The specificity of
[HC]MDL 100,907 for 5-HT2A receptors has recently been

confirmed by PET in vivo in the monkey brain (14).
After intravenous injection of tracer doses of ["C]MDL

100,907, radioactivity was high in all neocortical regions and
low in the cerebellum, pons, thalamus, striatum and white
matter (Fig. 3). The BP in the neocortical regions was consid
erably higher, whereas the BP in the putamen and caudate was

slightly higher than it was in the cerebellum (Tables 2 and 3).
This regional distribution is actually in good agreement with
the known distribution of 5-HT2A receptors (27-29) and
clearly supports that the ligand binds selectively to 5-HT2A
receptors in the human brain.

Reversibility of binding was supported by the graphical
analysis, the slope of the fitted line not approaching infinity
(Fig. 7). Reversibility was further supported by k4 values well
above zero in the NLLSF analysis (Table 2). These observa
tions are consistent with results of displacement experiments
in monkey brain (14).

The radioactivity in whole blood was higher than it was in
plasma (Fig. 5). This is an uncommon observation because
other radioligands commonly show higher radioactivity in

FIGURE 6. Experimental values for re
gional radioactivity and the correspond
ing fitted curves obtained by analyses by
the two-compartment model with two
rate constants (2CM-2P) or the three-
compartment model with three (3CM-3P)
or four (3CM-4P) rate constants in Sub
ject B.
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TABLE 1
Results for the Cerebellum in Three Healthy Subjects Obtained by Nonlinear Least Squares Fitting Analyses*

K, (ml/ml/min) k2 (min ') k3 (min k4 (min AIC SC p value

SubjectA2CM-2P3CM-4PF

statisticsSubject
B2CM-2P3CM-4PF

statisticsSubject
C2CM-2P3CM-4PF

statistics0.5030.5720.4850.5690.4800.5570.0260.060

0.0500.0210.055

0.0440.0190.066

0.082â€”

1250.025

113â€”

1420.021

127â€”

1250.030

8912711714413112793<0.01<0.01<0.001

'Three statistical methods were used to select the most adequate model. The AIC and SC give a number for each model. The lowest number indicate the

prefered model. For the F statistics the null hypothesis was that the two-compartment model more adequately describes radioligand uptake. The p value

indicates what level upon which the null hypothesis was rejected.
2CM-2P â€¢two-compartment model with two rate-constants; 3CM-4P = three-compartment model with four rate-constants; AIC = Akaile information

criterion; SC â€¢Schwarz criterion.

plasma than they do in the whole blood. It is speculated that
["C]MDL 100,907 may bind to the 5-HT2A receptors, which

are abundant in platelet membranes (36).

Cerebellum
The quantification of neuroreceptors using a reference region

is a conventional approach for applied clinical neuroimaging.
The cerebellum has previously been used as a reference region
for determination of 5-HT,A receptors in PET studies using
t"C]N-methylspiperone (5,6), [18F]altanserin (8) and [lxF]se-

toperone (57), despite the known presence of 5-HT2A receptors,
as demonstrated in vitro (27-29). However, the assumption of

negligible radioligand binding in the cerebellum has not been
well validated in previous PET studies. In this study, the
two-compartment model could not describe the data for the
cerebellum, whereas the three-compartment model was ade

quate (Fig. 6 and Table 1). The BP value of the cerebellum was
small but not negligible (Tables 2 and 3). These observations
may support the view that there is specific binding to 5-HT2A

TABLE 2
Rate Constant Range Obtained by Both Nonlinear Least Squares Fitting Analyses in Three Healthy Subjects*

Region (ml/ml/min) k2 (min 1) k3 (min 1) k4 (min 1)

Frontalcortex3CM-4P3CM-3PTemporal

cortex3CM-4P3CM-3PParietal

cortex3CM-4P3CM-3POccipital

cortex3CM-4P3CM-3PCingulate

gyrus3CM-4P3CM-3PPutamen3CM-4P3CM-3PCaudate3CM-4P3CM-3PThalamus3CM-4P3CM-3PPons3CM-4P3CM-3PCerebellum3CM-4P0.52-0.550.53-0.560.51-0.600.52-0.610.50-0.550.51-0.550.67-0.700.64-0.660.60-0.650.60-0.650.60-0.640.58-0.630.54-0.620.56-0.610.53-0.640.54-0.630.41-0.460.40-0.440.56-0.570.03-0.040.05-0.070.04-0.070.05-0.070.05-0.060.05-0.070.08-0.110.06-0.080.05-0.090.06-0.080.06-0.080.06-0.080.04-0.070.06-0.070.04-0.070.06-0.070.04-0.110.04-0.050.05-0.070.08-0.220.16-0.330.12-0.300.17-0.260.18-0.280.18-0.290.16-0.330.16-0.260.10-0.250.11-0.240.06-0.090.05-0.070.02-0.120.06-0.120.05-0.1

10.07-0.120.03-0.120.03-0.040.04-0.080.01-0.020.02-0.020.01-0.030.02-0.020.02-0.030.02-0.030.01-0.020.02-0.020.01-0.020.01-0.030.02-0.040.02-0.030.01-0.050.02-0.050.04-0.040.04-0.060.01-0.030.01-0.020.02-0.035.8-8.87.5-13.98.9-13.39.4-13.27.3-13.47.2-14.59.9-15.98.0-12.08.2-15.58.9-13.81.6-3.42.1-3.12.3-3.02.5-2.61.3-2.61.8-2.91.8-4.21.8-2.72.0-2.7

"3CM-4P = three-compartment model with four rate constants; 3CM-3P = three-compartment model with three rate constants.
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TABLE 3
Values Obtained by Nonlinear Least Squares Fitting Analysis

Using Three-Compartment Model with Three or Four Rate
Constants in Three Healthy Subjects

Region Vn (ml/ml)* V, (ml/ml)t

SubjectAFrontal
cortexTemporal
cortexOccipital

cortexCerebellumSubject

BFrontal
cortexTemporal
cortexOccipital

cortexCerebellumSubject

CFrontal
cortexTemporal
cortexOccipital
cortexCerebellum9.69.69.69.610.410.410.410.48.48.48.48.47.510.88.02.07.99.410.22.113.913.212.02.7811138629921081163212511910931

*Vn =

= (K,/y â€¢(1+ MO.

receptors in this region. On the other hand, the failure of the
two-compartment model to describe the time-activity curves in
the cerebellum could also be explained if [nC]MDL 100,907

has a lipophilic metabolite that might transfer across the
blood-brain barrier and contribute to the radioactivity concen
tration of the cerebellum. In Subjects B and C, a small peak that
might correspond to such a metabolite was observed during the
late phase of the PET measurement. This preliminary observa
tion is not supported by metabolism studies in vitro (Hoechst
Marion Roussel, data on file). Thus, to explain the three-
compartment model, the presence of a low density of 5-HT2A
receptors in the cerebellum appears to be the most likely
hypothesis.

Clinical Application
The time-activity curves for all regions were well described

by the three-compartment model. A high BP was observed in

the neocortical regions. These observations suggest that
[' 'C]MDL 100,907 should be suitable for quantitative determi
nation of 5-HT2Areceptors. In the absence of an ideal reference
region, an arterial input function is required for accurate
quantification of 5-HT2A receptors using ["C]MDL 100,907.

The high selectivity of MDL 100,907 represents a major
advantage, as compared to presently available radioligands with
poor selectivity. Thus, ["C]MDL 100,907 is recommended in

the future for PET studies in healthy subjects and schizophrenia
patients, including the determination of drug-induced 5-HT2A
receptor occupancy.

Several new antipsychotic compounds with high affinity for
5-HT2A receptors are presently coming into clinical use. The
development of such compounds is based on the hypothesis that
the 5-HT2A receptor antagonism may be beneficial in the
treatment of schizophrenia, especially for negative symptoms.
This hypothesis can be tested by a search for correlations
between central 5-HT2Areceptor binding and clinical efficacy
in treated patients. Of particular interest is that MDL 100,907 is
now being evaluated as a potential antipsychotic in an extensive
clinical research program. In this study, we have shown that
[' 'C]MDL 100,907 is a suitable PET radioligand for studies on
5-HT2A receptors in man. Thus, [UC]MDL 100,907 offers a

unique opportunity to correlate the clinical pharmacology of
selective 5-HT2A receptor antagonism to detailed in vivo
characterization of 5-HT2Areceptor binding.

CONCLUSION
Here, the regional distribution and binding kinetics of

["C]MDL 100,907 were examined in healthy men. The time-

activity curves for all regions were well described by the
three-compartment model. The regional distribution was in
good agreement with 5-HT2A receptor densities demonstrated
in vitro. Its high selectivity represents a major advantage as
compared to presently available radioligands. Thus, ["C]MDL

100,907 is recommended for PET studies in the future.
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