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Objective: The authors’ goal was to test
the hypothesis of extrastriatal D2 receptor
selectivity as the mechanism of action of
clozapine.

Method: Positron emission tomography
(PET) was used to examine extrastriatal as
well as striatal dopamine D2 receptor oc-
cupancy in four patients treated with
clozapine and three patients treated with
haloperidol. The reference radioligand
[11C]raclopride was used for determina-
tion of D2 receptor occupancy in the stria-
tum. The radioligand [11C]FLB 457 was

chosen for determination of D2 receptor
occupancy in the thalamus, the temporal
cortex, and the frontal cortex.

Results: In patients treated with halo-
peridol the D2 receptor occupancy was
high in all examined brain regions. In
clozapine-treated patients the D2 recep-
tor occupancy was relatively low in both
the striatum and the extrastriatal regions.

Conclusions: The results from the present
study give no support for the hypothesis of
regional selectivity as the mechanism of ac-
tion for clozapine.

(Am J Psychiatry 2001; 158:926–930)

The dopamine D2 receptor subtype is generally consid-

ered to be the biochemical target of antipsychotic drugs

(1–3). This hypothesis has been supported by consistent

findings of high dopamine D2 receptor occupancy in

positron emission tomography (PET) studies of patients

treated with classic antipsychotics (4–8).

The prototype atypical drug clozapine is effective in

some patients who do not respond to classic antipsychot-

ics (9). In addition, the incidence of extrapyramidal side

effects with clozapine is very low (10), and treatment with

clozapine may have an effect on negative symptoms (11–

13). Interestingly, the striatal D2 receptor occupancy dur-

ing clozapine treatment is significantly lower (20%–67%)

than that during treatment with classic antipsychotics

(70%–90%) (14–16). This low D2 occupancy supports the

view that clozapine acts by a different mechanism from

that of classic antipsychotic drugs.

Despite the low striatal D2 receptor occupancy, it has

been suggested that the dopamine system is essential for

the mechanism of action of clozapine. In addition to occu-

pancy of the D2 receptors, clozapine treatment induces

high occupancy of the serotonin 2A (5-HT2A) receptors. It

has been suggested that the high 5-HT2A/D2 ratio under-

lies the atypical properties of clozapine (11). An early hy-

pothesis was that clozapine has preferential effects in the

limbic and cortical dopaminergic systems (17–21). How-

ever, the low resolution of older PET systems and the lack

of suitable high-affinity radioligands have not allowed de-

tection of the low D2 densities in extrastriatal regions.

We have developed [11C]FLB 457, a substituted benza-
mide with the very high affinity of 20 pM for D2 and D3

dopamine receptors in vitro (22, 23). In a preliminary
study using an old PET system (24, 25), we found that the
extrastriatal binding of [11C]FLB 457 is reduced by treat-
ment with haloperidol and clozapine. The D2 occupancy
was at the same level in the thalamus and the temporal
cortex as that determined with [11C]raclopride in the stria-
tum. Opposite results were demonstrated by Pilowski and
co-workers (26) using single photon emission tomography
(SPET) and [123I]epidepride in seven clozapine-treated
patients. Pilowski et al. reported that the D2 receptor occu-
pancy was low in the striatum but high in the temporal
cortex. The results were taken as support for the hypothe-
sis of limbic selectivity of clozapine.

The aim of the present study was to examine the hy-
pothesis of higher D2 receptor occupancy induced by cloz-
apine in extrastriatal regions than in the striatum. Seven
patients, three treated with haloperidol and four with
clozapine, were examined with high resolution PET.
[11C]FLB 457 was the radioligand used for determination
of D2 receptor occupancy in the extrastriatal regions, and
[11C]raclopride was used for determination of D2 receptor
occupancy in the striatum.

Method

The study was approved by the Ethics and Radiation Safety
Committees of the Karolinska Hospital. The subjects were exam-
ined at the Department of Clinical Neuroscience of Karolinska
Hospital and participated after giving written informed consent.
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Healthy Comparison Subjects

Eight male subjects, age 23–38 years, participated in two PET
examinations with [11C]raclopride and [11C]FLB 457, respectively.
They were healthy according to history, physical examination,
psychiatric interview, blood and urine analysis, and magnetic res-
onance imaging (MRI) of the brain. They did not use any medica-
tion (23).

Subjects With Schizophrenia

Seven patients with schizophrenia diagnosed according to
DSM-IV were recruited (Table 1). The duration of illness ranged
between 2 and 10 years. Exclusion criteria were organic mental
disorder, drug abuse, brain injury, and somatic illness. None of the
patients was receiving concomitant treatment with psychotropic
drugs other than the two drugs studied. None had received depot
injections during the preceding 6 months. Duration of illness, the
case history, and the history of neuroleptic treatment were con-
firmed by patient records and by interviews of the relatives.

Three patients were treated with haloperidol. Two of these pa-
tients were drug naive at the time of entry into the study. The third
patient had been drug free for 2 years before the study and had
previously received treatment with classic antipsychotics for 1
year. The D2 receptor occupancy was examined with PET when
the patients had been on monotherapy with haloperidol for 5–7
weeks. The dose of haloperidol was clinically titrated according to
a low-dose strategy; the occurrence of extrapyramidal side effects
during clinical titration was a reason for dose reduction.

Four patients were treated with clozapine. One was drug naive
and three were on the medication when they entered the study. At
the time of the PET examination they had been on monotherapy
with clozapine for 1–5 years.

Experimental Procedure

Each of the seven patients participated in two PET examina-
tions during antipsychotic drug treatment. The two examina-
tions, with [11C]FLB 457 and [11C]raclopride, respectively, were
performed on the same day. The first examination started 3 hours
after the morning dose of haloperidol or clozapine and the sec-
ond 6 hours later. As part of a separate study on D2 receptors in
neuroleptic-free patients, the drug-naive and drug-free patients
(patients 1, 2, 3, and 5 in Table 1) had already been examined be-
fore they received haloperidol or clozapine.

A plastic helmet was made for each subject and used with a
head fixation system to obtain optimal positioning and reliable
transfer of regions of interest between PET and MRI (27). To ob-
tain anatomical correlates, the patients were examined with the
MR Advantage System on a 1.5-T GE Signa scanner. A fast spin-
echo sequence (echo train length=6) was used with a moderately

T2-weighted protocol. The series of sections were the same as in
the PET examinations.

[11C]Raclopride was prepared by methylation of the desmethyl
precursor analogue with [11C]methyl iodide (28). The specific ra-
dioactivity of [11C]raclopride was 400–1300 Ci/mmol at the time
of injection, and the radioactivity injected was 285–326 Mbq.
[11C]FLB 457 was prepared by methylation of the desmethyl pre-
cursor (FLB 604) with [11C]methyl iodide or [11C]methyl triflate
(22, 29). The specific radioactivity was 700–3000 Ci/mmol, and
the radioactivity injected was 229–333 Mbq. The radioligand was
injected into the right cubital vein as a bolus for 2 seconds. The
cannula was then immediately flushed with 10 ml of saline.

The PET system in use was the Siemens ECAT EXACT 47,
which was run in the three-dimensional data mode. The resolu-
tion in plane was 3.8 mm, and the axial resolution was 4.0 mm
full width half maximum (30). The frame sequence consisted of
three 1-minute, four 3-minute, and six ([11C]raclopride) or eight
([11C]FLB 457) 6-minute frames. Brain radioactivity was thus
measured for 51 minutes ([11C]raclopride) and 63 minutes
([11C]FLB 457), respectively, after injection of radioligand. The
reconstructed data were displayed as 47 horizontal sections with
a center-to-center distance of 3.125 mm.

Plasma Drug Concentration

Venous blood samples for determination of plasma drug con-
centration were drawn before the morning dose and in connec-
tion with the PET examinations. The blood samples were drawn
into heparin-treated glass tubes and centrifuged. Plasma was fro-
zen at –20°C until analyzed. Haloperidol plasma concentration
was analyzed with high-performance liquid chromatography (31).
Clozapine plasma concentration was determined by gas chroma-
tography/mass spectrometry with single ion detection (32).

Determination of D2 Receptor Occupancy

Regions of interest were drawn on the MRIs and transferred to
the reconstructed PET images. Regions of interest were defined
for the frontal cortex and temporal cortex, the thalamus, the
putamen, and the cerebellar cortex. The first section in which the
superior collicle could be visualized was identified on the MRI,
and the thalamus was drawn in four sections above that level. The
striatal region of interest (putamen) was drawn in the first three of
these four sections. In addition, the frontal and temporal cortex
were drawn in three sections at the same level as the thalamus.
For the cerebellar region of interest, the first appearance of the
petrosal bone was identified on the MRIs and the cerebellar cor-
tex was drawn in four sections below that level. Data from the se-
ries of sections were pooled to obtain the average radioactivity
concentration of the whole volume of interest and were plotted
versus time (24, 25).

TABLE 1. Demographic and Medication Data for Seven Patients With Schizophrenia Treated With Haloperidol or Clozapine

Medication

Plasma Concentration (nmol/liter)a

Patient
Age 

(years) Sex
Subtype of

Schizophrenia

Duration
of Illness 
(years)

Status at Entry
Into Study Drug

Dose
(mg/day)

Before 
PET

During PET 
With 

[11C]Raclopride

During PET 
With

[11C]FLB 457
1 26 F Paranoid 2 Drug free Haloperidol 3 4.1 4.0 —b

2 34 F Paranoid 2 Drug naive Haloperidol 3 —b —b 5.9
3 24 F Paranoid 2 Drug naive Haloperidol 4 5.5 7.1 7.8
4 31 M Paranoid 10 Receiving medication Clozapine 225 1350 1030 —b

5 33 F Undifferentiated 4 Drug naive Clozapine 250 700 630 370
6 52 M Paranoid 10 Receiving medication Clozapine 275 840 710 1110
7 47 M Undifferentiated 10 Receiving medication Clozapine 400 1370 1730 1560
a Obtained before the morning dose of haloperidol or clozapine and at the midpoint of the PET examination with [11C]raclopride and [11C]FLB

457.
b Values are missing because of technical problems at time of laboratory analysis.
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[11C]FLB 457 binding to D2 receptors in the extrastriatal regions
was analyzed by using the simplified reference tissue model pro-
posed by Lammertsma and Hume (33). The model accounts for
regional differences in the time course for free and nonspecifi-
cally bound radioligand (33). D2 receptor occupancy was defined
as the percentage reduction of the binding potential during drug
treatment compared with the binding potential in the absence of
treatment.

The general approach was to use the mean regional binding
potential values from eight healthy comparison subjects as an es-
timate of the baseline value. In addition, receptor occupancy was
also calculated by using the individual baseline binding potential
in the four drug-naive or drug-free patients (patients 1, 2, 3, and 5
in Table 1).

The simplified reference tissue model was used to analyze
[11C]raclopride binding to D2 receptors. In addition, to enable
comparison with previously published data on D2 receptor occu-
pancy in the striatum, the equilibrium ratio method was applied
as described elsewhere (6). Briefly, specific [11C]raclopride bind-
ing in the striatum (Cb ) was defined as the difference between the
radioactivity in the putamen and that in the cerebellum (Cf). The
time curves for the putamen and the cerebellum were integrated
for the time interval 9–45 minutes after radioligand injection and
a ratio (R) was obtained according to the following equation:

D2 receptor occupancy in the striatum was defined as the per-
centage reduction of the ratio during drug treatment compared
with the mean values in eight healthy comparison subjects. In ad-
dition, individual baseline values were used for four of the pa-
tients (patients 1, 2, 3, and 5 in Table 1).

Statistics

The simplified reference tissue model and the ratio method
were compared by using an analysis of variance method for esti-
mation of measurement error or reliability (34). This method
yields an intraclass coefficient that is based on the within-subject
standard deviation and the between-methods standard devia-
tion. The coefficient varies between 0 (no agreement) and 1.0
(perfect agreement). Differences in occupancy between drugs
were tested by independent Student’s t tests.

Results

Using the simplified reference tissue model, we found
that the D2 receptor occupancy in the striatum of the halo-
peridol-treated patients was between 78% and 85% (Table
2). In the striatum of the four clozapine-treated patients

the D2 receptor occupancy was lower, ranging from 32% to
63% (t=4.29, df=5, p=0.008). The D2 receptor occupancy
values determined with the simplified reference tissue
model and the ratio method were very similar (Table 2).
The coefficient of correspondence between methods was
0.98 (a very high agreement).

In the haloperidol-treated patients, the D2 receptor oc-
cupancy in the thalamus was 66%–71% (Table 2). The tha-
lamic D2 receptor occupancy was lower in clozapine-
treated patients, ranging from 15% to 43% (t=4.81, df=5, p=
0.005). The D2 receptor occupancy in the temporal cortex
was 58%–67% in the haloperidol group and 25%–53% in
the clozapine group (t=3.12, df=5, p=0.003). In the frontal
cortex the range of the D2 receptor occupancy values was
52%–64% for the haloperidol-treated patients and be-
tween 36% and 67% for the clozapine treated patients (t=
1.53, df=5, p=0.17).

The plasma concentrations of haloperidol and cloza-
pine for all patients were in accordance with reference val-
ues from previous studies (32, 35, 36) (Table 1).

Discussion

Previous PET studies have consistently demonstrated
high D2 receptor occupancy in the striatum during treat-
ment with classic antipsychotics (4, 7, 8). In patients
treated with the atypical antipsychotic drug clozapine,
however, a significantly lower striatal D2 receptor occu-
pancy has been reported (15, 16). In the present study,
which used a PET system with high resolution and three-
dimensional data acquisition, the striatal D2 receptor oc-
cupancy was higher in patients treated with haloperidol
(78%–85%) than in patients treated with clozapine (32%–
63% ). The results for [11C]raclopride binding are thus con-
sistent with earlier studies (15, 16).

The D2 receptor occupancy in the extrastriatal regions
for the haloperidol-treated patients was approximately at
the same level as in the striatum, which is consistent with
previous results (25).

Limbic selectivity has been proposed as a possible
mechanism of action of clozapine, the prototype atypical
antipsychotic drug. This hypothesis, first formulated in
the 1970s, was originally based on animal data and postu-

TABLE 2. Extrastriatal and Striatal Dopamine D2 Receptor Occupancy During PET With [11C]FLB 457 and [11C]Raclopride in
Seven Patients With Schizophrenia Treated With Haloperidol or Clozapine

Patient 
Number Drug

Dose 
(mg/day)

D2 Receptor Occupancy (%)

In Extrastriatal Regions, With [11C]FLB 457
and Quantified by Simplified Reference Tissue Model In Striatum, With [11C]Raclopride

Thalamus
Temporal

Cortex
Frontal
Cortex

Mean Values for
Extrastriatal Regions

Quantified by Simplified
Reference Tissue Model

Quantified by Equilibrium
Ratio Method

1 Haloperidol 3 71 67 64 67 78 75
2 Haloperidol 3 68 58 52 59 79 76
3 Haloperidol 4 66 64 64 65 85 83
4 Clozapine 225 15 41 36 31 32 23
5 Clozapine 250 39 43 38 40 33 33
6 Clozapine 275 43 53 67 54 63 57
7 Clozapine 400 22 25 37 28 45 36

R= Cb(t)dt/ Cf(t)dt
9

45

∫
9

45

∫
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lated that there is a limbic selectivity in the functional ef-
fects of clozapine (17, 18). A receptor ligand study of both
rat and human brain tissue (19) suggested that clozapine
binds preferentially to D2 receptors in extrastriatal re-
gions. This view was further supported by the finding that
clozapine has a different affinity for distinct isoforms of
the D2 receptor (37). In the present study, PET was used to
test the hypothesis of preferential binding of clozapine to
extrastriatal D2 receptors. We found that the mean D2 re-
ceptor occupancy in clozapine-treated patients ranged
from 28% to 54% in the three extrastriatal regions (Table
2). The corresponding values for the striatum in this group
ranged from 32% to 63% (t=0.97, df=3, p=0.41). Preferen-
tial extrastriatal D2 receptor occupancy induced by cloza-
pine treatment was thus not supported by our data.

Determination of extrastriatal D2 receptor occupancy
was made with the radioligand [11C]FLB 457. The high af-
finity of [11C]FLB 457 enables quantification of D2 receptor
binding in extrastriatal regions with low density of D2 re-
ceptors (22). In previous studies, striatal D2 receptor occu-
pancy has routinely been quantified by using the ratio
equilibrium method, which requires a peak equilibrium
model in radioligand binding during the time of the PET
examination (24). The time required for equilibrium is de-
pendent on the density of the receptors (23, 25). In the stri-
atum, a region with very high density of D2 receptors,
equilibrium with [11C]FLB 457 will not be reached until
several hours after the 63-minute data acquisition time
used in this study (38). As previously shown, the short ac-
quisition time for [11C]FLB 457 binding in the striatum is
thus not sufficient for reliable calculations of the binding
potential according to the peak equilibrium or the simpli-
fied reference tissue model (23). Therefore, [11C]FLB 457
binding in the striatum was not included in the present
analysis.

For calculation of the D2 receptor occupancy in the ex-
trastriatal regions, we used the simplified reference tissue
model developed by Lammertsma and Hume (33), who
described it as stable for calculation of small receptor
quantities. To allow comparison with previous [11C]raclo-
pride data in the striatum, we used not only the simplified
reference tissue model but also the well established equi-
librium ratio method (6). There was a significant corre-
spondence in the results of the two methods, suggesting
that the methods are comparable.

For calculation of receptor occupancy during drug
treatment, reference values obtained in a drug-free state
are required. The optimal reference value is that obtained
from a recent examination of the same patient before ini-
tiation of drug treatment. However, since clozapine is used
mainly for patients whose illness is resistant to classic
neuroleptics, it may not be possible to perform PET exam-
inations in a drug-free state for ethical reasons. Accord-
ingly, in the clozapine group, where three of the four pa-
tients were receiving medication when they entered the
study, a mean value obtained in healthy comparison sub-

jects was used as a reference value. The error introduced
by this procedure is within a few percent and has been dis-
cussed in detail elsewhere (15).

In a study by Pilowski et al. (26), who used SPET and the
high-affinity radioligand [123I]epidepride, the D2 receptor
occupancy was estimated in seven patients treated with
clozapine and five patients treated with typical antipsy-
chotic drugs. Pilowski et al. reported that in all clozapine-
treated patients the D2 receptor occupancy was low in the
striatum but high in the temporal cortex. In the patients
treated with typical antipsychotics, the D2 receptor occu-
pancy was high both in the temporal cortex and the stria-
tum. The results were taken as a support for the hypothe-
sis of limbic selectivity as the mechanism of action of
clozapine.

In contradiction to this SPET study, the present findings
do not support preferential high occupancy in the extra-
striatal regions. There are several methodological differ-
ences between these studies that may contribute to the
discrepant results. One important issue is the different im-
aging systems, PET versus SPET. Another issue concerns
the choice of radioligand and the method used for quanti-
fication of receptor occupancy. A simple ratio approach
using a high-affinity radioligand such as [123I]epidepride
without validation of equilibrium conditions may yield an
underestimation of the D2 receptor occupancy in the
high-density striatum in comparison with the D2 receptor
occupancy in the low-density extrastriatal regions.

In conclusion, this study confirms that classic as well as
atypical antipsychotics induce D2 receptor occupancy in
extrastriatal regions. However, the hypothesis of preferen-
tial extrastriatal D2 receptor occupancy as the mechanism
of action of clozapine was not supported by our data.
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