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Dopamine plays a pivotal role in the regulation and control of
movement, motivation and cognition. It also is closely linked to
reward, reinforcement and addiction. Abnormalities in brain dopa-
mine are associated with many neurological and psychiatric disor-
ders including Parkinson’s disease, schizophrenia and substance
abuse. This close association between dopamine and neurological
and psychiatric diseases and with substance abuse make it an
important topic in research in the neurosciences and an important
molecular target in drug development. PET enables the direct
measurement of components of the dopamine system in the living
human brain. It relies on radiotracers which label dopamine recep-
tors, dopamine transporters, precursors of dopamine or com-
pounds which have specificity for the enzymes which degrade
dopamine. Additionally, by using tracers that provide information on
regional brain metabolism or blood flow as well as neurochemically
specific pharmacological interventions, PET can be used to assess
the functional consequences of changes in brain dopamine activity.
PET dopamine measurements have been used to investigate the
normal human brain and its involvement in psychiatric and neuro-
logical diseases. It has also been used in psychopharmacological
research to investigate dopamine drugs used in the treatment of
Parkinson’s disease and of schizophrenia as well as to investigate
the effects of drugs of abuse on the dopamine system. Since
various functional and neurochemical parameters can be studied in
the same subject, PET enables investigation of the functional integ-
rity of the dopamine system in the human brain and investigation of
the interactions of dopamine with other neurotransmitters. Through
the parallel development of new radiotracers, kinetic models and
better instruments, PET technology is enabling investigation of
increasingly more complex aspects of the human brain dopamine
system. This paper summarizes the different tracers and experimen-
tal strategies developed to evaluate the various elements of the
dopamine system in the human brain with PET and their applications
to clinical research.
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’rhe dopamine system is involved in the regulation of brain
regions that subserve motor, cognitive and motivational behav-
iors (1-3). Disruptions of dopamine function have been impli-
cated in neurological (4) and psychiatric illnesses including
substance abuse (5), as well as on some of the deficits
associated with aging of the human brain (6). This has made the
dopamine system an important topic in research in the neuro-
sciences and neuroimaging as well as an important molecular
target for drug development (4,7,8).

Dopamine cells reside predominantly in the mesencephalon

Received Sept. 12, 1995; revision accepted Oct. 18, 1995.
For correspondence or reprints contact: Nora D. Volkow, MD, Medical Department,
Bldg. 490, Brookhaven National Laboratory, Upton, NY 11973.

in three neuronal groups: the retrobulbar, the substantia nigra
(SN) and the ventral tegmental area (VTA). Dopamine neurons
from the SN project predominantly to the dorsal striatum and
are mainly concerned with initiation and execution of move-
ments (9). Those from the VTA project predominantly to limbic
and limbic-connected regions including nucleus accumbens,
orbital and cingulate cortices, amygdala and hippocampus and
are involved with reinforcement, motivation, mood and thought
organization (/,/0-13). Dopamine neurons from the retrobul-
bar area project to the hypothalamus where they regulate
hormone secretion from the pituitary (/4). Dopamine cells in
the SN and in the VTA and their major projections are shown
in Figure 1.

Dopamine is synthesized in the dopamine neurons where it is
stored within vesicles which protect it from oxidation by
monoamine oxidase (MAQO). Dopamine is released into the
synapse in response to an action potential and interacts with
postsynaptic dopamine receptors. The concentration of dopa-
mine in the synapse is regulated primarily by its reuptake by the
dopamine transporters, to maintain low (nanomolar) steady-
state concentrations (/5). Dopamine is also removed by oxida-
tion by MAO A in neurons and by MAO B in glia which
surround the dopaminergic nerve terminals and by catechol-
amine O-methyltransferase (COMT). Brain dopamine release is
regulated by autoreceptor as well as by other neuroanatomically
distinct neurotransmitters through interactions with the dopa-
mine neuron (/6).

PET is an imaging method used to track the regional
distribution and kinetics of chemical compounds labeled with
short-lived positron-emitting isotopes in the living body (/7). It
was the first technology that enabled direct measurement of
components of the dopamine system in the living human brain.
Dopamine was labeled with ''C 25 yr ago for the purpose of
imaging catecholamine metabolism in peripheral organs such as
the adrenals and the heart (/8). Because dopamine does not
cross the blood-brain barrier, however, imaging studies of
dopamine in the living brain have been indirect, relying on the
development of radiotracers to label dopamine receptors, dopa-
mine transporters, precursors of dopamine or chemical com-
pounds which have specificity for the enzymes which degrade
synaptic dopamine (Fig. 2). Table 1 gives the brain concentra-
tion and activity of the dopamine-related elements which have
been measured with PET. Additionally, through the use of
tracers that provide information on regional brain activity (i.e.,
brain glucose metabolism and cerebral blood flow) and of
appropriate pharmacological interventions, it has been possible
to assess the functional consequences of changes in brain
dopamine activity.

1242  THe JourNAL OF NUCLEAR MEDICINE » Vol. 37 « No. 7 « July 1996



FIGURE 1. Simplified diagram for the dopaminergic projections of the
substantia nigra (SN) and the ventral tegmental area (VTA). CG = Cingulate
Gyrus, PreF = Prefrontal Cortex, OFC = Orbitofrontal Cortex, NAC =
Nucleus Accumbens, CA = Caudate, PUT = Putamen, AM = Amygdala,
Hipp = Hippocampus.

This article summarizes the different tracers and experimen-
tal strategies developed to evaluate the various elements of the
dopamine system in the human brain with PET and their
applications in clinical research. Although SPECT methodol-
ogy can also be used to measure some of the same components
(19), this chapter will not explicitly discuss this methodology.

DOPAMINE RECEPTORS

Dopamine receptors are present both pre- and postsynapti-
cally at dopaminergic synapses (Fig. 2). At the postsynaptic
side they function in cell-to-cell communication, and at the
presynaptic side they modulate the release and synthesis of
dopamine (/6). The dopamine receptors have been the main
therapeutic targets in the treatment of psychotic symptoms in
schizophrenics and of extrapyramidal motor symptoms in
Parkinson’s disease patients (20). There are five subtypes of
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FIGURE 2. Simplified diagram of a typical striatal dopamine synapse. In
practice, electron microscopic studies show great structural heterogeneity.
There are approximately 10"! dopamine terminals per gram of striatum, out
of a total number of about 10'2 terminals per gram. Their average volume is
that of a sphere of radius 0.55 p, and there are about 5000 terminals per
striatal cell. The spontaneous firing rate of dopamine cells is about 3 Hz. The
volume of each synaptic cleft is about 10~'7 |, and the total dopamine cleft
volume is about 1 ul per gram. The average distance between clefts is about
2 p. For convenience, D1 and D2 receptors are shown on the same
postsynaptic cell, whereas they are almost certainly localized on different
cells.

TABLE 1
Binding Site Concentrations and Enzymatic Activities in the

Human Striatum*
C - Activi
Binding site or activity (pmole/g)  (pmole/g/sec)

Receptors
D1 @82) 50 —_
D2 (238) 20 —
Transporters
Dopamine transporter (239) 400 6501
Enzymes
Tyrosine hydroxylase (240) —_ 25
Aromatic L-amino acid decarboxylase — 200

@40y
Monoamine oxidase A (240,241) 200 400*
Monoamine oxidase B (240) 200
Catechol-O-methyitransferase (242,243) —_ 408

*Values cited are fairly representative of values reported in other studies of
postmortem brains. However, considerable variation is found in the literature,
associated with differences in methodologies and in individual subjects. A
detailed review of in vitro studies is far beyond the scope of this article. Since
enzymatic activities are usually measured with saturating substrate concen-
trations, the cited values probably do not reflect metabolic fluxes in vivo.

TDetermined in rat striatum.

*Combined MAO A and MAO B activities assayed using tyramine as
substrate.

SDetermined in human cerebral cortex.

dopamine receptors which are grouped into two major families:
those which stimulate adenyl cyclase (D1, D5) and those which
inhibit adenyl cyclase (D2, D3, D4) (27). The concentrations as
well as the locations of these receptors in human brain differ
and the most ubiquitous are the D1 (50 pmole/g) and D2
receptors (20 pmole/g). The highest concentration for D1 and
D2 receptors occurs in striatum (22), where D1 receptors
appear to be predominantly expressed by striatal output neurons
projecting to the SN; and D2 receptors appear to reside mainly
in output neurons projecting to the globus pallidus (23).
Extrastriatal regions have much lower densities (0.3-4
pmole/g) of D2 (22,24) and DI receptors (25). D3 receptors
exist in low concentrations (1 pmole/g) in the shell of the
nucleus accumbens and in the islands of Calleja (26). The
concentration of D4 receptors is also very low (2.1 pmole/g
tissue) and they are localized in several limbic and cortical
regions with relatively lower levels in striatum (27,28). DS
receptors are located in limbic areas (29). PET tracers to
measure D2 and D1 receptors have been developed; however
there are currently no specific PET ligands to differentially
evaluate D3, D4 and DS receptors.

The D2 receptors were the first to be imaged with PET
(30-33). Several D2 receptor antagonists have been labeled for
use with PET (34). These ligands differ with respect to their
affinity for the D2 receptors, their specificity and their kinetics
(Table 2). More recent studies have started to focus on labeling
dopamine receptor agonists (34). The most w1dely used D2
PET ligands are the dopamine receptor antagonists [''C]raclo-
pride (33) and [''C] or ['8F] labeled N-methylspiroperidol
(NMS) (30,31). Raclopride is a ligand with moderate affinity
for D2 receptors (Kd = 10002000 pM) (35). It has a high
selectivity in terms of affinity for receptors for other neuro-
transmitters but also binds to D3 receptors. NMS has a higher
affinity for D2 receptors than raclopride (Kd = 50-300 pM) but
it also binds to SHT2 as well as D4 receptors (27). Because the
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TABLE 2
Radioligands for Dopamine Receptors

Rodent data

Human data

Ki in vitro
(nm)

Time max
(min)

Time max

ST/CB ST/CB (min)

Radioligand

D1
SCH 03 3 9 20
23390
(244,245)
NNC 756
(244,49)
NNC 112
64)

D2
Raclopride 1.1 4
(246,247)
NMS
(60,168,247)
IBZM
(78,248~
250)
Epidepride
(249)

0.17 5

8-12

2040 7 5

0.05 12 >500 10 >60

0.45 16 6

>10 >200 20 120

dissociation of NMS at the SHT2 receptors is significantly
faster than at the D2 receptors, tracer kinetic modeling differ-
entiates these two components of NMS binding (36). Since the
ratio of D2/(D3 + D4) receptor binding is quite high in most
brain regions (37,38) the PET measurements from these two
tracers predominantly reflect binding to D2 receptors. Also their
binding, at least for NMS, appears to be predominantly to
postsynaptic receptors (39,40). For most PET studies D2
receptor measurements have been limited to the striatum where
neurons containing D2 receptors are predominantly GABAergic
or cholinergic.

The use of PET to measure D2 receptors in areas other than
striatum has been limited by the relatively low concentration of
D2 receptors in extrastriatal regions as well as the small
volumes of some of the areas (41). Although D2 receptors in
extrastriatal areas have been imaged with PET and SPECT
(41-44), the limited sensitivity of these instruments do not
allow accurate quantification. The development of D2 ligands
with higher affinity for D2 receptors and of PET instruments
with a higher sensitivity and spatial resolution may enable
improved quantitation of D2 receptors in extrastriatal areas.
Some ligands with very high affinity for D2 receptors have
recently been developed that may facilitate these measure-
ments. Imaging of the human brain with one of these high
affinity ligands [''CJFLB457 (Kd = 20 pM), showed signifi-
cant accumulation in thalamus, substantia nigra, colliculus and
temporal cortex (41,45).

Initially the development of D2 ligands was targeted towards
tracers with very high affinity for D2 receptors. However, tracer
kinetic modeling of these tracers is limited by tracer delivery
which makes them sensitive to cerebral blood flow (CBF) in
addition to receptor concentration (46). This is particularly
problematic for areas of high receptor concentration since
binding equilibrium is not reached within the time period when
the measurements can be made. However, these tracers may be
useful to quantify D2 receptors in areas with relatively low D2
concentrations as discussed for [''C]JFLB457. On the other
hand, recent interest in the development of tracers with lower
affinities has been stimulated by the feasibility of using them to
measure relative changes in synaptic dopamine concentration.

[T'CINNC 112
-

AR
FIGURE 3. Brain images obtained :
with the D1 receptor radioligand
["'CINNC 112 (50) in a healthy con-
trol. The image corresponds to the
average activity obtained between 9
and 68 min (courtesy of Halldin and
collaborators).

;
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The D1 receptors have also been measured with PET though
they have been much less investigated. Several D1 receptor
antagonists have been labeled with positron emitters and in-
clude [" CJSCH 23390 (47), [''CJSCH 39166 (48), [''CINNC
687, [''"CINNC 756 (49) and NNC 112 (50) (Table 2). A
problem for most of these radioligands is that they also have
considerable affinity for SHT2 receptors (49). [''C]SCH 23390
has been the most widely used (25). High uptake of these
radioligands occurs in striatum which is the area with the
highest D1 receptor density (25). The concentration of DI
receptors in cortex is relatively low but is higher than that for
D2 receptors (25) and has been measured with PET. Of the PET
D1 radiotracers the one that gives the highest cortical to
cerebellar ratios (1.8-2.2) is [''CINNC 112 which makes it
probably the best of the DI radiotracers for extrastriatal
imaging (Fig. 3) (34). The dopamine D1 receptor agonist SKF
75670 was labeled with ''C and proposed as a ligand that may
be potentially useful for measuring high-affinity D1 receptor
sites (51).

Radioligands for D1 and D2 receptors have been used to
investigate their involvement in aging, in psychiatric and
neurological illnesses and to assess receptor occupancy by
antipsychotic drugs. Of the brain changes associated with aging,
those in the dopamine system are among the most conspicuous
and are probably responsible for some of the motor and
behavioral changes in the elderly. PET studies evaluating the
effects of age on D2 receptors have consistently reported a
significant decline in D2 receptors with age. The estimates for
D2 losses obtained from PET studies range between 4—8% per
decade of life (52-55) and are slightly higher than those
reported for postmortem studies which range between 2—-5% per
decade (56). Dopamine D1 receptors in striatum and frontal
cortex have also been found to decrease with age (57).

Increased brain dopamine activity is an important contributor
to the symptomatology observed in schizophrenic patients (8).
PET studies in schizophrenic patients measuring D2 receptors
have yielded inconsistent results with some studies reporting
elevations, others no changes and others documenting eleva-
tions in some patients but not in others (4/). Several reasons
have been given for these discrepancies related to differences in
choice of tracers and subject populations (58), including the
suggestion that the elevations observed with NMS could be due
to increases in D4 receptors in schizophrenic patients (27).
Studies in schizophrenic patients have also been done to assess
the relationship between receptor occupancy by antipsychotic
drugs and therapeutic efficacy. For typical neuroleptics it was
estimated that 70—80% of the D2 receptors need to be occupied
for therapeutic efficacy and that higher occupancies are asso-
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TABLE 3

Radioligands for Dopamine Transporters
Human data Rodent data
Kiin Time Bmax/ Time
vitro® Peak ST® max® Kd'® ST/ max®
Radioligand (nm) (nCi/ce/mCi) ST/CBf (min) (ml/g) Pe ST/CB! (min)
RT-55 (90,251) 15 130 (500") 12+ >1200 6.7 250 10* 120
WIN 35 428 (10,93) 12 150 (60") 4+ >120 5 ? 4 60
dtMP (96,252) 40 100 23 3040 16 25 2 15
Nomifensine (84) 45 85" 1.9 20-30 0.9° 10° — —
Cocaine (86,209,253,254) 100 85 1.7 57 0.6 4 15 5
®Rat striatal membranes.

®Time of maximum uptake in striatum.

“Calculated using the ratio of distribution volume (DV) in striatum to that in reference tissue, obtained using graphical (209 ) for cocaine and dtMP; Bmax/Kd
from two-compartment model for nomifensine; calculated as ky/k, from three-compartment model for WIN 35,428 and RT1-55.
9At time of maximal striatal binding; not corrected for plasma protein binding.

°Metabolite correction based on plasma/erythrocyte partitioning.

Maximum value observed; at end of measurement period if followed by +.

radioactivity concentration in striatum (nCi/cc/mCi injected) at peak or at indicated time after injection.

9Representative
hEstimated from MBq (g tissue)-1/MBq (g body wi)-1.
Termed V3, or equilibrium partition coefficient (257).

ciated with side effects (80-90%) (59-60). In contrast, for
atypical neuroleptics, such as clozapine, the average D2 occu-
pancy was significantly lower and ranged between 20-67%
(61). Levels of D2 receptor occupancy by typical neuroleptics
were linearly related to drug plasma concentrations (62,63 ). For
D1 receptors, levels of occupation by typical neuroleptics
ranged between 16—44% and occupation by atypical neurolep-
tics ranged between 36-59% (59). These findings may suggest
that D2 receptors are a main target for typical but not for
atypical neuroleptics. Though for the atypical neuroleptics,
blockade of D1 receptors is larger than that of D2 receptors,
therapeutic efficacy may also involve blockade of D4 and SHT2
receptors (64). Studies done to determine if the lack of
therapeutic response seen in nonresponding schizophrenic pa-
tients was a result of inadequate D2 receptor blockade by the
antipsychotic drug showed that there were no differences in
receptor blockade by neuroleptics in responders and non-
responders patients (65—-66). However, the two groups of
patients differed in their baseline D2 receptor measures sug-
gesting that there may be underlying biological differences that
may predict responsiveness to antipsychotic agents (62). These
findings also question the common practice of increasing
antipsychotic doses beyond the therapeutic window in nonre-
sponding patients.

The dopamine system has been linked with addictive disor-
ders. Imaging studies have shown significant reductions in D2
receptor availability in cocaine abusers which persist after
cocaine withdrawal and which were correlated with self ratings
of dysphoria (67,68). Abnormalities in D2 receptor measures
have also been documented in alcoholics (69). No drug abuse
studies have been done with PET D1 radioligands.

In psychotic depressed patients increases in striatal D2
receptors were recently reported. Because the relation was
between D2 and psychosis and not mood this finding was
interpreted as most likely reflecting the psychotic state rather
than the mood abnormality (70). Studies with the D1 receptor
ligand [''C]JSCH 23390 in depressed patients showed reduc-
tions in the binding potential in frontal cortex but no changes in
striatum (77). These findings provide further evidence that the
dopamine system may be involved in affective disorders
(72,73).

Studies with Parkinson’s disease patients have shown that
while there may be initial increases during early stages of the
disease, for the most part D2 receptor concentrations do not
differ from those of age-matched controls (74-77). Because
L-DOPA requires the presence of dopamine receptors in order
to exert a therapeutic effect, imaging with D2 receptors has
been used to predict responsiveness in patients with movement
disorders (78). In patients with Huntington’s chorea, where the
pathology is localized in striatal neurons, significant reductions
in striatal D2 (79-81) and D1 (82) receptors have been
documented. Furthermore, because Huntington’s disease affects
predominantly medium-sized spiny neurons in striatum, where
D1 receptors are located, it has been suggested that D1 ligands
may be more sensitive than D2 ligands in detecting degenera-
tion in this disease (82). There is also some evidence of
reductions in D1 receptors in the frontal cortex of patients with
Huntington’s chorea (82).

DOPAMINE TRANSPORTERS

Interest in the dopamine transporter (DAT) has been stimu-
lated, in part, by the fact that it constitutes the main target site
for the reinforcing properties of cocaine (83). Additionally,
because transporters are localized on the presynaptic terminal
they serve as markers of dopamine neurons. Several radioli-
gands have been developed for their suitability as PET and
SPECT probes of the DAT. These include [''C]nomifensine
(84-85), [''C]cocaine (86), ['®F] GBR 13119 (87,88), ['®F]
GBR 12909 (89), [;”C] and ['ZIJRTI-55 (90, 91), [''C]WIN
35428 (92-94), [''Clmethylphenidate (95) and [''C]d-threo
methylphenidate (96). These radioligands differ with respect to
their affinities for the DAT, their specific-to-nonspecific bind-
ing ratios and their specificity for the DAT as well as their
kinetics. Table 3 summarizes this information for DAT ligands
which have been examined in reasonable detail in human
subjects. The cocaine analogs WIN 35,428 (also known as
CFT) and RTI-5S (also known as B-CIT), have affinities for the
DAT approximately 10 and 100 times higher, respectively, than
those of cocaine and S-(+)-nomifensine and d-threo-methyl-
phenidate have affinities intermediate between those of cocaine
and WIN 35,428. Their times to maximum uptake vary by a
factor of over 200, that is between about 6 min for cocaine, and
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over 1200 min for the high-affinity cocaine analog RTI-55. The
initial uptake in brain for the five radioligands in Table 3 is high
and corresponds to approximately 7-10% of the injected dose.

Carbon-11-nomifensine was the first DAT ligand developed
for PET (97). Its uptake in brain is relatively fast and peak
concentrations are achieved approximately 20 min after admin-
istration which allows for proper modeling and quantification
(84). A potential disadvantage of this ligand is that it binds
more tightly to the norepinephrine transporter than to the DAT.
Carbon-11-cocaine exhibits faster kinetics than
[''C]nomifensine, with a half-life in striatum of approximately
20 min. Though in vitro studies show binding of cocaine to
serotonin as well as norepinephrine transporters, as a PET
ligand it shows specificity of binding to DAT (98). A limitation
for this tracer is that its specific-to-nonspecific binding ratio is
relatively low and that its fast kinetics limit the statistical
quality of PET images. The specific binding of [''C]methyl-
phenidate and of [''C]d-threo methylphenidate in the brain is
mainly due to DAT. Its clearance is slower than that of
["'C]cocaine which is an advantage for kinetic analysis in that
it is fast enough to allow for proper quantification but is slow
enough to permit appropriate counting statistics. A disadvan-
tage of racemic [''C]methylphenidate when compared with
[''C)d-threo methylphenidate is that the / enantiomer in the
racemic mixture contributes to nonspecific binding and con-
founds its quantification. An advantage for [''C]d-threo meth-
ylphenidate and for [!'C]methylphenidate is that its pharmacol-
ogy in humans is well studied so that unlabeled
methylphenidate can be administered to humans to assess
nonspecific binding.

RTI-55 has highly desirable properties which are optimized
in the '?’I-labeled compound used with SPECT (i.e., very high
affinity for the DAT and a high speciﬁc-to-nonsgeciﬁc binding
ratio) (90). The SPECT measurements with ['*>[JRTI-55 are
made when the radioligand distribution corresponds to an
equilibrium situation, which is thought to be the case after about
18 hr. However, PET measurements with [''C]RTI-55 (half-
life = 20 min) must be conducted very far from equilibrium
(91). A danger under these conditions is that tissues with some
threshold concentration of binding sites may trap essentially
every molecule of radiotracer which is delivered. This is
expected to diminish the sensitivity of radiotracer binding to
small decreases in binding site concentration. Furthermore,
radiotracer binding will become more sensitive to alterations in
tissue perfusion, which proportionately alters delivery of radio-
ligand. Carbon-11-WIN 35,428 also does not achieve a maxi-
mum value of striatal binding within the time constraints of
PET experiments; its striatal uptake is still rising after more
than 5 half-lives for ''C have elapsed (110 min) (93). The
extent to which this may compromise its ability to detect small
decreases in DAT concentration, or its usefulness in circum-
stances of altered CBF, is presently unclear. PET studies are
required to determine under what circumstances one DAT
ligand may be more accurate than another. For example, under
conditions of decreased DAT availability and/or to examine
regions with low DAT densities, ligands with very high
affinities such as [!'C]WIN 35428 may be desirable. However,
for quantification in patients with decreased CBF, ligands with
a relatively lower affinity for the DAT such as [''C]d-threo
methylphenidate may be more appropriate.

Though most of the radioligands developed for monoamine
transporters have been targeted to the cellular transporters,
[''C]tetrabenazine has been proposed as a PET ligand to
measure the vesicular monoamine transporter (99). The advan-
tage for this type of ligand is that it does not appear to up- or
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FIGURE 4. Brain images from a multiple tracer study comparing a patient
with Parkinson’s disease and a control. The images for D2 receptors and for
dopamine transporters correspond to the distribution volumes of ['*Cjracio-
pride and of [''C]d-threo methyiphenidate, respectively. Metabolic images
were obtained with '8FDG.

down-regulate in response to treatment and hence may be less
sensitive to the confounding effects of medication (/00). The
disadvantage is a lack of specificity for the different mono-
amine transporters.

It is to be noted that most studies in humans using DAT
radioligands have shown age-related decreases in binding
(85,101,102) which are consistent with the reduction in DAT
and in dopamine cells documented in postmortem studies
(103,104). In patient populations these radioligands have been
used to assess dopamine cell degeneration in subjects with
Parkinson disease who show marked reductions in DAT when
compared with healthy age-matched controls (Fig. 4)
(85,90,91,94). Studies in cocaine abusers have shown that
while there are increases in DAT shortly after withdrawal (/05)
there are decreases or no changes with protracted withdrawal
(106). A preliminary study done in violent alcoholics showed
significant elevations of DAT when compared with nonalco-
holic subjects (/07). In contrast, nonviolent alcoholics had
lower DAT levels than controls (107).

DOPAMINE SYNTHESIS

Dopamine synthesis occurs within the dopamine neuron as
shown in Figure 5. Tyrosine is transported via amino acid
carriers in the blood-brain barrier and cell membranes. Once in
the intracellular space it is hydroxylated to L-3,4-dihydroxy-
phenylalanine (L-DOPA) by tyrosine hydroxylase (TH, E. C.
1.14.16.2). L-DOPA is then decarboxylated by aromatic L-
amino acid decarboxylase (AADC, E. C. 4.1.1.28) (108) to
form dopamine.

TH is the rate-limiting enzyme in the synthesis of brain
dopamine. PET radiotracers which would enable an assessment
of TH activity are still under development (109,110). The first
PET tracer developed for studies of dopamine metabolism in
the human brain was '*F-labeled fluoro L-DOPA (111,112).
Like L-DOPA, 6-['®F]fluoro-L-DOPA crosses the blood-brain
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DOPAMINE SYNTHESIS
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FIGURE 5. Pathways for the is and metabolism of dopamine in the
CNS. TH, tyrosine hydroxylase (EC 1.14.16.2); AADC, aromatic amino acid
decarboxylase (EC 4.1.1.28); MAO, monoamine oxidase (EC i.4.3.4); AD,

aldehyde dehydrogenase (EC 1.2.1.3); COMT, catechol-O-methyltransferase
(EC 2.1.1.6).

barrier resulting in an accumulation of '°F in striatum. This
striatal accumulation appears to be unidirectional over the first
90 min and probably reflects the synthesis of fluorodopamine
and subsequent storage within vesicles (//3). However, be-
cause L-DOPA (and fluoroDOPA) and its metabolites are
extensively metabolized by MAO and by COMT, labeled
metabolites, especnallz 3-O-methyl-6- ['8F]ﬂuoroDOPA also
contribute to striatal 'F activity as visualized by PET (/14).
This complicates the estimation of indices which reflect the rate
of dopamine synthesis. To minimize the extensive peripheral
metabolism of fluoroDOPA by AADC, which limits tracer
availability in brain, peripheral AADC inhibitors have been
used to spare ['®F]fluoroDOPA (/15). Unfortunately, AADC
blockade enhances COMT-catalyzed formation of peripheral
['®F]3-O-methylfluoroDOPA which enters the brain and con-
tributes to the nonspecific signal.

It has been suggested that the accumulation of 6-['*F]fluoro-
L-DOPA metabolites in the striatum parallels AADC activity
and that this reflects the brain’s capac1 for dopamine synthesis
(116). A recent PET study using 6-[ °F]fluoro-L-DOPA em-
ployed a kinetic model that took into account labeled metabo-
lites to calculate the relative rates of conversion of
6-['®F]fluoro-L-DOPA to 6-['®F]fluorodopamine. The highest
values for AADC activity were found in caudate and putamen
which are consistent with in vitro measurements.

The extent to which 6-['®F]fluoro-L-DOPA parallels the
behavior of L-DOPA has been addressed by comParmg
-['®F]fluoro-L-DOPA and either [B-''C]L-DOPA, [B-''C]6-
fluoro-L-DOPA or [*H]L-DOPA (117,118). The behavior of
6-['®F]fluoro-L-DOPA qualitatively parallels that of L-DOPA
but its uptake is higher and its metabolism by COMT is faster.
The brain kinetics of L-[8-''C]DOPA have been measured in
human volunteers with PET (//9). The use of [B-''C]L-DOPA
allows PET studies to be carried out at tracer conditions even
though its use was reported to be limited by large statistical
variation due to the limited time frame for quantitation of low

radioactivity. Recently this tracer has been applied in the study
of dopamine metabolism in patients with unipolar depression
(120).

The accumulation of '®F after the injection of 6-['®F]fluoro-
L-DOPA has been used as a measure of the integrity of the
nigrostriatal dopamine system in Parkinson’s disease (7) and a
recent postmortem study has correlated fluoro-DOPA uptake
constants with nigrostriatal neuronal density (/27). The extent
to which '8F accumulation is sensitive to smaller age-related
losses in dopamine neurons is controversial with some investi-
gators finding an age-related loss in dopamine neurons is
controversial with some investigators finding an age-associated
decline and others finding no change in PET studies of normal
subjects (122-124). Studies in the postmortem human brain
suggest that AADC may be up-regulated in dopamine neurons
that are spared during aging and that PET measures of
6-['®F]fluoro-L-DOPA uptake may overestimate the number of
dopamine nerve terminals during normal aging (125).

In patients with Parkinson’s disease, a correlation has been
found between 6-['8F]fluoro-L-DOPA uptake in putamen and
motor deficits and between 6-['F]fluoro-L-DOPA uptake in
caudate and memory (delayed recall test) (/26). Though most
studies done with 6-['®F]fluoro-L-DOPA measure AADC ac-
tivity in striatum, concentrations in the amygdala, mesenceph-
alon, hippocampus and thalamus are higher than those in the
cerebellum (116).

Other tracers have been developed in an attempt to improve
quantitation and to reduce the spectrum of labeled metabolites
from 6-['®F]fluoro-L-DOPA. The best characterized is
['®F]fluoro-m-tyrosine which is missing the hydroxyl group on
carbon-4 of the aromatic ring (/27,128). This molecule is a
substrate for AADC but is not a substrate for COMT. This
tracer has been investigated in monkeys and showed low
peripheral metabolism as predicted (//8). Initial studies have
been carried out in humans and it has been proposed that the use
of labeled fluoro-m-tyrosine will be a considerable advance
over the use of labeled fluoro-DOPA for the measurement of
AADC activity (129). Another tracer, ['®F]fluoro-p-fluoro-
methylene-m-tyrosine is also being investigated (/30).

DOPAMINE METABOLISM

Monoamine oxidase (MAO, EC 1.4.3.4) formally oxidizes
amines such as dopamine to the corresponding aldehyde (/37).
The enzyme exists in two subtypes, MAO A and MAO B (/32).
Though both forms can oxidize each of the biogenic amines,
MAO A preferentially oxidizes S-hydroxytryptamine whereas
MAO B oxidizes benzylamine. Dopamine is a substrate for both
subtypes of MAO (133), and both subtypes have similar
affinities for dopamine (/34). There are selective inhibitors for
each form of the enzyme, the best known of which are
clorgyline for MAO A (/35) and L-deprenyl for MAO B (/36).
In the human brain MAO B predominates (B:A = 4:1) (/37).
Since MAO B is largely compartmentalized in glial cells, it has
been suggested that MAO B inhibition spares extraneuronal
dopamine (/38). Many studies support a link between increases
in MAO B (but not MAO A) and aging and neurodegenerative
disease (/39).

By far the major medical interest in MAO stems from the
neuropsychological effects of MAO inhibitor drugs on the
human brain. Indeed, MAO inhibitors were among the first
antidepressant drugs. The fact that MAO inhibition spares brain
dopamine led to the use of the MAO B inhibitor L-deprenyl as
an adjunct with L-DOPA in the treatment of Parkinson’s
disease (/40). More recently it has been shown that L-deprenyl
slows the natural progression of Parkinson’s disease (/4/).

PET DopaMINE TRACERS » Volkow et al. 1247



Monoamine Oxidase B ([''C]L-deprenyl-D2)

an &
3y

LY "4

.,
o ~.J’
< ¢

o8
’

FIGURE 6. Influx constant images of human brain MAO B using [''C]
H-deprenyl-d2. Notice the high values in the subcortical regions and lower
values in cortex in agreement with postmortem assays.

Though there is controversy concerning the mechanism(s)
responsible for the therapeutic actions of L-deprenyl (142), this
finding has stimulated interest in the development of new MAO
inhibitor drugs.

PET studies of MAO have measured its regional distribution,
its inhibition and its synthesis rate. Two general approaches to
mapping MAO with PET in vivo have been developed, one uses
the labeled suicide inactivators, L-deprenyl and clorgyline, to
label the two forms of the enzyme (/43) and the other uses
labeled dimethylphenethylamine to produce ''C-labeled di-
methylamine, a MAO B-generated metabolite which is intra-
cellularly trapped (/44). The most frequently used approach is
the measurement of MAO B with [''C]L-deprenyl and [''C]L-
deprenyl-D2 (a deuterium-substituted analog of L-deprenyl
with improved sensitivity (/45)).

The general approach to the in vivo labeling of MAO B with
[''C]L-deprenyl is based on the principle of suicide inhibition
in which the radiotracer becomes covalently attached to the
enzyme as a result of oxidation and the formation of a very
reactive intermediate. The distribution of ''C in brain after the
injection of [''C]L-deprenyl closely parallels the distribution of
MAO B as determined in the postmortem human brain (Fig. 6).
Carbon-11-L-deprenyl has been used to determine the duration
of MAO B inhibition by pharmacological doses of L-deprenyl.
Since L-deprenyl is a suicide inactivator of MAO B, enzyme
recovery after withdrawal from the drug requires the synthesis
of a new enzyme. PET measurements showed that the half-time
for recovery of brain MAO B averaged about 40 days (/46).
Though L-deprenyl is given to patients at a dose of 10 mg/day,
it is obvious from the PET study that complete MAO B
inhibition can be obtained at a fraction of this dose. A similar
investigation was carried out to study the duration of MAO B
inhibition by the new reversible, MAO B inhibitor drug Ro 19
6327 (147,148) which is being proposed for the treatment of
Parkinson’s disease. This study showed total recovery of the
enzyme after 36 hr of Ro 19 6327 discontinuation.

Catechol-O-methyltransferase (COMT; EC 2.1.1.6) is one of
the two major enzymes which metabolize dopamine (/49).
COMT catalyzes the transfer of a methyl group from S-
adenosyl-L-methionine to the phenolic group of a substrate that
must have a catechol structure. It is distributed throughout the
body and brain and is an important molecular target in the
development of drugs to treat Parkinson’s disease (/50). The
product of dopamine metabolism by COMT is 3-methoxytyra-

[''C]Raclopride

Baseline

Methylphenidate

FIGURE 7. Brain images of the distribution volume for [''Clraciopride
obtained with no pharmacological intervention and after administration of
methyiphenidate.

mine and the concentration of this compound in the brain is
taken as an index of dopamine release (151). Although the main
function of COMT was described in the late 1950s (/52), the
significance of this enzyme has been less studied, in part,
because of the lack of suitable in vivo inhibitors. The recent
development of selective and potent COMT inhibitors (/50)
has presented the opportunity to investigate the distribution of
COMT in the living body with PET and appropriately labeled
COMT inhibitors. In this regard Ro 41-0960 (3,4-dihydroxy-5-
nitro-2’-fluorobenzophenone), a potent and selective fluorine-
containing COMT inhibitor which has been re?orted to cross
the blood-brain barrier, has been labeled with '®F in order to
study brain COMT with PET (/53). Though PET studies in the
baboon using '®F-labeled Ro 41-0960 demonstrated a negligi-
ble uptake in the brain, high uptake was observed in the kidneys
and in other organs known to have high COMT activity
demonstrating the potential of PET to investigate peripheral, if
not central, COMT activity (/54).

DOPAMINERGIC RESPONSIVITY AND
DOPAMINE RELEASE

The competition of endogenous dopamine with D2 receptor
radioligands presents the opportunity to measure changes in
synaptic dopamine in vivo by observing the degree of change in
the binding of a D2 receptor radiotracer by a pharmacological
challenge or other perturbation (/55). The in vivo striatal
binding of [*H]raclopride has been shown to be sensitive to
pharmacologically-induced changes in endogenous dopamine
(35,156). This property in turn has been used to assess changes
in endogenous synaptic dopamine concentration with PET with
labeled raclopride and with labeled NMS (/57-162). Compar-
isons are made between the binding of the radiotracer at
baseline and after administering a drug that changes dopamine
concentration (i.e., methylphenidate, amphetamine) (Fig. 7).
Studies in humans have shown that methylphenidate signifi-
cantly reduced [''C]raclopride binding in the brain. The reduc-
tions varied among subjects and decreased with age (/60).
Because [''Clraclopride binding is highly reproducible (/63—
164) these reductions most likely reflect changes in synaptic
dopamine. The effects of amphetamine on dopamine release in
the human brain have also been measured with SPECT and the
D2 radioligand ['*I)IBZM (/65).

Investigating relative changes in dopamine concentration in
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response to a drug provides a tool with which to evaluate the
relationship between drug-induced changes in dopamine con-
centration and its behavioral effects (160,165). It may also
enable the detection of dopamine dysfunction with a higher
sensitivity than when studying patients during baseline condi-
tions. Limitations of this strategy are: the inability to measure
baseline dopamine concentration; the limited spatial resolution
of PET (measures are of large volumes of tissue which may be
heterogeneous in their responses to drugs); the inability to
differentiate whether changes in binding reflect the magnitude
of the rise in dopamine or the ratio of high- versus low-affinity
D2 receptors (dopamine predominantly competes with the
radiotracers for the binding to high-affinity D2 receptors); and
the relatively low sensitivity of the technique which requires the
use of pharmacological challenges that raise dopamine levels
severalfold. Also, because the pharmacological challenge can
affect tracer delivery (/66), studies are required to assess its
effects on tracer kinetics and on the model parameter. In the
case of [''C]raclopride, the model parameter used (Bmax/Kd) is
insensitive to changes in CBF (/67). To our knowledge, the
sensitivity of these strategies to nonpharmacological, i.e., be-
havior-related (/68) changes in dopamine has not been dem-
onstrated. This methodology differs from the measures obtained
with microdialysis (/69) in that it simultaneously measures all
brain regions, it measures predominantly synaptic rather than
extracellular dopamine concentration, and it is minimally inva-
sive permitting its use in awake human subjects.

Recent studies in our laboratory using electrically-stimulated
brain slices have suggested that the binding of D1 radioligands
may be more sensitive to changes in synaptic dopamine than to
D2 radioligands. To our knowledge this has not yet been
evaluated in PET experiments (/70).

INTERACTIONS OF DOPAMINE WITH OTHER
NEUROTRANSMITTERS

Dopamine does not function alone and behaviors that involve
dopamine are also regulated by other neurotransmitters (/6).
The dopamine system interacts with several neurotransmitters
both in the mesencephalic area and in projection regions. Close
interactions between dopamine and norepinephrine, serotonin,
gamma-amino butyric acid (GABA), glutamate, acetylcholine,
opiates and CCK among others, have been documented (/6).
These interactions regulate dopamine function and are of
relevance for understanding brain pathology as well as for the
therapeutic drug development. For example, interactions of
dopamine with glutamate have been associated with schizo-
phrenia (/71) and Parkinson’s disease (23); those with seroto-
nin with schizophrenia (/72) and those with the opiate system
with substance abuse (/73). Understanding how the dopamine
system is modulated by other neurotransmitters is leading to the
development of candidate drugs which exploit these interac-
tions, e.g., glutamate antagonists for Parkinson’s disease (/74)
and serotonin antagonists in schizophrenia (/75).

The feasibility of studying neurotransmitter interactions with
PET was first demonstrated in the baboon brain for the
interaction between dopamine and acetylcholine (/76). The
methodology takes advantage of the sensitivity of receptor-
specific radioligands to competition with endogenous neuro-
transmitters in an analogous way to the strategy described to
measure dopamine responsivity. The difference is that instead
of changing dopamine concentration with a drug that directly
interacts with dopamine neurons, it uses drugs which affect
specific neurotransmitters that are known to modulate dopa-
mine (/58). Using this strategy PET has been used to evaluate
the ability of acetylcholine (1/76,177), GABA (157), serotonin

(178) and the opiate system (/79) to modulate striatal dopa-
mine release. In humans the interactions between dopamine and
acetylcholine have been investigated in healthy controls (/77).
Striatal dopamine D2/acetylcholine interactions have also been
studied in primates using ['®F](—)-4-N-ethyl-fluoroacetamido-
benzovesamicol as a radioligand marking cholinergic activity
(180).

The possibility that abnormal interactions between cortical
glutaminergic neurons and the striatal dopamine system may
underlie schizophrenia was also recently investigated with PET
where it was demonstrated that DOPA decarboxylase activity is
elevated in patients with psychosis as measured with
6-['®F]fluoro-DOPA (/81). This observation was interpreted as
supporting the hypothesis that in schizophrenia, psychosis is the
result of insufficient cortical (glutamatergic) stimulation of
nigrostriatal terminals leading to a low baseline concentration
of extracellular dopamine in the striatum and a corresponding
increase in the activity of the enzymes involved in dopamine
synthesis (182).

REGIONAL BRAIN GLUCOSE METABOLISM AND CBF

Brain metabolism is tightly coupled with brain function and
it can therefore be used to assess the regional functional
changes associated with manipulation of the dopamine system.
Local brain metabolic rates can be measured using FDG (/83).
Though a number of energy-requiring processes contribute to
the basal rate of glucose utilization, it is neuronal activity which
is the major contributor to glucose utilization (/84—-186). Under
physiological conditions CBF is tightly coupled to glucose
metabolism so that it can also be used as an index of brain
function. However, care must be taken when measuring CBF as
a functional tracer in experiments that use pharmacological
challenges since some of the psychoactive drugs have vasoac-
tive properties (/66). In humans, manipulations of the dopa-
mine system have been made using drugs that raise dopamine
concentration and with drugs that block D2 receptors. For the
most part, drugs that increase dopamine concentrations (i.e.,
cocaine and amphetamine) when given acutely have been
shown to produce a widespread decrease in brain glucose
metabolism (/87,188). Acute administration of D2 receptor
antagonists was shown to have a minimal effect on regional
brain glucose metabolism in schizophrenic patients (/89). In
contrast, acute haloperidol administration in normal subjects
decreased metabolism in frontal and limbic cortices, in thala-
mus and in caudate nucleus (/90). Though not always consis-
tent, most studies evaluating the effects of chronic treatment
with D2 receptor antagonists have shown increases in striatal
metabolism and relative decreases in frontal metabolism (/97—
198). The inability to differentiate changes in metabolism that
result from direct changes in dopamine levels from those which
reflect secondary adaptation processes limits the interpretation
of these findings.

MULTIPLE TRACERS STUDIES

The relatively low dosimetry from positron-labeled tracers
permits injection of volunteers with more than one PET
radiotracer. Multiple tracer studies that measure glucose metab-
olism and/or CBF in conjunction with specific dopamine
tracers, enable one to assess the functional significance of these
dopamine elements. Such studies have been done to investigate
the relation between brain glucose metabolism and dopamine
D2 receptors in cocaine abusers. A significant correlation was
reported between dopamine D2 receptors and glucose metabo-
lism in orbitofrontal cortex, cingulate gyrus and superior frontal
cortex (68). Lower values for D2 receptor concentration are
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associated with lower metabolism in these brain regions. In
Parkinson’s disease studies that evaluated in the same subject
6-['®F]fluoroDOPA and brain glucose metabolism have also
reported an association between the decreases in ['*FJDOPA
uptake in striatum and decreases in metabolic activity in frontal
cortical areas (/99,200). Multiple tracer studies also enable
investigation of the relationship between the different elements
of the dopamine system and may aid the evaluation of patients.
An example of such a study is shown in Figure 4 from a
Parkinson’s disease patient who was evaluated with three
tracers: [''C]d-threo methylphenidate for DAT; [''C]raclopride
for D2 receptors; and FDG for regional brain glucose metabo-
lism. While this patient showed marked reductions in DAT and
in frontal metabolic activity; there were no differences in
dopamine D2 receptors. The DAT/D2 ratio was therefore
markedly reduced when compared with that of controls. The use
of multiple tracers is slowly starting to emerge as a powerful
tool to investigate the relations between functional and neuro-
chemical parameters in the normal and the diseased brain.

QUANTITATIVE MEASURES OF DOPAMINE
PARAMETERS WITH PET

The models used to describe the uptake and binding of PET
ligands are generally simple two- or three-compartment models
with at most four kinetic parameters even though the physio-
logical processes underlying the PET image are complex and
involve, among other factors, delivery via capillary network,
diffusion to the binding site, competition with endogenous
neurotransmitter, binding to plasma proteins and association
and dissociation with specific binding sites (of possibly more
than one kind). The models used are simply of necessity since
there are only two measurements: plasma radioactivity due to
the labeled ligand and the radioactivity measured by the PET
camera which is the total radioactivity due to all processes
occurring within the voxel. As a result only a limited number of
model parameters can be uniquely determined (20/). Three-
compartment models for D2 dopamine receptors have been
proposed (33,46,202-206). Alternatively there are model-inde-
pendent methods for the analysis of PET data which do not
depend upon a particular model but only require that linear
first-order kinetics are applicable to the movement of the
radiotracer (207-210). Both approaches provide some measure
which is a function of the free receptor concentration.

A radioligand generally can be classified as either reversible
when there is uptake and loss of the ligand from tissue during
the course of the experiment or irreversible, in which case the
ligand is taken up by receptors/enzyme and remains bound for
the duration of the experiment. The three-compartment model
which has been applied to both types of radiotracers consists of
three to four parameters. Two parameters control transport
between plasma and tissue, K, is the plasma to tissue influx
constant and k, is the tissue-to-plasma efflux constant. There
are one or two receptor parameters, k;, which is proportional to
the number of free receptors or binding sites and k,, the
ligand-receptor dissociation constant (in the case of irreversible
ligands k, = 0) (33,46,203,206.) The transport constants, as
they are generally used, are functions of blood flow, permeabil-
ity, plasma protein binding (K,) and nonspecific binding (k,). In
some models blood flow and nonspecific binding are consid-
ered separately (202). Values for the model parameters can be
determined by fitting the model to PET data or by relying on a
pseudo equilibrium to estimate receptor number from PET data
directly (33,204). There are many different approaches and
assumptions used in the determination of the model parameters
even within the framework of the three-compartment model

(33,46,202-204) but the goal is to separate the effects of
transport from that of receptor binding. The parameter of
interest is k; a Bmax or kj/k, a Bmax/Kd where Bmax is the
total receptor concentration and Kd is the equilibrium dis-
sociation constant; Bmax/Kd is sometimes referred to as the
binding potential (202). General aspects of parameter esti-
mation and modeling techniques used in PET have been
reviewed (211-214).

For reversible ligands, the distribution volume (DV) can
be determined directly. The DV is the ratio of tissue radioli-
gand concentration to plasma radioligand concentration at
equilibrium.

Alternatives to the methods that require explicit model
parameter determination are the model independent methods
which are much easier to apply. In the case of irreversibly
binding ligands, the graphical technique (Patlak plot) (207,208)
has been extensively used. In this method a plot of

T

ROI(T) / Cp(T) versusj Cp(t)/Cp(T)

0
becomes linear after some time with a slope Ki, referred to as
the influx constant. Cp(T) is the plasma radioactivity of the
labeled ligand and ROI(T) is the tissue radioactivity measured
by the PET camera at time T. K; determines the steady-state rate
of transfer of the ligand into the irreversible compartment which
is given by K,Cp. K;, a function of the number of free receptors
or binding sites, is also a function of tracer delivery (K,). In the
case of a very high rate of trapping (controlled by k3) K; =~ K,
and therefore contains little information about free receptor
concentration, a situation referred to as flow limited. By
reducing the rate of trapping, the sensitivity of K; to variations
in free receptor concentration can be improved. This was done
with deuterium-substituted L-deprenyl ([''C] L-deprenyl-D2)
for which the trapping rate was reduced over that of L-deprenyl
in regions of high MAO B (/45). Under these conditions Ki is
much less sensitive to changes in delivery and more sensitive to
changes in enzyme/receptor concentration. The condition of
being flow limited is a consequence of the rapid trapping and
irreversible nature of the binding and limits the ability to
determine reliable measures of free receptors whether expressed
in terms of k; of the three-compartment model or K;. The slope
of a plot of radioactivity in the receptor region to that in a
nonreceptor region versus time as a measure of the number of
free receptors has also been used (46,60). This method can be
derived from the Patlak analysis for irreversibly binding ligands
(46,215). The steady state (when this ratio becomes constant).
Since the DV is a steady-state quantity, it is independent of
blood flow (167,216). In terms of model parameters the DV is
given by

KI ’ ’
Dv=k—2 1+ D, Bmax’ / Kd'; Eq. 1
where
Bmax'; (Bmax; — L — L’){ 1
— = . Eq. 2
Kd'; Kd; \1 + NS

Bmax; is the receptor concentration of receptor type i and Kd,
is the equilibrium dissociation constant, NS refers to the ratio of
kinetic constants for nonspecific binding (assumed to be suffi-
ciently rapid that it is always in a steady state (202)), L is the
concentration of endogenous neurotransmitter and L' is the
concentration of receptors occupied with unlabeled ligand or
drug. The free receptor concentration is related to the DV. By
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taking the DV ratio of receptor region (ROI) to a nonreceptor
region (NR), the dependence upon plasma protein binding
which is contained in K, is eliminated. It is assumed that the
ratio of transport constants is close to the same for both regions.

DV(ROI)
DV(NR)

There are several methods for determining the DV. One of
them involves an infusion protocol to maintain a constant
plasma level and the DV is directly determined from the ratio of
radioactivity in tissue to that in plasma (2/7). However, for
most PET studies the ligand is introduced as a bolus injection
which requires a modeling technique to determine the DV.
Under these conditions the DV can be determined using a
two-compartment two-parameter model that does not explicitly
contain receptor parameters (210). The DV can also be deter-
mined from the plot of

-1 = >;Bmax';/Kd’;. Eq. 3

T T

J ROI(t) dt/ROI(T) vs f Cp(t) dt/ROI(T),

0 0
which becomes linear after some time with a slope equal to the
DV (209).

The determination of absolute values for the receptor con-
centration Bmax has been reported for NMS (2/8) and
raclopride (219), although with conflicting results. Such exper-
iments require a loading dose of unlabeled ligand or drug to
reduce the number of available receptors. However, for an
'8F.labeled congener of raclopride, the three-compartment
model failed to give consistent results for the ligand-receptor
dissociation (k,) under conditions of saturation compared to the
high specific activity nonsaturation experiments (220). The
authors postulate that the geometry of the synapse and the
physical arrangement of receptors on the membrane are respon-
sible for the discrepancy. In spite of this failure the three-
compartment model has proved to be useful in assessing
changes in receptor availability even though it may lack the
complexity to reproduce the observed behavior of ligand
binding under some circumstances.

FUTURE DIRECTIONS

Radiotracer Design and Development

Advances made in radiotracer design and synthesis have
played a major role in shaping the PET field as we know it
today. These advances have made it possible to create the
radiotracers required to investigate new biomolecular targets
and to improve the quantitative nature of PET measurements.
Development of more selective radioligands for dopamine
receptor subtypes and radiotracers with a range of kinetic
properties to maximize information from specific experimental
paradigms are important immediate goals. Also, new radiotrac-
ers which have the sensitivity to probe small changes in
synaptic dopamine, as might be expected to arise from behav-
ioral stimulation, and/or to assess baseline dopamine concen-
tration would also be an important advance in our understand-
ing of the functional activity of the dopamine system.

Functional State of Receptors

The documentation of constitutively active receptors that
couple to G proteins without the need of an agonist (22/-224)
has led to the renewed consideration of the two-state receptor
model for G-protein coupled receptors (225). The two-state
receptor model describes an equilibrium between active (R*)
and inactive receptors (R) which is perturbed by the presence of
receptor ligands; agonists stabilize R* favoring the active state,

inverse agonists stabilize R favoring the inactive state and
antagonists do not perturb the equilibrium (225,226). The
presence of constitutively active receptors was recently docu-
mented for dopamine D5 receptors (227). Though the physio-
logical significance of these constitutive dopamine receptors is
not understood there is evidence from other receptor systems
that abnormal expression of constitutive receptors can lead to
pathology as is the case for mutations in the rhodopsin receptor
which lead to retinitis pigmentosa (228), and for mutations of
the thyrotropin-stimulating hormone receptor which are associ-
ated with the presence of oncogenic lesions (229). Access to
experimental strategies with PET that would enable discrimi-
nation of R* from R would allow the assessment of the
functional state of the receptors in the normal and the diseased
brain. The possibility that there is increased expression of
constitutive receptors in diseases with overactivity of the
dopamine system, as has been postulated for schizophrenia,
merits investigation. The PET strategy described to measure
dopaminergic responsivity after a pharmacological challenge
could perhaps be useful to assess the functional state of
receptors since it reflects not only changes in intrasynaptic
dopamine but also the ratio of R* to R for dopamine binds
predominantly to R*. Unfortunately this strategy is confounded
by baseline measures, since in a state with increased expression
of R*, dopamine would also be more effective in blocking
binding of the receptor radioligand. Another strategy which has
been proposed to measure the functional state of the receptors
with PET is to differentially evaluate binding of dopamine
receptor agonists from binding of dopamine antagonists (230).

Second Messenger Systems

The binding of dopamine to its receptors results in an
intracellular response transmitted by second messenger mole-
cules such as cAMP which in turn regulate enzymatic processes
within the cell such as protein kinase A (/6). Changes in second
messenger systems will therefore affect the functional effects of
the receptors on the cells expressing them and may be involved
in disease, i.e., affective disorders (23/) and drug addiction
(232). The pharmacological properties of certain therapeutic
agents, such as lithium, appear to be in part mediated by their
ability to change these second messenger systems (233).
Development of radiotracers for second messenger systems
would be an enormous advance because there are theoretical
reasons to expect that brain diseases and therapeutic interven-
tions will express themselves more clearly at the level of
second- and third-messenger systems.

Fluorine-18-labeled 1,2-diacylglycerols are currently being
investigated as PET ligands to image second-messenger sys-
tems (234). New tracers targeted to specific elements of the
second-messenger systems may allow investigation of their
involvement in brain diseases.

Molecular Genetics

Antisense nucleotides are finding applications in many fields
and have the potential to map mRNA for various molecular
targets including elements of the dopamine system such as
receptors and transporters. The antisense nucleotide comple-
ments the coding strand of DNA and selectively binds to a
strand of specific mRNA. The possibility of using this tech-
nique in nuclear medicine has been investigated primarily to
permit the evaluation of oncogenes amplified in cancer cells
(235). Using PET to measure regional expression of mRNA in
brain would be predicted to be limited by difficulties in
preparation of the required labeled oligonucleotides and deliv-
ery of nucleotides into the brain as well as the relatively low
rate of trapping and diffusion in tissue. Dopamine plays an
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important role in regulating the functions of various peripheral
organs such as the heart and kidneys. The extent to which
imaging of these peripheral organs with positron-labeled anti-
sense probes is at all feasible is currently difficult to predict.

Higher Spatial Resolution

Most studies measuring dopamine receptors and dopamine
transporters are done in the caudate and the putamen. However,
these striatal regions are known to be functionally as well as
neurochemically heterogeneous. It is anticipated that future
PET instruments with higher spatial resolution and sensitivity
will enable measurements in specific striatal subregions, such as
the nucleus accumbens.

Integration with Functional MRI Studies

PET has benefited from advances in MRI predominantly by
the use of co-registration procedures that improve regional
quantitation of PET images. Also, since it is difficult to locate
some brain structures in PET images due to variability in their
location and size between patients, the individual subject’s MRI
can be used to identify them. Newer strategies are being
developed for fusion imaging in which the data from both
image modalities are fused to generate an image that has the
spatial resolution of MRI with the biochemical information
from PET. The development of functional MRI that enables
assessment of functional brain activation with a higher spatial
and temporal resolution than that of PET offers the opportunity
of incorporating both technologies for investigating the tempo-
ral dynamics of the functional brain responses to acute changes
in dopamine (i.e., temporal relationship between the receptor
occupancy by an agonist and/or antagonist and its functional
consequences).

Other Clinical Applications

Though D2 and DAT radioligands are being used for the
evaluation of patients with movement disorders and D2 radio-
ligands have been shown to be useful for evaluating receptor
blockade by antipsychotic agents, their clinical utility has not
been fully evaluated. For example, recent studies have docu-
mented a role of dopamine in malignant neuronal cell prolifer-
ation and have shown significant concentrations of D1 receptors
in human brain meningiomas (236). Similarly, the presence of
dopamine receptors, which are expressed on certain pituitary
adenomas and which may be related to the cellular origins of
the neoplastic cells, has been detected by the dopamine D2
receptor antagonist, ''C NMS (237). Thus, some of the dopa-
mine receptor radioligands may be useful in the evaluation of
abnormal cell proliferation in the human brain.

CONCLUSION

PET, in conjunction with appropriate radiotracers, is being
used to assess the dopamine system in the normal and the
diseased human brain. As a result, information which could
only be previously investigated in animals or in postmortem
human brains is accessible in living human subjects. This has
enabled initial investigations of the relation between changes in
the dopamine system in the human brain and its functional and
clinical consequences. At the same time these studies have been
able to assess the effects of drugs in the dopamine system.
Future advances in radiotracer development and in instrumen-
tation will enable performance of more selective measurements
with respect to the parameters investigated as well as the brain
regions assessed. Such studies will increase our understanding
of the mechanisms by which the dopamine system regulates
motor, cognitive and motivational behaviors in the human
brain.
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Ethical Clinical Practice of Functional Brain Imaging

Society of Nuclear Medicine Brain Imaging Council
Reston, Virginia

The development and evolution of functional brain imaging technol-
ogies and their broad application to a wide range of neurological and
psychiatric disorders have led to their scientifically sound use in
specific clinical situations. In addition, there is a growing diversity of
empirical new applications where there is little previous research or
clinical experience. Therefore, a committee of the Brain Imaging
Council of the Society of Nuclear Medicine was formed to address
the need for specific guidelines regarding scan interpretation and
reporting. This committee considered the wide range of current and
potential uses of PET and SPECT, including its growing role in
forensics. A set of basic guidelines for the reporting and interpreta-
tion of brain imaging studies applicable to all clinical situations,
including forensics, was formulated. These guidelines were com-
posed in a manner sensitive to the need for standards that are
scientifically defensible now, and which will continue to be valid as
the field evolves. It is the intent of the committee and this summary
document to positively influence the clinical use of brain SPECT and
PET by offering guidance concerning the elements essential to a
complete and useful clinical report, defining standards to differenti-
ate well-established clinical applications from research uses and
providing a framework in which to consider the appropriateness of
functional brain imaging used in the forensic arena.

Key Words: PET; SPECT; clinical applications; forensics; guidelines
J Nucl Med 1996; 37:1256-1259

’rhe use of SPECT and PET in the management of patients
with stroke, epilepsy, brain tumors and dementia, and in some
cases, movement disorders and moderate-to-severe head trauma
is now well recognized (/-9). Scan abnormalities have also
been identified in patients with certain psychiatric diagnoses,
including depression, obsessive compulsive and panic disor-
ders, schizophrenia and substance abuse (/0-19), but consis-
tent patterns for these disorders have not been confirmed.
Sensitivity and specificity are often unknown and in many
cases, group patterns may actually be too subtle to detect in
individual patients.

More elusive or less well-characterized behavioral syn-
dromes have also been studied (20-29). In many cases, the
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patterns are variable and not easily interpreted as being causally
related to a particular disease entity (e.g., mild head injury,
AIDS, chronic fatigue syndrome, toxic exposures, foreign-body
reactions, autoimmune disorders, substance abuse, violence and
others) (30,31). Furthermore, while specific PET and SPECT
defects appear useful to confirm a certain disease diagnosis or
to support the localization of a particular clinical finding
(32-35), there is only limited evidence that specific diseases or
neurological, psychiatric or behavioral deficits can be predicted
from specific scan patterns (36,37). While these types of studies
remain extremely important for identifying previously unrecog-
nized brain abnormalities and potential disease mechanisms in
a variety of neuropsychiatric illness, their utility in the manage-
ment of individual patients is still far from clear.

As SPECT and PET become more widely available, enthu-
siasm tempered by a cautious attitude seems appropriate regard-
ing their use in brain disorders as a whole, given clear evidence
that functional patterns are highly dependent on a large number
of technical, analytical and physiological variables. The pur-
pose of this document is to provide recommendations and basic
guidelines for brain SPECT and PET acquisition, interpretation
and reporting, with particular attention to recognized and
generally accepted clinical indications, and to urge caution
regarding applications in unstudied behavioral disorders.

BASIC METHODOLOGICAL ISSUES

The Society of Nuclear Medicine has recently published
technical guidelines on brain SPECT acquisition and image
reconstruction (38,39). However, even with adherence to these
recommendations, the quality of the study will vary from
institution to institution and is dependent on several factors,
including instrumentation, collimation, filters, behavioral state
of the subject during tracer uptake, timing of the scan relative to
tracer injection, scan duration, patient movement, attenuation,
reconstruction and analytical methods, as well as quality con-
trol.

In general, disease patterns are established using specific
instruments, physiological measurements and methods of anal-
ysis. However, for some situations, the imaging technology
available at a particular site may not be sufficient for diagnostic
purposes. Accordingly, the degree to which subsequent studies

1256 THE JOURNAL OF NUCLEAR MEDICINE « Vol. 37 « No. 7 July 1996





