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Introduction 

PET and SPECT are the only non-
invasive imaging modalities, currently, that can 
be used to image specific receptor molecules and 
to quantify their kinetics.  The specificity of 
these methods is thanks to their use of 
radiolabeled ligands that are themselves specific 
for a receptor or transporter molecule. In 
PET/SPECT studies, the images are a composite 
of various signals---only one of which relates to 
ligand bound to the receptor site of interest.  In 
order to isolate the component of the image that 
is due to receptor binding, we introduce a 
mathematical model relating the dynamics of the 
ligand to the resultant PET image.   The 
mathematical model typically derives from the 
three-compartment model in which a directly 
measured blood curve serves as the model’s input 
function1. The model contains a number of 
parameters which are taken to be constants and 
reflective of inherent kinetic properties of the 
system and the particular ligand.  By formally 
comparing the output of the model to the 
experimentally obtained PET or SPECT data, we 
can estimate values for the kinetic parameters 
and thus extract information on binding, or any 
hypothesized process, as distinct from all other 
processes contributing to the PET signal.  In 
general, the information content of the PET or 
SPECT data is inadequate to support models of 
great sophistication, and so adoption of a 
particular model and the interpretation of its 

                                                 
1  There are modifications of the model (a.k.a. Reference 
Region Models) which do not use an independently 
measured blood curve as input. These models are 
addressed later in this chapter. 

parameters comes with associated assumptions 
and conditions which must be satisfied.   

1. KINETIC MODELS  

1.1 The Basic Compartmental Model 

The simplest of compartmental models 
applied to receptor-ligand studies postulates two 
tissue compartments. These two tissue 
compartments along with a plasma 
compartment2, are arranged in series.  The tracer 
is delivered - typically by iv injection - into the 
plasma and it traverses the ’free’ compartment on 
its way to interacting with the receptor.  If these 
three compartments or states of the radioligand 
are inadequate to describe the data, sometimes a 
third tissue compartment is introduced (Figure 1) 
which is termed the non-specifically bound 
compartment.  The bound and non-specific 
compartments are distinguished as follows.  
Specifically bound ligand - unlike non-
specifically bound - is both saturable and 
displaceable by non-radioactive molecules of the 
same tracer.  The rate of change in radioactivity 
concentration in each tissue compartment in 
Figure 1 is given by the ordinary differential 
equations which describe the flux of ligand into 
the respective compartments: 

[Figure 1 here]
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2  Strictly speaking, the plasma is not a compartment of the 
model. The concentration of tracer in the plasma is 
measured independently and thus applied to the tissue 
model as a known input function.  
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F, B, and N are the time varying concentrations 
of tracer in the free, bound and non-specific 
tissue compartments, respectively.  That is, F = 
F(t), B = B(t) and N = N(t).  K1, k2 ... k6 are the 
apparent first order rate constants relating the 
transfer of ligand between the various 
compartments.  These k’s are the model 
parameters to be estimated from experimental 
data. The parameters, k3 and k4 , are apparent 
first order rate constants that characterize the 
binding and dissociation of the ligand to and 
from the receptor, respectively. The rate 
constant, λ, for radioactive decay, refers to the 
rate constant of conversion of the isotope 
labeling the ligand.  P is the (measured) 
concentration of radioactive ligand in the plasma.  
P refers only to the concentration of native ligand 
molecules and not to any radioactive metabolites.   
The preceding model, in a slightly different form, 
was introduced into to the PET literature by 
Mintun et al. in 1984.   

One of the innovations of the original 
Mintun formulation was to ’collapse’ the non-
specific compartment into the free compartment.  
Mathematically, this can be justified if the rate 
constants for non-specific binding, k5 and k6 , are 
fast relative to the other rate constants of the 
system.  In this case, ligand in the non-specific 
compartment is defined as being "in equilibrium" 
with the free compartment.  If this condition is 
satisfied, then at any time a fixed fraction of the 
free plus non-specific compartment is the 
effective free pool available for receptor binding.  
This fraction, f2 (= k6/(k5 + k6)), may not be 
strictly identifiable (see below) in a receptor-rich 
region alone, although it may be estimatable in a 
receptor-free region where only two other 
parameters (K1 and k2) are needed to describe the 
data.  

1.1.1 Output Equation 

The measured PET data are comprised of 
average concentrations over discrete frame times.  
Once the model has been solved for the 
instantaneous activity in each compartment (F, B 
and N), these concentration curves are summed 

and integrated to generate the measured PET 
activity over each acquisition time frame, [ti, 

ti+1], as follows: 
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The weights, εi, that pre-multiply each 

compartment concentration in equation (4) are 
the respective volume fractions.  Usually the 
vascular volume fraction, εv is small, and the 
tissue volume fractions are set at unity or (1-εv).  
We can use numerical methods to solve 
equations 1-3 over time. A simulation of the 
dynamics in the free and bound compartments 
following bolus injection of the dopamine D2 
ligand, [11C]-raclopride, is shown in Figure 2.  
Simulations are based on published parameter 
estimates (Farde et al., 1989) for [11C]-
raclopride, in vivo.  As in this figure, non-
specific binding is often assumed to be negligible 
for raclopride. 

[Figure 2 here] 

1.1.2 Measuring the Blood Curve 

The input – or “driving” - function, P, 
represents the amount of tracer ligand that is 
presented over time to the tissue of interest (i.e., 
the brain).  It is often measured via the 
radioactivity counted in blood plasma samples 
drawn from the radial artery.  The model given in 
equations (1-4), and diagrammed in Figure 1, 
deals only with the behavior of a unique tracer 
molecule, such as [11C]raclopride.  The rate 
constants pertain, specifically, to said molecule.  
Therefore, if metabolism of the radioligand in the 
periphery leads to labeled metabolites in the 
plasma, we must invoke at least one correction 
and one assumption.  First, the non-native tracer 
species must be removed either physically from 
the blood samples or mathematically from the 
resulting radioactivity counts. Second, it must be 
assumed that the labeled metabolite(s) does not 
cross the blood brain barrier (BBB).  Thus, one 
consideration for choosing between candidate 
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tracers may be the generation – or not – of 
labeled metabolites.  In some cases, the 
production of labeled metabolites may be 
inevitable.  In the case of  [18F]fluorodopa, 
complicated models have been introduced to 
account for metabolite species and their 
contributions to the PET signal (Huang et al., 
1991).  

1.2 Modeling Saturability 

To this point, we have not introduced any 
term into the model that reflects the saturable 
nature of the bound-ligand compartment.  That 
is, we have imposed no explicit upper bound on 
B.  And yet, a unique characteristic of receptor-
ligand interactions is that, like enzyme-substrate 
reactions, they are saturable.  The inclusion of an 
explicit receptor density term, B’ max, requires an 
elaboration of equations (1) and (2).  We expand 
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where koff is equivalent to k4, above; SA is the 
specific activity, which declines in time 
according  to the radioactive decay rate, λ.  kon is 
the rate constant for a bimolecular association of 
free ligand and available receptors.  Thus, the 
binding rate is equal to the product of the 
concentrations of free ligand, F, available 
receptor sites, (B’ max - B/SA), and rate constant, 

kon.  At the time of injection (t = 0), the bound 
ligand, B, is zero, therefore B’ max represents the 
concentration of available receptors in the 
absence of exogenous ligand.   As additional 
receptors become bound to ligand molecules, the 
availability of free receptors drops and saturation 
is approached assymptotically.  Since availability 
can be affected by either labeled or unlabeled 
ligand, normalization by SA converts B to 
concentration of total ligand.  This form of the 
receptor-ligand model, which was first proposed 
explicitly by Huang and colleagues (Huang, 
1986; Bahn et al., 1989; Huang et al., 1989) is 
analogous to the bimolecular interaction between 
substrate and available binding sites on an 
enzyme.   

1.3 Parameter Identifiability  - Opting for 
Binding Potential or other Compound 
Parameters 

Despite the inclusion of an explicit B’max 

term in the model representing the baseline level 
of available receptor sites, this value may not be 
discernible from the acquired data.  In other 
words, it could not be estimated reliably.  
Consider that for a single bolus injection of 
sufficiently high SA ligand, the bimolecular 
binding term in equations (5) and (6) reduces to 
kon(B’max)F.  That is, B/SA = 0.  Since kon and 

B’max would always appear as a product, never 

separately, they are said not to be identifiable and 
the model defaults to equations (1) through (3).  
Attempting to estimate both kon and B’max in this 

case would be akin to trying to estimate m and n 
from data with the over-parameterized model of 
a line: y = m*n*x + b.  Mintun and co-authors 
made this point in their 1984 paper saying that 
kon and B’max are not separable from a single 

bolus experiment under tracer (i.e., high SA) 
conditions.   For that reason, they chose to 
estimate the compound term, B’max/KD, which 

they referred to as “binding potential”.   Koeppe 
et al. (1991) recommend further model 
simplifications when it is not possible even to 
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identify B’max/KD, explicitly.  Sometimes the 

data from a receptor-ligand study can be fit to a 
two-compartment model (i.e., plasma and free) 
and inclusion of an explicit bound compartment 
is not justified. This will be true if the binding 
and dissociation rate constants for the ligand, k3 
and k4, are much faster than the influx and efflux 
constants, K1 and k2.  When this is true, the 
estimated k2 will represent an apparent efflux 
rate constant, )]/’/1/([ max652

’’
2 DKBkkkk ++= . 

This parameter, may still reflect the binding 
potential, as indicated by the B’max/KD term, and 

may be the only reliably estimatable index of 
binding.  Koeppe and colleagues have done 
much work to characterize the kinetics of 
flumazenil and other muscarinic cholinergic 
ligands.  They point out that quantification is 
difficult– as with these ligands – if the 
dissociation rate constant, koff, is slow and cannot 
be reliably distinguished from zero. Conversely, 
quantification of these ligands’ binding rate 
constants is difficult, and highly sensitive to 
changes in blood flow, when binding is very 
rapid relative to the rates of transport across the 
BBB (i.e., K1 and k2) (Zubieta et al., 1998). 

There are many instances in research 
when binding potential (BP) is a satisfactory 
indicator of (available) receptor level.  In these 
cases, BP, reported in table form by brain region 
or as a parametric map, is a reasonable end-point 
for a functional imaging study.  A number of 
easy and robust methods for calculating this 
parameter are discussed below.  However, 
implicit in the adoption of BP as a surrogate 
B'max is the assumption that the affinity, KD, of 

the ligand for the receptor is constant across 
subjects or treatments.  For those cases where 
changes in affinity cannot be ruled out or where 
some other mechanistic question is at stake, 
more than a single bolus injection is indicated.  
Delforge et al (1989, 1990) proposed an 
experimental protocol involving three sequential 
bolus injections of varying specific activities.  At 
least one of those injections also contains a non-
trace amount of cold (i.e., unlabeled) ligand.   In 

such a protocol, the number of available 
receptors is significantly perturbed and it is this 
process of modulating availability over a broad 
range of values that serves to de-correlate kon 

from B'max.  Delforge and co-authors showed - 

via experiments and simulations - that it was 
possible to estimate unambiguously seven model 
parameters (including kon, B'max and koff) using a 

three-injection protocol. Thus, the individual 
parameters are said to be identifiable.  An 
example of the data from a multiple injection 
protocol, in which [11C]-CFT (a dopamine 
transporter ligand) was administered to a rhesus 
monkey, is given in Figure 3.  The authors of the 
study (Morris et al., 1996a) were able to estimate 
five parameters simultaneously, (nonspecific 
binding parameters, k5 and k6 were fixed based 

on cerebellum data).  In designing experiments, 
one must beware that protocols that rely on non-
trace doses of ligand may not be feasible in 
psychiatric patients - particularly children - 
because the large mass doses of ligand are likely 
to have pharmacological effects. 

[Figure 3 here] 

1.3.1 Modeling Multiple-Injection Data - 
Two Parallel Models 

To analyze data from their multiple-
injection experiments, Delforge and colleagues 
proposed a further modification of the three-
compartment model.  Because these protocols 
depend on at least one non-trace3 injection of 
ligand, the researchers proposed parallel models 
for the labeled and unlabeled species.  The model 
can be described as follows: 

  
                                                 
3 “Non-trace”, here, means an amount great enough to have 
visible biological or pharmacological effects. Not 
insignificant, biologically. 
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where the subscript j refers to either hot (j = ’h’) 
or cold (j = ’c’) ligand. λj is the radioactive decay 
constant for the isotope when j refers to the hot 
ligand and 0 when j refers to cold (i.e., there is 
no radio-decay of cold ligand.)   

The Delforge nomenclature employs the 
compound term kon/VR as the apparent 

association rate constant.  VR is the volume of 

reaction of the receptor but kon/VR is treated as 

one indivisible parameter.  If the 
microenvironment surrounding the receptor is 
unusually inaccessible to the ligand, the apparent 
binding rate will differ from the true binding rate 
(see Delforge et al., 1996 for a thorough 
discussion of the reaction-volume concept).  The 
number of estimatable parameters in the model is 
seven.  No new parameters have been added to 
the model given earlier (equations 4-6) because 
the hot and cold ligands are identical, 
biologically.   

There is an additional experimental 
burden in performing multiple-injection 
experiments.  Two plasma input functions must 
be measured.  One, Ph, is the standard curve of 
radioactivity in the plasma, P, that has been 
mentioned previously.  The other, Pc, is the 
concentration (pmol/ml) of cold ligand in the 
plasma.  Since this is not readily measurable 
during the experiment, it must be ’reconstructed’ 
from the available plasma radioactivity 
measurements and knowledge of the specific 
activities of each injection.  (See the appendix of 
Morris et al., 1996a).   Despite its greater 
complexity, the Delforge approach maximizes 

the number of model parameters that can be 
properly identified (Morris et al, 1996b).  This 
complexity could be justified in the preliminary 
development and exploration of a new ligand.  
The result of such a multiple-injection study 
would then be used to develop a simpler clinical 
protocol.  

1.4 Nonconstant Coefficients – 
Neurotransmitter Changes 

Each of the foregoing models, regardless 
of complexity, is founded on some common 
assumptions.  One is that the model parameters 
are constant over the duration of the experiment.  
This is a reasonable assumption if the system 
itself is at steady state. Whereas [11C]-raclopride 
levels may rise and fall as it is taken up and 
eliminated from the tissue following a bolus 
injection, dopamine levels remain unchanged 
over the time-scale of interest.  The rate 
constants that are determined by the overall state 
of the system remain unchanged.  Anything that 
violates these assumptions may invalidate the use 
of the constant-coefficient models given earlier 
and must be investigated.  For example, the 
consequences of unwanted changes in blood flow 
and their impact on estimation of raclopride 
binding have been investigated using both 
simulations (Frost et al., 1989; Logan et al., 
1994, Laruelle et al., 1994) and an experimental 
perturbation --- hyperventilation (Logan et al., 
1994). In 1991, Logan and colleagues explored 
the consequences of changes in dopamine on the 
measurement of binding parameters of a D2 
receptor ligand, methylspiroperidol. 

Of late, there has been growing interest in 
detecting and quantifying transient changes in 
neurotransmitter concentrations which may be 
useful for understanding the etiology of 
neuropsychiatric diseases (see Laruelle et al., 
1996; Breier et al., 1997 for evidence that 
schizophrenia is associated with abnormal 
amphetamine-induced dopamine release).  The 
potential for such a measurement exists because 
the endogenous ligand (e.g., dopamine) competes 
with the exogenous ligand for binding to 
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available receptor sites.  Any alteration in the 
steady state level of this ever-present competition 
could alter the PET signal.  To model a system in 
which the neurotransmitter concentration is not 
constant, we must again extend the models 
developed above.  Just as the Delforge model 
(equations 8-10) extended its antecedents by 
adding terms for labeled and unlabeled 
exogenous ligand species, the changing-
neurotransmitter model must add terms for the 
endogenous ligand species. Morris and co-
workers (1995) introduced a differential equation 
into the receptor-ligand model to describe the 
binding and release of endogenous species from 
the receptor: 
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where the superscript en refers to the endogenous 
species.  Note that Bmax is the concentration of 
all the receptor sites (available and not) and the 
bimolecular binding terms for the other species 
(hot and cold tracer ligand) must be modified 
accordingly.  Fen is a time-varying concentration 
of endogenous chemical available for binding to 

the receptor. )/( en
R

Ven
on

k is the apparent binding 

rate constant for the endogenous ligand.  
Equation (11) can be solved simultaneously with 
the multiple-species system of equations (8-10).   
A similar approach was taken by Endres and 
colleagues (1997) who retained the format of 
equations (1-3) but introduced a time varying 
binding rate parameter,  )(33 tBkk free=  

where   .         just             is     )(  max
ench

free BBBBtB −−−

 cB  ,hBbut  constant, still is 
max

B and Ben can all 

vary with time.  This ‘enhanced model’ (as 
described by equations 8-11) is diagrammed in 
Figure 4.  

[Figure 4 here] 

There have been two experimental 
approaches to the problem of quantifying 
neurotransmitter changes4.  The first, is a natural 
extension of the studies already mentioned.  It is 
based on the comparison of PET signals from 
two bolus injections of radiotracer.  One bolus 
study is performed while neurotransmitter is at 
steady state; a second bolus study is carried out 
while endogenous neurotransmitter is undergoing 
an induced change.  An alternative experimental 
approach also involves a perturbation of the 
neurotransmitter but it is done only after the 
radiotracer has been brought to a steady state in 
the tissue by a combination of bolus plus 
infusion administrations.  Lets look briefly at the 
steady state method. 

1.4.1 Steady-State Technique 

The bolus-plus-infusion method was 
developed for receptor-ligand characterization 
studies by Carson and colleagues at the National 
Institutes of Health (Kawai et al., 1991; Carson 
et al., 1993).  The beauty of this method is that 
by properly combining a bolus with a constant 
infusion of radiotracer, the radiotracer level in 
the brain can be brought to a constant level in a 
minimum of time.  With ligand levels in the 
tissue no longer varying in time, the derivatives 
on the left hand sides of equations 1-3 disappear 
and the models reduce to a set of algebraic 
equations. In fact, no modeling is required.  For 
many ligands this technique is ideal for reliably 
estimating distribution volume (which is a linear 
function of binding potential).  The steady-state 
method has been used quite extensively in 
SPECT studies (Laruelle et al. 1994), which, 
because of long-lived isotopes can be applied to 
data acquired the day following a bolus injection 
(no infusion needed).  The bolus-plus-infusion 
method is easily extended to neurotransmitter-

                                                 
4 An approach intermediate between those discussed here 
has been proposed by Friston et al. (1997).  A single bolus 
study would be performed and any statistically significant 
deviation in time from the predicted dynamic curve would 
be a measure of ‘activation’; in effect detecting a change in 
k2.   A pharmacological challenge was used as a test case.    
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change experiments by perturbing the 
endogenous neurotransmitter pharmacologically 
once the steady state level of radiotracer has been 
achieved.  The measured parameter that has been 
used to indicate neurotransmitter alteration is the 
change in binding potential, ∆BP.  Figure 5 
shows a change in steady state level of raclopride 
activity in the striatum of a monkey before and 
after amphetamine perturbation.  The activity in 
the cerebellum (devoid of D2 receptors) is 
unaffected (Endres et al., 1997).   

[Figure 5 here] 

1.4.2 Experimental Considerations 

Whether one chooses the two-bolus or 
the constant infusion approach, there are two 
important questions to be answered.  (I) Can the 
change in PET signal be reliably detected given 
the inherent variability in the method? (II) Can 
the apparent change in some parameter of 
interest be unambiguously linked to changes in 
neurotransmitter, given the inherent variability 
and co-variability of the parameters?   With 
regard to question II, Endres et al (1997) used 
simulations to show that in the case of the bolus-
plus-infusion technique, ∆BP is proportional to 
the integral of the endogenous neurotransmitter 
curve (i.e., the additional amount of 
neurotransmitter, released transiently, above the 
steady state level).  Morris and Fisher and 
colleagues at Massachusetts General Hospital, 
(Morris et al., 1995; Fisher et al. 1995) showed 
that with the two-bolus method, the sum of 

squares difference (X2
) between the two dynamic 

PET curves (with and without perturbation) 
increases with duration of perturbation.  
Importantly, the effect of transient 
neurotransmitter release is distinct from a 
transient increase in blood flow and the precise 
timing of the perturbation relative to the tracer 
bolus can greatly affect the magnitude of the 
signal change.  Endres et al. (1998) provided a 
mathematical formalism for understanding the 
importance of perturbation timing and its relation 
to the kinetics of the labeled ligand.   The 

implications of these techniques and some recent 
applications are examined at the end of this 
chapter.   

2. LIMITATIONS TO ABSOLUTE 
QUANTIFICATION  
 

To this point, we have examined models 
that describe the concentration of a tracer 
molecule in various states, or compartments in 
the tissue.  We have asserted that by summing 
the concentrations of radioactive tracer in each 
state postulated by the model, we can predict the 
measured PET signal, and by comparing the 
prediction with data, quantify some useful model 
parameters.  Sometimes, however, for reasons 
related to the scanner, the measured signal in a 
region of interest does not reflect the true 
concentration of  tracer in a given tissue.  Thus, 
before we estimate binding or other parameters 
of interest, we may need to consider the physics 
of our measurements. 
 

2.1 Resolution Effects 

When the structure of interest (e.g., 
striatum) is small in comparison to the resolution 
characteristics of the scanner, the radioactivity 
measured in that structure is a biased estimate of 
its true radioactivity concentration.  This is often 
referred to generically as the partial volume 
effect.  As a simple example, refer to Figure 6.  
The radioactivity in the striatum is artifactually 
reduced from its true value, while it is 
artifactually increased in adjacent brain regions. 

[Figure 6 here] 
 
How significant is this bias or error in 

radioactivity measurement?  As discussed in 
chapter 1, the resolution of PET or SPECT 
scanners is commonly expressed in terms of the 
full-width-at-half-maximum (FWHM), Figure 7.  
A widely quoted rule of thumb is that the 
radioactivity in a sphere, which is embedded in a 
non-radioactive background is accurate to within 
2% if the sphere’s diameter is greater than 2.7 
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times the FWHM (Kessler et al., 1984).  This 
may be overly optimistic.  Chen et al. (1998) 
observed underestimation of 10 to 20% of true 
radioactivity for a sphere that was more than 3 
times the FWHM of their modern scanner 
(FWHM = 4.5 mm, in plane).  Regardless of the 
specific numbers, the bias is inevitable and will 
probably be significant in measuring many of the 
smaller brain structures. The best spatial 
resolution reported to date is approximately 3 
mm with PET (Valk et al., 1990).  The spatial 
resolution of SPECT  is much worse (typically > 
10 mm, in plane). 

 
[Figure 7 here] 

 
The important question for the design of 

quantitative PET/SPECT studies is this: How 
will the error in measured radioactivity affect 
measures of receptor function that are obtained 
using any of the modeling analyses presented 
above?  The answer, in part, depends on the 
particular model used to analyze the data and the 
timing and amount (both in terms of mass and 
radioactivity) of ligand injected.  Figure 8 shows 
results of a simulation study of the effect of 
striatum size on binding potential estimates.  The 
experimental conditions simulated were similar 
to those described in the literature (Morris et al., 
1999).  For simulated striata of sizes comparable 
to those of a rhesus monkey, the effect was quite 
pronounced on a PET scanner with 6.5 mm 
resolution.  The estimated binding potential was 
found to be as little as 35%, and at best 80% of 
the true value.  We note that the error would not 
be as large for human adult striata but it might 
still be significant.   

[Figure 8 here] 
 

By way of example, consider that the age-
related decline in striatal D2 receptor binding has 
been measured at  1-2 percent per year in humans 
(Rinne et al., 1993; Wong et al., 1997) but there 
is also evidence that the size of the striatum 
changes (declines) with age (McDonald et al, 
1990). Fully one third of the decline in D2 
binding with age in monkeys (measured via PET) 

can be attributed to size changes with age 
(Morris et al., 1999). In studies where the effect 
size between groups is expected to be small and 
where there may be a bias in structure size 
between subject groups, it would seem prudent to 
correct for partial volume error.  Group biases 
might be present in developmental studies of 
children or in studies that compare normals to 
subjects with brain atrophy.  The proper choice 
of a group of age-matched controls for any PET 
study requires that researchers consider the 
possible effects of partial voluming.   
 
2.2 Correcting for the Partial Volume Effect 

The partial volume effect has been 
recognized widely as a limiting factor in the 
ability to accurately quantify the amount of 
radioactivity in the tissue.  The challenge has 
been to formulate a correction that is practical to 
apply yet that accounts for the dependence on the 
local contrast (which changes with time) and the 
object size (which does not).  Existing correction 
methods can be divided loosely into two groups: 
those that require (or make assumptions about) 
anatomical information and those that do not.  
Typically, the anatomical information is MR or 
CT data from which the size of the various 
structures may be determined.  When such data 
are available, it is preferable to use them in the 
correction since there is the potential to 
accurately determine the radioactivity 
concentration in very small structures.  In 
comparison, techniques that do not require or 
assume anatomical data will have difficulty 
distinguishing between a certain amount of 
radioactivity in a small object and a higher 
amount of radioactivity in an even smaller 
object.  Hence, an inherent limitation of emission 
tomography: below a certain object size, the size 
of the object and the concentration of 
radioactivity in that object are intrinsically 
(inversely) correlated.  For a given measurement, 
size and concentration cannot both be 
determined.  As the size decreases, the degree of 
correlation worsens.  Sometimes it is feasible 
and convenient to obtain MR or CT data for the 
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purpose of applying a partial volume correction, 
other times it is not. 
 

2.2.1 Corrections Requiring Anatomic 
Information 

Kessler et al. (1984) presented a seminal 
paper on a method to correct for partial volume 
effects.  Their work introduced the hot spot 
recovery coefficient (HSRC) and the cold spot 
recovery coefficient (CSRC).  The measured 
radioactivity in a structure can be calculated as  
 

Measured Radioactivity = HSRC × True Structure Radioactivity  
+  CSRC × True Background Radioactivity               (12)                                                    

 
The HSRC is the fraction of the true 

activity in the structure that is measured when 
there is no background radioactivity.  The CSRC 
is the fraction of the background activity that is 
measured (erroneously) in the structure  
containing no radioactivity, given a hot 
background.  HSRC and CSRC are dependent on 
the size of the structure and can be determined 
either mathematically (i.e., via simulations) or 
via phantom experiments. HSRC and CSRC are 
independent of contrast.  Given an estimate of 
the structure size, one can determine appropriate 
values of HSRC and CSRC.  With these values 
and knowledge of the true background 
radioactivity (often approximated as being equal 
to the measured background radioactivity), the 
above equation can be solved to determine a 
structure’s true radioactivity from the measured 
tissue radioactivity. 

Recently, a number of papers have 
extended this method to consider cross-
contamination between multiple structures in the 
image (Rousset et al., 1996 , Rousset et al., 
1998).  This is analogous to having HSRCs and 
CSRCs for each structure and ’background’ in the 
image.  To determine the HSRCs and CSRCs, 
the structures of interest are defined in the MR or 
CT images.  For each structure, a mask image is 
created with pixel values inside the structure set 
to unity, and zero otherwise.  A spatial resolution 
distortion function that models the resolution 
characteristics of the PET or SPECT scanner is 

then applied to each.  The resultant set of blurred 
mask images represents how each structure 
would be imaged if it represented the only 
radioactivity present.  ROI analysis of these 
images yields a matrix with elements 
corresponding to HSRCs and CSRCs.  
Multiplication of the matrix by the vector 
containing the true radioactivity concentrations 
yields a vector of the observed concentrations.  
Thus, the true concentrations may be obtained by 
solving the matrix equation.  This is analogous to 
a generalization of the above equation for a set of 
n regions: 
 

 

where the left hand side of the equation is the set 
of measured radioactivities, mi,  in each region i 
and the elements of the vector on the right hand 
side are the true radioactivity Ti in each region, 
respectively.  The matrix on the right hand side 
consists, on the diagonal, of recovery coefficients 
for each region.  The off-diagonal terms are the 
spillover fractions, CSRCij, indicating the 
spillover of radioactivity from “background” 
region j to “foreground” region i.  When the 
region, j, is far from the region i, then the CSRCij 
is zero. 
 

Another group has described a correction 
technique based on the similar principle except 
that corrected values are determined directly 
from the mask images and the measured image 
(Muller-Gartner et al., 1992).  As part of this 
analysis, the set of blurred masks are then 
summed together to reconstitute the blurred 
image.  In effect, they are implicitly solving the 
matrix equations. 

 
The above approaches are quite elegant 

and use well-accepted principles of scanner 
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performance.  Yet, there are caveats to keep in 
mind.  First, and foremost, MR or CT data must 
be available to create the masks for each 
structure.  Of course the structures of interest 
must be clearly discernable since small errors in 
the size of the structures can lead to significant 
errors in the correction (Herrero et al., 1989).  
Second, the PET or SPECT data must be 
accurately registered with the MR or CT data so 
that mask images can be properly applied to the 
PET or SPECT data.  Third, there is an 
underlying assumption that the radioactivity 
concentration within each structure (e.g., all the 
white matter) is uniform. 

 
2.2.2 Corrections Not Requiring 

Anatomical Information 
Corrections that do not require 

anatomical information can be sub-classified into 
ones that are based on a pharmacokinetic model 
and ones that are based on a model of scanner 
(spatial resolution) characteristics.  The 
pharmacokinetic approach requires the PET or 
SPECT data to be analyzed using a mathematical 
model of radioactivity uptake.  The models are 
similar to the one discussed earlier in this chapter 
but terms for the HSRCs and CSRCs, or their 
equivalents, are also included in the model as 
unknown parameters [see for example, (Herrero 
et al., 1989) or (Feng et al., 1996)].  These values 
are estimated simultaneously with the 
physiologic parameters.  Aside from requiring 
that dynamic tissue data are available, perhaps 
the most significant limitation of this approach is 
that the physiologic parameters (e.g., blood flow) 
are often highly correlated with HSRC and 
CSRC parameters (Feng et al., 1996; Muzic, Jr. 
et al., 1998). In other words, estimates of some 
or all of the parameters may be unreliable. 

 
In the approach based on a model of the 

scanner, the radioactivity in the structure of 
interest (e.g., a lesion) is approximated as having 
a simple geometric shape (e.g., a sphere) 
containing a uniform concentration of activity 
(Chen et al., 1999).  Likewise, the lesion is 
assumed to be situated within a much larger 

“background” region that is also uniform in 
radioactivity.  Parameters representing the size, 
position, and radioactivity of the lesion along 
with the radioactivity in the background region 
are estimated simultaneously.  This is 
accomplished by blurring the sphere with a 
mathematical model for scanner resolution 
effects and adjusting the size and activity inside 
the sphere until the model-predicted image best 
matches the measured image.  This has the 
advantage of not requiring MR or CT data, 
although the minimum object size at which both 
the size and radioactivity can be estimated is 
limited because the quantities become 
increasingly correlated as lesion size diminishes. 
Nevertheless, any anatomic data about the object 
size, if available, could be used in this model-
based method so that only the radioactivity need 
be estimated. 

3. MODEL SIMPLIFICATIONS 
 
It is not always practical to acquire 

structural data on a patient (e.g., for use in partial 
volume correction), nor is it always practical, or 
even permitted, to acquire blood samples for 
plasma radioactivity measurements. In other 
words, one must attempt a kinetic analysis 
without the critical plasma input function, P.  
Luckily, a number of modeling techniques have 
been developed for such situations 
 
3.1 Eliminating the Need for an Input 
Function 

Although PET receptor studies are touted 
as being noninvasive to the patient, this term is 
often modified to “minimally invasive” when 
arterial blood sampling is performed.  Obtaining 
arterial blood samples can be a relatively painful 
experience and carry some risk of arterial 
damage (Jons et al., 1997).  The presence of this 
risk may preclude the use of quantitative PET 
and SPECT in pediatric studies. As discussed 
earlier, determining the proper input function can 
sometimes be tricky even if blood samples are 
not proscribed.  For these reasons, considerable 
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effort has been spent in eliminating the need for 
arterial blood samples. 

The (metabolite-corrected) radioactivity 
concentration of tracer in arterial plasma, P, 
represents the amount of radiotracer that is 
presented to the tissue of interest over the course 
of the experiment.  In principle, this input 
function is required to solve any of the systems 
of equations given earlier (e.g., equations 1-3 or 
5-7).  However, researchers can take advantage 
of predictable relationships between the input 
function and activity in either receptor-rich or 
receptor-poor regions.  Because the input to both 
(receptor-rich and receptor-poor) regions is 
essentially the same, the equations describing 
ligand dynamics in one region can be expressed 
solely in terms of concentration measured in the 
other.  Explicit use of the plasma concentration is 
not needed. What are the assumptions inherent in 
this simplification and which parameters can be 
measured with such techniques?  

 
3.2 Reference Region Techniques  

“Reference region techniques” refer to 
analysis methods that use scanned measurements 
in an area in the brain to provide an estimate of 
the free ligand concentration where specific 
binding is negligible.  The concentration from 
such a region is then plugged into a tracer kinetic 
model, either as a dynamic input function or as a 
static estimate of the free ligand concentration at 
equilibrium.  In order to reduce the degrees of 
freedom in the estimation problem, these 
methods typically assume that the free space 
distribution volume, DVF = K1/k2, is constant 
across all regions of the brain.  That is, at steady 
state, the ratio of ligand in the free compartment 
to plasma compartment is assumed to be the 
same everywhere. DVF is the volume of tissue 
into which the free ligand mass present in 1 ml of 
tissue would distribute with the same 
concentration as in the blood, P.5  We note that 

                                                 
5 Example: if the ligand can distribute in only one third of 
the volume of the tissue, then at steady state, a mass, x, of 
ligand dissolved in 1 ml of blood would distribute in the 
available space of 3 ml of tissue; the distribution volume, 

the assumption of constant DVF does not mean 
that K1 is identical from region to region.  
Neither is the concentration of free ligand 
constant across regions except at steady state.  
This means that one cannot simply take the 
difference between activities in a target and a 
reference region as a measure of binding---except 
at equilibrium.  Lets revisit the model equations. 

 
3.2.1 A Model-Fitting Method 
Cunningham et al. (1991) proposed 

solving for the arterial input function in a 
reference region, (equation 14, below):  

(14)                   *
2

*
1 R

R FkPK
dt

dF −=

     

by rearranging so ,/ *
1

*
2 KFk

dt

dF
P R

R




 +=

 
and 

substituting the expression into the model 
equations (15 and 16), which describe dynamics 
in a receptor-rich region: 

( ) (15)           
4321

BkFkkPK
dt

dF ++−=

 

(16)                               
43

BkFk
dt

dB −=

      

FR represents radioligand concentrations in the 
reference region, whereas F and B represent the 
(time-varying) free and specifically bound 
activities, respectively, in the target region.  We 
apply the constraint that the free space 
distribution of the radioligand be equal in the 
two regions, (i.e., 2121 kKkK RR = ).  Corrections 
to the technique may be necessary if the 
reference region is not completely devoid of 
specific binding (Cunningham et al., 1991).  By 
constraining only the free-space distribution ratio 

                                                                                 
DVF, is 3 (ml tissue)-1/ (ml blood)-1  (Delforge et al., 
1996). 
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and not K1 or k2, individually, the model allows 
for kinetic differences between regions.  The 
constraint is necessary, however, to guarantee 
that the remaining parameters, k3 and k4, will be 
identifiable.   

This reference region model was 
originally applied to a mu-opioid receptor ligand, 
[3H]-diprenorphine (Cunningham et al., 1991) 
and later modified for use with PET and [11C]-
raclopride (Hume et al., 1992) in rats.  A 
comparative study was performed and reported 
by Lammertsma et al. (1996) examining this 
method and several others that require arterial 
blood data for analysis.  The goal of the 
Lammertsma study was to measure the apparent 
binding potential, B’ max/KD, accurately. The 
authors concluded that the most reliable measure 
of binding potential was given by the method 
described above (equations 14-16).  Because this 
technique uses an iterative least-squares 
minimization algorithm, it is presumed to be an 
unbiased estimator of binding potential (Hsu et 
al., 1997). Unfortunately, as an iterative method, 
it may be too slow for making parametric 
images.  A recent modification of the iterative 
reference region technique incorporates a further 
model simplification and uses spectral analysis 
methods for estimating parameters.  It has been 
used successfully for parametric image 
generation (Gunn et al., 1997). 

 
3.2.2 Graphical Methods – Logan-Plot 

Analysis 
 
The method of Logan et al. (1990) was 

initially developed to provide a technique for 
rapid data analysis.  It uses another 
rearrangement of the model equations (1 and 2) 
which can be solved non-iteratively to generate a 
parametric image of binding potential values at 
each pixel of a PET/SPECT image.  The 
rearranged operational equation used for this 
technique is given as: 

     

( )

( )

( )

( ) (17)          00 b
TtC

T
dttP

DV
TtC

T
dtttC

+
∫

=
∫

 

     
where Ct(t) is the concentration of the 
radioligand in the tissue, P is the arterial plasma 
concentration, DV is the distribution volume and 
b is a constant of integration and is a composite 
function of the rate parameters which depends on 
the assumed model.  Notice the resemblance of 
equation (17) to that of a line, y = mx +b, with its 
two estimatable parameters.  An example of the 
Logan plot is shown in Figure 9.  In essence, the 
nonlinear ‘PET’ curve in Figure 2, which is 
made up of bound and free ligand, has been 
transformed --- or linearized6 --- into Figure 9.  
The  'Free' curve in the earlier figure can be 
thought of as a reference region; when it is 
transformed it yields a curve like the lower one 
in Figure 9.  For reversibly bound tracers, a point 
in time is reached when the change in plasma 
concentration is approximately equal to the 
change in tissue concentration.  Beyond this 
time, the slope of the above function will be 
constant and will equal the distribution volume, 
DV.  On the Logan plot, this time corresponds to 
a transition point beyond which the plot is linear.  
(The x-axis on the Logan plot represents a sort of 
‘stretched’ time.) For a region with no specific 
binding, DV describes the free space distribution 
volume, K1/k2. In regions with specific binding, 
DV represents the product of free and bound 
distribution volumes, (K1/k2)(1+B’ max/KD).  In 
both regions, slow nonspecific binding (i.e., 
small values of k5 and k6) and plasma volume, εv, 
are neglected. Contrary to the modeling 
approaches discussed at the beginning of the 
chapter, the transformation underlying the Logan 
plot cannot accommodate a radioactive decay 
term.  Therefore, it is essential that the data be 
corrected for radioisotope decay prior to 

                                                 
6 By way of comparison, the log function is a common way 
of linearizing data that demonstrate exponential behavior. 
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graphical analysis.  This method was originally 
validated for [11C]-cocaine and subsequently for 
[11C]-raclopride (Logan et al., 1994).  

[Figure 9 here] 

Further work by Logan and co-workers 
(1996) demonstrated that the above model could 
be modified to eliminate the need for a measured 
arterial input function.  By substituting reference 
region data, Cref, for the arterial plasma, equation 
17 becomes: 

     

( )

( )

( )

( )
(18)        0     0

b
TtC
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dttrefC

DVR
TtC
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dtttC

′+

∫

=

∫

     
 
where DVR is the ratio of distribution volumes 
in target to reference region and equals 
(1+fNSB’ max/KD).  This equation holds provided 
that the ratio of Cref to Ct is nearly constant.  If 
this condition is not satisfied, there is still a valid 
linearization using the reference region 
concentration but it requires the use of a 
population average k2 value. 

The primary merit of this technique, other 
than obviating the need to sample arterial blood, 
is its computational ease.  The linear function 
given in equation 18 can be solved pixel-by-pixel 
permitting rapid generation of parametric 
images; an example of an image of the binding 
potential, fNSB’ max/KD, is shown in Figure 10. 
fNS is equivalent to the free fraction of tracer, f2, 
introduced by Mintun and effectively converts 
KD to effective equilibrium dissociation constant.  
The model can also be applied to other reversibly 
bound radioligands.  The application of the 
model to other radiotracers differs only in 
choosing the (transformed) time at which the 
function becomes linear. 

[Figure 10 here] 

The use of [11C]-raclopride has been well 
validated for determining D2 binding potential 

and change in binding potential (i.e., receptor 
occupancy).  The reference region techniques 
described above work well for measuring these 
parameters in a clinical setting.  
 
 
4. NEW CLINICAL AND RESEARCH 
APPLICATIONS 
 

Armed with an array of both complicated 
and simple modeling approaches, let us return to 
the problem of measuring neurotransmitter 
changes with PET.   
 
4.1 Neurotransmitter ‘Activation’ Studies 

Until recently, PET and SPECT brain 
imaging studies could be divided into two 
groups: receptor-ligand studies (as discussed 
above) and tracer studies that included 
activation.  In the latter type, a subject would be 
asked to perform an activation task, such as 
speaking words, or recalling items from memory, 
during a brain scan.  Images of regional cerebral 
blood flow (or glucose metabolism) would be 
obtained and processed to reveal areas of the 
brain that are involved in the task. This 
technique, unfortunately, does not reveal the 
specific neurotransmitter systems that might be 
activated by the task.  

Nevertheless, it has been believed for 
some time that the competition between 
endogenous and exogenous ligands (Figure 11) 
could be exploited to image some aspect of 
dopamine release in vivo due to ‘activation’ of a 
neuronal pathway or circuit (Dewey et al., 1990; 
1991).  Through the performance of a task that 
activates dopaminergic neurons, or the 
administration of a drug that increases dopamine 
levels, extra dopamine can compete with 
radioligand at dopamine receptors.  As 
mentioned earlier, to succeed, this competition 
must reduce the PET signal by a discernible 
amount.  If detectable, the measurement could 
have applications in the imaging of various 
neuromodulatory transmitter systems (e.g., 
dopamine, acetylcholine, serotonin, 
noradrenaline).   These systems typically 
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innervate the brain diffusely but constitute only a 
small fraction of all the synapses in any target 
brain region (Cooper et al., 1991; Squire 1987).  
As such, the PET signal from these neurons 
would probably be overwhelmed by the signal 
from other neurons in a cerebral blood flow 
(CBF) or metabolism study. 

[Figure 11 here] 

In fact, the neurotransmitter activation 
approach has been used successfully to 
demonstrate DA release induced by a variety of 
drugs, including amphetamine (Dewey et al, 
1991; Laruelle et al, 1995; Carson et al, 1997) 
and cholinergic antagonists (Dewey et al, 1993).  
Clinical applications have already begun to 
appear, including the recent demonstrations of 
high DA response to amphetamine in 
schizophrenics (Breier et al, PNAS 1997, 
Laruelle et al, 1996) and the low DA response to 
methylphenidate in cocaine abusers (Volkow et 
al, 1997).  The technique has even been used to 
visualize task-activated, dopaminergic synaptic 
transmission in the human brain in vivo (Koepp 
et al, 1998) without a pharmacological stimulus. 

 
4.2 Detection of Neuromodulatory Synaptic 
Transmission in the Human Brain 

4.2.1 Background  
Until the last few years, it was commonly 

believed that a very large increase in DA levels, 
such as that induced by pharmacological means, 
would be necessary to detect a change in the PET 
or SPECT signal.  It was not clear whether 
activation of dopaminergic neurons by a mental 
or physical task would cause sufficient DA 
release to be observable.  The answer would 
depend on the concentrations of DA and 
radiotracer in the synapse, affinities of the two 
molecules for dopamine receptors, and 
alterations in DA neuronal firing rates during 
activation tasks.  The concentration of DA in the 
synapse remains unknown. However, estimates 
from a variety of sources indicate that it reaches 
a peak of 10 – 100 µM range following release 
from the presynaptic terminal and that it clears 

with a time constant on the order of 2 ms.  These 
numbers suggest an average synaptic 
concentration of about 100 nM which rises to at 
least 200 nM during an activation task (see 
references and calculations in Fisher et al, 1995).   

Given these and other estimates, Fisher 
and colleagues were willing to predict that such a 
cognitive activation task would indeed cause a 
measurable change in radioligand binding (Fisher 
et al., 1995; Morris et al, 1995). Encouraging 
preliminary results have been obtained using 
SPECT with the D2 receptor antagonist 123I-
IBZM (Ebert et al, 1994): depressed patients that 
responded to total sleep deprivation showed a 
decrease in relative radioligand binding in the 
basal ganglia in the post-sleep deprivation scan 
compared to the baseline scan.  These 
preliminary results were interpreted as evidence 
of increased DA release induced by sleep 
deprivation. More definitive experimental 
support for imaging of behavioral activation was 
lacking. 

 
4.2.2 New Developments 
The functional imaging landscape 

changed after Koepp et al (1998) observed eight 
volunteers performing a video game while 
undergoing an 11-C-raclopride PET scan.  The 
game required players to maneuver a tank 
through a battlefield, and players received a 
monetary award depending on their success at 
the game. On a separate day, the same volunteers 
underwent another raclopride scan while staring 
at a blank screen instead of playing the video 
game.  This is the two-bolus protocol discussed 
earlier in this chapter; the measured parameter 
that was used as the index of competition was 
change in binding potential, ∆BP.  The 
researchers found that the binding of 11C-
raclopride in the striatum was significantly 
decreased during the video game, compared to 
rest.  This indicated that the dopaminergic 
neurons in the striatum had been activated during 
the playing of the game, and had presumably 
liberated an increased quantity of dopamine into 
their synapses.  In other words, Koepp and 
coworkers had witnessed, via PET, the non-
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pharmacological activation of the dopamine 
system in humans.   

 
The results of Koepp et al (1998) raise 

several interesting questions.  (1.) What aspect of 
the video game caused the subjects’ 
dopaminergic neurons to increase their firing 
rate?  The video game is a complex task 
involving visual perception, decision-making, 
hand movements, frustration, pleasure, rewards, 
etc.  The game, most likely, was chosen for 
exactly that reason: it maximized the chances of 
activating dopaminergic neurons.  Now that the 
investigators have succeeded in demonstrating 
such activation, an important next step will be to 
determine what cognitive and/or motor features 
of physical tasks require the use of dopamine-
containing neurons.  This new type of PET 
protocol is exactly what is needed to answer such 
a question.  The fact that the subjects’ success in 
the game correlated significantly with their 
dopamine outflow (i.e., inversely with 
radiotracer binding), is intriguing given the role 
of dopaminergic neurons in pleasure and reward 
(Schultz, 1997, Robbins and Everitt, 1996).  
Electrophysiological studies in animals suggest 
that dopamine neuron activity is typically 
triggered by reward stimuli (see Schultz, 1997 
for review).  The hypothesis that this holds true 
in humans now appears to be testable using PET. 

 
(2.) Could the same results have been 

obtained by a conventional regional blood flow 
study?  This appears not to be the case. Koepp et 
al (1998) reported a decrease in regional blood 
flow (i.e., a decreased delivery of tracer) to the 
striatum during the study.  This finding 
underscores the fact that neuromodulatory 
synapses comprise only a small fraction of all the 
synapses in any brain region.  The striatum is one 
of the few brain regions where neuromodulatory 
synapses are relatively concentrated (DA 
synapses may represent up to 1/3 of the synaptic 
population (Doucet et al, 1986; see discussion in 
Wilson, 1998)).  And yet, the net neuronal 
activity in the striatum, as revealed by the blood 

flow parameter Ri, was seen to decrease despite 

activation of the DA neurons.  Had the 
experiment been performed with conventional 
blood flow imaging, the results would have 
provided evidence for deactivation of the 
striatum during the task!  The exact opposite 
conclusion regarding striatal (and, by 
implication, dopaminergic) function might have 
been reached.   It is worth noting that the changes 
in blood flow from subject to subject had no 
correlation with the changes in tracer binding, 
indicating that the dopamine-induced decreases 
in receptor binding were independent of blood 
flow effects.  

 
The opportunities for dissecting the 

functional neurochemistry of humans are 
intriguing.  Serotonergic, noradrenergic, and 
cholinergic systems will surely be probed, once 
radioligands appropriate neuroreceptor 
specificity and kinetic properties are identified.   

4.2.3 Optimal Ligand Kinetics 

What makes a ligand optimal depends on 
the conditions and aims of an experiment.  If the 
goal is to estimate the binding properties of a 
receptor [as Zeeberg (1995) has said, to 
maximize the “receptor sensitivity” as opposed 
to “delivery sensitivity”] then identifiability of 
parameters is key.  As mentioned earlier, the 
binding parameters (k3 and k4 or kon, and koff) 
cannot be estimated reliably if they are too fast 
relative to the influx and efflux parameters (K1 
and k2).  On the other hand, if detection of 
neurotransmitter activation is the goal, then we 
wish to maximize the magnitude of a particular 
detection index.  Endres et al. (1998) have shown 
that for the bolus-infusion protocol there is an 
optimum range of binding potentials which 
maximize the detection parameter, ∆BP.  Morris 
et al. (1995) demonstrated --- also in a simulation 
study --- that irreversible ligands would yield 

maximal values of X2
 using the two-bolus 

protocol. 
 

4.3 Possible Clinical Applications 
Let us begin to envision clinical 

application of this new brain imaging paradigm.  
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Our first concern should be with the length of the 
activation task.  The video game, described 
above, was played continuously for 60 minutes—
from 10 minutes prior to raclopride injection 
until 50 minutes after.  This is too long a task for 
routine clinical examinations, particularly for 
children and for patients suffering from certain 
psychiatric illnesses.  Children, in fact, will have 
trouble simply remaining still in the scanner for 
that long.  Fortunately, such a lengthy task is not 
absolutely necessary to yield a detectable effect.  
The Koepp study appears to show that release of 
endogenous dopamine causes a sustained 
decrease in the PET signal that lasts well beyond 
the restoration of normal resting dopamine 
levels.  In fact, it had already been predicted that 
a 7 minute long activation task could be 
sufficient to cause a near-maximal effect on 
raclopride binding using the two-bolus method 
(Morris et al., 1995). 

There is also reason to believe that 
similar studies will be possible with SPECT, 
which is more widely available.  Drug-induced 
release of DA has been demonstrated using 
SPECT and the steady-state technique (Laruelle, 
1995, 1996).  Results were very similar to those 
of PET.  Mental and physical activation of DA 
neurons has not yet conclusively been 
demonstrated with single photon imaging.   As 
mentioned earlier, though, Ebert et al (1994) 
reported preliminary results of SPECT studies 
suggesting that sleep deprivation caused 
depressed subjects to release detectable amounts 
of DA.  

Let us assume that quantitative SPECT 
imaging and analysis is possible without arterial 
blood sampling, what sort of neurological or 
psychiatric patients might benefit from a 
PET/SPECT neurotransmitter activation study?  
The first candidates would be those suffering 
from illnesses that respond to drugs that alter the 
dopamine system.  Some schizophrenics, for 
instance, are best treated with D2 receptor 
antagonists (“typical neuroleptics”), while others 
respond better to mixed D2/D1 antagonists 

(“atypical neuroleptics”).  Clozapine, for 
example, is an atypical neuroleptic that has been 
shown to occupy D1 and D2 receptors (among 
others) nearly equally in human subjects (Farde 
et al., 1992). Theoretically, a PET 
neurotransmitter activation study using a D2 
receptor ligand (e.g., raclopride) and a D1 ligand 
(e.g., SCH23390) could demonstrate that one 
patient releases too much dopamine at D2 
receptor synapses, while another is overactive at 
D1 synapses.  Drug therapy could be adjusted 
accordingly.  Related studies have already been 
performed: schizophrenic patients have been 
observed to respond to amphetamine with higher 
elevations of extracellular dopamine at D2 
synapses than normal controls (Breier, 1997; 
Laruelle, 1996). These results support the 
dopamine hypothesis for schizophrenia, in that 
they demonstrate a functional abnormality in the 
dopamine system in schizophrenics.  The results, 
however, are not yet directly applicable to patient 
care. 

Attention deficit hyperactivity disorder 
(ADHD) also may have a strong dopaminergic 
component (Ernst et al. 1998; Swanson et al, 
1998a, 1998b).  Given the variety of evidence for 
pathophysiology of the dopaminergic system in 
ADHD, there may be an opportunity for a 
dopamine neurotransmitter-activation scan with a 
methylphenidate challenge (methylphenidate, 
commonly used to treat the disorder, blocks 
reuptake of dopamine, thereby increasing 
synaptic DA levels).  Such a perturbation might 
be used to predict which children would respond 
to the drug, as well as aid in diagnosis in 
equivocal cases.  The noradrenergic and 
serotonergic systems have been implicated in a 
variety of psychiatric illnesses, including 
depression, suicidality, and obsessive compulsive 
disorder (Kaplan and Sadock, 1994; Jacobs, 
1994; Kegeles and Mann, 1997).   Again, with 
the neuroreceptor ligands it might be possible to 
determine whether patients are hyper- or hypo-
active at various classes of synapses and the 
findings would inform drug therapy decisions. 
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6. FIGURES 
 
 
 
 
 

 

Figure 1. General three-compartment model.  Radioactivity in the plasma, free, 
bound (and nonspecific) compartments sums to give the radioactivity in the PET image.  
The model parameters K1…k6 reflect exchange rates for labeled ligand moving between 
various compartments. 
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Figure 2. Simulation of [11C]-raclopride dynamics in brain.  Equation (4) 
generates the PET activity (open squares), which  is equal to the sum of the activity in the 
free, (open triangles) and bound (open diamonds) compartments, respectively.   The free 
and bound compartments correspond to the model variables, F(t) and B(t), respectively.  
Parameters are based on Farde et al., (1989).  Data are not decay-corrected. 
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Figure 3.  Dynamic PET activity from region drawn on striatum of Rhesus 
monkey.  Three-injection protocol used is described in Morris et al., 1996a.  Injections of 
[11C]-CFT were made at 0, 30 and 90 minutes (indicated by arrows).  Second injection 
was low specific activity causing net displacement of labeled ligand from receptor by 
unlabeled ligand.  Notice the difference in responses after the first and second high 
specific activity injections because of the presence of residual cold ligand on-board.  
Data are not decay-corrected. 
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Figure 4. Schematic diagram corresponding to model equations 8-11.  
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Figure 5.   Data from study described in Endres et al., 1997.  Bolus-plus-infusion  
method for detecting change in neurotransmitter level.  Amphetamine-induced 
perturbation of raclopride binding at 45 min.  Top curve shows depression in 
[11C]raclopride signal in striatum following heightened competition between raclopride 
and dopamine for binding at D2 receptors.  Perturbation was 0.4 mg/kg injection of 
amphetamine given to rhesus monkey.  Bottom curve shows no effect of dopamine 
modulation on cerebellum.  Dotted continuation of top curve shows model-predicted 
continuation of curve absent amphetamine injection.  Data are decay-corrected. 
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Figure 6  The image on the left corresponds to an object as it might be imaged on a perfect scanner.  The large circle 
represents the entire brain while the ellipses represent the striatum.  The measured radioactivity concentrations equal the true 
concentrations in both regions.  The image on the right corresponds to the same object imaged using a realistic scanner.  The 
radioactivity distribution in the “striatum” is artifactually reduced due to smearing (spill-over) into the adjacent brain tissue.  
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Conversely, radioactivity in the area of the brain adjacent to the “striatum” is artifactually too high due to radioactivity spilling in 
from the “striatum”. 
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Figure 7.  The resolution of a  PET or SPECT scanner is often expressed in terms 
of its full-width-at-half-maximum (FWHM).  The image intensity is plotted as function of 
position along a line in an image of a point of radioactivity.  At half the maximum 
amplitude, 0.5 here, lines are drawn extending toward the x-axis.  The distance between 
these lines, 8 mm, is the FWHM. 
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Figure 8.  The effect of partial volume has on binding potential (BP) estimation 
was studied using computer simulation techniques.  Brain and striatum sizes over a wide 
range of sizes were considered.  For sizes which correspond to those of small monkeys, 
both the fitting and graphical methods of estimating BP produced estimates which were 
between 35 and 80% of its true value (Morris and Muzic, unpublished data).  For larger 
sizes in the range of adult humans, the BP estimates were much closer to the true value. 
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Figure 9.  An example of a logan plot.  The data is plotted as described in 
equation 17.  Data from the cerebellum is represented by open triangles and striatum by 
filled diamonds.  The binding potential is determined by the ratio of the slopes 
(striatum/cerebellum) of the lines regressed to the data. 
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Figure 10.  A parametric image of binding potential.  A value of binding potential 
was calculated for each pixel in the image via the reference region technique of Logan et 
al (1996).  
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Figure 11.  Schematic diagram of a dopamine (DA) synapse at rest and during 
activation.  At rest, the neuron releases some DA, but there are many free postsynaptic 
receptors to which the PET tracer (radioligand) can bind.  During performance of a task 
which activates DA neurons (or application of a drug which increases DA release or 
inhibits reuptake), there is increased DA in the synapse, which causes increased 
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competition for the postsynaptic receptors.  Thus, specific binding of the PET radioligand 
is decreased. 


