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PET and SPECT using appropriate radioligands allow imaging of
certain critical components of neurotransmission such as pre-
synaptic transporters and postsynaptic receptors in living hu-
man brains. PET and SPECT data are commonly analyzed by
applying tracer kinetic models. These modeling approaches
assume a compartmental system and derive the outcome mea-
sure called the binding potential, which reflects the densities of
transporters or receptors in a brain region of interest. New
models are often noninvasive in that they do not require arterial
blood sampling. In this review, the concept and principles of
tracer kinetic modeling are introduced and commonly used PET
and SPECT neuroreceptor quantification models are discussed.
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Nerve signals pass from one neuron to the next through
the synapse. This process is a chemical event in which
neurotransmitters, on release from presynaptic nerve termi-
nals into the synapse, act on postsynaptic receptor sites to
either excite or inhibit the target neuron. This neurotrans-
mission is then terminated when any excess neurotransmit-
ters are removed from the synapse through reuptake sites
(transporters) located on the membrane of presynaptic nerve
terminals.

PET and SPECT using appropriate radioligands allow
imaging of certain critical components of neurotransmis-
sion, such as presynaptic transporters and postsynaptic re-
ceptors, in living human brains. These imaging techniques
can be highly sensitive to detecting the neuropathology of
common neurologic illnesses (1–3).

PET and SPECT permit sequential measurements of in
vivo distribution of a radioligand after intravenous admin-
istration. However, the PET- and SPECT-measured time

course of such a radioligand in tissue is influenced by other
factors, such as blood flow and radioligand clearance from
plasma, besides the number of receptors and their affinity.
Therefore, clinically or experimentally relevant information
is commonly extracted from neuroreceptor PET and SPECT
studies by applying tracer kinetic models to analyze PET
and SPECT time–activity data. The outcome measure ob-
tained through these data analyses is usually the binding
potential (BP), which reflects the densities of transporters or
receptors in a brain region of interest (ROI). The purpose of
this review is to help the reader become familiar with and
understand the concept of tracer kinetic modeling as applied
to PET and SPECT quantification of neuroreceptors.

TRACER KINETIC MODELING

The fundamental concept and principles of tracer kinetic
modeling for the quantification of the BP used in PET and
SPECT studies actually originate from those of in vitro
radioligand binding assays. Therefore, to promote better
understanding of more complex in vivo tracer kinetic mod-
eling, we will first describe simpler in vitro quantification of
radioligand binding and then extend its concept and princi-
ples into PET and SPECT studies.

Most frequently used radioligands bind reversibly to the
neurotransporter or receptor. Some radioligands, such as
[11C]N-methylspiperone (a dopamine D2 receptor tracer for
PET), bind irreversibly to receptors. Theoretic or math-
ematic descriptions, that is, modeling, of receptor binding of
the latter differ from the former. This review focuses on
modeling of the former type, reversibly binding radioli-
gands.

Radioligand Binding Assays
All of the modeling approaches in both radioligand bind-

ing assays and PET and SPECT studies assume a compart-
mental system. In radioligand binding assays, tissue homog-
enates are incubated in buffer solution with the radioligand
(4). Hence, this type of experiment can be viewed as having
two compartments (or is sometimes referred to as having
one tissue compartment). One compartment reflects the
buffer solution in the test tube, and the other reflects the
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receptor-rich tissue adjacent to the buffer (Fig. 1). Radioli-
gands put into the test tube start in the buffer compartment
and then can go directly into the tissue compartment by
binding to receptors. This simplest model, describing the
interaction of a receptor, R, with a radioligand, L, to form a
complex, RL, is the bimolecular reaction described by
Michaelis and Menton (5):

@L # 1 @R# -|0
kon

koff

@R#@L #, Eq. 1

where [L] is the concentration of radioligand in buffer
solution; [R] is the unbound receptor concentration; [RL] is
the concentration of bound ligand to the receptor; and kon

and koff are the association and dissociation kinetic rate
constants, respectively. Reversibly binding radioligands
reach equilibrium concentrations in buffer solution and tis-
sue over time when no net transfer of radioligands occurs
between the two compartments. After radioactivity-decay
correction, all [L], [R], and [RL] remain constant because
no other radioligands are lost from the system. According to
the laws of mass reaction at equilibrium,

kon@L #@R# 5 koff@RL#. Eq. 2

Because the equilibrium dissociation constant, Kd, is de-
fined as koff/kon and the total number of receptors, Bmax, is
[R] 1 [RL], substitution for koff/kon and [R] in Equation 2
and rearrangement yields:

@RL# 5
Bmax@L #

@L # 1 Kd
. Eq. 3

In a typical “saturation” radioligand binding assay experi-
ment, increasing amounts of a radioligand are added to a
fixed concentration of receptors, and [RL] is measured as a
function of [L]. Nonlinear regression analysis can be used to
fit Equation 3 to the data to estimate both Bmax and Kd (4).
Although it is also feasible to quantify both Bmax and Kd

separately by applying the same principle to in vivo PET
and SPECT experiments (the exception is that a high con-
centration of “cold” ligands as opposed to radioligands is
administered in additional experiments) (6), this approach
not only would be impractical for routine use but also would

be inappropriate for human studies because of the poten-
tially undesirable pharmacologic effects.

If an extremely small radioligand concentration is given,
as is done with PET and SPECT studies, then [RL] is very
small and, more important, [R] is approximately Bmax

(strictly speaking, [R] is referred to as B9max to distinguish it
from Bmax, which is [R]1 [RL].) In this situation, Equation
2 can be rearranged to yield:

Bmax

Kd
5

@RL#

@L #
. Eq. 4

BP is defined as Bmax/Kd and is equal to the ratio of bound
radioligand concentration to free radioligand concentration
at equilibrium. BP is proportional to Bmax if K d can be
regarded as a constant.

PET and SPECT Studies
PET and SPECT studies differ from radioligand bind-

ing assays in two ways. First, brain regions containing
receptors have at least three compartments (or are some-
times referred to as having two tissue compartments)
(Fig. 2). Radioligands are given intravenously, go to the
heart, and are then delivered in arterial blood. The first
compartment is the arterial blood. From arterial blood,
the radioligand passes through the blood– brain barrier
into the second compartment, known as the free compart-
ment. Anatomically, the free compartment probably con-
sists of several regions, including interstitial fluid and
intracellular cytoplasm. Even so, the free compartment is
approximated as a single compartment. The third com-
partment is the region of specific binding that contains
high-affinity receptors. Brain regions that do not have
high-affinity receptors for the radioligand are referred to
as reference regions and do not have the third compart-

FIGURE 2. Two- and three-compartment configurations used
to model in vivo radioligand kinetics. Terms are defined in
Appendix.

FIGURE 1. In vitro system consists of two compartments.
Terms are defined in Appendix.
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ment. There is also a nonspecific-binding compartment
that exchanges with the free compartment. In practice, for
most radioligands, the nonspecific-binding compartment
is in rapid equilibrium with the free compartment and the
two compartments are treated as a single compartment
(often referred to as the nondisplaceable compartment).

Second, unlike the in vitro system, the in vivo system has
an open first compartment, in that the radioligand in this
compartment clears over time. Furthermore, delivery of the
radioligand through this compartment to the second and
hence to the third receptor compartment depends on re-
gional cerebral blood flow. These two major differences
between in vivo and in vitro studies make the former more
complicated than the latter. However, the in vitro principle
can be extended into the in vivo system.

Assumptions
In tracer kinetic modeling, certain fundamental or phys-

iologically reasonable assumptions are usually made to min-
imize the number of kinetic parameters and yield reliable
estimates of BP. Ultimately, the validity of such assump-
tions needs to be evaluated for any particular model. This
topic is beyond the scope of this paper.

Usually, the following six assumptions are made for the
compartment system:

1. Radioligand in the system comes from a single
source, arterial plasma.

2. The radioligand can pass back and forth freely from
arterial plasma to the free compartment.

3. First-order kinetics can describe the exchange of
radioligand between compartments.

4. Nonspecifically bound radioactivity in the second
compartment (C2) equilibrates rapidly with free tis-
sue radioactivity.

5. Unmetabolized parent radioligand in plasma equili-
brates rapidly with plasma protein so that the free

fraction (f1) is constant over time (f1 is defined below
and in the Appendix).

6. The nondisplaceable distribution volume of C2 (V92)
in the receptor-containing tissue is identical to the
corresponding distribution volume (V2) in the recep-
tor-free tissue (V2 and V92 are defined below and in
the Appendix).

Assumption 4 permits merging the free and nonspecific
binding compartments into a single compartment. If the
nonspecific compartment is considered separate, the com-
partment model can become much more difficult to solve
reliably.

Tracer Kinetics
Thus, the in vivo system consists of the plasma compart-

ment (C1), the intracerebral nondisplaceable compartment
(C2), and the specifically bound receptor compartment (C3)
for receptor containing tissue; and C1 and C92 for the refer-
ence tissue (Fig. 2). This system can be described by the
following set of differential equations (7):

dC3~t!

dt
5 k3C2~t! 2 k4C3~t!, Eq. 5

dC2~t!

dt
5 K1CP~t! 2 k2C2~t! 2 k3C2~t! 1 k4C3~t!, Eq. 6

and

dC92~t!

dt
5 K 91CP~t! 2 k92C92~t!, Eq. 7

where K1 and K91 are delivery rate constants; k2, k92, k3,
and k4 are the first-order kinetic rate constants; and CP(t)
is the total plasma concentration of radioligand. f1 is the
fraction of free (unbound to plasma proteins) unmetabo-
lized parent radioligand activity in plasma, so that f1CP(t)
represents the exchangeable portion of C1. An alternative
definition of f1 found in many references is f2 (defined in
the Appendix).

BP
After a bolus injection, radioligand binding does not

typically reach equilibrium. However, information acquired
from scanning is used to derive the binding parameters that
are found at equilibrium. At equilibrium, the left sides of
Equations 5, 6, and 7 are all zero because no net transfer of
radioligand occurs between the compartments. Hence, from
Equation 5:

C3

C2
5

k3

k4
. Eq. 8

Substitution for C2 from Equation 8 into Equation 6 at
equilibrium and rearrangement yields:

C3

f 1CP
5

K1k3

k2k4
. Eq. 9

FIGURE 3. Selected [123I]IBF dopamine D2 receptor images of
healthy individual (left) and patient with multiple-system atrophy
(right). Paired central activity reflects striatal dopamine D2 bind-
ing, which is markedly reduced in patient. (Reprinted with per-
mission of (30).)
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Finally, from Equation 7:

C92
f 1CP

5
K 91
k92

. Eq. 10

The quantity of radioligand distributed in a compartment
at equilibrium is referred to as the distribution volume,
which is expressed as the equivalent volume of the plasma
radioligand concentration at equilibrium. Thus, V3 5 C3/
f1CP 5 K1k3/k2k4, V2 5 C2/f1CP 5 K1/k2, and V92 5 C92/
f1CP 5 K91/k92. The closest PET and SPECT equivalent for
[RL]/[L] is C 3/f1CP, which is the BP (Bmax/Kd) and is also
V3. Here, [L] in vitro is assumed to correspond to radioli-
gand activity in plasma water. This definition of the BP
proposed by Laruelle et al. (6,8) differs from the one orig-
inally proposed by Mintun et al. (7), in which BP was
defined as Bmax/Kd 5 k3/k4. The advantage of this definition
is that PET- and SPECT-measured Bmax and Kd values can
be directly compared with those measured during in vitro
radioligand binding assays.

Comparison of Equations 1, 2, 5, and 6 leads to the
relationships between in vivo and in vitro systems, namely,
k3 Þ kon, but k3 5 (1/V2)konBmax and k4 5 koff (6,8).
Quantification of BP5 Bmax/Kd 5 C3/f1CP described so far
requires blood data. Using the noninvasive quantification
models described below, the best estimates of the receptor
density are the ratio of V3 to V2, which is referred to as RV,
RT (tissue ratio at equilibrium), V993, or the “binding poten-
tial” (abbreviated here as BP* to distinguish it from BP5
Bmax/Kd). This binding potential, BP*, is related to BP and
the kinetic parameters, k3 and k4, as follows:

BP* 5
V3

V2
5

BP

V2
5

Bmax

V2Kd
5

C3/f 1CP

C2/f 1CP
5

C3

C2
5

k3

k4
. Eq. 11

For BP* to reflect the receptor density Bmax, therefore, in
addition to Kd, V2 must be constant between individuals or
disease conditions.

PET AND SPECT QUANTIFICATION MODELS

The differential equations, Equations 5, 6, and 7, are
solved in several different ways so that they can be applied
to PET and SPECT data. These solutions are referred to as

quantification models or methods. Depending on the model,
certain additional assumptions to those described above
may be made to simplify the model. Some radioligands will
meet certain assumptions better than others. Hence, the
solutions from models in which the radioligand better meets
the assumptions will have a better fit and be more reliable.

These models can be classified into two major categories
depending on the ways in which radioligands are adminis-
tered, namely, bolus or bolus plus constant infusion. The
latter experimental paradigm attempts to achieve a sustained
equilibrium by infusing radioligand at the same rate as that
at which it is cleared from the first compartment (9–11).
This paradigm actually simplifies receptor quantification
because there is no need after all to solve the differential
equations and the BP can be estimated directly from Equa-
tion 9. However, this approach is less widespread than the
bolus-only paradigm because the infusion rate needed is
influenced by radioligand delivery and clearance, which
may vary between subjects. Furthermore, several hours of
constant infusion are usually needed to achieve a sustained
equilibrium.

This review therefore focuses on the models using the
bolus injection paradigm. These models can be classified on
the basis of whether arterial (more invasive) or reference
(less invasive) data are needed. Some models use linear
regression analysis as in graphic plots, whereas others use
nonlinear regression analysis. Software packages are now
available to apply these models to scanning data, even on a
voxel-by-voxel basis (12,13).

GRAPHIC MODELS

The graphic models generally allow quick estimation of
the BP by graphically fitting a straight line to experimental
data or using linear regression analysis.

Logan Invasive Plot
In PET and SPECT, regions of brain tissue are sampled

by drawing an ROI. The radioactivities in an ROI at time t
within reference (CRF(t)) and receptor-rich (CRC(t)) brain
tissues can be expressed as CRF(t) 5 C92(t) 1 CP(t)V1 and
CRC(t) 5 C2(t) 1 C3(t) 1 CP(t)V1, respectively, where V1 is
the vascular volume within the ROI. V1 is estimated at 5%

FIGURE 4. Plasma (A) and brain ROI (B)
time–activity curves from [123I]IBF SPECT
study of healthy individual. (Reprinted with
permission of (30).)
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and often has a negligible contribution after the initial part
of the study because the typical plasma time–activity curve
has an immediate high peak followed by very low concen-
trations (Fig. 4). For the two-compartment region, integra-
tion of both sides of Equation 7 and rearrangement yields:

k92 E
0

t

C92~t!dt 5 K 91f 1 E
0

t

CP~t!dt 2 C92~t!. Eq. 12

Substitution for C92(t) 5 CRF(t) 2 CP(t)V1 and V92 5 K91/k92
and division of both sides of Equation 12 by CRF(t) followed
by rearrangement yields:

*0
t CRF~t!dt

CRF~t!
5 ~V 92f 1 1 V1!

*0
t CP~t!dt

CRF~t!

1
1

k92
SV1CP~t!

CRF~t!
2 1D. Eq. 13

After the initial period, the plot of*0
t CRF~t!dt/CRF~t! versus

*0
t CP~t!dt/CRF~t! is linear, with a slope a9 5 V92f1 and an

intercept b9 5 1/k2, because V92 .. V1, and the contribution
of V1CP(t)/CRF(t) is small.

Similarly, for the three-compartment region the following
solution can be obtained from Equations 5 and 6. Logan et
al. and others (14–17) have shown that the last term in this
Equation 14 becomes constant (b) after a certain time, t*,
when a steady state condition exists such that C2(t)/CP(t) and
C3(t)/CP(t) are constant:

*0
t CRC~t!

CRC~t!
5 ~f 1V2 1 f 1V3 1 V1!

*0
t CP~t!dt

CRC~t!
1 b. Eq. 14

Thus, a plot of*0
t CRC~t!dt/CRC~t! versus~*0

t CP~t!dt!/CRC~t!dt
has slope a5 f1V2 1 f1V3 1 V1 and intercept b. If we assume
V92 5 V2 (assumption 6) and neglect V1, the binding poten-
tials BP and BP* are given by BP5 f1(a 2 a9) and BP*5
a/a9 2 1, respectively.

Noninvasive Plots
Logan Noninvasive Plot.Logan et al. (18) showed two

noninvasive models (Eqs. 15 and 16) to estimate the distri-
bution volume ratio, DVR, which equals (V2 1 V3)/V2 (or
BP* 1 1). Because CRC(t) 5 C2(t) 1 C3(t) 1 CP(t)V1 and
CRF(t) 5 C92(t) 1 CP(t)V1, by substituting CRF(t) for (C2(t) 1
CP(t)V1), one can write Equation 14 as:

*0
t CRC~t!dt

CRC~t!

5
a

a9

~*0
t CRF~t!dt 2 CRF~t!/k92!/CRC~t!

CRC~t!
1 d~t!, Eq. 15

whered(t) denotes the vascular effect within the ROI.d(t)
becomes relatively constant over time. Eventually, the plot
of *0

t CRC~t!dt/CRC~t! versus~*0
t CRF~t!dt 2 CRF~t!/k92!CRC~t!

becomes linear, with slope DVR5 BP* 1 1 5 a/a9 5

(V2 1 V3)/V2 (V1 is neglected here, and V92 5 V2, as shown
above). Use of Equation 15 requires that k92 be taken from an
independent population sample and assumed to be repre-
sentative for the individual subject scanned. Estimation of
k92 requires the invasive model (k92 5 21/b9 in Eq. 13).

If CRF(t)/CRC(t) becomes constant, then k92 is not needed
because Equation 15 can be simplified to (18):

*0
t CRC~t!dt

CRC~t!
5

a

a9

*0
t CRF~t!dt

CRC~t!
1 d~t! 1 constant.

Eq. 16

The plot of*0
t CRC~t!dt/CRC~t! versus*0

t CRF~t!dt/CRC~t! then
becomes linear, and the slope gives DVR. Although the
predetermined value of k92 is not required, CRF(t)/CRC(t) must
be shown to become constant during the scanning period.
The validity of these additional assumptions for the Logan
noninvasive plots depends on the radioligand.

Ichise Noninvasive Plot.Solving for the plasma term,
*0

t CP~t!dt, in Equation 13 and inserting it into Equation 14
(19,20) gives:

*0
t CRC~t!dt

CRC~t!
5 S a

a9D *0
t CRF~t!

CRC~t!
1 S2

ab9

a9 D CRF~t!

CRC~t!
1 b.

Eq. 17

Equation 17 is a multilinear equation beyond time t*. Thus,
BP* 5 a/a2 1 can be estimated by multilinear regression
analysis (19,20). t* is determined by setting the allowable
variance in the regression. With regression analysis, the
value of each time point has a residual value indicating the
deviation of the observed value from the expected value.
Early time values are excluded on the basis of the size of the
residuals (21). Unlike Logan plots, this model does not
require the value of k92 or the assumption that CRF(t)/CRC(t)
becomes constant during the scanning period.

NONGRAPHIC MODELS

In contrast to the graphic models, some of the nongraphic
models require technically demanding nonlinear regression
analysis to estimate the BP and other kinetic parameters
(22).

Kinetic Analysis Invasive Model
Here, the linear first-order differential equations (Eqs. 5,

6, and 7) are solved directly. Frost et al. (23) described the
solution as follows:

CROI~t! 5 O
j51

m

L ie
2Rjt # CP~t!. Eq. 18

CROI(t) 5 CRF(t) for the two-compartment region, and
CROI(t) 5 CRC(t) for the three-compartment region. “m” is
the number of tissue compartments. The number of tissue
compartments is the total number of compartments minus
one.V represents a convolution (Appendix).
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For the two-compartment region, L1 5 K91 and R1 5 k92.
For the three-compartment region,

L1 5 K1

~R1 2 k3 2 k4!

~R1 2 R2!
, L2 5 K1

~k3 1 k4 2 R2!

~R1 2 R2!
, and

R1,2 5 1
2

[k2 1 k3 1 k4 6 Î~k2 1 k3 1 k4!
2 2 4k2k4].

BP, BP*, and individual kinetic parameters are estimated
using nonlinear regression analysis to fit Equation 18 to the
time–activity data. As in the graphic models, V92 5 K91/k92 is
first estimated in the reference region, and this value is
substituted for K1/k2 in Equation 10 before nonlinear fitting.
This substitution reduces the number of parameters for the
three-compartment region and usually makes the parameter
estimation more stable. In contrast to the linear regression
analysis used in the graphic models, however, if the selec-
tion of the initial parameter values is inappropriate, the
nonlinear minimization process may fail to converge or may
become trapped in “local” minima rather than finding the
“global” minima, yielding false parameter values (24). Cun-
ningham and Lammertsma (25) provided further detail on
this invasive model.

Noninvasive Models
Lammertsma Reference Tissue Model.Solving for the

plasma term, CP(t), in Equation 7; inserting the plasma term
into Equations 5 and 6; and expressing the parameters in
terms of RI, k2, k3, and BP* yield a set of new differential
equations that can be solved directly as in the kinetic anal-
ysis model, in which RI 5 K1/K91 and k2/RI has been sub-
stituted for k92 with the assumption that K91/k92 5 K91/k92 (26).
However, because nonlinear fitting of this solution can be
unstable, another assumption is made to reduce the number
of parameters to RI, k2, and BP*. That assumption is that the
radioligand kinetics in the region of specific binding can be
approximated to a single tissue compartment so that the free
and specific binding compartments are considered one com-
partment. For this approximation to occur, k3 and k4 should
reflect rapid exchange in comparison with K1 and k2.

The final solution Lammertsma and Hume (26) derived
is:

CRC~t! 5 RICRF~t! 1 $k2 2 R1k2/~1 1 BP*!%CRF~t!

V exp$2k2t/~1 1 BP*!%. Eq. 19

As in the kinetic analysis model, the Lammertsma model
requires technically demanding nonlinear fitting of experi-
mental data.

Basis Function Model.Modeling each voxel as a separate
ROI within an image is computationally labor intensive. For
decay-corrected data, Gunn et al. (13) proposed to reduce
the simplified reference tissue model (26) (Eq. 19) as:

CRC~t! 5 u1CRF~t! 1 u2Bi~t!, Eq. 20

whereu1 5 RI, u2 5 (k2 2 RIk2/(1 1 BP*)), u3 5 k2t/(1 1
BP*), and the basis function is defined as Bi(t) 5

Cref(t) V e203i(t). Bi(t) can be determined by choosing a range
of plausible values foru3 based on solutions from ROI data.
Gunn et al. used 100 values for Bi and a logarithmic range
of values foru3. With boundary estimates foru1 and u2,
Equation 20 can be fitted more quickly with a linear least
squares approach. The assumptions required for this model
are those required for the simplified reference region model.
Additional assumptions are that the Bi chosen is appropriate
for solving the equation, that the number of discrete values
for Bi is adequate, and that the boundaries set for estimated
maximum and minimum values foru1, u2, andu3 based on
ROI data reflect the boundaries for these parameters at the
voxel level.

Peak Equilibrium Model.The major additional assump-
tion for this model is that C92(t) in the reference region is the
same as C2(t) in the region of specific binding (this assump-
tion is not the same as V92 5 V2). Given that radioligand
goes from the free compartment to the specific compartment
in the region of specific binding, this assumption is unlikely
to be perfectly true. However, for some radioligands, the
assumption is sufficiently valid to derive the BP (27). Be-
cause CRC(t) 5 C2(t) 1 C3(t) 1 CP(t)V1 and CRF(t) 5
C92(t) 1 CP(t)V1, if C2(t) 5 C92(t) then CRC(t) 2 CRF(t) 5
C3(t), and C3(t) may be plotted and a curve fitted to these
data. At the peak of the fitted curve, dC3(t)/dt 5 0, hence
C3(t)/CRF(t) 5 BP* 5 k3/k4. A variation of this model
applies to the case of123I-2b-carbomethoxy-3b-(4-iodophe-
nyl)tropane ([123I]b-CIT), a SPECT dopamine transporter
tracer in which the radioligand kinetics are so slow that a
protracted peak equilibrium is reached 24 h after injection
and only one scan during this prolonged equilibrium is
needed to estimate BP* (28).

Transient Equilibrium (Ratio) Model.For certain radio-
ligands, the tissue ratio CRC(t)/CRF(t) can become constant
over time after a bolus injection of radioligand. This state is
called a pseudo or transient equilibrium. As in the peak
equilibrium model, if we assume that C92(t) 5 C2(t) during
this transient equilibrium, then BP*5 CRC(t)/CRF(t) 2 1.
However, C2(t) is often less than C92(t), and Carson et al.
(29) have shown that this model may overestimates BP*.

MODEL COMPARISONS

The advantages of invasive models are as follows:

1. Invasive models allow estimation of BP5 Bmax/Kd

rather than BP*5 BP/V2, although the latter can also
be estimated. When V2 has a large intersubject vari-
ability, an invasive model is essential for between-
subject comparisons.

2. Under conditions in which no reference region is
available, a measure related to Bmax/Kd may still be
detectable if V2 has a low variability between sub-
jects. For example, VT 5 V3 1 V2 can be estimated
and, if V2 is constant, should reflect the receptor
density.
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3. Generally, invasive models have fewer assumptions
than do noninvasive models.

The disadvantages of invasive models are as follows:

1. Arterial sampling is invasive, is associated with dis-
comfort, and is technically demanding.

2. The arterial sample comes from a coincidence detec-
tor that is different from the PET scanner. Although
the detector can be calibrated, the variance of the
measurement may differ.

3. Accurate measurement of metabolites in plasma is
required to determine the concentration of parent
radioligand in plasma and requires additional staffing
during scanning.

4. Accurate measurement of the free-fraction f1 is also
required.

5. The arterial sample measurement often has greater
variance (in part as a result of disadvantages 2, 3, and
4). Although arterial sampling models may be more
accurate, they may often be less reproducible.

Table 1 (30) compares the assumptions required for each
noninvasive model. If the kinetics of the radioligand allow
the assumptions for a valid model, the model is suitable for
that radioligand.

The following illustrates the choice of noninvasive mod-
els. A dataset of SPECT using [123I]iodobenzofuran (IBF, a
dopamine D2 receptor tracer) was acquired for a healthy
person and a person with possible multiple-system atrophy.
Sample IBF SPECT images and time–activity data are
shown in Figures 3 and 4, respectively (30). How does one
choose an appropriate model to analyze the data? The
frontal cortex is known to have the properties of a reference
region for IBF (19). Also known is that V2 does not vary for
this radioligand between subjects (31). Given this informa-

tion, several noninvasive models are potentially suitable.
Clearance of IBF is known to have a high intersubject
variability, and t* is known to be reasonably early (19). The
use of a single tissue compartment is unclear for this radio-
ligand. In view of the assumptions in Table 1, the models
that appear potentially suitable include the Logan noninva-
sive and the Ichise noninvasive. Table 2 (30) shows the BP*
values calculated from the IBF SPECT dataset described in
Figure 4. Some models show discrepant results that may be
attributed to inadequately met assumptions.

CONCLUSION

Tracer kinetic modeling in PET and SPECT allows the
derivation of equilibrium parameters that describe radioli-
gand-receptor kinetics such as the BP and the V3/V2 from
time–activity data. These parameters are related to Bmax and
Kd, which are traditionally found by in vitro radioligand
binding assays. Such data may be used to assess the neu-
ropathology of diseases that change Bmax or Kd. Recent
developments in modeling reversible ligands have gener-
ated several noninvasive approaches that can readily be

TABLE 1
Assumption Requirement for Noninvasive Models

Assumption

Model

Logan
noninvasive

(Eqs. 15 and 16)
Ichise

noninvasive

Lammertsma
reference tissue/
basis function†

Peak
equilibrium

Transient
equilibrium

Reference tissue (Y/Y) Y Y Y Y
Low V2 variability (Y/Y) Y Y Y Y
Single tissue compartment (N/N) N Y N N
Low radioligand clearance variability (N/N) N N Y Y
Constant CRF(t)/CRC(t) (N/Y) N N N N
Early t* (Y/Y) Y N N N
C2(t) 5 C92(t) (N/N) N N Y Y
V2 5 V92 (Y/Y) Y Y Y N
The value of k92 (Y/N) N N N N

†Basis function model requires additional assumptions regarding Bi and us, as described in text.
Y 5 yes; N 5 no.
Reprinted with permission of (30).

TABLE 2
Binding Potential Values for [123I]IBF SPECT

from Single Dataset

Model

Binding potential

(BP* 5 V3/V2)

Kinetic analysis 3.24
Logan noninvasive 3.15
Lammertsma reference tissue 2.98
Ichise noninvasive 3.23

Reprinted with permission of (30).
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applied to provide quantitative data, provided that the ra-
dioligand adequately meets the assumptions inherent in the
model used.

APPENDIX

Definitions of Terms
[L]: Concentration of unbound radioligand in buffer so-

lution (Bq/mL). [L] corresponds to f1CP(t).
[RL]: Concentration of bound radioligand (Bq/mL). [RL]

corresponds to C3(t).
[R], B9max: Concentration of unbound receptors (mol/g).

[R] 5 B9max, which is nearly equal to Bmax when the radio-
ligand is used at tracer doses.

Bmax: Concentration of receptors (mol/g). Bmax 5 [R] 1
[RL].

kon, koff: Association and dissociation rate constants, re-
spectively, for the bimolecular reaction.

Kd: Equilibrium dissociation constant for the radioligand–
binding site complex. Kd 5 koff/kon measured in aqueous so-
lution, either the solvent in the case of in vitro radioligand
binding assays or plasma water in the case of PET and SPECT.

CP(t): Plasma activity of unmetabolized parent radioli-
gand (Bq/mL).

f1: Free fraction of plasma unmetabolized parent radioli-
gand.

f2: fraction of free compartment from which the radioli-
gand can exchange with the specifically bound compart-
ment.

C92(t), C2(t): Tissue radioligand activity in the nondis-
placeable compartment (Bq/mL) for reference and receptor-
containing tissues, respectively.

C3(t): Tissue radioligand activity bound to receptors (Bq/
mL).

CRF(t): Tissue radioligand activity in the receptor-devoid
reference region of interest, including plasma activity (Bq/
mL). CRF(t) 5 C92(t) 1 CP(t)V1.

CRC(t): Tissue radioligand activity in the receptor-con-
taining region of interest, including plasma activity (Bq/
mL). CRC(t) 5 C2(t) 1 C3(t) 1 CP(t)V1.

K1, K91: Transfer constants from plasma to tissue for
receptor-containing and reference tissues, respectively (mL/
g/min), which are the product of regional blood flow (F) and
unidirectional extraction fraction (E).

k2, k92: Transfer constants from tissue to plasma for re-
ceptor-containing and reference tissues, respectively (per
minute).

k3, k4: Transfer constants between second and third com-
partments (per minute). k3 5 (1/V2)konBmax and k4 5 koff.

V1: Plasma volume (milliliters) in 1 g of tissue.
V92, V2: Nondisplaceable distribution volumes, which are

assumed to be the same for reference (V92) and receptor-
containing (V2) tissues, defined as V92 5 V2 5 K1/k2 5 K91/k92
(mL/g). K1/k2 is also referred to as the partition coefficient
(l)

V3: Distribution volume of C3 or binding potential de-
fined as V3 5 B9max/Kd 5 Bmax/Kd 5 K1k3/k2k4 (mL/g).

VT: Total-volume distribution volume in a receptor-con-
taining brain region, defined as VT 5 V2f1 1 V3f1 1 V1.

BP: The binding potential defined as V3 5 K1k3/k2k4 5
Bmax/Kd.

BP*: Another definition of binding potential, defined as
BP* 5 V3/V2 5 BP/V2 5 Bmax/V2Kd 5 k3/k4.

RV, RT, V993, DVr: Distribution volume ratio, RV; equilib-
rium tissue ratio, RT; and V993 are the same as BP*. Another
distribution volume ratio, DVr, is equal to (V2 1 V3)/V2 5
BP* 1 1.

RI: RI 5 K1/K91.
V: Convolution, a mathematic expression that can be

defined using functions f and g as follows: f# g 5
*0

t f~t 2 t!g~t!dt.
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