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Calculation of distribution volume using metabolite-corrected input
function

The input function was analyzed as linear interpolation of the
concentrations of [11C]MePPEP in arterial plasma before the peak, and
a tri-exponential fit of concentrations after the peak. Rate constants
(K1, k2, k3, and k4) in standard one- and two-tissue compartment
models (Innis et al., 2007) were calculated with weighted least
squares and the Marquardt optimizer. Brain data of each frame were
weighted by assuming that the standard deviation of the data is
proportional to the inverse square root of noise equivalent counts. To
correct the brain data for its vascular component, radioactivity in
serial whole blood was measured and subtracted from the PET
measurements, assuming that cerebral blood volume is 5% of total
brain volume. Image and kinetic analyses were performed using
PMOD 2.95 (pixel-wise modeling software; PMOD Technologies Ltd.,
Zurich, Switzerland) (Burger et al., 1998).

To determine the minimum scanning time necessary to obtain
stable values of distribution volume, we analyzed the PET data from
each subject after removing variable durations of the terminal portion
of the scan.We analyzed brain data of all subjects from 0–30min to 0–
150 or 0–210 min, depending on the total acquisition length, with
10 minute decrements.

Statistical analysis

Goodness-of-fit by the compartment models was compared with F
statistics (Hawkins et al., 1986). A value of Pb0.05 was considered
significant. Goodness-of-fit by nonlinear least squares analysis was
evaluated using the Akaike Information Criterion (AIC) (Akaike, 1974)
and themodel selection criteria (MSC). Themost appropriatemodel is
that with the smallest AIC and the largest MSC values.

The identifiability of the kinetic variables was calculated as the
standard error, which reflects the diagonal of the covariance matrix

(Carson, 1986). Identifiability was expressed as a percentage and
equals the ratio of the standard error to the rate constant itself. A
lower percentage indicates better identifiability. Identifiability of VT

was calculated from the covariance matrix using the generalized form
of error propagation equation (Bevington and Robinson, 2003), where
correlations among the rate constants were taken into account.

Group data are expressed as mean±SD. Group analysis of brain
data does not include white matter, as it does not contain significant
amounts of CB1 receptors. The variability between subjects or
intersubject variability (COV) was calculated as SD divided by the
mean.

The retest variability of scanswithin a single subject was defined as
the absolute difference between the test and retest studies, divided by
the mean of the two. Intraclass correlation coefficient (ICC) was
calculated for retest studies and compares the relative variation
within subjects to between subjects. Values of ICC were calculated by
(BSMSS−WSMSS)/(BSMSS+WSMSS), where BSMSS = mean of
summed squares between subjects, and WSMSS = mean of summed
squares within subjects. Values between 0 and 1 indicate that
variability is higher between subjects than within subjects; values
close to 1 suggest good reliability. Values between −1 and 0 indicate
that variability is higher within subjects than between subjects and
suggest poor reliability.

Results

Pharmacological effects

[11C]MePPEP caused no pharmacological effects based on sub-
jective reports, electrocardiogram, blood pressure, pulse, and respira-
tion rate. In addition, no effects were noted in any of the blood and
urine tests acquired about 24 h after radioligand injection. The
injected radioactivity of [11C]MePPEP was 651±90 MBq, which
corresponds to 9.4±3.3 nmol of MePPEP (n=26 injections in 17

Fig. 1. [11C]MePPEP in human brain. PET images from 40 to 80min after injection of [11C]MePPEP were averaged (left column) and coregistered to the subject's MRI (middle column).
PET and MR images are overlaid in the right column.
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co-twins (8.2%; t43=2.39, P=.02) (Figure 1). We failed
to detect differences between DZ co-twins and controls,
a finding that would fit in the model of greater degree of
deficit with increasing genetic vulnerability. No signifi-
cant group effects were detected in putamen or thala-
mus. Caudate D2 receptor BP was negatively correlated
with a canonical genetically related liability variable in
the whole study sample (N=25) (F1,21=6.22, r=−0.34,
P=.02), but not in groups studied separately. The asso-
ciation is illustrated in Figure 3, which plots D2 BP and
the model-predicted canonical variability scores (ad-

Table 2. [11C]Raclopride Binding Potential Values
in Control Twins, Unaffected Dizygotic Co-twins,
and Unaffected Monozygotic Co-twins

Brain Region

Binding Potential Value, Mean ± SD

Control Twins
(n = 14)

Unaffected Co-twins

DZ
(n = 5)

MZ
(n = 6)

Caudate
Combination* 1.93 ± 0.22 1.94 ± 0.16 2.10 ± 0.14
Left 1.92 ± 0.23 1.95 ± 0.21 2.13 ± 0.17
Right 1.95 ± 0.23 1.93 ± 0.14 2.07 ± 0.14

Putamen
Combination 2.50 ± 0.28 2.41 ± 0.17 2.49 ± 0.21
Left 2.54 ± 0.25 2.41 ± 0.23 2.52 ± 0.22
Right 2.46 ± 0.33 2.41 ± 0.11 2.47 ± 0.20

Thalamus
Combination 0.38 ± 0.06 0.41 ± 0.03 0.39 ± 0.03
Left 0.40 ± 0.07 0.43 ± 0.04 0.41 ± 0.05
Right 0.37 ± 0.07 0.38 ± 0.03 0.38 ± 0.05

Abbreviations: [11C]Raclopride, carbon 11 (11C)–labeled raclopride; DZ,
dizygotic; MZ, monozygotic.

*Statistically significant group effect; see “Results” section for details.
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Figure 1. Caudate (A) and putamen (B) mean binding potential (BP) values
across groups with different genetic vulnerability for schizophrenia (controls,
n = 14; dizygotic [DZ] co-twins, n = 5; monozygotic [MZ] co-twins, n = 6).
The comparisons shown are those between average (right! left) BP values.
P values denote those from t contrasts. Error bars denote standard error of
the mean.
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Figure 2. Visualization of increased dopamine D2 receptor binding potential
in left caudate nucleus in monozygotic co-twins of patients with
schizophrenia compared with healthy control twins (controls, n = 14;
monozygotic co-twins, n = 6) in the voxel-based receptor parametric
mapping analysis (Tmax = 2.56; cluster level–corrected P = .006). The color
intensity represents t statistic values at the voxel level. The results are
visualized on a magnetic resonance imaging template image and presented
in neurologic convention (right side of the brain is on the right side of the
image).
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Figure 3. The relationship of caudate dopamine D2 receptor binding potential
(BP) values and the model-predicted canonical liability scores (covaried for
age and twinship) (controls, n = 14; dizygotic co-twins, n = 5; monozygotic
co-twins, n = 6).
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ORIGINAL ARTICLE

Increased Caudate Dopamine D2 Receptor
Availability as a Genetic Marker for Schizophrenia
Jussi Hirvonen, MD; Theo G. M. van Erp, MA; Jukka Huttunen, MD; Sargo Aalto, MSc; Kjell Någren, PhD;
Matti Huttunen, MD, PhD; Jouko Lönnqvist, MD, PhD; Jaakko Kaprio, MD, PhD; Jarmo Hietala, MD, PhD;
Tyrone D. Cannon, PhD

Context: Schizophrenia has a heritability of about 80%,
but the detailed molecular genetic basis of the disorder
has remained elusive. Relative hyperfunction of the sub-
cortical dopamine system has been previously sug-
gested to be one of the key pathophysiologic mecha-
nisms in schizophrenic psychosis.

Objective: To examine the contributions of genetic vul-
nerability for schizophrenia to the dopamine system in
the human brain.

Design: Population-based twin cohort study.

Setting: Finland.

Participants: Six monozygotic and 5 dizygotic unaf-
fected co-twins of patients with schizophrenia were as-
certained, along with 4 monozygotic and 3 dizygotic
healthy control twins with no family history of psy-
chotic disorders.

Main Outcome Measures: Striatal dopamine D2 re-
ceptor availability estimated with positron emission to-
mographic imaging and carbon 11 (11C)–labeled raclo-

pride, and performance on neuropsychological tests
sensitive to frontal lobe functioning and to schizophre-
nia vulnerability.

Results: Unaffected monozygotic co-twins had in-
creased caudate D2 density compared with unaffected di-
zygotic co-twins and healthy control twins. Higher D2 re-
ceptor binding in caudate was associated with a poor
performance on cognitive tasks related to schizophre-
nia vulnerability in the whole sample.

Conclusions: The caudate dopamine D2 receptor up-
regulation is related to genetic risk for schizophrenia.
Higher dopamine D2 receptor density in caudate is also
associated with poorer performance on cognitive tasks
involving corticostriatal pathways. This finding sug-
gests that caudate dopamine dysregulation is also a trait
phenomenon related to psychosis vulnerability. This pat-
tern of results provides a theoretical rationale for early
pharmacologic intervention approaches using dopa-
mine D2 receptor blocking drugs.

Arch Gen Psychiatry. 2005;62:371-378

S CHIZOPHRENIA HAS A HERITA-
bility of about 80%,1 but the
detailed molecular genetic ba-
sis of the disorder has re-
mained elusive.2 Modern neu-

roimaging techniques have made it feasible
to study brain function at a molecular level
in vivo. Among the brain neurotransmit-
ter systems, the dopamine (DA) system has
been most intensively studied in schizo-
phrenic patients. Previous neuroimaging
studies suggest that there is dysregulation
of the subcortical DA system, as indicated
by increased responsivity to pharmaco-
logic challenges of subcortical DA neu-
rons.3 In vivo receptor imaging studies
indicate increased density of striatal post-
synaptic D2 receptors in patients with
schizophrenia.4,5 Thus far, it is unknown
whether this increased activity of the sub-
cortical DA system represents a common
final pathway in the schizophrenic psy-

chosis as a state-related phenomenon, or
whether it could be a genetically medi-
ated trait associated with vulnerability to
the disease. The search for endopheno-
types, measurable mediators between pre-
disposing genes and clinical phenotypic
features,6 may facilitate identification of the
genetic underpinnings of this multifacto-
rial neuropsychiatric disease with heter-
ogeneous clinical manifestations.

In the present study, we examined un-
affected co-twins of schizophrenic pa-
tients as well as healthy control twins by
positron emission tomography (PET) and
carbon 11 (11C)–labeled raclopride, a DA D2

receptor antagonist ligand. This study para-
digm has proven to be feasible in studying
the striatal DA system in vivo.7 Group com-
parisons were performed across 3 levels of
genetic loading (control twins [n=14], di-
zygotic [DZ] co-twins [n=5], and mono-
zygotic [MZ] co-twins [n=6]). The MZ co-
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with the distribution of CB1 receptors (17), which de-
creased slowly over time. Radioactivity in the brain peaked
by approximately 30 min and was approximately 3.2 SUV
for all areas of the neocortex (Figs. 2 and 3A). Areas with
high CB1 receptor density (e.g., putamen) had an even
greater concentration of radioactivity, peaking over 4.0
SUV in most subjects. Radioactivity in the brain decreased
slowly, remaining within approximately 85% of the peak by
2 h and within approximately 60% of the peak by 5 h. We
averaged radioactivity concentration from 20 to 60 min
after injection to represent brain uptake (brain uptake20–60;
Supplemental Table 3).

Two regions of the brain consistently demonstrated less
uptake of radioactivity than other regions. The first region,
pons, had a peak SUV of approximately 2.4 within 8 min.
After the peak, washout of radioactivity from the pons was
1.5–2 times faster than from other regions at 60–120 min
after injection. The second region, white matter, typically
peaked at an SUV of approximately 1.2 about 15 min after
injection and remained nearly constant until the end of the
scan, with minimal washout of radioactivity.

The skull had a significant uptake of radioactivity, which
could reflect bone or marrow (Fig. 3B). Among regions of
the skull, the clivus, which contains significant amounts of
marrow, had the greatest uptake of radioactivity, suggesting
that marrow more avidly takes up 18F-FMPEP-d2 or its
radiometabolites.

Plasma Analysis
The concentration of 18F-FMPEP-d2 in arterial plasma

peaked at 1–2 min and then rapidly declined because of

distribution in the body, followed by a slow terminal phase
of elimination. To quantify the exposure of the brain to 18F-
FMPEP-d2, we fitted the concentration of 18F-FMPEP-d2

after its peak to a triexponential curve (Fig. 4A). Of the 3
associated half-lives, the first 2 (;0.4 and 5.7 min) largely
reflected distribution and the last (;82 min) reflected
elimination (i.e., metabolism and excretion). However,
the 3 components accounted for nearly equal portions of
the total AUC0-N: approximately 18%, 28%, and 33%. The
portion before the peak accounted for approximately 20%
of the AUC0-N. The concentration of 18F-FMPEP-d2 in the
plasma of some subjects remained the same or slightly
increased during the 2 later imaging intervals (150–180 and
210–240 min) but declined during the rest intervals (120–
150, 180–210, and 240–270 min). During the rest intervals,
subjects arose from the camera and walked around,
suggesting that the shifting of fluid in the body may have
mobilized and redistributed 18F-FMPEP-d2.

FIGURE 2. 18F-FMPEP-d2 in human brain. PET images
from 30 to 60 min after injection of 18F-FMPEP-d2 were
averaged (left column) and coregistered to subject’s MR
images (middle column). PET and MR images are overlaid in
right column.

FIGURE 3. Time–activity curves of 18F-FMPEP-d2 in brain
from single subject scanned for 300 min. (A) Decay-
corrected measurements from putamen (n), prefrontal cortex
(h), cerebellum (d, pons (s), and white matter (·) were fitted
with unconstrained 2-tissue-compartment model (–). Puta-
men was consistently region of highest brain uptake. White
matter was consistently region of lowest brain uptake,
followed by pons. (B) Decay-corrected measurements from
same subject demonstrate uptake of radioactivity in clivus
(¤), occiput ()), and parietal bones (:). Concentration
(Conc) is expressed as SUV, which normalizes for injected
activity and body weight.
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Several radiometabolites of 18F-FMPEP-d2 appeared in
plasma (Figs. 4B and 4C). The main radiometabolite eluted
earlier than 18F-FMPEP-d2 on reversed-phase HPLC and
was presumably less lipophilic than the parent compound.
The concentration of this radiometabolite peaked within 60

min and minimally declined for the remainder of the scan.
Other radiometabolites were detected throughout the scan
in varying concentrations and with various elution times on
HPLC. After 60 min, 18F-FMPEP-d2 constituted only 11%
of total radioactivity in plasma and declined thereafter.

The free fraction of 18F-FMPEP-d2 in plasma (fP) was
low. The average fP was 0.63% 6 0.33% in 9 subjects, with
an SD of 0.01% for repeated sample measurements. The fP
had a retest variability of 50% for 8 subjects.

Optimum Model and Scan Length for Kinetic Analysis
After 300 min of scanning, the unconstrained 2-com-

partment model provided a significantly better fit of the
data in all subjects than did the 1-tissue-compartment
model, consistent with the presence of both specific and
nonspecific binding in the brain. Although the 1-tissue
model estimated K1, k2, and VT with reasonable identifi-
ability (SE, 1%26%), the curves significantly deviated
from the measured brain data, especially in regions with
low CB1 receptor density. Compared with the 1-tissue
model, the 2-tissue model had a statistically better fit to
measured data by F test (P , 0.05), lower AIC scores (192
vs. 285, on average), and higher MSC scores (4.4 vs. 2.3,
on average) for all brain regions.

For the 2-tissue-compartment model, we assessed the
utility of constraining nondisplaceable uptake (VND 5 K1/
k2) to a single value determined from all regions except
white matter. When compared by F test, the unconstrained
model fitted the data significantly better than did the
constrained model in most regions, and the AIC and
MSC scores favored the unconstrained model. For these
reasons, we used the unconstrained 2-tissue-compartment
model for additional analyses.

To determine the minimal scanning time necessary to
obtain stable values of VT, we calculated VT and its
identifiability using increasingly truncated durations of
brain data. VT was stably identified between 60 and 120
min, whereas its identifiability was best (i.e., SE was
lowest) between 120 and 300 min (Fig. 5A). VT gradually
increased after 120 min, and regions closer to the skull
increased more after 120 min than those in the center of the
brain. Nevertheless, VT increased in all brain regions after
120 min, which was consistent with the accumulation of
radiometabolites in the brain. Therefore, we chose 120 min
of scan data to determine VT, because VT was stably
identified between 60 and 120 min, its identifiability was
good, and additional scan durations would have greater
contamination from radiometabolites. We confirmed that
the 2-tissue-compartment model was superior to the 1-
tissue-compartment model after 120 min of data based on
the same criteria described above.

Kinetic Analysis and Retest Variability Based on
120 min of Scan Data

The value of K1 in all regions except white matter ranged
from 0.08 to 0.12 mL!cm23!min21, with an average of 0.10
mL!cm23!min21 (Supplemental Table 2). Assuming that

FIGURE 4. Concentration of 18F-FMPEP-d2 and its per-
centage composition in arterial plasma. (A) Average con-
centration of 18F-FMPEP-d2 in arterial plasma from 9
subjects is plotted over time after injection. Data after peak
(;1 min) were fitted to triexponential curve (—). Symbols (:)
and error bars represent mean and SD, respectively. (B)
Percentage composition of parent radioligand (d) and
radiometabolites (s) in arterial plasma from 9 subjects are
plotted over time after injection. After 60 min, 18F-FMPEP-d2

accounted for at least 11% of radioactivity in arterial plasma.
(C) This radiochromatogram illustrates plasma composition
from 1 subject, 30 min after injection of 18F-FMPEP-d2.
Radioactivity was measured in counts per second (cps).
Peaks are labeled with increasing lipophilicity from A to E.
Peak E represents 18F-FMPEP-d2. Conc 5 concentration.
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In vitro receptor binding concepts

Bmax = concentration of receptor sites
KD = dissociation contast

(conversely, 1/KD = affinity of each receptor)
BPF = Bmax/ KD = binding potential



The Law of Mass Action

L + R                 LR

”The rate of association is proportionate to the concentrations of the reactants, and 
the rate of dissociation is proportionate to the concentration of the complex.”

kon

koff

L = ligand
R = receptor
LR = ligand-receptor complex
kon = the rate constant of association 

= bimolecular association rate (nM-1min-1)
koff = the rate constant of dissociation (min-1)



The Law of Mass Action

[ ] [ ][ ] [ ]LRkRLk
dt
LRd

offon -=

Thus, [LR] will increase in proportion to the product 
[L][R] and decrease in proportion to [LR]:



Dynamic equilibrium

At equilibrium, the rate of association equals the rate of dissociation:

[ ] 0=
dt
LRd [ ][ ] [ ]LRkRLk offon =

[ ][ ]
[ ] D

on

off K
LR
RL

k
k

==

, thus

rearrangement gives:
Dissociation constant, units of 
concentration (nM)



”Michaelis-Menten” equation for receptor binding

• Redefine:
B = [LR] = concentration of bound ligand
F = [L] = concentration of free (unbound) ligand

• Total concentration of receptors:
Bmax = [LR] + [R]

• Concentration of available receptors:
Bmax’ = Bmax – B = [R]



Thus:

[ ][ ]
[ ] B

BBF
B

FB
LR
RL

k
k

K
on

off
D

)(' maxmax -
====

”Michaelis-Menten” equation for receptor binding



Solving for B:

FK
FBB

D +
= max

The ”Michaelis-Menten” relationship

”Michaelis-Menten” equation for receptor binding



Saturation binding curve FK
FBB

D +
= max

Image courtesy of Robert B. Innis (NIMH, USA)



Saturation binding curve FK
FBB

D +
= max

B will asymptotically approach Bmax

- in theory, when all receptors are saturated, 
B=Bmax.

KD is the concentration at which half the 
receptors are saturated: when B=Bmax/2, F=KD. 

Image courtesy of Robert B. Innis (NIMH, USA)



• Slope of the saturation binding curve:

Saturation binding curve

FK
B

F
B

D +
= max



PET: tracer doses
• In PET, minuscule amounts of the radiotracer are injected 

(”tracer” dose)

• Only <1% of the receptors are occupied (ideally)

• No pharmacological effects expected
• Molar activity (Am, MBq/nmol): amount of labeled 

molecules relative to unlabeled (”cold”, ”carrier”) 
molecules
– High Am: tracer dose, <1% occupancy

– Low Am: significant occupancy at receptors!



PET: tracer doses

Thus, F<<KD (the latter being the concentration at which 50 % of the 
receptors are occupied), and:

BPAffinityB
K
B

F
B

D

=== *max
max



Saturation binding curve

Image courtesy of Robert B. Innis (NIMH, USA)



Saturation binding curve

BP is the initial slope of the saturation binding 
curve
- At tracer doses, the slope (BP) is constant and the 
association of Bound and Free nearly linear

Image courtesy of Robert B. Innis (NIMH, USA)



Scatchard linearization

Rearrangement of the ”Michaelis-Menten” equation 
gives:

DD K
BB

KF
B max1

+÷÷
ø

ö
çç
è

æ -
=

Slope= -1/KD Y-intercept= Bmax/KD



Scatchard linearization
With PET tracer doses, we operate in this portion 
of the Scatchard plot

Image courtesy of Robert B. Innis (NIMH, USA)



Major differences between in vitro measurements 

and in vivo PET

• In vivo PET: usually, tracer doses are used (F<<KD)

• Thus, receptors are not occupied at all → Bmax or KD cannot be measured 

separately, only their ratio (BPF)!

• In vitro, multiple levels of saturation is used to describe Bmax and KD

• In vivo PET: regional blood flow, extraction, binding to plasma proteins, 

non-specific binding, multiple populations of specific binding sites, internal 

milieu (pH, ion concentrations etc), radioactive metabolites of the 

radiotracer, endogenous neurotransmitters, factors related to PET 

instrumentation…



Interpretation of in vivo binding potential differences

From a pharmacological point of view, if BPF differs 
between individuals, what is different?

- Bmax: different individuals have different 
concentrations of receptors
- KD: property of a single receptor: eg. conformational 
changes in the receptor protein structure may lead to 
differences in KD



Receptor occupancy

Image: Laruelle & Huang, Q J Nucl Med 2001;45:124-138



Competitive inhibition with PET

• Endogenous neurotransmitters or exogenous substances 
compete with the radioligand in binding to receptors

• Competitive inhibition can be studied with PET using two tracer 
dose scans: one in baseline, and another after pharmacological 
challenge

• Changes in BP are considered to reflect changes in the synaptic 
concentrations of endogenous neurotransmitters



Competitive inhibition with PET

• But what alters in vivo BPF in competitive inhibition?
– Bmax: the total concentration of receptor cannot change, otherwise not 

competitive inhibition!
– KD: the affinity of each receptor cannot change in competitive inhibition!

• Introducing a new term: apparent affinity
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Pharmacological interpretation of BPF in vivo
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KD = equilibrium dissociation constant of the tracer
Fi = concentration of i competing substances
KDi = equilibrium dissociation constant of i competing substances



Occupancy

For the measurement of occupancy of endogenous or 
exogenous ligands using two PET scans with tracer doses:

%)100(*
BEFORE

AFTERBEFORE

BP
BPBP -

Occupancy (% ) =



Scatchard analysis in vivo for the differentiation of 
Bmax and KD

• Multiple PET scans are needed with decreasing specific activities
– Thus, gradually increasing the amount of unlabeled (”cold”) radioligand to 

yield significant occupancy at the receptors

• From multiple observations, pairs of B and B/F are calculated and 
plotted in the Scatchard plot
– B can be measured at equilibrium as CB(t)/Am, where CB(t)=CT(t)-CREF(t)
– B/F can be measured as CB/CREF



Scatchard analysis in vivo for the differentiation of 
Bmax and KD

Image courtesy of Robert B. Innis (NIMH, USA)



Scatchard analysis in vivo for the differentiation of 
Bmax and KD

High Am, negligible occupancy

Gradually decreasing Am, increasing occupancy

Image courtesy of Robert B. Innis (NIMH, USA)



Confounding factors and complications
• Properties of the radioligand

– Target receptor population (affinity states etc.)
– Physiological receptor variants
– Is it comparable to the endogenous ligand?

• Receptor trafficking
– Agonist-induced receptor internalization
– How does is affect Bmax?
– Do PET radioligands bind to internalized receptors? How?

• Non-competitive inhibition, changes in receptor 
conformation



Full compartmental model

CP

CF

CNS

CB

K1

k2

k3

k4

k5 k6

Practically, too many parameters to 
achieve reliable fits…



Full compartmental model
• CP = radioactivity concentration in arterial plasma
• CF = radioactivity concentration of free radioligand in tissue
• CB = radioactivity concentration of specifically bound radioligand
• CNS = radioactivity concentration of non-specifically bound radioligand
• K1 = rate constant for transit between plasma and tissue (ml tissue)/(ml 

plasma)/min
• k2 = rate constant for transit between tissue and plasma (min-1)
• k3, k4 = rate constants for transit between free and specifically bound 

compartments and vice versa (min-1)
• k5, k6 = rate constants for transit between free and non-specifically bound 

compartments and vice versa (min-1)



Assumption in all compartmental models

• Only free radioligand in arterial plasma in considered to pass 
the blood-brain barrier

• Free radioligand in plasma = not bound to proteins
• The fraction of total plasma radioactivity originating from free 

radioligand = fP



Standard 3-compartmental model

CP CF+NS CB
K1

k2

k3

k4

Observed with PET (tissue radioactivity concentration)

Cwb

( ) wbbTbPET CVCVC +-= 1 BNSFT CCC += +;



Assumptions in the 3-compartmental model

• Free and non-specifically bound compartments are 
assumed to be at equilibrium rapidly

• Thus, these are treated as a single compartment
• The fraction of radioactivity in this combined 

compartment originating from free radioligand = fND



Volume of distribution (VT)

The ratio of radioactivity concentration in a compartment 
and in plasma:

Vj =
Cj

fPCP
Vj = the distribution volume of the jth compartment
Cj = radioactivity concentration in the jth compartment
fP = plasma ”free fraction”
CP = radioactivity concentration in arterial plasma



Derivation of VT from rate constants: 
Total VT for 2-compartmental model

TP
T CkCK
dt
dC

21 -=



At equilibrium, no net transfer between plasma and tissue:

0=
dt
dCT
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Derivation of VT from rate constants: 
Total VT for 2-compartmental model



BNSFT CCC += +

BNSFNSFP
NSF CkCkCkCK

dt
dC

4321 +--= ++
+

BNSF
B CkCk

dt
dC

43 -= +

Derivation of VT from rate constants: 
Total VT for 3-compartmental model



At equilibrium:
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Derivation of VT from rate constants: 
Total VT for 3-compartmental model



At equilibrium:

thus:
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Derivation of VT from rate constants: 
Total VT for 3-compartmental model



How do rate constants relate to pharmacological binding 
parameters?

k3 = kon fND Bmax −
CB (t)
SA
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How do rate constants relate to pharmacological binding 
parameters?

At tracer doses, Am >> CP(t) (that is, negligible occupancy by the 
radiotracer), and k3 formula reduces to:

k3 = kon fNDBmax
Since

D
on

off K
k
k

=

k3
k4
=
fNDBmax
KD

= BPND

,



Standard 3-compartmental model

CP CF+NS

K1

k2

k3

k4

CB

CND, VND CS, VS



Nomenclature
BP 
notation

Pharmacological 
interpretation

Kinetic
interpretation

VT interpretation fP fND

BPF No No

BPP Yes No

BPND No Yes

DK
Bmax

fPBmax
KD

fNDBmax
KD

K1k3
fPk2k4
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Distribution Volume (VT)
VT equals uptake in brain relative to how much activity is 

delivered in arterial plasma

AUC=2Pl
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Methods for estimating BP in vivo

• Direct method
– From rate constants: complicated

• Indirect method
– Calculation from VT values derived from target and 

reference regions using arterial plasma input: more 
robust

– Calculation using reference region models: robust, 
arterial blood sampling not required

– Caveat: critically dependent on the validity of the 
reference region to accurately estimate VND



Reference region methods

CP

CF+NS
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Reference region methods
• Estimation of the free and non-specific compartment (CF+NS) from a 

reference region would obviate the need of arterial blood sampling

– A major advantage in clinical studies!

• In a valid reference region, VND represents only free and non-specific 
radioligand – no specific binding to receptors

• Central assumption: free and non-specific binding is same between brain 
regions, i.e.:
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=

Note that blood flow is not assumed to be equal across brain regions - only the 
ratio K1/k2.



Reference region methods: indirect BP estimation 
from VT values
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Reference region methods: indirect BP estimation 
from VT values



Reference region methods: simplified reference tissue 
model (SRTM)

CT (t) = R1CREF (t)+ k2 −
R1k2
1+BP
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CT(t) = radioactivity concentration in the region of interest (=CF+NS+CB)
CREF(t) = radioactivity concentration in the reference region
R1 = ratio of K1 and K1’
BPND = binding potential

Further assumptions: bound and free+non-
specific compartments reach equilibrium rapidly 
→ they can be treated as a single compartment, 
CF+NS+B



Conclusions

• Nomenclature concerning the parameters estimates for 
specific binding may be confusing

• Always check what is really meant by ”BP”
• Always state explicitly in an article what you mean by 

”BP”
• Keep in mind the limitation and vulnerabilities of each 

model
• Learn the model configurations and common formulas


