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Overview

• What goes on in the blood?

• What goes on in the brain?
• Some useful concepts from biochemistry

• Kinetic modeling of PET / SPECT data

• Compare outputs from our kinetic models to in vitro 
analyses

• Emphasize on some assumptions – please don’t 
violate. 
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Established nomenclature for PET / SPECT
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𝐵𝑃 =
[𝑅𝐿]

[𝐿]
=
"𝑏𝑜𝑢𝑛𝑑"

"𝑓𝑟𝑒𝑒"

Single binding site model
[RL]:  Conc. of bound receptor-ligand complexes
[L] :  Conc. of free ligand
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[𝐿] + [𝑅] ⇄ [𝑅𝐿]
kon

koff

𝐾𝐷 =
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛

Some useful concepts from biochemistry
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Some useful concepts from biochemistry

Single binding site model

What would we ideally want from a 
PET experiment?

[11C]flumazenil

Binds to GABAA

L

L

L
L

R R R LR
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Some useful concepts from biochemistry

Single binding site model

What would we ideally want from a 
PET experiment?

[11C]flumazenil

Binds to GABAA

L

L

L
L

R R R LR

[𝐿] + [𝑅] ⇄ [𝑅𝐿]
kon

koff

𝐵𝑃 =
[𝑅𝐿]

[𝐿]

Probably we want to estimate the 
number of receptors, [R] 
(Bmax or Bavail)

𝐾𝐷 =
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
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Some useful concepts from biochemistry

Single binding site model

What would we ideally want from a 
PET experiment?
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[𝐿] + [𝑅] ⇄ [𝑅𝐿]
kon

koff

𝐵𝑃 =
[𝑅𝐿]

[𝐿]

𝑅𝐿 =
𝑅 [𝐿]

𝐿 + 𝐾𝐷
𝐾𝐷 =

𝑘𝑜𝑓𝑓

𝑘𝑜𝑛

Michelis-Menten equation

Probably we want to estimate the 
number of receptors, [R] 
(Bmax or Bavail)
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Some useful concepts from biochemistry

Single binding site model

What would we ideally want from a 
PET experiment?

L

L

L
L

R R R LR

[𝐿] + [𝑅] ⇄ [𝑅𝐿]
kon

koff

𝐾𝐷 =
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
𝑅𝐿 =

𝑅 [𝐿]

𝐿 + 𝐾𝐷

=
𝑅 [𝐿]

[𝐿] 𝐿 + 𝐾𝐷
𝐵𝑃 =

[𝑅𝐿]

[𝐿]

Michelis-Menten equation

Tracer doses:
𝐿 ≪ 𝐾𝐷

Probably we want to estimate the 
number of receptors, [R] 
(Bmax or Bavail)
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Some useful concepts from biochemistry

Single binding site model

What would we ideally want from a 
PET experiment?
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[𝐿] + [𝑅] ⇄ [𝑅𝐿]
kon

koff

𝐾𝐷 =
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𝑅𝐿 =

𝑅 [𝐿]

𝐿 + 𝐾𝐷

=
𝑅 [𝐿]

[𝐿] 𝐿 + 𝐾𝐷
𝐵𝑃 =

[𝑅𝐿]

[𝐿]

Michelis-Menten equation

Tracer doses:
𝐿 ≪ 𝐾𝐷

=
𝐵𝑚𝑎𝑥

𝐾𝐷

Probably we want to estimate the 
number of receptors, [R] 
(Bmax or Bavail)
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Some useful concepts from biochemistry

Single binding site model

What would we ideally want from a 
PET experiment?

L

L

L
L

R R R LR𝐵𝑃 =
𝑏𝑜𝑢𝑛𝑑

𝑓𝑟𝑒𝑒
= ⋯ =

𝐵𝑚𝑎𝑥

𝐾𝐷

Morris et al., Emission Tomography, Elsevier 2004



Martin Schain

NRU, Copenhagen University Hospital, Rigshospitalet

[11C]flumazenil

[11C]MADAM [11C]WAY-100635

[11C]raclopride

PET/SPECT data quantification
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Time frames of a PET image

Frame 1
(0-15 s)

Frame 2
(15-30 s)

Frame 3
(30-60 s)

... ...
Frame 16

(750-930 s)
Frame 26

(3440-3800 s)

Increasing frame durations (why?)
Each voxel (pixel) has a value, what’s the unit?
Very noisy
Very little spatial information

low high

time



Martin Schain

NRU, Copenhagen University Hospital, Rigshospitalet

Regions of Interests (ROI)

Manual ROIs Automatic ROIs
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Time frames of PET / SPECT images

Frame 1
(0-15 s)

Frame 2
(15-30 s)

Frame 3
(30-60 s)
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Frame 16
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Subject 1

Subject 2

Subject 2 has a higher density of Dopamine D2/D3 receptors !!Subject 2 has a higher density of Dopamine D2/D3 receptors ??

Was the same amount of radioactivity injected both subjects?
Did they have the same body weight?
Did the radioligand metabolise in the exact same way? 
Did they have the same degree of non-specific binding?
Etc...

Quantification of dynamic PET / SPECT data
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Standardized uptake value
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Hirvonen et al., JCBFM 2008
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Total distribution volume, VT

Parent radioligand in plasma Radioactivity in brain

While at equilibrium, 
VT = brain / plasma
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Plasma radioactivity 
(measured from blood samples)
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Distribution volume, VT

The volume of plasma required to account
for the measured radioactivity in tissue.

Concentration of unchanged 
radioligand in plasma

Concentration of radioligand 
in a brain region
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Distribution volume, VT

The volume of plasma required to account
for the measured radioactivity in tissue.
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What can we assume about the kinetic behaviour of the tracer?

CF

Cp

CS

K1

k2

k3

k4

k5 k6

CNS

3 tissue compartment model

CND

Cp

K1

k2

k3

k4

CS

2 tissue compartment model

CT

Cp

K1

k2

1 tissue compartment model
ROI

Distribution volume, VT
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CT

Cp

K1

k2

What can we assume about the kinetic behaviour of the tracer?

𝑑𝐶𝑇(𝑡)

𝑑𝑡
Mass balance = 𝐾1𝐶𝑝(𝑡) −𝑘2𝐶𝑇(𝑡)

Solving dif. 
Eq...

𝐶𝑇(𝑡) = 𝐶𝑝(𝑡) ⊗ 𝐾1𝑒
−𝑘2𝑡

”Rate of change” 
= influx - outflux

= ⋯ =
𝐾1
𝑘2

Distribution volume, VT

𝑉𝑇 =
0
∞
𝑇𝐴𝐶(𝑡)𝑑𝑡

0
∞
𝑝𝑙𝑎𝑠𝑚𝑎(𝑡)𝑑𝑡

=
0
∞
𝐶𝑇(𝑡)𝑑𝑡

0
∞
𝐶𝑝(𝑡)𝑑𝑡
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Input 
signal

Output 
signal

Linear Time Invariant (LTI) Systems
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Input 
signal

Output 
signal

Electric current, 
sinus wave...

Synthesizer

?

Linear Time Invariant (LTI) Systems
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Input 
signal

Output 
signal

Electric current, 
sinus wave...

Synthesizer

!

Modify input signal + Study output signal →

Understand the system (!) 

Linear Time Invariant (LTI) Systems
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Input 
signal

Output 
signal

Impulse function

System 
response

h

Impulse response function 
(IRF)

Impulse response function ”defines” the system!

For any input signal fi(t), the corrsponding output signal fo(t) is 

given by

IRFtftf io = )()(

Linear Time Invariant (LTI) Systems
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Convolution

Convolution of a 
square input function

and a ”response 
function”.  The 

convolved signal will 
be the output in this 

”model”.

Convolution of two 
square functions. The 

convolution (black line) 
at any time is the size of 

the joint area (yellow 
field) of the two 

functions at that time.
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square functions. The 

convolution (black line) 
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field) of the two 

functions at that time.
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Convolution

Convolution of a 
square input function

and a ”response 
function”.  The 

convolved signal will 
be the output in this 

”model”.

Convolution of two 
square functions. The 

convolution (black line) 
at any time is the size of 

the joint area (yellow 
field) of the two 

functions at that time.
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𝐶𝑇(𝑡) = 𝐶𝑝(𝑡) ⊗ 𝐾1𝑒
−𝑘2𝑡 𝑉𝑇 =

0
∞
𝐶𝑇(𝑡)𝑑𝑡


0

∞
𝐶𝑝(𝑡)𝑑𝑡

=. . . =
𝐾1
𝑘2

* PET data

1TCM
2TCM

CND

Cp

K1

k2

k3

k4

CS

CT

Cp

K1

k2

Distribution volume, VT

𝑉𝑇 =
𝐾1
𝑘2

1 +
𝑘3
𝑘4



Martin Schain

NRU, Copenhagen University Hospital, Rigshospitalet

Distribution volume, VT

Question?
What if you think that the fits obtained 
from 1TCM and 2TCM are equally good?

Occam’s razor
Parsimony Principle
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Distribution volume, VT

Example

CND

Cp

K1

k2

k3

k4

CS

Frankle et al, Neuropsychopharmacology (2009)

[11C]Flumazenil VT before and after treatment with Tiagabine
(blocks GABA transporter). 
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Total binding
(CT(t), observed)

Specific binding
(CS(t), modeled)

Non-displaceable 
binding

(CND(t), modeled)

Total binding
(modeled)

CND

Cp

K1

k2

k3

k4

CS

Distribution volume, VT

VT =VND+VS

𝑉𝑆 =
𝐶𝑆
𝐶𝑝 𝑉𝑇 =

𝐾1
𝑘2

1 +
𝑘3
𝑘4

𝑉𝑁𝐷 =
𝐶𝑁𝐷
𝐶𝑝

𝑉𝑇= 𝑉𝑁𝐷 + 𝑉𝑆



Martin Schain

NRU, Copenhagen University Hospital, Rigshospitalet
4 March 2022Name Surname 39

Distribution volume, VT

Example

CND

Cp

K1

k2

k3

k4

CS

Reference region –
negligible density of target
CS=0

Frankle et al, Neuropsychopharmacology (2009)

[11C]Flumazenil VT before and after treatment with Tiagabine
(blocks GABA transporter). 

Derivation of BDZ parameters was based upon the following assumptions: (1) because ofthe low

density of BDZ in the pons (Abadie et al, 1992; Price et al, 1993), pons VT was assumed to be

representative of equilibrium nonspecific binding, VND; (2) the nonspecific binding did not vary

significantly between regions.
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Fundamental assumption of PET:
VND doesn’t change

CND

Cp

K1

k2

k3

k4

CS
CND

Cp

K1

k2

k3

k4

CS

VND

VS
VT

𝑉𝑇 = 𝑉𝑆 + 𝑉𝑁𝐷
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How can we estimate VND?

If there is a reference region:
Your answer here...

If there is not a reference region:
Your answer here...
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How can we estimate VND?

If there is a reference region:
Apply your kinetic model to the reference region TAC. 
The VT you get will be VND

If there is not a reference region:
Your answer here...
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How can we estimate VND?

If there is a reference region:
Apply your kinetic model to the reference region TAC. 
The VT you get will be VND

If there is not a reference region:
No established way exists...
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Some useful concepts from biochemistry

Single binding site model (equilibrium)

L

L

L
L

R R R LR

[𝐿] + [𝑅] ⇄ [𝑅𝐿]
kon

koff

𝐵𝑃 =
[𝑅𝐿]

[𝐿]
𝐾𝐷 =

𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
=
𝐵𝑚𝑎𝑥

𝐾𝐷

CND

Cp

K1

k2

k3

k4

CS
𝑅𝐿 : 𝐶𝑆

𝐿 : 𝑓𝑁𝐷𝐶𝑁𝐷

𝐿 : 𝑓𝑝𝐶𝑝

𝑓𝑁𝐷: fraction of free tracer in ND compartment
𝑓𝑝 : fraction of free tracer in plasma
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Three approaches to estimate BP
Approach 1 (relative to ND)

𝑅𝐿 : 𝐶𝑆
𝐿 : 𝑓𝑁𝐷𝐶𝑁𝐷
𝐿 : 𝑓𝑝𝐶𝑝

[𝑅𝐿]

[𝐿]
= 

𝐶𝑆

𝑓𝑁𝐷𝐶𝑁𝐷
=

ൗ
𝐶𝑆

𝐶𝑝

𝑓𝑁𝐷 ൗ
𝐶𝑁𝐷

𝐶𝑝

=
𝑉𝑆

𝑓𝑁𝐷𝑉𝑁𝐷
→

𝑉𝑇−𝑉𝑁𝐷

𝑉𝑁𝐷
=𝑓𝑁𝐷

𝐵𝑚𝑎𝑥

𝐾𝐷
= 𝐵𝑃𝑁𝐷

Approach 1: ”Free” means ”free in non-displaceable compartment”

𝑓𝑁𝐷: fraction of free tracer in ND compartment
𝑓𝑝 : fraction of free tracer in plasma

𝐶𝑝 ∶ Concetration of tracer in plasma

𝐵𝑃 =
[𝑅𝐿]

[𝐿]
=

𝐵𝑚𝑎𝑥

𝐾𝐷
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Three approaches to estimate BP
Approach 2 (relative to concentration in plasma)

𝑅𝐿 : 𝐶𝑆
𝐿 : 𝑓𝑁𝐷𝐶𝑁𝐷
𝐿 : 𝑓𝑝𝐶𝑝

Approach 2: ”Free” means ”free in plasma”
(Conc. of free in tissue = conc. of free in plasma – but 𝑓𝑝 doesn’t change across groups)

𝐵𝑃 =
[𝑅𝐿]

[𝐿]
=

𝐵𝑚𝑎𝑥

𝐾𝐷

[𝑅𝐿]

[𝐿]
= 

𝐶𝑆

𝑓𝑝𝐶𝑝
=

ൗ
𝐶𝑆

𝐶𝑝

𝑓𝑝 ൗ
𝐶𝑝

𝐶𝑝

→ 𝑉𝑇 − 𝑉𝑁𝐷 = 𝑓𝑝
𝐵𝑚𝑎𝑥

𝐾𝐷
= 𝐵𝑃𝑃

𝑓𝑁𝐷: fraction of free tracer in ND compartment
𝑓𝑝 : fraction of free tracer in plasma

𝐶𝑝 ∶ Concetration of tracer in plasma
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Three approaches to estimate BP
Approach 3 (relative to free conc in plasma)

𝑅𝐿 : 𝐶𝑆
𝐿 : 𝑓𝑁𝐷𝐶𝑁𝐷
𝐿 : 𝑓𝑝𝐶𝑝

Approach 3: ”Free” means ”free in plasma”
(i.e., conc. of free in plasma = conc. of free in tissue)

𝐵𝑃 =
[𝑅𝐿]

[𝐿]
=

𝐵𝑚𝑎𝑥

𝐾𝐷

𝑓𝑁𝐷: fraction of free tracer in ND compartment
𝑓𝑝 : fraction of free tracer in plasma

𝐶𝑝 ∶ Concetration of tracer in plasma

[𝑅𝐿]

[𝐿]
= 

𝐶𝑆

𝑓𝑝𝐶𝑝
=

ൗ
𝐶𝑆

𝐶𝑝

𝑓𝑝 ൗ
𝐶𝑝

𝐶𝑝

=
𝑉𝑆

𝑓𝑝
=

𝑉𝑇−𝑉𝑁𝐷

𝑓𝑝
=

𝐵𝑚𝑎𝑥

𝐾𝐷
= 𝐵𝑃𝐹
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Binding potential!

PET
Bmax:  Total number of receptors
KD    :  Affinity of the radioligand

𝐵𝑃 =
𝐵𝑚𝑎𝑥

𝐾𝐷

fp:   Free fraction of radioligand 

in plasma
fND: Free fraction of radioligand 

in non-displaceable compartment

𝐵𝑚𝑎𝑥

𝐾𝐷
=

𝑉𝑇−𝑉𝑁𝐷

𝑓𝑝
= = 𝐵𝑃𝐹

𝐵𝑚𝑎𝑥

𝐾𝐷
𝑓𝑝 = 𝑉𝑇 − 𝑉𝑁𝐷 = 𝐵𝑃𝑃

𝐵𝑚𝑎𝑥

𝐾𝐷
𝑓𝑁𝐷 =

𝑉𝑇−𝑉𝑁𝐷

𝑉𝑁𝐷
= 𝐵𝑃𝑁𝐷
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Simplified Reference Tissue Model

CT

K1

k2a

CND

Cp

K1’

k2’
Reference region

Target region

𝐶𝑇(𝑡) = 𝐶𝑝(𝑡) ⊗ 𝐾1𝑒
−𝑘2𝑡

𝐶𝑟𝑒𝑓(𝑡) = 𝐶𝑝(𝑡) ⊗ 𝐾1
′𝑒−𝑘2

′ 𝑡

𝐶𝑇 𝑡 = 𝑅1𝐶𝑟𝑒𝑓 𝑡 + 𝑘2 −
𝑅1𝑘2

1 + 𝐵𝑃𝑁𝐷
𝐶𝑟𝑒𝑓 𝑡 ⊗ 𝑒

−𝑘2
1+𝐵𝑃𝑁𝐷

𝑡
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Summary of (some) assumptions

If you use 2TCM to estimate BPND (VT-VND)/VND:
• Assume that the model describes the data well
• Assume that VND is the same in all brain regions
• Assume that VND is not different between the groups

If you use 2TCM to estimate VT:
• Assume that the model describes the data well
• Assume that VND is not different between the groups

If you use reference tissue modeling to estimate BPND

• Assume that the model describes the data well
• Assume that VND is the same in all brain regions
• Assume that VND is not different between the groups
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Possible to estimate VND without reference region?
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Example where VND may confound

Laurell et al., in Review
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Summary

• Dynamic PET data = Acquired over time → time activity curves

• Most (not all) radioligands can be described by 1TCM or 2TCM

• 1TCM and 2TCM requires arterial input functions (cumbersome 
measurement)

• With a TCM, non-linear regression is used to estimate rate 
constants, which are combined into total distribution volume (VT)

• If a reference region exist, non-displaceable distribution volume 
(VND) can be estimated → estimation of BP

• BPND, BPF and BPP are thought to represent estimates of Bmax. 
This relies on a number of assumptions. 


