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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

Journal of Cerebral Blood Flow & Metabolism (2007) 27, 1533-1539 |®
& 2007 ISCBFM All rights reserved 0271-678X%/07 $30.00

www.jcbfm.com

Review Article

Consensus nomenclature for in vivo imaging of
reversibly binding radioligands

Robert B Innis’, Vincent ] Cunningham?®, Jacques Delforge®, Masahiro Fujita’,

Albert Gjedde?, Rnger N Gunn?®, ]ameq Holden®, Sylvain Houle?, Sung- Cheng Huang )
Masanori ]Gh]SB Hidehiro lida™ , Hiroshi Ito"', Yuichi Klmura“ Robert A Koeppe™,
Gitte M Knudsen“, Juhani Knuuti“, Adriaan A Lammertsma'®, Marc Laruelle?,

Jean Logan'’, Ralph Paul Maguire'®, Mark A Mintun', Evan D Morris®®, Ramin Parsey?,
Julie C Price*', Mark Slifstein?, Vesna Sossi*?, Tetsuya Suhara', John R Votaw®?,

Dean F Wong®* and Richard E Carson®

Martin Schain @
NRU, Copenhagen University Hospital, Rigshospitalet “i faios



Radioligand
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Veins

Arteries

Radioligand
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Arterial sa!ﬁwpling
(Normally from a radial artery)




Some useful concepts from biochemistry

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

Kon
[L] + [R] 2 [RL]

off

Dissociation constant

k
Ky, =-2L  Affinity =1/K,
kOTl

Binding potential

Bp — [RL]  "bound”
T e
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Some useful concepts from biochemistry

Single binding site model
K

[L] + [R] 2 [RL]
_ Kogr _ [RL]
P e PPTm

What would we ideally want from a
PET experiment?

Binds to GABA ,
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Some useful concepts from biochemistry

Single binding site model

kOﬂ
(L] + [R] 2 [RL]
_ Kogr _ [RL]
e PP

What would we ideally want from a
PET experiment?

Probably we want to estimate the
number of receptors, [R]

(Bmax or Bavail)

Binds to GABA ,
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Some useful concepts from biochemistry

Single binding site model

We want to estimate the number of
receptors, [R]

(Bmax or Bavail)

L]+ [R]  [RL] K, = off
koff kon
[RL]
BP = ——
[L]
%j;’ ‘ Martin Schain
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Some useful concepts from biochemistry

Single binding site model

We want to estimate the number of
receptors, [R]

(Bmax or Bavail)

on k,
[L] + [R] (;_:ﬁ [RL] Kp = kof‘:
[RL] [R][L]

[L]  [L]1([L]1+Kp)

? Martin Schain
7 NRU, Copenhagen University Hospital, Rigshospitalet
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Michelis-Menten equation
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Some useful concepts from biochemistry

Single binding site model

We want to estimate the number of
receptors, [R]

(Bmax or Bavail)

L] + [R] & [RL] K, = off
Ko kon

|RL] |R]

BP = —— = [L] Eacer dose
[L] [L] (IL] + Kp) (L]

? Martin Schain
NRU, Copenhagen University Hospital, Rigshospitalet
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Some useful concepts from biochemistry

Single binding site model - V Y-
We want to estimate the number of
MM M M

receptors, [R]
Michelis-Menten equation

(Bmax or Bavail)

O L B A ) B

— @ [R] Tracer doses ] max
ST []([L]+KD> [ ks
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Some useful concepts from biochemistry

Single binding site model

What would we ideally want from a
PET experiment?

__ bound Boax

"~ free
(a)

Morris et al., Emission Tomography, Elsevier 2004
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PET/SPECT data quantification

[1 1 Clraclopride [1 l C]flumazenil

[ICIMADAM

Martin Schain
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Time frames of a PET image

time

, el

R . : "-.;f-?". ‘) S SR SR T - \ . Ty :
Frame 1 Frame 2 Frame 3 Frame 16 Frame 26
(0-15s) (15-30 s) (30-60 s) (750-930 s) (3440-3800 s)

low high

Increasing frame durations (why?)

Each voxel (pixel) has a value, what’s the unit?
Very noisy

Very little spatial information

=
) Martin Schain
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Regions of Interests (ROI)
Manual ROIs Automatic ROlIs

, Rigshospitalet
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Time frames of PET / SPECT images

Frame 3 Frame 16 Frame 26
(750-930 s) (3440-3800 s)

Frame 1 | Frame 2
(0-15s) (15-30 s) (30-60 s)

Time activity !
curve (TAC) 168%

500 1380 1500 53@@0 2500 3RO 3500 4R
Thivae

=
Martin Schain
Q)

NRU, Copenhagen University Hospital, Rigshospitalet




Quantification of dynamic PET / SPECT data

=@—Subject 1

Radioactivity [nCi/cc]

=@—Subject 2

0 1000 2000 3000 4000
Time [seconds]

Subject 2 has a higher density of Dopamine D2 receptors PI?

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...
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Standardized uptake value

tend
TAC() AUC,,, = [ SUV/(t)dt

1D
Aveight 0

SUV(t) =

—&— Cerebellum test —&— Midbrain retest
—O— Cerebellum retest —&— Dorsal Striatum test
—w— Midbrain test —— Dorsal Striatum retest
12
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- ‘_’_ — a1 m Healthy
S 8 ‘_‘-
g f- l 5 B .
3 ’ ODiseased
% 6 .r 1 _
s f
E u ::‘ﬂ‘.y,*:éni.—‘.. __-A\ 0-5 _
g (} .\0\ 7 “-—-‘“"‘m—.
e = O _
2 AN
'-\--
O~ L @ > 0 D> 9 0 L9
o QS X RN >
i FFTLSTLITEF L&
0 T T T T T T T @ Q Q& \Q @Q 0@ (b\) \% \{b ‘\Q
0 10 20 30T 40 50 60 70 @ O\(\ <@ & O Q\) &(\’b ‘é® R
ime (min) \
CMRS X > P
SUV curves, [11C]PE2I. v NS & &
Hirvonen et al., JCBFM 2008 Q
- Martin Schain
NRU, Copenhagen University Hospital, Rigshospitalet u ,’f\,,';tda}{:%s,




Example where SUV may be inappropriate

* Inject 105 MBqgin each
* bBx more uptake in brain than in “background”

* Volume in which traceris distributed
35% 5% * Sedentary: 105kg*0.65 = 68.25kg

BODY FAT BODY FAT .
* Bodybuilder: 105kg*0.95 = 99.75kg
20% 70%
MUSCLE MUSCLE
* Amount of “background” radioactivity per kilo lean mass
* Sedentary: 105MBq/68.25kg = 1.5 MBqg/kg
* Bodybuilder: 1056Mbq/99.75kg = 1.05 MBq/kg
| B | 1 1 * Uptake in brain
«8s e«s . Sedentary = 5*1.5MBgq/kg = 7.5 MBq/kg
SEPENTARY PERSON BOPYBUILDER  Bodybuilder = 5%1.05MBqg/kg = 5.25 MBq/kg
WEIGHT: 105kg / 285Ibs WEIGHT: 105kg / 285Ibs
SIZE: 184,4cm / 6°08” SIZE: 184,4cm / 6'08” e SUV:
BMI: 30,88 BMI: 30,88 . .
https://bodysculptdoc.co.za/bmi-calculator/ SUV — Uptake in braln
injected dose/ '
Revisiting Weight-Normalized SUV and Lean-Body-Mass— bodyweight
Normalized SUV in PET Studies
Ismet Sarikaya', Ahmed N. Albatineh?, and Ali Sarikaya® ° Sedenta ry: 7.5 / 1 OSMBq/1 05 kg = 7.5
'Department of Nuclear Medicine, Faculty of Medicine, Kuwait Universiry, and Mubarak Al-Kabeer Hospital, Jabriya, Kuwait; ° Bodybuil_der: 5.25/10 5MBq /105 kg =525

2Department of Community Medicine and Behavioral Sciences, Faculty of Medicine, Kuwait University, Safat, Kuwait; and
3Department of Nuclear Medicine, Faculty of Medicine, Trakya University, Edirne, Turkey
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Total distribution volume, V;

Parent radioligand in plasma Radioactivity in brain

2 kBq 10 kBq

If equilibrium:

./W Brain radioactivity
measured from PET system)

12

[EnY
o
1

(o]
1

While at equilibrium,
V; = brain / plasma

Radioactivity / mL

N
1

WPlasma radioactivity

0 . ____(meagsured from blood samples)
0 20 40 60 80
Time (min)
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Distribution volume, V;

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

. TAG Plasm Concentration of radioligand
o TAC, ROI : : :
00 | / in a brain region
£, 300 3
2
=
g 200 ' Concentration of unchanged
g // radioligand in plasma
]

0 1000 2000 3000 4000
Time [s]
- Martin Schain @
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Distribution volume, V;

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

500

—TAC, Plasma
o TAC, ROI

Radiocactivity [nCi/cc]

2000 3000 4000

Time [s]

0 1000

j TAC(t)dt

V, =2
j plasma(t)dt
0
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Distribution volume, V;

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

3 tissue compartment model 2 tissue compartment model

Ky K,
Tk, Cr |- K Cs %Kl %kg’
2 4 ﬁz CND ?4 CS
Cp k5 k6 Cp

1 tissue compartment model

%CT
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Distribution volume, V;

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

"Rate of change” dt
= influx - outflux

Kl
'T C; Mass balance, dlr(®) — chp(t) —k,Cr (%)
2
Cp

Solving dif. Cr(t) =C,(1) @ K e kat

Eqg... ~
(00 00)
v - f, TAC(t)dt _Jy Gr@at _ :%
(0.0) [oe) 2
J, plasma(t)dt J, Cp(t)dt
E! Martin Schain 7 @
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Linear Time Invariant (LTI) Systems

——

& ? —

Input

signal signal
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Linear Time Invariant (LTI) Systems

Synthesizer
Electric current,
smus wave..
>
Input Output
signal signal

cnnms co< < [[JJIHHEBE

g
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Linear Time Invariant (LTI) Systems

Synthesizer
Electric current,
smus wave..
>
Input Output
signal signal

Modify input signal + Study output signal =2
Understand the system (!)

&7 Martin Schain v o
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Linear Time Invariant (LTI) Systems

System
response

Impulse response function
Impulse function (IRF)

Input Output
signal signal

Impulse response function “defines” the system!

For any input signal fi(t), the corrsponding output signal f(t) is
given by

f(t)=Ff (1) ® IRF

=
! Martin Schain @
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Convolution

——

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.

Convolution of a
square input function
and a "response
function”. The
convolved signal will
be the output in this
"model”.

- Martin Schain
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Convolution

——

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.

Convolution of a
square input function
and a "response
function”. The
convolved signal will
be the output in this
"model”.
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Convolution

——

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.

Convolution of a
square input function
and a "response
function”. The
convolved signal will
be the output in this
"model”.
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Distribution volume, V;

00)
k Ll el K
— —kat T — — =7
Cr(t) = Cp(t) ® Kqe [ Cy(t)dt ks
0
800
S Kl
— *** """ #10 - v —
8 600f ;. ' i
c ¥ R
> i R Cp
S400¢ * PET data T
5 iTcM
§ 2TCM K1 Ky
@ 200 < | Cyn |[=——| C
14 ND S
K, K,
0. | ! ! l l l | C
0 500 1000 1500 2000 2500 3000 3500 4000 | P
Time [s] |
K[ ks
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Distribution volume, V;

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

Occam'’s razor
Parsimony Principle

NRU, Copenhagen University Hospital, Rigshospitalet u

——
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Distribution volume, V;
Example I

ARTICLE
https://dol.org/10.1038/541467-019-09562-7 OPEN

Lower synaptic density is associated with
depression severity and network alterations

Sophie E. Holmes 1, Dustin Scheinostz, Sjoerd J. Fimnema.‘, Mika Nagaﬂawaz, Margaret T. Davisw,
Nicole Del\aGimaW, Nabeel Nabulmz, David Matuskey‘*z, Gustavo A. Angarltaw, Robert H. P\etrzak7-3,
Ronald S. Dumarﬂ, Gerard Sanacora‘, John H. Krysta\m, Richard E. Carson? & Irina Esterlis?

a -
p=0.002 O HC
50 4 n.s B  Low severity (MDD)
@  Low severity (MDD/PTSD)
' @ » A Low severity (PTSD)
s1@ A _ P=0001 | g 1s0nseverty(moD) Discussion
. ns @  High severity (MDD/PTSD) L . . Lo . .
b - ¢ S This is the first study to investigate radioligand binding to SV2A
+ o5l wm @ in MDD and PTSD, and the first in vivo evidence of lower
M s .4 A4 o e synaptic density in association with depressive symptoms in these
1% A p=0. . - . = s
Q9 - & T, 4 g disorders. Findings suggest that lower synaptic density con-
o @ —_—
T 254 B &
o A
20 - % * n%
15 - A £
10 T T v
dIPFC ACC HIP

PET image analysis. The primary outcome measure was total volume of dis-
tribution (V7), computed parametrically using the 1 tissue (1T) compartment
model and a metabolite-corrected arterial input function, as validated previously”?.
Distribution volume (V) is the tissue-to-plasma concentration ratio at equilibrium
and reflects total uptake (specific plus nonspecific binding) of the radioligand.

Martin Schain @
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Distribution volume, V;
Example 11

[{1C]Flumazenil V; before and after treatment with Tiagabine
(blocks GABA transporter).

8 . [l BAsELINE
[ ] TIAGABINE

VT (mL/g)

DLPFC OFC MPFC ACC PC OC AMY HIP ENT PHG PON

REGION
Frankle et al, Neuropsychopharmacology (2009)

B Naf@Blirname
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Distribution volume, V;

Ve =VyotVs

Ky Ky

%%
< Cm <—

K K,

Total binding
(Ct), observed)

Total binding
_ .- (modeled)

K; ks
vty
T k2< +k4>

b%ﬂ= VND +‘V§

200

i ©
Specific binding s
(Cs(t), modeled) < v,
~ - -
C ~, S 4
S ~ T
Ve = — A~ ~
S - C /_/ "'-.,\_“\ ‘\\‘\\
p X, / _“"‘-..“ ~
% “'“w.._“_h
F R g
( T St e
IS ~
P R s
Non-displaceable binding” SRR
(Cyp(t), modeled)
Ve = Cnp
ND T X & ar B 1 ih e e
p 0 20 40 60 80 100 120 140 160 180

X7 E - Martin Schain
NRU, Copenhagen University Hospital, Rigshospitalet
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Distribution volume, V;
Example 11

[{1C]Flumazenil V; before and after treatment with Tiagabine
1 (blocks GABA transporter).

The results of this study are consistent with the hypothesis that the acute increases in
lextracellular cortical GABA can be detected as an increase in the binding of the BDZ site-
specific radiotracer, [!!C]flumazenil. The principle underlying this hypothesis is the ‘GABA
shift’—the enhancement 1n BDZ-receptor affinity for BDZ site substrates resulting from the

increased GABA (Tallman ef al, 1978; Braestrup ef al, 1982). It 1s widely accepted that
| BEE BEE BEE BN B o T N 7Y

g
[
>

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

density of BDZ in the pons (Abadie et al, 1992; Price et al, 1993), pons V; was assumed to be
representative of equilibrium nonspecific binding, Vyp; (2) the nonspecific binding did not vary

significantly between reqions.

2 —

: Reference region -

- negI|g|bIe density of target
° _DLPFC OFC MPFC ACC PC OC AMY HIP ENT PHG PON

REGION
If_r_ankle et al, Neuropsychopharmacology (2009)

%2 \.Fhsi L. Martin Schain v § March 2025 @
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Fundamental assumption of PET:

V,\p doesn’t change

[l BASELINE
[[] TIAGABINE

VT (mL/g)

VT —_ VS +VND

REGION

K, K,
— _
& LCnp| %, LCs

Martin Schain v
u Antaros @
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How can we estimate V,?

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

If there is not a reference region:
Your answer here...

|
Martin Schain @
NRU, Copenhagen University Hospital, Rigshospitalet “i faios
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How can we estimate V,?

If there is a reference region:

Apply your kinetic model to the reference region TAC.

The V; you get will be Vp

If there is not a reference region:
Your answer here...

- . .
E Martin Schain
NRU, Copenhagen University Hospital, Rigshospitalet
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How can we estimate V,?

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

If there is not a reference region:
No established way exists...

—
T Martin Schain
v - - : : : Antaros
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Some useful concepts from biochemistry

Single binding site model (equilibrium)

kon
[L] + [R] 2 [RL]
Ky = 2L gp = B _ Brax
Ko L ~ K

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

— Kl k3
. —>
_RL] . CS %kz CND ﬁk CS
~ 4
L]: fnpCnp Co
L]: £, C,
? Martin Schain ﬂ
® 7 NRU, Copenhagen University Hospital, Rigshospitalet “ Q’éﬂaif,%? @
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Three approaches to estimate in vitro BP

Approach 1la (relative to free conc in plasma)

_[RL] _ Bmax [RL]: Cs
bP =57 == [L): fuCuo
[L]:fpcp

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

C, : Concetration of tracer in plasma

Approach 1a: "Free” means "“free in plasma”
(i.e., conc. of free in plasma = conc. of free in tissue)
Vs _ Vr=VnbD

Cs
[RL] CS /CP Bmax
[L] prp prp/(;p fp fp Kp F

—
Martin Schain v -
NRU, Copenhagen University Hospital, Rigshospitalet u Antaros ‘ : \
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Three approaches to estimate in vitro BP

Approach 1b (relative to concentration in plasma)

_[RL] _ Bmax [RL]: Cs
bP =57 == [L): fuCuo
[L]:fpcp

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

C, : Concetration of tracer in plasma

Approach 1b: “"Free” means "total in plasma”
(ConC. of free in tissue = conc. of total in plasma — e.g., f, doesn't change across groups)

_ [RL]_ CS _ _ _ _ Bmax _
BP = To= Cp—VS— Vr—=Vip = fo=g* = BPp

—
Martin Schain v -
NRU, Copenhagen University Hospital, Rigshospitalet u Antaros ‘ : \
| U U Medical




Three approaches to estimate BP
Approach 2 (relative to ND)

_ [RL] _ Bmax [RL]: Cs
BP = m T Kp [L]: fupCrp
[L]: £,Cp

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

C, : Concetration of tracer in plasma

Approach 2: "Free” means "free in non-displaceable compartment”

Cs
[RL] _  Cs /cp Ve

VT—VnND Bmax
— — —_ /S _,IT7/ND_ — BP
ND ND
(L] fnpCnp  fyp NP/ Cp fNDVND VND I Kp

—
Martin Schain v -
NRU, Copenhagen University Hospital, Rigshospitalet u Antaros ‘ : \
| U U Medical




Binding potential!

f,: Free fraction of radioligand
PET in plasma
B... Total number of receptors fup: I_:ree frac_tion of radioligand
Ko Affinity of the radioligand in non-displaceable compartment

v

V1=VND _ Bmax _ BP;
fp Kp
Bmax R Bmax
BP = K, - Vr—=Vyp = K, fo = BPp

v

VT—=VND __ Bmax _
= fnp= BPnp
VND Kp

@ NapEE: me Martin Schain

6 March 2025 @
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Simplified Reference Tissue Model

«— CT CT(t) — Cp(t) ® Kle_RZt

Target region

afEEIBINNE M e Martin Schain 6 March 2025 @
NRU, Copenhagen University Hospital, Rigshospitalet “i Modical
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Summary of (some) assumptions

If you use 2TCM to estimate V;:
« Assume that the model describes the data well
« Assume that Vg is not different between the groups

If you use 2TCM to estimate BP, (V:-Vnp)/ Vb
« Assume that the model describes the data well
« Assume that V, is the same in all brain regions
« Assume that V, is not different between the groups

If you use reference tissue modeling to estimate BP,
« Assume that the model describes the data well
« Assume that V, is the same in all brain regions
« Assume that V, is not different between the groups

=
! Martin Schain
i NRU, Copenhagen University Hospital, Rigshospitalet “i faios



Summary of (some) assumptions

If you use 2TCM to estimate V;:
« Assume that the model describes the data well
» Assume that V, is not different between the groups

If you use 2TCM to estimate BP, (V:-Vnp)/ Vb
« Assume that the model describes the data well
« Assume that V, is the same in all brain regions
» Assume that V,; is not different between the groups

If you use reference tissue modeling to estimate BP,
« Assume that the model describes the data well
« Assume that V, is the same in all brain regions
» Assume that V,; is not different between the groups

=
! Martin Schain
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Possible to estimate V,, without reference region?

Contents lists available at ScienceDirect

Neurolmage

journal homepage: www.elsevier.com/locate/ynimg

Estimation of in vivo nonspecific binding in positron emission ®CM
tomography studies without requiring a reference region

R. Todd Ogden **, Francesca Zanderigo °, Ramin V. Parsey

# Department of Biostatistics, Columbia University, 10032, New York, NY, USA
B Department of Molecular Imaging and Neuropathology, New York State Psychiatric Institute, 10032, New York, NY, USA
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Example where V, may confound
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Example where V, may confound
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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 (V5)

« If a reference region exist, non-displaceable distribution volume
(V\p) can be estimated — estimation of BP

- BPyp, BPr and BP; are thought to represent estimates of B, ...
This relies on a number of assumptions.
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