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Do not say “contrast media” (but
molecular imaging)

Contrast media

Mainly anatomical
High injected mass

— Mild invasive
— Patient reactions

Non natural molecules
Stability issues

Easy purchase media
MRI, CT

Radiopharmaceuticals

Mainly functional

Low injected mass
— Low invasive
— Rare patient reactions

Some natural molecules or
analogues

Few stability issues

Limited purchase or GMP
prepared tracers

PET, SPECT



The final aim of Nuclear Medicine
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A successful PET study

Data processing, Patient handling, [ Tracer radiosynthesis ] Nuclide production
medical diagnosis scanning protocols
- ici Chemist -
Physician Physician . Physic
Paramedics ngineer Engineer
Physic
Engineer

Big interplay among different
fields of knowledge



Outlook

e Radionuclides in nuclear
medicine

e Radiochemical reactions
* Radiopharmaceuticals






Elements

For PET

For SPECT

Radionuclide T,

B (MeV)

Radionuchide Tﬁ

7 (MeV)

Halogens

Transition
metals

"C

]3”
30
1BE
“Br
"Br

H8r
9]

T
JIIH"
*Mn
**Co
SCu
SCu
=y

MaTe

20.4 months

9.96 months  1.197
2.03 1.738
109.8 months
98 months 174
16.1h 3.08
4.2 days 213

9.45h

68.3 months
324

66 months
3.92h
3.00h

46.2 months
5.6 days
8.2h

17.h

3.32h

Q.76 months
12.8h
14.74h
78.4h

52 months

0.959

4.153

1.89%
1.150
2250
1470
1.040
2170
0.575
0.8300
1.500
1.220
2910

0.656

3150
0.900
2.440

1'ﬂI

1]1I"

W T

months = minutes
Error in table!!!

13.2h

67.2h

2.6 days

6.0h

0.159

0.173,0.247

0.185,0.92

0.140




Singol Photon Emission Computed
Tomography (SPECT) nuclides

PMTc (T1,=6.02h, E,=140 keV) is used in more than 70% of all
medical applications in many pharmaceutical preparations

°’Ga (T,,=78.3h, Ey =93 keV, 185 keV, 300 keV) is often used as tumor
localizing agent (gallium citrate)

23] (T,,=13h, Ey=159 keV) can be covalently bound to several molecules
ande proteins. It has replaced 3 (T,,=6d, Ey=364 keV) because of the
reduced radiation exposure

8ImKr (T,,=13s, Ey=190 keV) is a very short-lived gas used to perform lung
ventilation studies, (short half-life limits its application)
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Bone scan tracers






Positron Emission Tomography
(PET) nuclides

Important for PET studies are neutron deficient isotopes which decay by
positron emission. Positrons annihilate with electrons emitting two
Ey=511 keV photons in opposite direction.

18F (T,,=110 m, Ey= 511 keV), (used in
more than 80% of all PET applications)

13N (T,,=10 m, Ey = 511 keV)
1C (T,,=20.4 m, Ey = 511 keV)
°8Ga (T,,=68 m, Ey= 511 keV)
82Rb (T,,=1.3 m, Ey = 511 keV)



Radionuclide Emission Half-life Emax (keV) Range in Production
type tissue
1H5ERe B, v 892 h (B): 1069 Maximum '®Re (n,<y) ®“Re
(9.4%) (5 mm)
155Ho B, v 2609h  (B): 1853 Maximum '™Ho (n, v) "®"Ho
(6.7%) (102 mm)
%%Re B, ¥ 1720h  (B): 2120 Maximum '**W/"**Re-generator
(151%) (11 mm)
iy B 52.7 days 1463 Maximum **Sr (ny) *sr
(3 mm)
32p B 143 days 1710 Maximum *45(n,p)*?Por?'P(n,~vy) 3P
(8.7 mm)
i 4 B 641 h 2280 Maximum “%Sr/*"Y-generator
(12 mm)
“23Ac o 10 days 5830, 5792, 40-80 ym ““’Ra-generaor
2790, 5732
At o 7.2 h 5870 60-80 um Accelerator
2Bpj o 457 min 5869 50-80 pm ““"Ra-generaor







Gamma- ray

Parent Maode of Mode of - Daughter energy from
Parent half- decay Daughter  decay hall- daughter
P life P—D D of D life (keV)
“Mo 2.7d p- Hlem 1) O h 140
CSr 25d EC ®Rb EC 1.3 min 777
p* 511
*Ge 280d He ®Ga EC 68 min 511
ﬁar
Fe 8.2h EC SMn™ EC 21 min 511
B* B*
IT
MRb 4.7h EC MKrm L 13s ~ 190
02Zn 9.1h EC 62Cu EC 9.8 min 511
ﬂ+ ﬁ-l-
17w 21.5d EC ™Ta EC 9.5 min 93




Tme (h)




sterilizad vial with

reduced pressure

stainless steel needle

lead shielding

sterilized saline
solution

= alumina which

:‘II' adsorbed **Mo

an example of the structure
of a generator on the market

The reaction\vial is ready for instantaneous preparation of tracer

[POMTcO,I

Sn*2 + nL

reduction _ gq
complexation.  T¢(L)n



68Ga-DOTATOC synthesis
apparatus scheme
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Principal

Isotope  gamma-ray energy  Half-life Reaction
(keV)
ne 51 (B~) 20.4 min  “N(p.a)""'C
I’N S1IL(p™) 9.96 min “C(p.n)'*N
*O SIL(B*) 2.07 min “N(p.n)"*O
'"F S (B*) 109.7 min  "O(p.n)'™F
""Ga 93 78.3 h *Zn(p.2n)*"Ga
184
300
" n 171 67.9h n=Cd(p.2n)'""'In
245
1= 159 13h 124Te(p.2n) =
127](p.5n) 13 X e— 12Y]
1T 68-80.3 73 h MT1(p.3n)""Pb—"T]

94mTC’ 7GBr’ GOCU, 64Cu




) e a——

Target (64N plating in the center)

\_/ Diszclution and
electzodeposition
crhnder (front view)

Dizzolution and electzodeposition
crlinder (up view]

CuCl, is not a useful tracer; must be converted into a
RADIOPHARMACEUTICAL






[14N(p, ol C} = 11CO,

n . 11CO
385 ¢°
Ni, 485 °C H2
Y
IICH4 NI% » HUCN
Pt, 1000 °C
B
@ HuCN i 11 CNBr
_ 1) LiAlH, AgNO,
) H1CO, 2)—- NCH,I— 11CH NO,

[ 14N(d, n)150 }

H2160(p,pnjH215O
H216o(p’a[13|\| H;

(3-10 mM ethanol)

- 15 O2
C(s)
Lol 15
985 °C CLo
C(s), Cu (DCl1
Lol 15
670 °C C 02
H2
- H215O
Pt, 420 °C

Real tracer




F-18 Yields
1 SO(p,n)l 8K vs 2°Ne(d,a)1 8|

*Maximum rcy 50%
*[.ower production rate
*c.a. production only

*Hlectrophilic approach

['SF]HF:

— , On a 13MeV GE PETrace:
tesazading *1,5 mL 180-H,0 target
*High s.a. - e 03035 A

*Nucleophilic approach *2 hours irradiation

*L.ow reactivity *100-150 GBq



Basic organic chemistry update...
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DMF/KOH
0~ ™ captive solvent method
[""CICH,]

o

stainless-steel
packed loop

0
@ ’/ ["'CICH3l

Cl N N o
O H captive salvent method

OH ambient temperature

A
O 'ICHs
5

Cl Scheme 6. N-Selective ""C methylation of 10 to form [''CJflumazanil
(5), a benzodiazepine antagonist that prevents the enhancement of

GABA activity.

7

Scheme 4. O-Selective "'C methylation of 7 to form ['CJraclopride (2),
which is used to image dopamine D2/D3 receptors.

HN

HO A

I
"CICHsl
0 F N [ I 3 - F @ [HC]CHson 11CH
[Pd(dba)s)/ O O captive solvent method O O 3
2 3
(0]

=

Y

OH P(o-tolyl)y/DMF130°C, 5 min OH SPE purfication
21 22 o
8 9
Scheme 13. Synthesis of ['CJFMAU (22) by palladium-mediated
[''C]CH,] Stille cross-coupling reactions. Scheme 5. N-Selective ''C methylation of nordoxepin (8) to form

['Cldoxepin (9), a histamine H1 receptor antagonist and antidepres-
sant.
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1. R'R2NH, THF
O

®) : )
[M'CICO, microwave, 2-10 min
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Electrophilic and nucleophilic
aromatic substitution

'\
Electrophilic+fluorine

. R
B/F\\

— Reaction Progress —= F E—|—

The first step in electraphilic arormatic substitution
ishown here) is both rate-determining and product
determining. To see the effect various substituents
(- ) have on the orientation of such substitutions
press one of the buttons provided below,

Energy

: O

X I x Nu - Nu
NU X g =
N ) . B P
- - = : K \\
EWG | EWG] EWG Nu’
EWG = electron- ili '
electron- & complex Nucleophilic fluorine

withdrawing group



SnMe;

1BF
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Boc-O NHCHD HO NH.
2) HI 1
CDDEt “
HO H COOH
59

Boc-0

SnMes

1) ["®FIF
EUG—D—@—»NHBDD ) ['°FIF 4@_»
‘COOEt ¥ ‘COOH

HOO HOOC #
D H .-"t D \H H 'J,\

NH ["8F]CH3COOF NH
8% o, TA . © 0"\ _cn, DY generating milder

HN H i HN
NH NW NH “ﬁ/ fluorinating species, such

as acetylipofluorite or

% ¥ XeF,
Scheme 33. Electrophilic '*F fluorination of cyclic RGD peptides using

["*FJCH,COOF.




130{[:',”}1 ?EF
on H21 5o

18F-(H,1%0), in H B0

1) adsorption on anion
exchange resin
2) elution with ag. K,CO4/K2.2 .2

1) addition of aq. KsCO4/K2.2.2 r"\ Gx‘_*x G/“-ﬁl_
2) azeotropic evaporation M o K+ o M 1BE-(H,0). | o
with MeCN (x 3) bﬂh M (Hz0)y in Ha
p —
azeotropic evaporation
with MeCN (x 2)

- bﬂ K0 I} " (HO)m
u



18- TBAOH
fBUOH

[18F]Fp-CIT
RCY = 36-52%

X= MeSOz p-Me-CBH4802

0O

\ﬁL .Boc \ﬁLNH
,J% 1. Cs"8F, tBuOH L

HO N™ "0

DMTrO. ONos —
2. 1N HCI o TsO
& i @“@E
RCY = 55-60% MeO

Aliphatic substitution

. 5 18F=, nBu,N* | DMSO, 85 °C
N | . . | NH | OM
RO O/“\N " K2-2.2_K= RO N/&O oM e
0 DMSO O 18F©T
R =H, DMT 1°F or o
["SFIFLT ['8FIDAA1106

RCY =75%
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Maximum SA

Practical SA

mCi g™ Ciumole™  Ci umole™!
838,000 9,220 <100
95,000 1,170 10-20 aq F-
40,600 2,766
7Ga 597 47 <3.35 R
"n 423 40 <5.55 Carrier free (c.f.): no
| 1,926 237 stable isotope is
124] 250 31 present in preparation
'Itli’:qh ?actlwtytg;/ Low
mass s.a.
Quantify trf?;\ | |\
chemical entity w
——

generating the
activity







Need for automation

GE, Siemens
Eckert&Ziegler, Raytest, IBA, Scintomics, Advion

50x40x50cm 30 x25x50cm 30x20x 20cm




Need for automation: price...




New avenues for autc\>mation
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The Father of
Nuclear Medicine:

George de Hevesy

(1885 - 1966)
Received Nobel Prize
in 1943 for his
pioneering work with
isotopes as tracers.

Winner of Atom for
Peace Award 1959.




The first practical application of
radioisotopes

‘ George de Hevesy & his
| didn't like it last

weekowhy should landlady:

| like it this week * Using radioactive material
he proved two things:

— The landlady was indeed

"recycling" leftovers from their
plates!

More importantly, that small
amounts of radioactive
materials could be used to
"trace" the fate of a substance
1n a system.




Biodistribution generalities

Target/ non-target
ratio

Blood extraction of
the
radiopharmaceutical
to accumulate
selectively on target
organs

Factors

*Chemical nature of tracer

*Blood flow

*Membrane permeation
*Competition with endogenous ligands

>l

Imaginary
Observer

[Flasmal]] %‘

[Tissue]|

Imaginary @

Observer @
&

 —

Time
@2 & I D

Simple 2 compartment

model




Free

Non-Target
Tissues

Target Interaction
and Availability

Probe +
Receptor

Receptor
Complex

Plasma
Probe Proteins

F E
- '€ Y

torget Urinc = Feces

A: Administration
D: Distribution
M: Metabolism

E: Excretion

T. Toxicology

- mZ 0O >

Pharmacokinetics of molecular
imaging probes. Molecular imaging probes
need to overcome many biological barriers
when administered to living subjects.
These probes are subject to all the pharma-
cokinetic rules and constraints that gov-
ern the concentration of “drugs” in
plasma, including absorption/delivery (A),
distribution (B), metabolism (C), excre-
tion/reabsorption in the enterohepatic cir-
culation (D), urinary excretion (E), and
other factors within the vascular compart-
ment (B; e.g, plasma halflife, protein
binding). Rapid excretion, nonspecific
binding/trapping in nontarget tissues, me-
tabolism, and delivery barriers are all im-
portant obstacles to be overcome before
availability to target(s) for interaction (F).




['FIFDG model
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Classical example: 13NH3 for
perfusion, 18F-FDG for metabolism

Myocardial Perfusion Myocardial Metabolism
[/SN]-NHg PET [8F1FDG  PET

Normal Necraotic
Myocardium N\ — L Myocardium

& Viable

Myocardium







Maolecular uptake mechanism Tracer Isotope Organs of highest physiological uptake® Availabiltiy
Amino add transport Methionine C-11 Liver, salivary glands, lachrymal glands, bone In-house production/oyclotron
and protein synthesis marrow, pancreas, bowels, renal cortical,
urinary bladder
Fluoroet hylty rosine F-18 Pancrieas, kidneys, liver, heart, brain, colon, In-house production/oyclotron®
musele
FDOPA F-18 Pancreas, liver, duosdenum, kidneys, Commercially available
gallbladder, biliary duct
Glucose metabolism FDG F-18 Brain, myocardium, breast, liver, spleen Commercially available
stomadh, intestine, kidney, urinary bladder,
skeletal musde, lymphatic tissue, bone
miarrow, salivary glands, thymus, uterus,
ovaries, testicle, brown fat
Pralife ration FLT E-18 Bone marrow, intestine, kidneys, urinary In-house production/oyclotron®
bladder, liver
Hy poxia FMISO F-18 Liver, urinary excreton In-house production/oyclotron®
FAZA F-18 Kidneys, gallbladder, hiver, colon In-house producton/oyclotron
Cu-ATSM Cu-64 Liver, kidneys, spleen, gallbladder* In-house production/oyclotron®
Lipid metabolism Chaline C-11 Liver, paneas, spleen, salivary glands, In-house production/cyclotron
lachrymal glands, renal excretion, bone
marrow, intestine
Fluoroethylcholine F-18 Liver, kidneys, salivary glands, urinary bladder, In-house production/oyclotron®
bone marrow, spleen
Acetate C-11 Gastrointestinal tract, prostate, bone marrow, In-house production/oyclotron
kidneys, liver, spleen, pancreas
Anglogenesis/integrin binding Galacto-RGD E-18 Bladder, kidneys, spleen, liver In-house production/cyclotron
AHI11585 E-18 Bladder, liver, intestine, kidneys In-house production/cyclotron
S5TR binding DOTATOC Ga-68 Pituitary and adrenal glands, panmeas, spleen, In-house production/generator
urinary bladder, liver, thy roid
DOTATATE Ga-68 Spleen, urinary bladder, liver In-house production/generator
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Y CH,"*F 0
NO,
HO 1°F

diffusion Same mechanism for 64Cu-
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HOCH,CH,N(CH,),
["*C]Choline

+
HOCH,CH,N(CH,),
['8FJFECH

BF-CH,CH, 1CH,

+ +
HOCH,CH_N(CH,), HOCH,CH,N(CH,),

18F-CH,CH, NCH,

el

'D—FI"—DEHIEH N(CH,), 'D—IT:'—DEH CH,N(CH.),

0 | O I
18F-CH,CH, \ / 11CH,

\ '4

Phosphatidylcholine







I 55T denvative

|

(A)

S5TR

integrin

SIRY .y

=1 )
Il —— accumulation

o .

matabolism l d)

Fig. 6. Schematic presentation of uptake of radiol abelled-somatostatin de rivatives
and radiolabelled-RGD-peptides: (A) Somatostatin derivatives (eg. radiolabelled
DOTATOC and DOTATATE) bind to the somatosatin receptor (SSTR) and are
internalized via endocytosis (a) After release of the tracer (b) the receptor can be
recycled (c). The major amount of the radiolabelled somatostatin derivative is
metabolized (d) resulting in fragments which can not penetrate the cell membrane
(el (B} Radiolabelled RGD-peptides bind with high affinity to the integrin
(especially swp3). It is discussed that the receptor ligand complex can also be
internalized. However, at the moment corresponding studies are missing. [n in vitro
internalization assays only small amounts of activity are found inside the cell (see
eg. Rel [69]) Thus, it is unclear if in vivo accumulation is mainly based on receptor-
binding or internalization.



KINETIC MODEL FOR AMMONIA
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Different Reporter Genes and Gene

% Reporter Gene

Vactor

Fluorescent N“
Radiolabeled .
Supermagnetic

Regulation of
Reporter

Protein Gene *Problem: quantify

Gene .
Produc gene expression, that

Transporter

1s evaluation of
Fluorescent lOCéltiOI], magnitude
Radiolabeled .
Supermagnetic ¢ and persistence

*A gene coexpresses curative protein/enzyme and a secondary

agent (enzyme, receptor, protein) R :
eporter gene fechnigue uses a

*The radiotracer has a binding selectivity for the secondary small, selected set of secondary
agent agents to be coupled with virtually

. e : : any kind of curative gene
*Radioactive uptake will give information on the main 2 / &

expression
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Before After
LIPO-HSV-1-tk LIPO-HSV-1-tk
Infusion Infusion




Specific binding assessment (brain

receptors)
Receptor Radiotracer
Q Q Q “ carrier
“ “ EXtemaI Radiotracer
' i speC|f|c Q I
Radiotracer only, high s.a. “gand

e
sgssee

Radiotracer with competition

Radiotracer only, low s.a.

. Specific tracer
Radiotracer P

Radiotracer only with
competitor

Radioactivity
decrease? Non-specific

tracer or low s.a.






e Cell culture of target tissue

In Vitro

Binding on tissue slices
EXlVO Biodistribution on excised organs

“Simulated” animal model
e Bioengineered animal model
e Human




Good Manufacturing Practice: GMP

* Or “Generate More Paperwork”...

* |njectable preparations for human (and for
animal also) must respect GMP preparation
rules

 Guidelines on hardware, software and
naperwork validation

 Radiopharmaceuticals are drugs, but up to 4
natches produced every day (vs few batches
oer year of traditional products)




Physics research in Nuclear
Medicine field

* Nuclide production/optimization by accelerator or
generator

* Accelerator construction/maintenance/optimization
* Imaging apparatuses prototypization: PET, SPECT, CT

* |[mage extraction, based on matter interaction
ohenomena (theory) and mathematical iterative
methods (practice)

* Radiotherapy machines building

* Radiosurvelliance, controlled are site planning,
personnell control




Preclinical multimodal imaging at IFC

YAP-(S)PET II

sz

ingegneria dei Sistemi Elettronici

%Ga-PET

Dr. Daniele Panetta (dpanetta@ifc.cnr.it )
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Automated chemistry

Mini-cyclotron Automtéd Quiality
(Ron Nutt, ABT) Control







