= ek
==

2020-08-30 109# R & iv{e B &~

(L09EE FERHZ Hd T B 2 B M2l B MR 2 0l
HEREZERSETE » MOST 109-2312-B-A21-001



® &

EF

X pagifti=

e I/: H-@ éﬁﬂ

o d%ﬁ?ﬁgﬁﬁﬂﬁ_ CH o WfaEE

o T RE

o {&

H

PN




Michael G. Stabin, PhD

Associate Professor, Department of Radiology/Radiological
Sciences, Vanderbilt University, Nashville, Tennessee, USA

Fundamentals
of Nuclear Medicine
Dosimetry




Component

Gk Z/paiii

PELE

BT &




o 4 5434 Whole body distribution
AU g SRR NI = B 10 1E P

o ZE4E 72 Pharmacokinetics (PK)

e e I FE EE AT A R AR VIR N VAR - RERIE e Mg
1754 clearance from blood » =2 #J4R (25 first pass
metabolism




o FELTH &
%@@mﬁf”"’" EaTHE > TERFEERGFER

AN AN
_./ @ﬁ =)\

T BRI M B A IEARIER - AR
JEE R
TR EC AV EEY) BREAT s R EHAH &% - LA 2
AR
o FHHEFYAS
ISMEEL Y BRI E 0 1 fE BRI




Pathophysiology

PANCREATIC ISLETS

J. Endocrinol., 69, 455, 1976
Biochem J. 1974 September; 142(3): 673—683.

Detail of a whole-body from a mouse 4
hr after injection of *C-streptozotocin.
A high accumulation is present in the
pancreatic islets. Streptozotocin as well
as alloxan are accumulated in the
pancreatic islets.

The possible occurence of diabetogenic
compounds in our environment may be a
factor to consider in the evaluation of the
etiology of diabetes mellitus in addition
to inheritance.

Streptozotocin is approved by the

U.S. Food and Drug

Administration (FDA) for

treating metastatic cancer of

the pancreatic islet cells.



http://en.wikipedia.org/wiki/Food_and_Drug_Administration
http://en.wikipedia.org/wiki/Food_and_Drug_Administration
http://en.wikipedia.org/wiki/Metastatic
http://en.wikipedia.org/wiki/Islets_of_Langerhans

Toxin distribution

Cerebellum Spinal nerves Lung _Liver  Abdominal fat Whole-body autoradiograms of mice 2
: 2 hr after inhalation of 5 pl 14C-
chloroform for 10 min.

Hemisection exposed at -800 C. Note
the high level of nonmetabolized
chloroform in the cerebellum, spinal
nerves, and meninges.

Dried, evaporated section. Nonvolatile
metabolites are present in the liver,
kidney, and the nasal mucosa.

(C): Dried, evaporated and extracted
section. Note the irregular distribution

lver | IGnay of firmly bound raioactivity within the
liver and the kidney.

From Glenn, H. J. and Colombetti, L. G., Eds. Biologic
Applications of Radiotracers. CRC Press, Inc., Boca
Raton, Fl, 1982: 88-89. Previously from Bergman, K.,
Scand. J Work, Environ. Health,, 5 (Suppl.1), 1979




New drug distribution
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Diagnosis




e Tissue dissection and counting

e Autoradiography
e Planar scintigraphy

e SPECT scanner .

e PET scanner s

ADME — human
dosimetry
Specificity,
sensitivity
Receptor binding
Plasma protein
binding




ESA

European Society for Autoradiography

www.autoradiography.eu

Uppsala Uppsala Uppsala



ARG lecture




First autoradiography




Ullberg 1954

embedding in cotton/ice
water

compressed CO,
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e \Whole-body autoradiography in its present form
has developed from Ullberg’s original method
(1954)

[5[=] Studies on the distribution and fate of S35-

labelled benzy] penicillin in the body
S Ullberg - 1954 - Esselte Aktiebolag #75 | 299 X -

M SCE - HEEE
[5]&] The technique of whole body autoradiography.
Cryosectioning of large specimens S Ullberg - Science

Tools, 1977 #%5[F 188 =K - tHEE &= - fEHE=



http://scholar.google.com/scholar?num=100&hl=zh-TW&lr=&cites=14516149799977138139
http://scholar.google.com/scholar?num=100&hl=zh-TW&lr=&cites=14516149799977138139
http://scholar.google.com/scholar?num=100&hl=zh-TW&lr=&cites=14516149799977138139
http://scholar.google.com/scholar?num=100&hl=zh-TW&lr=&cites=14516149799977138139
http://scholar.google.com/scholar?num=100&hl=zh-TW&lr=&q=related:27f-TVW5c8kJ:scholar.google.com/
http://www.google.com/search?hl=zh-TW&lr=&q="Ullberg"+"Studies+*+*+distribution+*"
http://scholar.google.com/scholar?num=100&hl=zh-TW&lr=&cites=10559033911402902082
http://scholar.google.com/scholar?num=100&hl=zh-TW&lr=&cites=10559033911402902082
http://scholar.google.com/scholar?num=100&hl=zh-TW&lr=&cites=10559033911402902082
http://scholar.google.com/scholar?num=100&hl=zh-TW&lr=&cites=10559033911402902082
http://scholar.google.com/scholar?num=100&hl=zh-TW&lr=&q=related:QjJ59GU5iZIJ:scholar.google.com/
http://www.google.com/search?hl=zh-TW&lr=&q="Ullberg"+"technique+*+whole+body"

Autoradiography

Bright 8250 Large
surfaces Cryostat




Macroautoradiographic

1-123 ADAM biodistribution (autoradiography)




Macroautoradiographic

1-123 ADAM biodistribution (autoradiography)




Light microscopic
autoradio

e Combined thaw-mount
autoradiography with
Immunohistochemistry of rat
anterior pituitary

I.v. injection of *H-1,25(0H),
vitamin D, stained by
Immunoperoxidase method
with antiserum to bovine beta-
TSH.

Note the nuclear concentration o Glenn H 3. and Colombett. L 6. Ed
. _— - - rom enn, A. J. an olompett, L. G., S.
of radIOaCtIVIty In certain cells Biologic Applications of Radiotracers. CRC Press,

stained for TSH. Inc., Boca Raton, Fl, 1982: 105. Previously from Sar,
M., Stumpf, W. E. and DeLuca, H. F., Cell Tissue

Res., 1980




4.Quantification for Biod.

e Phosphor screen processed

e Calibration line constructed

e Tissue concentrations quantified
e Data processed ....

e Calculation for %ID




Tissue measurement

e Tissue dissection and counting

Heart Liver Spleen Lung Kidney Tumor
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Normal tissue biod.

Tissue

Normal tissue biodistribution of radiolabelled ch806 over 7 days
in BALB/c nude mice bearing tumour xenografts (n=5). Results
of the biodistribution of (A) 111In-CHX-A"-DTPA-ch806




Quantitative autoradiography
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1-123 ADAM biodistribution (autoradiography)




IP scanning

e Autoradiography IP scanning

I.P. Scanner

Workstation |.P. Eraser

The Imaging Plate
Scanner is a large device
designed to capture and
translate the radiation
captured by the plate into
a recognizable image.




IP scanning

e The Imaging Plate
composed of

a thin protective
layer.

a photostimulable
phosphor

flexible plastic
support

Imaging Plate Microscopic View
Protective Layer [10 ym]

Photostimulable Support
Phosphor Layer [150 ym] [250 pm]

The phosphor is barium fluorobromide containing
a trace amount of bivalent europium as a
lumionescence center, BaFGBr:Eu2+.




IP scanning

Radioactive Microscopic Crossection
Samples Sample emits energy

Which is captured by the phosphor layer




Exposures

ure

Mean electron
energy (keV) *

Half-life

1.0
2.3
2.6
2.9
3.1
3.2
3.1

unavailable

5370 years
6.0 hours
13.0 hours
8.0 days
1.8 hours
1.1 hours
4.2 days
12.5 years

20.4 minutes




IP scanning

[|n5§de the Scanner] Microscopic Crossection

HeNe Laser

\\

e W

ﬂ

Excitation by Laser causes Phosphor
Imaging Plate Layer to produce Luminosity.



The blood quantification




Quantification

4 549 dpm/mg
& 258 dpm/mg
B {48 dpm/mQ

Instantimager CPM

-- .- " i 1 i L L

[ | R N— 1
W ® @ = ® M a 48 s 8\ s s W B

LSC DPM alice thickness [(uml

DPM, CPM correlation, slides thickness



Resolution

Resolution is reduced for the higher-energy emitter
and deminishes as tissue thickness increases.




The available software

Analysis™

e
F
Imaging Research, inc.

Now part of GE Healthcare

oo N
Seescan Multi GBUQQ

= for Windows 95/98/2000/NT/ ME/XP




AIDA MCID Seescan 2
Target use Multitunctional by Multifunctional Dedicated QWBA
....................... SO L AN N S
User friendliness/ Easy to use for Easy to use for More complex due
Complexity QWBA QWBA to GLP features

Stand alone or
LIMS linked

GLP/CFR compliance Claimed No Claimed
e o T o
DataExport e Y8S YBS Y8S

: In external software | In external software Some via DMS

Tabulation (eg Excel) (eg Excel) more thrlﬁ]ukgh LIMS
Qpooenand | Dsowy | Jseoey e
mageoutput | . Yes . o Yes .ooo....Yes . ..
Manufacturer Support Yes Yes ‘ Yes

MS - Document Management System




Electron microscopic
autoradiograph

From Glenn, H. J. and Colombetti, L. G., Eds. Biologic
Applications of Radiotracers. CRC Press, Inc., Boca
Raton, Fl, 1982: 106. Previously from Dohlman, G. F.,,
Maunsbach, A. B., Hammarstrom, L., and Appelgren, L.
E., J. Ultrastruct. Res., 10, 293, 1964

Electron microscopic
autoradiogram of a mouse
thyroid, showing the
distribution of '*°I, 1 hr after
Injection.

The radioactivity is confined
to the colloid, just outside the
thyroid cells, which indicates
formation of thyroid hormone
at the colloid side of the cell

membrane.




Electron microscopic
autoradiograph

e An electron microscopic
autoradiogram which
shows 1%°]-labeled
alphabungarotoxin bound
to the acetylcholine
receptor of a
neuromuscular junction.

The silver grains are
localized close to the axon
at the tops of the post-
junctional folded

membrane' From Glenn, H. J. and Colombetti, L. G., Eds.

Biologic Applications of Radiotracers. CRC Press,
Inc., Boca Raton, Fl, 1982: 107. Previously from
Fertuch, H. C. and Salpeter, M. M., J. Cell. Biol., 69,
144, 1976




9.Animal study
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Input function from blood

Heparinized micro-hematocrit tubes, microcentrifuge tubes (1.5 B L) and
reverse-phase micro TLC plates

Radioactivity in blood samples and extracts are determined as counts per
minute [CPM] using a WIZARD? automatic gamma counter.

Blood samples are collected by tail artery puncture at 5, 15, 30, 45 and 75
min post 1njection

The blood samples are radioassayed in a gamma well counter to
determine radioactivity in the ‘whole blood” , then in plasma, cellular

and protein fractions.
_l —11 I | | —
E 16 20

Time [min]
@ blood cells [ proteins [ plasma

Yetotal counts




Input function from image

* 1mage-derived input function.

Common vROI for image-derived 1input function are inferior vena cava or
heart.

Spillover from myocardial uptake, partial volume effects and heart motion all
contribute to the uncertainty




Time activity curve

# vRO/! heart (3)
4 VROI inferior vena cava (3)
7x blood samples (3)

Time [min]

e PET image Time-activity curves (TACSs) for vROI over the heart and
inferior vena cava in comparison to data from direct blood samples after
njection.




Metabolite correction

PYVTY PYPTY POPPY PRV YRR PPUYN PPOTY PUTUN PYOUT PYOVA FUTTY PPPO |

600
S00
400
300
200
100

0

T

S0

* A representative radio-microTLC elution profile of the methanolic extract of
arterial tail vein whole blood. The peak at 150 mm co-chromatographed with
authentic X and accounted for 96 % of the radioactivity on the plate.

* Metabolite correction: PET data reflect total counts from all radioactivity present
in the defined vROI (i.e., not drug only, but also all radioactive metabolites).




Modeling estimate

The two-compartment kinetic model: the first compartment

represents free tracer inside a cell (cell membrane transport described by K1 and
k2); the second compartment represents modified tracer molecules; these processes
and their reverse are described by the rate constants k3 and k4, respectively.




Modeling fitting
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Measured PET data points for radiotracer fitted with a two-compartment model
(dashed) and one-compartment model (dotted)




6.Human




e ROI (VOI)
e Geometric meam
e Attenuation correction

e Decay correction
e %ID calculation




Figure 2. $£YDQA: Basoline Reading Graph: Normal DQA Display with mixed PMT's
located at positions 2, 12, and 21




Phantom study




Image quality

O0©
® 66

2D OSEM 3D FBP 3D OSEM
4 iteration, 15 subsets 4 iteration, 16 subsets




PET Quantifiation
Percentage injected dose (%I1D)

SUV = Decay corrected tissue actvity (Bg/mlL) _

“ Injected dose (Bq) / Body weight (g)

a a Mm‘gﬂﬂ
%ID (1) = 100% x SUV orzan(t) ¥ |
wholsbody




Whole body biod.
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Radiation dosimetry

["*F]AV-45 racdiztion doses fora 73, Tk aduli phaniom
Urne misrval 24 h

Suljed Ma. 1 3

Ackenak 13.8

Braim 14.4

Bressits . .37

Ciall bl adeler wall 4.0

LLI wall 26.6

Smal] miestine . 549.5

Stommmch wall 14.8

LILT wall . 6§7.2

Heari wall 15.8

K xlmerys 145

Liver 308 LER 368
Lamgz 2.7 103 a7
Muscle 24 2.7 100
Ohvaries 194 18.1 199
Pamcreas 143 15.5 143
Rl mrosrronw 19.7 15.5 198
Ddamremnic cells 18.7 16.3 188
5km 7.4 7.0 6.9 7.1
Spleen ILiE: 10.5 15
Tedes B3 A B2 a1
Thyrus a1 22 2.4 2.0
Thyreniel B3 .S B3 RS
Urmary blsdder wall 41.2 »na 234 63
Llierus 15.0 15.8 16.4 19.2
Total hady 11.8% 12.0 1.7 11.9

Effiective done squivalent (wSwMBs) 26 s 353 29.9
Effective dose (wSv/M B 200 182 18.2 212

Diats are presenied m pliy/MBg unles otherwize mdicstad LLL ower large misstine; ULL wpper brge intedme.




Source and target organs

Source &
Target

Source
| & Target
J Source - —Target
STarget
Target

organs

131]-jodide ¥mTc-colloids  133Xe-saline

These examples show only one source organ

53



Residence time (7)

T can be computed from whole-body
biodistribution data

—— remainder
—e— iver
—— lung

—— kidney

—
a
&
S
@
@
o
T
°
)
©
2
g =
-
€
@
O
T
o
a

| Dooo-o—pn
I

T T T T T 1
0 250 500 750 1000 1250 1500
Time post-injection (min)

Lin KJ, et al. Nucl Med Biol 2006:33:193-202.
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Why need internal
dosimetry for a novel
radiopharmaceutical?

 Balancing benefits and risks
Interface of physician, patient

and physicist

Critical organ

["*I]ADAM radiation doses for adult male (mean+S.D. in microgray

per megabecguerel)

Organ

Urine-voiding interval (mean+3S.D.)

24h

4.8 h

Adrenals
Brain
Breasts

1.08x1072+8.54<107*
1.08x1077+232x107*
582107 +2 72 107*

1.08x1072+8.33x10~*
1.08x1072+232x1077
5.83x107*+270x10~*

Gallbladder wall

835x1072+3 42x 1072

836x1072+3.41x1072

LLI wall
Small intestine
Stomach

ULT wall
Heart wall
Kidneys
Liver

Lungs
Muscle
Owvaries
Pancreas

Red marrow
Bone surfaces
Skin

Spleen

Testes
Thymus
Thyroid
Urine bladder wall
Uterus

Total body
EDE?

ED?

588x1077+2.76x1077
4.03x1072+3.67x1073
1.08x1077+8.33x107*
6.68x1072+1.15x1072
121x1072+1.53>x10~*
2.75x1072+7.97x1073
1.88x1072+2.36x 1077
291x1072+1.22x10"°
8.15x1073+4.79x10~*
2.08x107%+3.12<103
1.22x1072+1.10x 1073
8.53x1073+6.43x107*
1.37x1077+8.08<107*
4.82x1072+2.48x10™*
2.61x1077+3.70x 107>
6.91x1073+2.46x10~*
7.69x1073+3 21x107*
3.92x10724+2.47x1072
5.14x1072+5.56x1073
1.75x 1072+ 7.64x107*
9.83x107¥+6.78x107*
3.02x107%+5.11x1073
2.60x1073+4.041077

6.06x102+2 74102
4.09x1077+3.57x<107°
1.08x1072+7.77x10~*
6.73x1072+1.14x1072
121x1072+1.53>x10~*
276x1072+7.97x107°
1.88x1072+2.35x<103
291x1072+1.22x1073
B.58x10*+422x10*
2231072 £2.941073
122x1072+1.05x1073
8.76 <107 +6.07x10~*
1.40x1072+7.55x10~*
494%x1072+231<107%
2.61x1072+3.74x 1073
8.02x1073+1.60x10~*
7.69x1073+321x107*
3.92x1072+2.47x1072
1.001071+1.25x10~2
2.16x1077+346x 107
1.02x1072+6.05x10~*
3371072 +4 601073
2.88x1077+3.96x107°

® Units for EDE and ED are millisievert per megabecquerel.




PK Data analysis

Two organs, liver and kidney, quickly become involved in metabolism and
excretion.

The kinetics of hepatic absorption of drug are complicated by the dual blood
supply from the hepatic artery (~90%) and portal vein (~10%)

Renal processing of drug 1s efficient glomerular filtration from blood followed
by tubular reabsorption.

It 1s reported that drug X uptake by brain are reduced by both 1soflurane (57%)
and ketamine/xylazine (19%)

It 1s reported that warming and fasting also significantly reduce drug X uptake
by brown adipose tissue.

Some drug may re-distributed after first pass (1.e. from lung---)




Dose Level n _@.

Tracer washout Tracer
J A |
- v

-

Bascline POT Post-drug PET]
Dose Level 2 _'ITest Drug

Tracer washout Tracer
A { l

E

Bascline PETl Post-drug PE
Dose Level 1 '_'ITest Drug:

Tracer washout Tracer
e l
Ny

f
aseline PET ost-drug PE

J Biomed Res. 2012 Mar;26(2):69-76.



Drug occupancy

dose level 4

]

Receptor occupancy [O(%)]
o -
= w
| L

dose level 4
dose level 3 dose level 3

dose level 2 dose level 2

| iy
[}
1

Receptor occupancy [Q(%)]

I
|
[
|
dc!se level 1 dose level 1
|
|

] ] 1 | | : | | 1
10 20 30 . 0.1 1 10 100 1000

Test drug plasma concentration[Cp] Test drug plasma concentration[Cp)

J Biomed Res. 2012 Mar;26(2):69-76.



o

Heart blood

From Glenn, H. J. and Colombetti, L. G., Eds.

Biologic Applications of Radiotracers. CRC Press,

Inc., Boca Raton, Fl, 1982: 96. Previously from
Oskarson, A. and Tjalve, H., Br. J. Ind. Med., 36,
326, 1979

Macroautoradiographic

Autoradiogram of a mouse 24
hr after intravenous injection of
nickel carbonyl labelled with
63NI. 21

There is a very selective
accumulation in the lung.

( The activity is localized in the
alveolar, not the bronchial,
part of the lung.)

Nickel carbonyl and certain
other nickel compounds are
suspected to cause lung cancer.




Neurodegeneration

3
£
<
4

PCA 10 mg/kg




Cell migration

~__Gal-N (0.6 g/kg)

liver Injured Rat

MSC-CM

In""-labeled or vehicle
Leukocytes

SPECT imaging

DOI: 10.1371/journal.pone.0000941




Mechanism

0.3 %ID/mL NMB 2009




Embryo-foetal transfer

C-14 Thiouracil, which blocks
the formation of iodinated
thyroid hormones, is
accumulated in the main site
of action (thyroid gland) in
both the mother and the fetus.

The blocking of the formation
of iodinated hormones in the
fetal thyroid may stimulate the
fetal pituitary to an increased
From Glenn, H. J. and Colombetti, L. G., Eds. Biologic prOdUCthn Of_ tthOthplC
Applications of Radiotracers. CRC Press, Inc., Boca ho rmone, which in turn may
Raton, Fi, 1962: 103 cause an extensive growth of

Journal of Clinical Endocrinology & the fetal thyroid (fetal goiter).
Metabolism 43 (1): 152-8.




Selection of drug candidates

NOV123-2 : uptake / tumor / iv dosing



8.Personalized medicine

Nature Reviews Clinical Oncology 7, 665-668 (November 2010)



Personalized medicine

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Cell. 2011 Mar 4;144(5):646-74.



Personalized medicine

131|
Scintigraphy

FDG FES
(glycolysis)  (ER expression)




Personalized medicine

Registered axial images of patient with multiple metastases of a
lowgrade neuro-endocrine tumor. FDG PET-CT (a) does not show
any increased FDG ...



Personalized medicine

Well-differentiated Poorly
differentiated

Grade (ENETS) Low (G1) Intermediate High (G3)
(G2)

Ki-67 index (%) <2 3-20 >20
Anatomic imaging more rapid growth on serial imaging

Functionalimaging

Prognosis Indolent (slowly grc;wing) Aggressive

Treatment options Surgery for localised +/- resectable metastatic
disease

Observation Chemotherapy
Somatostatin analogues
Radionuclide therapy

Everolimus, sunitnib, a-interferon
Liver metastases: radiofrequency ablation, hepatic
embolisation, TACE, SIR-Spheres

Figure 1. Classification of neuroendocrine tumor with corresponding imaging features and treatment
options. From Hofman ez al., 2011. SPECT., single photon emission tomography; PET. positron emission
tomography; SSTR, somatostatin receptor; TACE., transarterial chemoembolization.

Changing Paradigms with Molecular Imaging of Neuroendocrine Tumors
Discovery Medicine



Personalized medicine

DISCOVERY MEDICINE

11n-OctreoTide
SPECT/CT

SSTR PET/CT can replace InTide SPECT/CT if available.

If not available, however, consider referral:

* Prior to major surgical intervention in patients with
limited disease on conventional staging

* Biochemical or imaging evidence of NET but negative
(or limited) disease on Min-Octreotide imaging

s Known metastatic NET but unknown primary

Evidence of poorly differentiated

disease:

¢ Lesion on CT component of SSTR
PET/SPECT with low or no activity

* Clinical or radiologic evidence of
rapid progression

* Ki-67 =5%

Figure 3. Suggested molecular imaging pathway. SSTE. PET/CT: somatostatin receptor positron emission
tomography/computed tomography. Includes Ga-68 DOTA-TATE (GaTate), DOTA-TOC (GaToc), and
DOTA-NOC (GalNoc) PET/CT.

Changing Paradigms with Molecular Imaging of Neuroendocrine Tumors
Discovery Medicine



Personalized medicine

) - O 2 ®) 20 -
CancerI patients with @ ® @ @ Cancer patients with
e.g. colon cancer > e.g. colon cancer

Blood, DNA, urine and tissue analysis

i\‘
a “f» Biomarker diagnostics

'M'R m i

ﬁ ﬁ Therapy

No effect Adverse effects

Renub Research June 13, 2013



Take home message

o zztyd) 112 Pharmacokinetics (PK)
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