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The history of (nuclear) medicine is history of human mind
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Milestones of Nuclear Medicine

Table 1 The pioneers of nuclear medicine
1895 X-rays Wihelm C Roentgen Geman physicist 1845 to 1923
1896 Radioactivity Antoine H. Becquerel French physicst 1852 to 1908
1898 Polonium, dium thorium Mare Skliodowska Curie French physicist 1867 to 1934
1923 Tracer principle Georg V. Hevesy Hungarian chemist 1885 to 1966
1927 Circulation times Hermann L Blumgan Geman doctor 1895 to0 1977
1928 Counter Johannes W. Geiger Geman physicist 1882 to 1945
Walther Mueler Geman physicist 1905 to 1979
1932 Cyclotron Ernest O. Lawrence American physicist 1901 to 1958

Table 2 The early years of nuclear medicine
1934 First radioactive %9 Enrico Fermi ftalian physicist 1901 to 1954
1936 Production of #*™Tc Emilio G. Segre ttalian physicist 1905 to 1989
1936 First therapy with P John H. Lawrence American physicist 1904 to 1991
1938 Discovery of ' Glenn Seaborg American chemist 1912 to 1999
1942 Thermapy of benign thyroid disease Saul Hertz American physician 1905 to 1950
Robley D. Evans American physicist 1907 to 1995
1946 First therapy of thyroid cancer S. M. Seidlin American physician 1895 to 1955
Leo D. Marinelli American physicist 1886 to 1995

1949 First therapy of thyroid

Carcinoma in Europe Cuno Winkler German physician 1919 to 2003
Eric E. Pochin British physician 1909 to 1990

Ell P EJNMMI Physics 2014, 1:3
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Saul Hertz, MD, and the birth of @
radionuclide therapy
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Radicactivity Induced by Neutron Bombardment

ExrerivEsTs have been carried out to ascertam |
whether neutron bombardment can produce an in-
duced radioactivity, giving rise to unstable products
which disintegrate with emission of [ particles. |
Preliminary results have been communicated in a |
1934

letter_to J'r; Ruer . B, 282;

]
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the different experiments from 30 to 60 rmlllcum-s
We are much indebted to Prof. G. ©. Trabacchi,
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arcund a Geiger counter with walls of thin al
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hese phenomens

The chemical
separution effected in the cases of iron and phosphorus
sporns to indicate that, at least in these two eases,
the noutron s absorbed and a proton emitted, The
unstable product, by the emission of a f-particle,
roturna to the original element.

The chemical separations have been carried out
by Dr. {0, IAgostino, Dr. E. Amaldi and Dr. E.
Segré have collaborated in the physical research.

Exrwco Fenan,

The nuclear reaction which can

Physical Institute,
Royal University, Rome,
April 14

Induced Radioactivity
and Joliot® and Eilks and ﬁcndcrsun‘?;,
thi
IS O ICHY e v
energy a-particles. They noted, further, that the
positrons  could be detected after the s-particle

bombardment had censed. It was therefore assamed
that these electrons wers duced by the radio-
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ined similar rosults
ded nitrogen with a-particles.
ln order to account for the results obtained by

foil {about (-2 mm. thickness) and the number of
impulses per minmte was registered.
So far, we have obtained an effect with the follow.
ing elments :
FPhosphorus—Strong effect,
hours. The disintes
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ation electrons could be photo-
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showed that the unstable |
e bombardment is probably
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amall.  Period about 6 |
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Period about 30 minutes,
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t 10 segonds,
have also given indication
magnesiom, titaniom, zie-
. sntimony, selenium and
give indication of having
ich may be partly due fo
ts and partly to successive
oms.  The imenta are
to verify these results and |
o other elements,

ling  certain fwm  salts in which
hydrogen was in part replsced by diplogen with
diplons, Oliphant, Harteck and Rutherfond* assumed
thit o helium nucleus of mass & and charge 2 was
formed by the union of two diplons, which differed
from the ordinary a-particle in having a large excess
energy and being in consequence unstable. It is
the purpose of this note to pomt out that in a similar
manner the radicactivity of the light elements is due

| to the formation, within their nuclei, of an unstable

proton of excess encrgy which disintegrates by
emitting a positron. It is suggested that the similarity
of the dismtegration phenomens observed is due
to the radissctivity of this ‘radioproton’.

It has been shown® that the emission of protons
from neon, magnesivm, silicon, sulphur and argon
ean be explained by assuming thet pairs of electrons
are formed by the intersction of w-particles and
nuelei as suggested by a formula due to F, Perrin®,
By sssuming thet the positron of the pair unites
with a neutron to form a proton, it was found
possible to retain the hypothesis of stability of
nuelei of mass 4n, the feeble proton emission of the
elements mentioned being dus to the less abundant
isotopes. The mechanism was extended to the other
pmwnﬂ.‘m:ttm\u elements and the conclusion arrived
at in & previous paper’ wes confirmed, namely, that

| there are no ‘free protons’ in nuelel, these particles

being combined with neutrons either s a-particles
or diplons. This hypothesis will aceount for the
induced radioactivity as follows,

Consider, for example, the ease of aluminiom, Tt
it supposed that the proton emission iz caused by
the positron of the electron pair uniting with the
free neutron, the negative elestron combining with
the positron of the diplen to produce & guantum of
y-radiation and leaving the stable nueleus 5%
When the energy of the a-particle increases beyond
u critical value, it is suppeosed that the neatron is
emitted before the high energy positron unites with
it. The radioproton is formed, however, as the

L positron unites with one of the twoe neutrons produced

© 1534 Nature Publishing Group

»

+ v




The tracer principle NUCIear MGdlClne IS The « magic bullet »
the concrete
achievement of
brilliant products of the

human mind

G. de Hevesy

(1885-1966) P. Ehrlich

(1854-1915)

Sugiura et al. Molecules 2014, 19; 2135-2165



Timeline | Cancer therapy progress since Ehrlich’s side-chain theory

Ehrlich develops the side-chain
theory. The differential staining of
tissue sectionswith a broad spectrum
of chemical dyes establish the roots
of his ‘targeted therapy concept’.

Ehrlich publicized the findings
that Salvarsan, a synthetic
arsenic compound, had
curative properties in the
treatment of rabbit syphilis
and fowl spirillosis and in
syphilis in human patients.

In the first attempt
to treat cancer
with a chemical
substance,
Goodman, Gilman
and Linskog
injected the
prototype of a
nitrogen mustard
anticancer agent,
mustine, into a
lymphoma patient.

Jensen's observation that
MOoUse Mammary tumours are
malignantand transplantable
prompted Ehrlich and
Apolant to conduct tumour-
grafting experiments.

.

The discovery of penicillin by
Fleming and its subsequent practical
development marked an important
advance in bacterial chemotherapy.

Domagk made the
observation that a
red dyestuff,
‘prontosil rubrum’,
protected mice
and rabbits
against lethal
doses of
staphylococci and
haemolytic
streptococcl.
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Ehrlich’s ideal of « aiming precisely » using drugs THESE AR

with high efficacy dominates modern drug discovery

Molina A. 2008.

Annu. Rev. Med. 59:237-50
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Strebhardt K & Ullrich A Nat Rev Cancer 2008:8:473-480



Radioactivity for medical use
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Scintillation Camera

HAL O. ANGER N
a O We I l e e I I l O re Donner Laboratory of Biophysics and Medical Physics and Radiation Laboratory, University of California, Berkeley, California
u

(Received August 19, 1957; and in final form, October 21, 1957)

A new and more sensitive gamma-ray camera for visualizing sources of radioactivity is described. It consists of a
lead shield with a pinhole aperture, a scintillating crystal within the shield viewed by a bank of seven photo-
multiplier tubes, a signal matrix circuit, a pulse-height selector, and a cathode-ray oscilloscope. Scintillations that
fall in a certain range of brightness, such as the photopeak scintillations from a gamma-ray-emitting isotope, are
reproduced as point flashes of light on the cathode-ray tube screen in approximately the same relative positions as
the original scintillations in the crystal. A time exposure of the screen is taken with an oscilloscope camera, during
which time a gamma-ray image of the subject is formed from the flashes that occur. One of many medical and
industrial uses is described, namely the visualization of the thyroid gland with 1%L,

1950 - S Seidling: If a metastasis has high uptake, we can destroy
it. Now, for God’s sake, when will physicists learn to measure 13|
uptake? L. Marinelli: « As soon as physicians decide how much

uptake is high »
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Evolving technologies Properties of PET Scintillators

Scintillator = Luminosity Il ly
(ns) (photons/MeV) (phot/MeV/ns) (pe/ns)
BGO 300 8,200 27 1.6
BaF, (fast) 0.8 1,800 2250 132
LSO/LYSO 42 25,000 595 35
LaBr, 30 60,000 2000 118
Lul, 23 100,000 4348 256
Low Density = Radial Elongation *New Scintillators Have Enabled TOF PET

*Timing Is Not the Only Important Property for PET

Penetration Blurs Image 2 Resolution vs. Position

15 // r::;s
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*Depth of Interaction & 150 ps Timing Resolution
*11x Reduction in Variance in Practical Geometry

Courtesy of Moses WW



Instrumentation:QC and performance evaluation
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... a change of perspective:

from Technology to Biology !

1) Radiation Protection

2) Dosimetry



1) Radiation Protection

Marie Sklodowska-Curie (1867-1934)

Nobel Prize Physics 1903 (with P. Curie & H. Bequerel)
Nobel Prize Chemistry 1911

‘ 3 CAUTION

of aplastic anemia

RAD.OACT.VE Irene Curie-Joliot (1897-1956)
’ Nobel Prize Chemistry 1935 (with F. Joliot)

of leukemia

' Marie Curie's century-old radioactive notebook still
~ requires lead box

1
Adam Clark Estes
SCIENCE

"One of our joys was to go into our workroom at night; we then
perceived on all sides the feebly luminous silhouettes of the bottles of
capsules containing our products. It was really a lovely sight and one
always new to us. The glowing tubes looked like faint, fairy lights."



Linear-no threshold and ALARA ?

OpmION PAPER/COMMENTARY

Time to Reject the Linear-No Threshold Hypothesis and
Accept Thresholds and Hormesis: A Petition to the
U.S. Nuclear Regulatory Commission

Carol 5. Marcus, PhD, MD

Abstraet: On February9, 2015, Tsubmitied a petition o the U5, Nuclear Regu-
laiery Commission (NRC) 1o reject the linear-no threshold (LNT) hypothesis
and ALARA a5 the bases for radiation sty regulation in the United States,
using insiead tweshold and homesis evidence. In this article, T will briefly
teview the history of LNT and its use by regulstors, the lack of evidence
spporting LNT, and the lame body of evidence supporting threshalds and
hormesis. Physician acoeptance of cancer risk from low dose radistion based
upon federsl regulatory claims i unfortnate and needs i be reevalusted. This
is dangerous to patiens and impedes good medical cam. A link o my petition
is available: /201
Petition-io-NRC-02-09-15 pdf. and m“m by individual physicians once the
public corunent period begine woukl be extremely inportant.

Key Words: linear no-threshokd hypothesis, radiation hormesis

(Clin Muecd Med 201540: 617-61%)

he linear-no threshold (LNT) hypothesis states that all radiation
absorbed doses, no matter how small, have a finite probability of
causing cancer. The lower the radistion absorbed dose, the lower the
probability that a cancer may be caused, but the probability is never
zer. The dose mte is mcl.wam, and all a'hsu'hed doses ln: ad‘lm“:
That this is not the case i ! 1by the p fi
ogy and of mickar medicine thermapy. The threshold concept is that no
cancer will be produced until a certain mdintion absorbed dose is
reached. The horm pt is that low o are
because the repair mechanisms that are stmulated by the low dose mdi-
ation reverses the initial damage and continues o protect the organism
from more radistion or other noxious cxposures that might otherwise
lead to cancer. Eventually, there is a radiation dose high enough so that
damage reversal is incomplete, nd there we see the deleterions effect of
radiation resulting in excess cancer production.
Prof. Edward J. Calabrese has trced the origin of LNT toshock-
ing scientific misconduct by the nation's leading geneticists beginning
in 1956."* Some members of the LS. National Academy of Sdences
Bml.og\ul E.lfeﬂsqul:lm Radiation [ (BEAR 1) Genetics Panel were
to promoke thelr sdence
and the pmhlhl\ty of gra-ns Combined with the antimuclkear agenda
of many during the Cold War era, in which lies to produce fear of any
dose of radiation were commanplace, the LNT concept caught on. Rz
diation regulators used the LNT as the basis of mdiation safety regula
tion “to be conservative”, and eventually NRC added “ALARA" INT
became a religion, not a scienifically based concept. Om May 17,
2001, the US. Food and Dmg Administration (FDA) Center for

Recetved fr publicstion March 12, 2115, revidon scoepled March 26, 2115

From the Devid Geffen School of Mediome ot the Universaty of California at
Los Angeles, Los Angeles., CA.
Conflicts of mieresd and of funding; dexlamd
Eq'inlix L‘-d \. hﬁﬂl:. PhiD, MD, Ehvll(lellm Sdhool ofMedicine 2t the Liniver-
1877 Comatock Avenue, Lox Angeles, CA

ISSN: 0363-9762/1 5/4007-0617

Clinfeal Nudeor Medidne + Vol

Devices and Radiological Health created a national uproar by stating
that CT scans ware cansing many cases of cancer, and tried to stop
selfreferml of patients for CTscans to nuke out sarly cancer and cardiac
calcifications that can predict heart disease. FDA's claims wene hased
upon LNT. Surprisingly, physician groups such as the American Cal-
lege of Radiology and the Society of Nuclear Medicine did not contest
any of it and meckly went along with the idea that low doses from CT
and diagnostic radiophamaceuticals could cmse cancer. The race be-
gan to get mdiation doses down. There was never any evidence that
these groups were exammning the data upon which FDA's dire predic-
tions were based Also, in 2001, d:NC'R.Ppuhh_rJnd Report no. 136
entitled “Evahation of the Lincar-Nonth nse Model
for lonizing Radiation™ in which they upheld the LNT. This NCRE
study was fimded by the NRC. In 2003, Zbigniew Jaworowski of the
United Nations Scientific Committee on the Effects of Awomic Radia-
tion (U'NS("EAR] and a past Chair of that group, and Mm.hm:l
Wali e 'dmllq:cns dibility with an e
duﬂ

posé of scientific

and ke ved
in a world of stressoms, ]:nnwul.nrlyuxm and also low dose back-
grumdmd\mm Mcn: :hnn 150 genes have thus far been Ii:nmddm
are involved in thed £ There
are sevenl thousand papers relating to hormesis, and two texthooks in
the field. This is a whole field of science that regulators pretend docs
not exist. Lat us meview some human whose data support
radiation hormesis,

The most commonly used data are those of the Life Span
Study of the Radistion Effects Research Foundation which studies
the Japanese atomic bomb survivors. Recent data” show a hormetic ef-
foct for all solid cancers in the 0.3-0.7 Gy (30-70 md) dose mnge, and
the study of leukemia rates in the 96,000 survivors® showed hormesis at
low doses with a thresbold at about 500 mSv (50 rem)

Nuclear power plant workers comprise the largest study of radi-
ation workers, 400,000 from 154 power plants in 15 countries, ™' and
the study showed a decrease in the risk of all cancers indluding leuke-
mia. In trymng to explain this, the National Academy of Sdences Biolog-
ical Effects of lonizing Radition (BEIR) VII Committes hy
the “healthy worker effect”. The idea is that people who work with madi-
ation are healthicr than the generl population, and get less cancer, any-
way A litle thought will show the fallacy here."” Most mdiation
warkers hegin work when they are young, when mast people are
healthy. Cancer is largely a disease of older people, with half the cases
occurring in people over 65 years old ™ So, you have to be healthy to
get old enough to gat cancer. Sickly people often dic young, of some-
thing other than cancer. People with hyperlipidemia die young of myo-
cardial infarctions, people with cystic fibmsis often die eary of
uﬁnms,ardpuq:lcmduuvmllcmmdmd’m dic carly from

tions, myocirdial infarctions, or enal failure. The “healthy worker
ellisct"\s backwands. Homesis isa pu—ﬁsctly good explination.

Femalk from I‘Hl]

3

Risk (excess cancers)

Models for the Health Risks from Exposure
to Low Levels of lonizing Radiation

'I-I...
’.

Approximate lowest dose
where excess cancer has
been observed

’
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2) Dosimetry

D (Gy). What effect on tissues? @



Image-based dosimetry

t=10 min t=14h

s )
%\ /rﬁ\

B

i

Quantitative
image
reconstruction

Attenuation

and scatter

corrections
Coll. response

CT-image as
attenuation
map

SPECT/CT
Image acquisition

Cicone F, Scopinaro F. 2013 In: Rituximab: Pharmacology, Clinical use and health effects

Camera- Delineation Partial Mass Absorbed
calibration of volume of organ, dose rate
factor 3D correction or of voxels calculation
— volumes of —
reconstructed interest Voxels
Cps to activity Activity in or
in each voxel organ structures
Camera CT-image Recovery CT image CT image
calibration information coefficient volume and for mass
mass

Courtesy of Sjogreen Gleisner K



Tumour dosimetry: EBRT vs RIT

Medscapea www.medscape.com
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EBRT vs RIT

Conventional External Beam
Radiotherapy

O Photons and electrons (6, 12, 18, 25 MeV)

O Low LET radiation : 0.2 keV/um

O Homogeneous irradiation field
0 2 Gy/fraction, multiple fractions
O Dose rate (60-120 Gy/h)

1 Well defined dosimetry (50 Gy—80 Gy)

\

OTumor (radiation sensitivity, microenvironment)

/

Targeted Radionuclide Therapy

FN ==

Q Antibody, peptides etc. (Pharmacokinetic/ Pharmacodynamic)

U Isotope (T, zpnys specific activity decay spectrum)
Alpha particles: 40um-92um (e.g. Bi212)
Beta particles: pm- 1.2mm (e.g. Y90)
Auger electrons: nm-pm (e.g. Pt195m)

O Tumor (size, antigen density, radiation sensitivity,
microenvironment)

O Heterogeneous dose distribution

O Protracted exposure (hours—> days)

U Low absorbed dose rate irradiation (<0.1—1.0 Gy/h)

O Mixed irradiation (low and high- LET radiation)
Alpha particles: 50-230keV/pum

Beta particles, y, x-rays: 0.2 keV/pm
Auger electrons: 4-25 keV/um

QO MIRD Dosimetry (15— 30 Gy)

Pouget JP et al 2015 Front Med;17: 2-12



New paradigms in radiation biology

Targeted effects 8, flan | Non-targeted effects

DNA centred
effects

Non-DNA centred
effects

ATR/ATM

> 4

Survival

., Non-targeted response

—_—

dose '

Cell survival/Carcinogenesis/Cell death ‘




Biodistribution varies between
patients

Same injected activity gives doses to remnant of 2-200 Gy

100
Thyroid remnant
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Minguez et al, Med Phys, 2016



Optimization of biodistribution: preloading

A B

100
Unlabeled predose
50 ——475 mg
~-#-- 95 mg
< N -4&-(0mg
=
o \\
< N
= <
g
k: B e
x at U
B
10 < \\“A
I | I I I 1 T T
0 1 2 3 B 5 6 7
Days from infusion

FIGURE 2. Relationship between total-body clearance and protein predose.
The higher predose (475 mg) results in a much longer clearance than does no
predose (0 mg).

Wahl RL et al. 1998 JNM;39(8 Suppl):21S-27S

Fig. ] Gamma camera images of patient 7 obtained 72 h following
administration of '''In-labeled mAb without the preadministration of
unlabeled antibody (A) and following preinfusion of 1 mg/kg unlabeled
antibody (B).

Knox SJ et al. 1996 Clin Canc Res;2:457-70




Is dosimetry useful?

Eur J Nucl Med Mol Imaging
DOl 10.1007 5(11259-014—3324-5 ‘

REVIEW ARTICLE \

The evidence base for the use of internal dosimetry in the clinical
practice of molecular radiotherapy |

Lidia Strigari - Mark Konijnenberg Carlo Chiesa *
Manuel Bardies © Yong Du - Katarina Sjogreen Gleisner *
Michael Lassmani © Glenn Flux

Received: 15 May 2014 Accepted: 19 May 2014 |
C Sprin.ger-\'erl.ag Berlin Heidelber2 2014 "_




Tumor-Absorbed Dose Predicts Progression-Free Survival
Following '*'I-Tositumomab Radioimmunotherapy

Yuni K. Dewaraja', Matthew J. Schipper?, Jincheng Shen?, Lauren B. Smith*, Jure Murgic®, Hatice Savas',
Ehab Youssef!, Denise Regan', Scott J. Wilderman®, Peter L. Roberson?, Mark S. Kaminski”, and Anca M. Avram!

!Departmeni of Radiology, University of Michigan, Ann Arbor, Michigan; *Depariment of Radiation Oncelogy, University of
Michigan, Ann Arbor, Michigan; in

Pathology, University of Michigan, . {
Center Sestre Milosrdnice, Zagreb, 1.0 - <200 ¢Gy n:
and “Department of Internal Medici > 200 cGy
08
06
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w
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00
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Time (mo)

FIGURE 4. PFS (with number of subjects at risk and 95% confidence
limits indicated) stratified by mean tumor-absorbed dose > 200 cGy
and < 200 cGy. Median PFS was 13.6 vs. 1.9 mo for the 2 dose groups
(log-rank P < 0.0001).

JNM 2014;55:1047-1053



VY-PRRT of neuroendocrine tumours
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Eur J Nucl Med Mol Imaging (2010) 37:862-873
DOI 10.1007/500259-009-1333-4

ORIGINAL ARTICLE

A theoretical dose-escalation study based on biological
effective dose in radioimmunotherapy with *’Y-ibritumomab
tiuxetan (Zevalin)
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% Council Directive 2013/59/Euratom of 5 December 2013 laying down basic safety stan
protection against the dangers arising from exposure to ionising radiation, and repealing

Directives  89/618/Euratom,  90/641/Euratom,  96/29/Euratom, 97/43/Euratom  and
2003/122/Euratom



2013/59/Euratom

“For all medical exposure of patients for
radiotherapeutic purposes, exposures of target
volumes shall be individually planned and
their delivery appropriately verified taking into
account that doses to non-target volumes and
tissues shall be as low as reasonably achievable
and consistent with the intended radiotherapeutic
purpose of the exposure.”

* (Chapter Il, Definitions, Article 4, Definitions):
“"radiotherapeutic" means pertaining to

radiotherapy, including nuclear medicine for
therapeutic purposes”.



Verification of dose delivery: challenges for radionuclide imaging
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Is the absorbed dose individually
planned for each
patient?

I 1311 Nal for benign thyroid diseases
1 1311 Nal for thyroid ablation of adults

1 13411 Nal for thyroid ablation of young S I B L
"7 1311 Nal for thyroid cancer therapy for adults

[ 11311 Nal for thyroid cancer therapy for young E

N 1311 mIBG for neuroblastoma Always —

"1 1311 mIBG for adult neuroendocrine tumours E——
B 177Lu Somatostatin receptor PRRT

[ Y90 Somatostatin receptor PRRT Majority
[ 1177Lu PSMA therapy of prostate cancer

B 90Y resin microspheres in liver

1 9oY glass microspheres in liver Minority
[ 1 Radiation synovectomy using 90Y 186Re or 169Er

[ 1153Sm for bone metastases

89Sr for bone metastases Nevar F
I >>3Ra for bone metastases

[ ] 32P phosphate for myeloproliferative diseases
B 9o0Y Zevalin for B-cell lymphoma
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teatment Plarseng Hor Moleout Radiothespy: Posenital And Prospeces Inteenal Dosimatry Task Force Report

INTRODUCTION

“f-DCANTIOC weas thee first n andogue: fow af patients with somatostatin se-
cmpior pasitive neurcendecrine tumeus. Phase 1 dinical triaks wess dosimetry guidesd by using praspective
= DCANTOC quantitative PET imaging {1). The conchusion in this study waes that indridual patiens doemetry
was needed as both kidney and tumows sbsorbed doses showed extreme varabality. In the phase 2 trial for this
«oampound no dosmetny was and pati i ed with a single oo several adminsta-
ticre of 3.7 GBgfm? (7. Trestrment peotocols aee mosthy based o fived activity or activity pey body surface aees
{typicallyat 185 - 1.7 Ghgy'm’) administsation schemes, which s sepeated with 2. 6-Bweek interval, depending
i respanise and quite aften ad phed 1o (bane marrow] bty sfter previous eatment. This ks o the buge
rangs in reporbed cumulstive activities of 1.1 - 265 Gig ().

EFFECTIVENESS
in the: clinical phase 3 single-cenie cpen-habel trial averall 6% of the patients showed dinical respanse, bio-
«chemical responss, and/or morphologic disease controd aftes a sngle adminisiration of 357 GBg/m’ ™Y-DOTA-

Y somatostatin

analogues for the
treatment of neuro-
endocrine tumours

O wyith amina-acid infusion (7). Mo

o= hove boen Jor = DOTATOC

Semeeral studies have been performed ta compare =Y -bbeled somd
Ibination of ™Y and “Lu peptides {4, 5). Thess combinaion therapil
«of both radiorudides, whereas aver its curmulaive decry ™Y emity)

IMAGING

As ™ is 2 pure beta-emittes, dirsct imaging of the therapy comg
Ibremnustrahibng spectrum in planar whoke body or SPECT (7). Pe]
farmed by using the 000 %/decry position emision om ™, w
tifying the uptake: in the renal cortex {8). Theragnastic companid
tivedy quantify the = DOTATOC biodistribution, with the gammar-{
= OCINTATE {101 When using 3 sumogabe peptide it & of get in]
af peptide a5 used in the theapeutic sstting, or othemise o)
Ibinding affrity (11}

ORGANS AT RISK AND NORMAL TISSUE DOSIMETRY
nent and sometimes even Etal senal toeicity (grade 4 and 5) (2, 51
after thesagy. When the peptice & deared by the primary renal

B and remain in e el
18 patieritswith ™ Y-DOTATDC PET quantification sheeed inbespatiy
[per activity ranged between 1.2 - 51 GG (1, 2 comparatde v
haseed dcimetry: 1.3 - 4.9 GpicBq (9 Bane marow dosimetry &
weeer e wth ™¥-DCANTO and a cosrelation wes chsemed with)
{120 In 21 patienks the: bone marsow akeombed dose ranged bet
MBg

TUMOUR DOSIMETRY
Tumeur dosmetry i sekdom perfommed far -DOTAIOC, mest probsbby due i te highly metasteised rahue
cith M it has b wsinig 111 DOTATOC 2= a companion diagrostic (17) and
i the initial phase | dinical trisd using = DOTATOLC {14).

ABSORBED DOSE-EFFECT

Longes iollow-up in a sub-group of patients treated in Beigiom eevealed 2 dose-responss refition betwesen
rerial toocity and the Biclogically Effective Doms (BED) when bessd an the achual kidrey volume instead aof the
staridaed s {150, It was abserved that the activity and hence dose pey cycde i
influenced the ncdence of renal tooscity (16). Labe stage senal bowoty v shawn bo Solio o deersc sgmaoidal
shaped dose-effect oune: with the BED (17]. The: tweshold foe ke renal oty wes found arcund a BED of 40
Iy fiar patients withaut additional sk factoes for renal disease, induding high blood presaue, diabetes, o prior
chematherapy. Reduction in lumour volume was shown o be significant above tumour absorbed doses of 200
Gy (141

DOSIMETRY-BASED TREATMENT PLANNING
Cnes stucly repesated administrations scoornding 1o the- 185 (8o’ dasing schemse until a thieshold dose af 17
Gy BEDD vias reachexd, theseby preventing renal tosicity (18}, The BED bas been semi-empirically defined in MIRD
pamphiet 70 by using a subrlethal damage repair half-fe of 28 h and the sadicbiokagy parametes affl = 15 Gy
fiow late senal et {160 A maibi-Factorial dose-effect moded for bload platek responss was defined, using pr-
oo plaieket counts as ackditioral weighting Facter, leading b a conration b the weighted ban

dhase and platedet count nadi after therapy (17

ISSUES TO CONSIDER
= i 2 pure high enengy beta amittes {mean enengy (.53 MeV), while 2 minue fesction §L0037%) leds soiner-
ral pair peoduction photons at 517 keV, Quantitative imaging of ™Y i comple and prospactive imaging with

MEED FOR INVESTIGATION

Diepite thee chear redation betwesen ocourrence of ik renal toxicty and sbsorbed dose this has not lead o
cinical pratocols wsing this concept. The longer sange: of the: high-energy beta-partides from ™Y results inel-
tvely homogeneous dose distnbubions within uptake vohsmes. Still inhomogeneous uptake in tumaurs, by e
e reess, could lead toir wiby in coese This gty exepaine the highiakmobed doses that o
reeded 1o kead o umour wolame reductian, but this reeds o be further imvestigated. The radation seretwity
of neurcendoonine: bumours is not well knowen, but it is not consideed to be exdremey sdio-resistant, consid-
enirg the tumeour dose of 500Gy innec-aduwant external beam radicthempy (19

Fage )




Additional challenges for radionuclide dosimetry (1):
small animal dosimetry and new isotopes

UPET-based dosimetry of 152Th-CHX-A"-scFv78-Fc

% dose
Target Organ  Biodistribution UPET difference

Large Intestine 32.7 56.6 73
Small Intestine 33.6 62.325 85
Stomach Wall 49.8 45.975 -8

Heart 85.3 56.05 -34
Kidneys 52.1 51.9 0

Liver 55.8 68.45 23
Lungs 46.2 80.35 74
Pancreas 37.3 51.1 37
Spleen 514 35.225 -31
Bladder 16.7 37.6 125
Total Body 20.6 33.175 61

Cicone F, Denoél T, Viertl D et al. Oral presentation, EANM 2017
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Additional challenges for radionuclide dosimetry (2):
new tracers and modelling of non-conventional organs

Gnesin S, Mitsakis P, Cicone F et al. EINMMI Research 2017; 7:43

Amato E, Cicone F, Auditore L, Baldari S, Prior JO, Gnesin S (article in revision)



Conclusions

Nuclear medicine has developed thanks to the
advancements of theoretical and applied physics

Many concepts that lead to such advancements are
common to other medical specialities. Nowadays we

talk about “precision medicine”, “personalised
medicine” etc.

Internal dosimetry is becoming a standard in Nuclear
Medicine Deparments, as it provides clinically useful
results and fulfils newer regulatory requirements

Nuclear medicine physicians and medical physicists will
need to sit together at the bedside to understand
“personalised” (radio)biology






Having the magic bullet does not mean Success
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Figure 1 Distribution over time of a total of 101 radioimmunotherapy
treatments with *’Y-ibritumomab-tiuxetan (Zevalin®) performed at
Sant’Andrea University Hospital of Rome, Italy, between July 2006
and October 2015.

Cicone F et al. Trans Canc Res 2016



|s a medical physicist involved
INn each treatment?
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Dosimetria con surrogato in- vs 20Y-Zevalin:

La (bio)distribuzione della radioattivita nel tempo

Cicone F, Scopinaro F 2013 In: Rituximab: Pharmacology, clinical use and health effects.




La distribuzione della radioattivita nello spazio/tempo

D’Arienzo M et al. 2010 Radiother Oncol Abstr




Y microsphere treatment of
hepatocellular carcinoma
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FIGURE 6. Normal-tissue complication probability of liver
toxicity (solid line) vs. liver BED. Dashed line represents 95%
Cl. Vertical bars represent SD (caused by number of data in
each group that created each point). Exp = experimental

data. Strigari et al, JNM, 2010



177 u-PRRT of neuroendocrine
tumours
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VY-PRRT of neuroendocrine
tumours
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FIGURE 6. Dose-response curve for correlation between
kidney BED and symptomatic radiation damage to kidneys for
external-beam data, compared with °°Y-DOTA-octreotide data.

Wessels et al, INM 2008



