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Radiation Biology

* Holy grail of oncology

* Identify characteristics
that distinguish tumor
cells from normal cells

* Design a Monotherapy
that selectively ablates

tumor cells




Some Biology...

Eukaryote Prokaryote
Membrane- Mitochondrion
enclosed nucleus Nucleoid Capsule
Nucleolu (some prokaryotes)

Flagellum

Cell Membrane .
(in some eukaryotes)

Types of

( Biological Cells ]

re units of ife - characieristics of ife apply
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[Prokaryotic Cells } ‘ Eukaryotic Cells }

(Prokaryotes) (Eukaryotes)

have no nuclkeus or always have nucleus & other
membrane-bound organelies membrane-bound organeles

e.g. bacteria cells. _~ N

.

Plant Animal h
Cells Cells J

Simple summary of words used to refer to types of cells ncduded n
introductory biology courses, There are many charactenstics & examples,




Some Biology...

Tissue organization and protection of the stem cell
genome

STEM CELL highly
- ™\ COMPARTMENT St differentiated e
cells cells ea
stem cells can renew " . O0—© —
themselves through mitotic < -~ —»: ——
cell division and can < 7 o —© —
differentiate into a diverse N = :z =
range of specialized cell ~=©—© —
types © :
\ / occasional P 4 :: _>° —
mitosis
~N o - ==y —
. N N\ =g
the two broad categories of bie SR .
mammalian stem cells are . ~0— 0 —@
embryonic Stem Ce”S & frequent mitosis post-mitotic cells
2 exposed
adult stem cells P to toxic agents

The Biology of Cancer (© Garland Science 2007)



Some Biology...

The flow of genetic information

transcription translation
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Some Biology...
How is cancer diagnosed?




Patient Diagnostic Evaluation

Measuring biological processes at different scales

whole-body

clinical
animal g
models

molecules

genomics, proteomics, metabolomics,
cellomics

molecular imaging



Some Biology ...
What is a biopsy?

Pathology

Proteomic profile

Patient’ s tissue o060 . e
sample or blood sample Genomic profile




What does a pathologist look for
examining biopsy tissue?

arge number of irregularly
haped dividing cells

Large, variably shaped nuclei

Small cytoplasmic volume

relative to nuclei




What does a pathologist look for examining biopsy tissue?
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Some Biology...

Hyperplasia
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Carcinoma in
situ (severe
dysplasia)

Cancer
(invasive)



What is the relationship between
tumor grade and patient survival?

General Relationship Between
Tumor Grade and Prognosis

100%

Low grade

Patient Lorll

Survival
Rate

High grade

Il or IV
1 2 3 4 5



Hallmark of Cancer
Warburg Effect



Adequate oxygen As Oxygen Decreases

ATP is generated

by Shift from Anaerobic glycolysis
Oxidative Sixaative

o . phosphorylation PASTEUR EFFECT
Phosphoryation to Glycolysis

 NORMAL CELL CANCER CELL
f— /a‘lucose \ .
y ‘ . Glucose
A l Glycolysis \ Hunger! lGlyconsis s ATP

Pyruvate __' Lactate Pyruvate 5 Lactate -

o I




Early 20th Century

Observed that cancer cells had
increased rates of glycolysis

Despite the availability of adequate
oxygen levels

Aerobic glycolysis

Otto Heinrich
Warburg
German Physiologist

WARBURG EFFECT

Why do cancer cells activate glycolysis despite the
presence of oxygen?



Overview of Course

Physics and Chemistry of Radiation Absorption

N |-

Molecular Mechanisms of DNA and Chromosome
Damage and Repair

Cell Survival Curves

Radiosensitivity and Cell Age in the Mitotic Cycle

Fractionated Radiation and the Dose-Rate Effect

Oxygen Effect and Reoxygenation

NIy nm AW

Linear Energy Transfer and Relative Biologic
Effectiveness

Acute Radiation Syndrome

‘Radiologist

O |

Radioprotectors

10

Radiation Carcinogenesis

11

Heritable Effects of Radiation

12

Effects of Radiation on the Embryo and Fetus

Radiobiology

FOR THE




1. Physics and Chemistry Radiation Absorption

Radiation may be classified as directly or indirectly
ionizing. All of the charged particles previously
discussed are directly ionizing; that is, provided
the individual particles have sufficient kinetic en- Directly lonizing: Electrons, protons, alpha, etc
ergy, they can disrupt the atomic structure of the
absorber through which they pass directly and
produce chemical and biologic changes. Electro-
magnetic radiations (x- and y-rays) are indirectly

Indirectly lonizing: photons

ionizing. They do not produce chemical and
' Microwaves Ultraviolet light Gamma rays
Excitation /\/\/\/\NNWMHM
Radio, TV waves Infrared light X-rays
H,0O =5 H,0* | 104 106 108 1070 1072 10 106 1018

o The excited water molecule can dissipate excess energy by bond breakage to Frequency in Hz / \

produce hydroxyl and hydrogen radicals. —

Visible light
H,0* - HO- + H: Orange  Yellow Green Blue Violet
lonizing B s A

4.3 x 10" Hz) Wavelength in nm (7.5 x 10" Hz)

HO =, HO  + e

The electron is captured by water through dipolar interactions, becoming solvated,
and referred to as an aqueous electron or a solvated electron:

e + H0 - e, surrounded by a “cage” of water;

e +H - H or it can react with H to form a radical.

o The radical ion of water can dissociate to produce a hydroxyl radical and a
hydrogen ion.

H,0-" — H + HO-



THe specific heat of the human body compared to protein and wood:

Specific Heat

Substance -Cp-
(J(kg °C))
Human Body (average) 3470
Protein 1700
Wood 1700

« 1J/kg °C) = 2.389x10°% kcal/(kg °C) = 2.389x10™ Btu/(lbm °F)

Up to 60% of the human adult body is water. Specific heat of water is 4187 J/kg oC (1 Btulbm °F).

Temperature Change Due to Radiation

X-ray

Total-Body Irradiation /\;;p(j Cp=3470//Kg °C =280//70 /(g x 7°C
Mass = 70 kg f)___‘\ ')—\5
LDsoyen = 4 G )
Energy absorbid = J/W L
Yy
70 X 4 = ;Sg joules &\ 7 (°C)=1.15 722°C=0.00115 °C

= —— = §7 calories
418



= DIRECT AND INDIRECT ACTION

The biologic effects of radiation result prin-

cipally from damage to deoxyribonucleic acid
(DNA), which is the critical target, as described

DIRECT
ACTION
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O=P—0—CH _ |
I\ Adenine |

{ ugglr/ :
(deoxyribose) ? H I
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= DIRECT AND INDIRECT ACTION

The biologic effects of radiation result prin-

cipally from damage to deoxyribonucleic acid
(DNA), which is the critical target, as described

DIRECT
ACTION cure/next treatment ?

: INDIRECT Time (s) lonizing Radiation
| ACTION
I H,O
0 —— 2
: 010“ excitation ionization
| ?\,\ Physical stage
X He : ose | H,0"* H,0% + e
OH"O\ l H,0
SA—=T-Sp HO T ~ N N - H,0*
PS C=—3G-S§ ; : / \\ Physic;-ac;:mical H, + O('D) H,0 HO* + H
. ’ / H,O
i—n% | @ | o |
"SGZCS | He+HO*  H,+2HO*  HO*+H,0* HO*+H,+OH e
| 1012 | 2 3 2 aq
I
: Chemical stage
: 106s _|_ €', H*, HO®, HO,*,OH", H,0%, H,, H,0,
I Bio-Chemical Stage l
I
| 3d | DNA effects, Immuno-response (cytokine, etc), enzymes, proteins
|
: Biological Stage l
| 2 2 *
4nm I monlyrs | induced radiation effects on tumor and healthy organs
I
|



= DIRECT AND INDIRECT ACTION

The biologic effects of radiation result prin-
cipally from damage to deoxyribonucleic acid
(DNA), which is the critical target, as described

® Radical
° @
® a e
o
o
° ° a
o © e
o ® a
o ¢ *
o}
a
2nm
y-radiation Low LET radiation

Low and homogeneous ionization density /
radical production

- Random distribution of indirect damage -!m-

-> Easier to repair by cell!

® |[onization

e Excitation

High LET radiation

High and localized ionization density /
(radical production)

- Clustered/Complex DNA Damage
- Very difficult to repair by cell! =



2. Mechanism of DNA Damage and Repair

IR-induced DNA Damage is heterogeneous

LowLET (X-rays,e-,protons) and HighLET are referred to as ionizing radiation.

Passage of IR through biological material deposits energy, producing free radicals, particularly
OH radicals, and stable molecules that produce DNA damage.

Reaction of radicals and molecules with DNA leads to chemical damage to the target.

DAMAGE TYPE No./Gy/cell

OOy, ™ - 1000

Single-Strand Break (SSB) 500-1000

: : Double-Strand Break (DSB) ~ 30
:]]]]]-‘_IJ ,—l[[[[[[[: sugar damage, DNA-DNA various

Vo + DNA-protein cross links




There are Six Major DNA Repair Pathways
in Human Cells

1) Base Excision Repair (BER)

2) Nucleotide Excision Repair (NER)

3) Mismatch Repair (MMR)

4) Homologous Recombination, FA/BRCA pathway (HR)
5) Non-Homologous End-Joining (NHEJ)

6) Translesion DNA Synthesis (TLS)
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Cancer Cells are often defective in one DNA
Repair Pathway

Normal cells

Six normal DNA
repair pathways

Cancer cells

l 1 l 1 1 l Predicts PARPi
sensitivity of
5‘3% % %:j% % breast cancer

BRCA1
mutation

The specific pathway lost
may determine the best
course of chemotherapy
and radiation
(personalized medicine)



An inhibitor of a second DNA Repair Pathway
can kill a cancer directly (Monotherapy)

Normal cells Cancer cells

Six normal DNA repair One defective pathway leads
pathways to hyper-dependence on a
second pathway

An inhibitor for the second
pathway will kill the cancer cell



DSB Repair

Mutation

N

Signaling
I
DSB repair: Cell Cycle Arrest
HR > DNA Repair
NHEIJ |
| I
Repaired Unrepairable
Re-enter cell cycle: Cell death

Genome 1ntact

Re-enter cell cycle:
Oncogenesis




Cell Cycle Dependence of DSB Repair :

Homologous Non-homologous
Recombination (HR) End joining (NHEJ)
K Repair without sister chromatid
» Low fidelity, prone to errors.
—mutations + small deletions.
 Repair using sister chromatid. * Operates mainly during G1.
» High fidelity. * Tolerated because DSBs likely

e Restricted to S-G2-M to occur in non-coding regions.



SHORT BREAK



3. Cell Survival Curves

In vitro experimental assay of radiation damage

+ trypsin

cell )
suspension
seed ; ; s
dishes 1
no. cells seeded: 100 400 1,000 10,000
X ray dose: 0 Gy 2 Gy 4 Gy 6 Gy
N\ v v W
r incubate 1-2 weeks |
WV W WV WV
no. colonies counted: 90 72 36 45
Coca Qv plating efficiency: 20% — —_ —
surviving fraction: —_ 0.2 .04 .005
THREE POPULAR ESTABLISHED CELL-LINES
+ Puck and Marcus (1955) developed a new The first mammalian cell survival curve
; i HelLa Cells (human cancer cells)
method for the quantitative culture of INTRINSIC RADIDSENSITIVITY w
mammalian cells. (HeLa cells, feeder cell N CHO Cells (Chinese hamster ovary cells)
. e
techmque) . 5’\,\.
2 . "\\‘ V79 Cells (Chinese hamster lung fibroblast cells)
[ = .
« Elkind and Sutton (1960) proposed a ¢ S
model for repair of sublethal damage. In § o ——
split-dose expenments, they measured T‘: “\
recovery of survival as a function of the PPN :
time interval between two doses - Culturing Mammalian Cells
Figue 81 Radimion dose-nmpoose of Frasan cancer cels in s, (Reproduced tissue — trypsin — single cell suspension — seeding —(medium+incubation)
from Puck and Marcus, 19%, by copyrght permission of The Rochefeller University “crisis —-established

Prese.)



3. Cell Survival Curves

Survival and radiosensitivity in various systems

1.0 "\
Surviving mamm.
fraction cells
(linear
scale)
sens
0.5 bactena
vifuses
0
10 1.0 10 1R 10°

Dose / Gy (log scale)



3. Cell Survival Curves

FIGURE 3.8 A: Compilation of sur-
vival curves for asynchronous cultures
of several cell lines of human and ro-
dent origin. Note the wide range of ra-
diosensitivity (most notably the size of
the shoulder) between mouse EMT6
cells, the most resistant, and two neu-
roblastoma cell lines of human origin
(the most sensitive). The cell survival
curve for mitotic cells is very steep, and
there is little difference in radiosensitiv-
ity for cell lines that are very different in
asynchronous culture. (Data compiled
by Dr. J.D. Chapman, Fox Chase Cancer
Center, Philadelphia.) B: DNA purified
from various cell lines (survival curves
shown in Fig. 3.8A) 18 hours after irra-
diation with 10 Gy and electrophoresed
for 90 minutes at 6 V/cm.Note the broad
variation in the amount of “laddering”"—

wihirh ic Fharartarictic Af an anAntatic

Surviving fraction

1.00

0.10

0.01

O EMT 6 mouse tumor

O MO16 human glioblastoma

O HT 29 human colon

© OVCAR 10 human ovary

o A2780 human ovary

O HX142 human neuroblastoma

O HX138 human neuroblastoma

O Mitotic cells of HT 29,
OVCAR 10 and A2780

Apoptosis
absent

— Apoptosis
dominant \o

0 2 - 6 8 10

12 14
Radiation dose (Gy)




Discovery of the X-rays
by Réntgen

1895

3. Cell Survival Curves

Linear-Quadratic Model

n-target single-hit model by Elkind and Whitmore

1967

First application of the target theory by Crowther

The Linear-Quadratic model by Kellerer and Rossi

1924

1929

The quantum radiobiology by Curie

1972

RMR model by Tobias

1985

Single-target single-hit model by Lea

1946

LPL model by Curtis

1986

The saturable repair model by Goodhead

1985

2000

2010

Target theory models

LQ model
and its
variants

models

Repair kinetics
models

Modern
approaches

Fig. 1. Historical synopsis related to the cell survival models and their variants.




3. Cell Survival Curves

n
Dq
100 4 100
2 oD - .
: —_— T\ Dy o
= 10-1F 10-1F Densely N\
2 - - F |\ lonizing
s C lonizing " D (neutrons \ \
- L ~ (o]
» (neutrons or a-rays)
102 F or «-rays) 102 F
3 Sp_ar_sely = Sparsely
C « 1 lonizing N lonizing D
R I | B\| x-rays | s i x-rays o
10~g 4 8 12 16 1075 4 8 12 16
Dose (Gy) Dose (Gy)
A B

FIGURE 3.3 Shape of survival curve for mammalian cells exposed to radiation.The fraction
of cells surviving is plotted on a logarithmic scale against dose on a linear scale. For a-particles
or low-energy neutrons (said to be densely ionizing), the dose-response curve is a straight line
from the origin (i.e., survival is an exponential function of dose). The survival curve can be de-
scribed by just one parameter, the slope. For x- or y-rays (said to be sparsely ionizing), the dose-
response curve has an initial linear slope, followed by a shoulder; at higher doses, the curve
tends to become straight again. A: The linear quadratic model. The experimental data are fitted
to a linear-quadratic function. There are two components of cell killing: One is proportional to
dose (aD); the other is proportional to the square of the dose (8D?).The dose at which the linear
and quadratic components are equal is the ratio «/B.The linear-quadratic curve bends continu-
ously but is a good fit to experimental data for the first few decades of survival. B: The multitar-
get model.The curve is described by the initial slope (D,), the final slope (D), and a parameter
that represents the width of the shoulder, either n or D,.



Linear-Quadratic-Model (LOM)

* Assumptions:
* DSB = Lethal Event
* DSBs can occur after single hit or two independent hits
* Yield of single hit DSBs (Ys) scales linearly with Dose
* Yield of double hit DSBs (Yp) scales quadraticly with Dose
n, =Y

- Total Yield Y, is given by: Y, + Y, = aD + BD?
Y% e

» Distribution of DSB over cells is given by Poisson-Statistics: P(n Hits) = oy

Probability of O hits (= Survival Fraction) is given by:

SE(D) = P(0 Hits) = exp(—Y;,c) ={exp(—aD — BD?) |




10°

Log surviving fraction

10~ 4 Tumor and acute-

2.) Irradiation Pattern in Time

Late-responding tissue
(multiple fractions)

responding tissues
(multiple fractions)

L

1072 -

\

Most malignant cells show reduced repair capacity
(i.e. higher a/p values) compared to healthy cells

$

Strategy of Fractionation

Prerequisits for ,classical” LQM Fract. :

-
R
.
-
.-

- Range of Dose =1.5-8 Gy per Fx
- Complete Repair (>8-10h break)
- No repopulation between Fx

Corresponding LQM-Extensions available =



4. Radiosensitivity and Cell Cycle Dependence

M
(Mitosis)

Gy Gy

Single
s H H strand
(DNA synthetic phase) i

FIGURE 4.1 The stages of the mitotic cycle for
actively growing mammalian cells. M, mitosis; S, DNA
synthetic phase; G, and G,“gaps,” or periods of appar-
ent inactivity between the major discernible events in
the cycle.

Progression through cycle governed
by protein kinases—activated by cyclins

Cyclin B Transcription

factors
/M* /

Cyclin B/A
and Cdk1
G2

) Cyclin D1 g
Cyclin A and Cdka |
and Cdk2

S Cyclin E
and Cdk2

D Cyclins

Cyclin A
p21

Cyclin E inhibits Cdk’s



Single-cell survival

Single-cell survival

0.2

0.1

0.05

0.02

0.01

0.005

0.002

0.1

0.05

0.02

0.01

0.005

0.002

0.001

4. Radiosensitivity and Cell Cycle Dependence

Time, hours

Chinese hamster cells
M Gq S Gy, M
L —
1 I 1 1 1
0 2 4 6 10
Hela cells
5Gy
M Gq S Gy, M
............
1 ] ] l ! ]
0 3 6 9 12 15 18 21

1.0

0.5

0.2

0.1

0.05

0.2

0.1

Single-cell survival

0.005

0.002

0.001

0.0005




5. Fractionated Radiation and Dose Rate Effects

FIGURE 5.1 X-ray survival curves for density-

inhibited stationary-phase cells, subcultured (tryp- ", =C== |mmediate explant
sinized and plated) either immediately or 6 or \\\ —0= 6-hour delay
12 hours after irradiation. Cell survival is enhanced if AR o 12-hour delay

cells are left in the stationary phase after irradiation,
allowing time for the repair of potentially lethal
damage. (Adapted from Little JB, Hahn GM, Frindel 100
E, et al. Repair of potentially lethal radiation damage
in vitro and in vivo. Radiology. 1973;106:689-694,
with permission.)

10-1

T T llllll

Surviving fraction

102

T T IIIIII

103 L l | 1 1

0 2 4 6 8 10
Doses (Gy)



5. Fractionated Radiation and Dose Rate Effects

01

L 7.63+7.95Gy
§ L R e g e
06 -
o
0.01 |
£ L
2
2
=
b L

L Incubation at

24°C between doses
0.001 l | | | I

0 2 4 6 8 10 12
Hours between two doses

FIGURE 5.3 Survival of Chinese hamster cells
exposed to two fractions of x-rays and incubated at
room temperature for various time intervals between
the two exposures. (Adapted from Elkind MM, Sutton-
Gilbert H, Moses WB, Alescio T, Swain RB. Radiation re-
sponse of mammalian cells in culture: V. Temperature
dependence of the repair of x-ray damage in surviving
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359-
376, with permission.)

010
- - Prompt repair s
o - of SLD o)
- .
-~ "
g) |
s | :
B '
g 0.01 Y
3 |
o A Reassortment and
- synchrony repopulation
= | | | | | |
0 2 4 6 8 10 12 14
Hours between doses
(7.47 and 8.04 Gy)

FIGURE 5.4 Survival of Chinese hamster cells ex-
posed to two fractions of x-rays and incubated at 37° C
for various time intervals between the two doses. The
survivors of the first dose are predominantly in a resis-
tant phase of the cycle (late S). If the interval between
doses is about 6 hours, these resistant cells have moved
to the G,M phase, which is sensitive. (Adapted from
Elkind MM, Sutton-Gilbert H, Moses WB, et al. Radiation
response of mammalian cells in culture:V.Temperature
dependence of the repair of x-ray damage in surviving
cells [aerobic and hypoxic]. Radiat Res. 1965;25:359-
376, with permission.)



5. Fractionated Radiation and Dose Rate Effects

FIGURE 5.10 Dose-response curves
for Chinese hamster cells (CHL-F line)
grown in vitro and exposed to cobalt-60
y-rays at various dose rates. At high
doses, a substantial dose-rate effect is
evident even when comparing dose
rates of 1.07,0.30, and 0.16 Gy/min.The
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5. Fractionated Radiation and Dose Rate Effects

B0 -e=--a... e
80 | Prediction of the ‘\. ’1.3y;;:a;(,on i
incomplete repair model .

'-:‘; I:O r \.
{ | . ~ A
< 2Gyracton
2 ;
L 30 |
w

20 -

o
10 -
OI l boodod drzsal e dand A s laiael

0.01 0.1 1 10 100 Fraction

Dose rate (cGYy/min)
Dose-rate effect for pneumonitis in mice,
where ED50 (Effect Dose-50%)



FIGURE 6.1

6. Oxygen Effect and Reoxygenation

Cells are much more sensitive to x-rays
in the presence of molecular oxygen than in its absence

High-Dose Assay
OER =35

Oxvgen is the best known
and most general
radiation sensitizer.

OER = Dose(hypoxia)

Dose(oxvgenated)

OER usually about 3 at high
radiation doses, but can he
lower at low doses.

Oxygen Fixation Hypothesis (OFH)
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2833
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w
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] ] ] ] ] ]
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% Indirect Action
/ Dominant for X-Rays
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_____
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30
25 I t
0 Air  100%
' 3 mm Hg or Geynes
15 about 0.5% oxygen
1.0 H

[ | T N T ST

0O 10 20 30 40 50 60 70 155 760

Oxygen tension (mm Hg at 37°C)



6. Oxygen Effect and LET Dependency

1 ! 15-MeV 10 a-rays
neutrons
2 E 2 °
3 8 8
£ o1 g o1 g 01f
B 3 3
2 : £
— L o
° -] -]
g 00! S ool S oot | OER=1O
< g CER=1.86 g
0.001
0.001 ! ! ! 0.001 ! L !
0 2 4 6 0 1 2 3
A Dose, Gy Dose, Gy
B C
Typical LET Values
- P o . Radiation LET (keV/um
Response to Ionizing Radiation Depends on Radiation Quality (ke}/um)
. * Cobalt-60 y-rays 0.2
. .LET, linear ener g\ transfer = average en'en gy 250 kVp X-rays 2.0
imparted to a medium by a charged particle per 10 MeV’ protons 4.7
unit track length 150 MeV protons 0.5
(keV/pm) 14 MeV neutrons 12 (track average)
- Low LET: sparsely ionizing (x-rays, y-rays) 100 (energy average)
290 MeV Carbon ions 12

- High LET: densely ionizing (a-particles, heavy
charged ions) 2.5 MeV a-particles 166

2 GeV Ironions 1,000



6. Oxygen Effect, Tumor Size abd Vessel Distance

Stroma
Stroma Tumor
Stroma
Necrosis
— — —
100-180p 100-180p 100-180p

Venous end

Anrterial end

QINCE
Q.-\'-'\‘t‘— ] )
QARCE ..
e,
3 A0\~ Q}QE.

@ Nomoxic

@ Hypoxic viable
q Anoxic cells



6. Process of Reoxygenation

|

Aerated
Stroma
Stroma Tumor
Stroma
4 Hypox
Necrosis cells ; §
— — —
100-180p 100-180p 100-180p

aﬂer rradi bon

O

;
§/m




7. Linear Energy Transfer (LET) and RBE

LET: is the average energy locally imparted to the medium per unit length of the track.

o Radical
9 o °
° o ®
° o
° o e
o ° , ®
o ¢ o o'
y © % 0 ° °
LET = dE/dL Y- A
v, o ® y
2nm
y-radiation Low LET radiation High LET radiation
Low and homogeneous ionization density / High and localized ionization
radical production density / (radical production)
071182 > Random distribution of indirect damage m - Clustered/Complex DNA Damage
- Easier to repair by cell! - Very difficult to repair by cell!
Radiation Linear Energy Transfer, keV/um
Cobalt-60 y-rays — 0.2
250-kV x-rays — 2.0
10-McV protons — 4.7
150-McV proton — 0.5
Track average —
14-McV ncutrons 12 —
2.5-McV a-particles —_ 166
2-GeV Fe 1ons — 1,000

(spacc radiation)




7. Linear Energy Transfer (LET) and RBE

Radiation Type/Quality —Relative
Biological Effectiveness (RBE)

7 Dref
: RBE =
Thowone Dparticle
B A iso—effect
E 0.1 - RBE, =2.1
S ' oen NN *RBE depends on:
=
n *Dose
* Particle Type
0.01- - ."""'A..l___BBE1=1-5 *Cell Line
- * Biological Endpoint
0 2 = 6 8 10 _ dE
Dose (Gy) *LET (Reminder: LET, = A )



7. Linear Energy Transfer (LET) and RBE
Quantitative LET-dependency of RBE

7

250 kVp Xroy Devterivm Lithium.-7  Corbon.12 k'll .ﬁ

Y50 kVp Xray ¥ Helim-4 ¥  Boronll ¥ Nitrogen.T'4 Over ' E ect
6 b v ¥ & ¥YOxygen-16  Argon-

Y Neon-20 ¥ x-ray 100 keV/pm 200 keV/pm
v ! O '

0 ! l ] LET
10 100 1000 LET [keV/um]

RBE drops after peak due to ,,Overkill-Effect” Reminder: RBE = _Drer

Dparticle iso—eff&ct



7. Linear Energy Transfer (LET), RBE and OER

OER Dependency on LET

10 3
OCER

. /

6 O
g -2 m
X 4} s

5 | RBE

0 1 1 1 i

0.1 1 10 100 1.000

LET (keV/um)



How Is Radiation Measured?

8. Acute Radiation Syndrome

There are several properties of radiation that must be considered when measuring or quantifying radiation. These include the
magnitude of radioactivity of the source, the energy of the radiation itself, the amount of radiation in the environment, and the
amount of radiation energy that is absorbed. Collectively, these properties determine the nature of the radiation itself. It is very
important to understand that equal doses of different kinds of radiation are not equally as damaging. To account for the difference,
radiation dose is expressed as “dose equivalent.” The following chart summarizes each parameter:

Dose Equivalent*

Exposure
(for x-rays and

gamma rays only)

Quantity that expresses
Rate of radiation emis- Energy imparted . the ability of radiation
- . . - Expression of dose L .
Definition sion (transformation or by radiation per - . to ionize air and thereby The capacity
. . . in terms of its .
disintegration) from a unit mass onto an bioloaical effect create electric charges to do work
radioactive substance | absorbing material ogl that can be collected
and measured
Common Units Curie (CI) rad
Measurement . ) ) rem Roentgen (R) Joule (J)
Label 101=37GlgaBathis | 4 -y _ 100 ergs/g
is a large amount)
Becquerel (Bg) Sievert (Sv)
1Sv=100 rem .
International (this is a large dose) Coulomb/kilogram
System of Units rat;ia[:;:): ;n:zz?;no:)er Gray (Gy) 1 Gy air dose (Cka) electronvolts
59 Somwers- second 1 6y = 100 rad SH——. 1R =258 10 V)
—— (this is a very small C/kg air
"y 1 R = 10 mSv of tissue g
amount) dose

*DE = Absorbed Dose x Quality Factor (QQ), where QQ depends on the type of radiation

Q = 1 for gamma, x-ray, or beta radiation; QQ = 20 for alpha radiation




8. Acute Radiation Syndrome

Relationship between effective, equivalent and absorbed doses Tissue weighting factors

Tissue/Organ Sensitivity
Absorbed dose

0.2
Energy “deposited” in a kilogram of a substance by radiation
Equivalent dose tissve
weighting 012 012 012 012
facto
Absorbed dose weightad for the degree of the effect of different radiations “'l '
(radiation weighting factor wg) "| 005 005 005 005 005
Effective dose 001 001
Equivalent dose w hted for su '&'tlblllﬁ to effect of different tissu . . ! . ‘ : . . .
quivalent dose weighted for s sceptibility to effect o different tissues e o o < N o o o W & A o
tica 1p weiaht Fm e s O SRR N N o ~ . USRS S g
(tissue weighting factor wq) o i «\-ai‘\ oW __\o(\"'&‘:o\ab o W :-0‘&\\3\’ «\*‘0 Qc.,\)‘\
w° o o°
Radiation doses, dose limits and potential
Dose Limit or Health Effect
More than Dose that may lead to death when received all at once

5,000 mSv

1,000 mSv Dose that may cause symptoms of radiation sickness (symptoms include
tiredness and nausea) if received within 24 hours

100 mSv Lowest acute dose known to cause cancer
30-100 mSv, Radiation dose from a full-body computed axial tomography (CAT) scan

50 mSv Annual radiation dose limit for nuclear energy workers
1.8 mSv Average annual Canadian natural background dose
1 mSv Annual public radiation dose limit in Canada
0.1-0.12 mSv Dose from lung X-ray
0.01 mSv Dose from dental X-ray

0.01 mSv Average annual dose due to air travel



Phases of Radiation Injury

Prodromal Prognosis without

0.5-1.0 Mild Modest decline in blood counts Survival

1.0-2.0 Mild-moderate Some bone marrow damage Survival >90%

2.0-3.5 Moderate bl S o A Probable survival
damage

3.5-5.5 Severe Severe bone marrow damage; Death within 3.5-6

AU modest Gl damage wk (50% of victims)

5.5-75 cevere Pancytopenia and moderate Gl Dgat_h probable
damage within 2-3 wk

75100 | Severe Severe Gl and bone marrow Dt.eat-h probable
damage within 2 wk

Severe Gl damage, radiation-
induced lung injury, altered mental
10 Severe status; at higher doses (>20.0 Gy), Death within 2 wk
cardiovascular collapse, fever,
shock

GASTROINTESTINAL

Ann Intern




Acute Radiation Syndrome
LD50/60 = 4 Gy

Symptoms and treatment | Mild Moderate Severe Very severe | Lethal (a)
strategy (1-2Gy) (2-4Gy) (4-6Gy) (6-8Gy) (>8Gy)
Vomiting Onset After 2 hrs | After 1-2 Within Within 30 | Within 10 min
Incidence | 10-50% hrs 1hr min 100%
70-90% 100% 100%
Diarrhea None None Mild Heavy Heavy
Onset . g 3-8hrs 1-3hrs within minutes-1hr
Incidence | - - <10% >10% almost 100%
Headache Slight Mild Moderate Severe Severe
Onset . . 4-24hrs 3-4hrs 1-2hrs
Incidence - 50% 80% 80-90%
Consciousness Alert Alert Alert Possibility Unconsciousness
Onset > - , of by order of seconds or
Incidence Impairment | minutes
- Seconds-minutes
. 100% (>50Gy)
Body Normal Increased Fever High fever | High fever
Temperature Onset = 1-3hrs 1-2hrs <1 hrs <1hrs
Incidence 10-80% 80-100% 100% 100%
Treatment Outpatient | Observation | Treatment | Treatment | Palliative treatment (a)
Strategy observation | at general | at at (advanced medical care
hospital, specialized | specialized | including stem cell
treatment hospital hospital transplantation)
at
specialized
hospital if
required




9. Radioprotectors

DRF=Dose Reduction Factor

Dosc of radiation in the presence of the drug

DR = Dase of radiation in the absence of the drug
cysteine cysteamine
NH, . : . N
4 s SH—CH,—CH—NH;
SH—CH,—CH
AN
COOH

The mechanisms most implicated in SH-
mediated cytoprotection include:

1. Free-radical scavenging that protects against
oxygen-based tfree radical generation by ion-
izing radiations or chemotherapy agents such
as alkylating agents

2. Hydrogen atom donation to facilitate direct
chemical repair at sites of DNA damage



10. Radiation Carcinogenesis

FIGURE 10.1 Marie Curie (seated) at work with
her daughter, Irene. Both are thought to have died of
leukemia as a consequence of the radiation exposure
they received during their experiments with radioactiv-
ity. (Courtesy of the Austrian Radium Institute and the
International Atomic Energy Bulletin.)

Standard Mortality Ratios for
All Causes of Death in British

Radiologists, 1897-1997

Years Standard Mortality Ratio
1897-1920 1.75
1921-1935 1.24
1936-1954 1.12
1955-1979 0.71
All post-920 1.04

Source: Doll R, Wakeford R. Risk of childhood cancer
from fetal irradiation. Br ¥ Radiol. 1997;70:130-139.

Radiation Effects

Deterministic effect: severity increases with dose;
practical threshold; probability of occurrence
increases with dose (e.g., cataract).

Stochastic effect: severity independent of dose;
no threshold; probability of occurrence in-
creases with dose (e.g., cancer).




10. Radiation Carcinogenesis

Cohort
Life Span Study

In-Utero Cohort

Children of

exposed
individuals

RERF A-Bomb Cohorts

Size
120,000

Allows an estimate

of cancer incidence
and mortality

3,600
Allows estimates of

mental retardation,
microcephaly, etc.

77,000

Allows estimate of
heritable effects



Excess deaths per year

10. Radiation Carcinogenesis

Radiation-Associated Deaths in the Life-Span Study

25 -
20 |
15 Solid cancer
10 |- Noncancer )
5+ .
Leukemia
| | I —————— L] L-
1945 1965 1985 2005

Year

FIGURE 10.7 lllustrating the pattern
of radiation-associated deaths in the life
span study in the A-bomb survivors. Leu-
kemia appeared first, reaching a peak by
5 to 7 years after irradiation, before falling
off later. Solid cancers did not appear in
excess for several years, but have contin-
ued to increase ever since. By about 1990,
it was evident that there is also an excess
of noncancer deaths, especially stroke and
heart disease. (Courtesy of Dr. Mabuchi.)



10. Radiation Carcinogenesis

Radiation-Associated Deaths in the Life-Span Study

10

Excess deaths per year

Solid cancer

Noncancer

Leukemia

0 |
1965
Year

Second cancers after prostate RT

Rectum
12%

% contribution to total
number of radiation-induced
second cancers

Sarcoma
(in field)
6%
Sarcoma
(out of field)
2%

Lung
34%

Colon
9%

1985

Bladder
37%

FIGURE 10.7 |lllustrating the pattern
of radiation-associated deaths in the life
span study in the A-bomb survivors. Leu-
kemia appeared first, reaching a peak by
5 to 7 years after irradiation, before falling
off later. Solid cancers did not appear in
excess for several years, but have contin-
ued to increase ever since. By about 1990,
it was evident that there is also an excess
of noncancer deaths, especially stroke and
heart disease. (Courtesy of Dr. Mabuchi.)

Distribution of radiation-induced second cancer at 5+ years postradiotherapy. (Illustra-
tion prepared by Dr. David Brenner based on the data from Brenner DJ, Curtis RE, Hall EJ,
et al. Second cancers after radiotherapy for prostate cancer. Cancer. 2000,88:398-406.)



