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Background setting

Why is it important to improve radiation risk estimations
for space missions?
Missions from April 1961 — March 2024
Increase in duration
Increase in number
We aim to go beyond Low-Earth-Orbit (LEO):
Only short-term Space Shuttle missions
Mainly ISS missions within LEO
Small sample sizes

Accurate prediction of space radiation risks beyond |=
LEO is hampered by the lack of relevant human data | =

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH Seidler et al. — Lancet Neurol 2024



Background setting: Space Radiation beyond LEO F'\IR iI= 5= 1L

MAGNETOSPHERE

Solar particle events:
mainly high-energy protons

(shielding is generally sufficient)

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH Image: modified from IAEA



Background setting: Space Radiation beyond LEO e

Secondary radiation:

Relative contribution (%)

Interaction of GCR with body tissue,
spacecraft shielding material...

Fluence

Neutrons can penetrate thick shields and e S R I R
. . . . . Charge number,
deep into organic tissues before interacting e ‘

. . 1
with nuclei
Significant fraction of the neutron fluence lies oAl
in the region > 20 MeV up to several hundred >°6
MeV as a result of GCR interactions with a I o
variety of simple shielding configurations §»02_ ik
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Radiobiology: key concepts

Higher doses
increase chance of
harmful effect
(not severity)

Caused by:

Stochastic
Effects

DNA Mutation

&

~@

Examples:

Cancer,
Hereditary Mutations.
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Higher doses increase
severity

Above the minimum
threshold, and below
maximum threshold

Caused by: Deterministic

Effects

Cell Death

)

Examples:

Acute Radiation
Syndromes,
Hair Loss, Reduced
Fertility



Neurobehavioral decrements
(anxiety, fatigue, performance)

Cataract formation

Radiobiology: key concepts

Damage to quiescent
neural stem cells in the
hippocampus

Degenerative damage to
the circulatory system

Space radiation induced health risks: Increased

cancer risk

Acute radiation syndrome

¢ Prodromal effects
%~ such as nausea
y and vomiting

Degenerative tissue effects (cataract,
cardiovascular risks...)

Central nervous system deficits
Cancer

Gonads susceptible
to cancer and genetic

Skiri:buirns germline mutations

Changes to bone,
muscle and cartilage
microarchitecture

P"‘! )
AL
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Radiobiology: key concepts

Not all ionizing radiation is equal:
LET = Linear Energy Transfer

In contrast to the stopping power, which focuses on the
energy loss by a charged particle moving through a
medium, LET focuses on the linear rate of energy
absorption by the absorbing medium as the charged
particle traverses the medium.

ICRU definition: “LET of charged particles in a
medium is the quotient dE/dl, where dE is the average
energy locally imparted to the medium by a charged
particle of specified energy in traversing a distance of
dl.”
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Electrons generated
from X-ray beam

Interaction sites

Electrons generated
from recoil protons
produced by
neutron beam

DNA segment

Figure 6.2 The greater DNA damage caused by the higher density
of charged particles following irradiation with neutrons compared
with photons.



Radiobiology: key concepts

Not all ionizing radiation is equal:
RBE = Relative Biological Effectiveness

As the LET of radiation increases, the ability of
the radiation to produce biological damage
iIncreases
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Radiobiology: key concepts

Not all ionizing radiation is equal:

RBE = Relative Biological
Effectiveness

Comparison of dose values at isoeffect

Historically, 250 kVp X-rays or Cobalt-
60 gamma-rays are used as reference
radiation quality

Isoeffect

D
RBE =7
D

Ton
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Radiobiology: key concepts
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Relative Biological Effectiveness: depends on...

Biology

Biological endpoint

Tissue microenvironment
(oxygen, scavengers, ...)

Genetic radiosensitivity
Cell-cycle phase

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

Cell line dependence of RBE
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Radiobiology: key concepts F'\IR iI= 5= 1L

Relative Biological Effectiveness: depends on...

Biology Physics
Biological endpoint LET
Tissue microenvironment Energy/Charge
(oxygen, scavengers, ...) Dose
Genetic radiosensitivity Dose rate

Cell-cycle phase
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Radiobiology: key concepts F'\IR iI= 5= 1L

Relative Biological Effectiveness: depends on...

Dose rate effects for low- and high LET radiation -
Physics
: no curvature = no DRE |
LET

5 Energy/Charge
T 0.1
o Dose
£ Dose rate
@ 0.01 4

0.001

Gray
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Neutron Radiobiology: an old story F'\IR iI= 5= 1L

FURIPAMENTALS

Neutron radiobiology: Past or Future? A ey
Studied in the early days of radiobiology oy v b Gl
Protection of workers in nuclear power plants et e

AITIE YIEXAFEER

Use of fast neutrons in radiotherapy

Exposure of atomic bomb survivors

Emerging field of radiobiology research at
accelerator-based research facilities:

Particle therapy
Space radiobiology

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH



Neutron Radiobiology: an old story F'\IR iI= 5= 1L

Neutron Survival Curves Neutron: Energy dependence of RBE

13 fisson specirum neutrons
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Figure 3. Survival curves obtained for cultured cells of humun origin irradiated with
different beams of fast neutrons and with 250 kVp X-rays.
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Neutron Radiobiology: weighting factor

Radiation weighting factor wR (ICRP) used for cancer risk
estimations. Introduced for radiation protection
purposes in order to account for the relative detriment of
different types of radiation

Pooling RBE data from different experiments
Absorbed dose (Gy) to equivalent dose H (Sv)

H= wp*D
Depends on energy: maximum of 20 around 1 MeV.

Mean quality factor decreases with increasing
neutron energy to values of < 5 for neutrons > 20
MeV: continuous functions used by ICRP
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Neutren radiation
25

weighting factor

Welghting factor
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Neutron Radiobiology: an old story

Chromosomal aberrations
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Tanaka et al. — J Rad Res 1999



Neutron Radiobiology: an old story

Chromosomal aberrations
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oosf | ] .
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Fig. 3 Yield y of dicentric chromosomes observed for the 0° (circles) and 16° (squares) beams
and the (0°-16%) difference spectrum (up triangles). Linear functions y = oD were fitted fo
the experimental data. The insert shows the yield curve for ®Co y-radiation which was used
as reference.

Table 2 Linear yield coefficients o for the irradiations at 0° and 16° as well as for the (0°-16%)
difference spectrum. The type-A and type-B uncertainties u, and u,® of a and the total
uncertainties uggg of the RBEy; values are indicated for a coverage factor £=1. The linear yield

coefficient for ®°Co y-radiation is cgee= (0.0106+0.003) Gy™.

o/ Gy! /Gyt u® /Gyl RBEy URBE
0° 0.096 0.004 0.020 9.0 2.0
16° 0.0787 0.0014 0.016
0°-16° 0.121 0.008 0.025 ( 114 ) 25
®
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One of the few experiments conducted
with high-energy neutrons using a
relevant biological endpoint for cancer
risk estimations

Nolte et al. — 2006




Neutrons in Space F'\IR iI= 5= 1L

Neutrons on ISS:

Neutrons of high energy contribute significantly to the ambient dose
equivalent of the crew on the International Space Station (I1SS)
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Neutrons in Space F'\IR iI= 5= 1L

Neutrons on ISS:

Neutrons of high energy contribute significantly to the ambient dose
equivalent of the crew on the International Space Station (I1SS)

4 to 400 MeV neutrons

N3

200 ® GCR
N3 Lab N2 CcoL + ol
coL {
Altitude ~ Neutron  Charged particle Neutron equivalent Charged particle equivalent S 455 _Lab% + +
dose rate dose rate dose rate dose rate o JPM a %
Mission  (km) (uGy/day)  (uGy/day) (uSv/day) (uSv/day) = {1{4 %—1 ’{'&-{*{‘L{_{
STS-55 302 5.9 57.2 520 120.1 % 100 - B *{*
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STS-94 296 37 101.5 30.8 213.9 22
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Neutrons in Space F'\IR iI= 5= 1L

Neutrons on Mars:

The Radiation Assessment Detector (RAD) onboard the Mars Science
Laboratory (MSL):

Neutron dose rate between 7 and 740
MeV of 5.1 + 1.0 uGy/d (2.2% of the

total surface dose rate) ... T w

Dose equivalent rate of 23.6 + 41  F e

uSv/d (3.8% of the total surface dose % ,.L/-

equivalent rate) H § E

Extrapolation to 1 - 1000 MeV range: @it b PREESS e

charged particle dose equivalent rate R T T )
E /| MeV

Matthia et al. — Life Sci Space Res 2017
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Neutrons in Space

Neutrons and shielding:

1400

[ neutron and ion
contributions

1200}
1000 F

800

Dosc cquivalent (mSv/ycar)

o

S

o
T

] L 1 1

GSI Helmholtzzentrum fir

0 10 20 30 40 50 60 70 80 90 100
Aluminum shield thickness, 7', ,, (g/cm’)

Schwerionenforschung GmbH

Dose equivalent (mSv/vear)
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What do we need to improve neutron radiation risk estimations for space:

Limited RBE data for neutrons above 20 MeV leads to high uncertainties in
radiation risk estimations

Lack of RBE data on relevant biological endpoints and in vivo data (e.g.
cardiovascular risks, central nervous system decrements, ..)
Facilities to perform radiobiology experiments using high-energy neutrons:
Field size of at least 5 x 5 cm?
Uniform dose distribution
Simulation/calculation of absorbed dose (Gy)
Possibility to perform rodent experiments?

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH



Research Gap

FAR E=x

Example of a recent in vivo CNS experiments with neutrons:

» Int J Mol Sci. 2021 Apr 1;22(7):3668. doi: 10.3390/ijms22073668 [

Chronic Low Dose Neutron Exposure Results in Altered Neurotransmission
Properties of the Hippocampus-Prefrontal Cortex Axis in Both Mice and
Rats

Balaji Krishnan 1", Chandramouli Natarajan 1, Krystyn Z Bourne 1, Leila Alikhani 2, Juan Wang 34, Allison Sowa

5, Katherine Groen 3, Bayley Perry 34, Dara L Dickstein 3#, Janet E Baulch 2, Charles L Limoli 2, Richard A Britten

2> Int J Mol Sci. 2021 Aug 21;22(16):9020. doi: 10.3390/ijms22169020.

Acute, Low-Dose Neutron Exposures Adversely
Impact Central Nervous System Function

Peter M Klein ', Yasaman Alaghband 2 Ngoc-Lien Doan 2 Ning Ru 2, Olivia G G Drayson 2,
Janet E Baulch 2, Enikd A Kramar 2, Marcelo A Wood 2, Ivan Soltesz ', Charles L Limoli 2
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Columbia University
Radiological Research
Accelerator Facility (RARAF)

Primarily neutrons with a broad
spectrum of energies (0.2-9
MeV), ~19% consisted of
inherent y-rays

Mice were slowly rotated at a
rate of 0.5 rotations/min around
the neutron beam, providing
isotropic irradiation
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Contact.: C.Vanaevoorde@gsi.de



