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1. Executive Summary

The purpose of this Report is to identify and describe informa-
tion needed to make radiation protection recommendations for
space missions beyond low-Earth orbit (LEO). Current space radi-
ation guidelines pertain only to missions in LEO and are not con-
sidered relevant for missions beyond LEO. Radiation protection in
deep space is complicated because of the unique nature of the space
radiation environment, which is unlike any radiation environment
present on Earth or in LEO. The Executive Summary lists the
major information that is needed. A summary of all needed infor-
mation is included in Section 8.

1.1 Background

Astronauts on exploration missions of long duration beyond
LEO face exposures to radiation levels that may easily exceed those
routinely received by terrestrial radiation workers, or even
those faced by crews in near-Earth spacecraft, such as the Space
Transport Shuttle (STS) and International Space Station (ISS).
Radiation fields encountered include the galactic cosmic radiation
(GCR) background, sporadic solar-particle events (SPEs), energetic
protons and electrons during traversals of the Van Allen radiation
belts, and exposure to possible onboard radioactive sources used for
power generation, propulsion, medical testing, and instrument cal-
ibration. Although it is true that crews on missions in LEO may be
exposed to some extent to all of these radiation fields, they are not
exposed to the full intensities of the GCR and SPE spectra because
of the protection afforded by Earth’s atmosphere and geomagnetic
field, which tend to deflect protons and heavier ions at lower ener-
gies back into deep space thereby preventing them from reaching
spacecraft in LEO. The degree of protection is a function of space-
craft orbital inclination and altitude. Orbits at higher inclinations,
such as the 51.6 degree orbit of ISS are exposed to greater numbers
of GCR particles because transmission through the magnetosphere
is increased due to the reduced intensity and less favorable orien-
tation of the magnetic field at these higher inclinations. However,
significant shielding is provided by Earth's magnetic field and by
shadow shielding from Earth itself. Hence, particle fluence rates
from GCR and SPE sources are much lower in LEO than will be
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encountered in missions beyond LEO, about a factor of three from
ISS to deep space, where no protection from the magnetosphere or
planetary bulk exists. Typically, astronauts and cosmonauts on ISS
receive from 0.5 to 1.2 mSv d–1, with ~75 % coming from GCR ions
and 25 % coming from protons encountered in passages through
the South Atlantic Anomaly region of the Van Allen belts. In deep
space, radiation doses received by astronauts are expected to be
higher (about a factor of two) than those measured in LEO. The
main radiation sources of concern for missions beyond LEO are
GCR and SPEs. Since spacecraft will be externally exposed to the
full intensities of these sources, the radiation fields within the inte-
rior of the spacecraft are mitigated only by the shielding provided
by the spacecraft structure. Properly describing how these radia-
tion fields are altered by passage through the spacecraft structure
is carried out using radiation transport codes, which model the
atomic and nuclear interactions of these particles and describe
the resulting composition and energy spectra of the radiation field
constituents. Additional shielding is also provided by the body tis-
sues overlying critical internal organs and must be accounted for
as well. The biological effects of these unique radiation fields are
not well known, nor are the associated radiation risks for late
effects such as cancer induction. Unlike the situation for terrestrial
exposures, the high costs of launching materials into space place
limitations on spacecraft size and mass and preclude the purely
engineering solution of providing as much additional shielding
mass as is needed to reduce radiation exposures to some desired
level. In addition, there are some model predictions which indicate
that some types of shielding materials may give rise to secondary
particle radiation fields that are more damaging than the unatten-
uated primary fields which produced them. Finally, in order to be
effective in minimizing radiation exposure, the radiation protection
program must include dosimetry instrumentation and data pro-
cessing tools which can rapidly evaluate any realistic change in the
exposure characteristics. This evaluation must include sufficient
characterization of the radiation fields to allow determination of
the radiation doses that would be received by astronauts, and to
estimate the reduction in these doses that could be achieved by
moving to areas of the spacecraft that provide different shielding.

The acceptable levels of risk for space exploration beyond LEO
have not been defined at this time and need to be dealt with before
sending manned missions to colonize the moon or to deep space
such as a mission to Mars.

Other radiation health risks besides cancer are of concern for
long-duration missions beyond LEO. Important questions related
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to the addition of these risks and their possible impact on mortality
and morbidity need to be addressed. 

1.2 Space Radiation Environment

For exploratory missions beyond LEO, the main radiation-
related concerns are chronic exposure to the ever-present GCR
background, and acute exposure to sporadic SPEs. Both sources
vary with the ~11 y solar cycle. The maximum intensity of the GCR
spectrum occurs during the period of minimum solar activity. SPEs
can occur at any time during the ~11 y long solar cycle, but are
much more prevalent during periods of maximum solar activity,
when the GCR intensity is reduced. The main concerns with GCR
exposures to the human body are thought to be from late effects,
such as the risk of cancer. In the case of SPEs, especially very large
SPEs, the primary concern is the risk of acute effects. Most SPEs
are relatively low in intensity and have spectra that are soft (i.e.,
particle fluence rates decrease rapidly with increasing energy).
Hence, they are of minor importance with regard to radiation pro-
tection since spacecraft structures can provide adequate shielding.
Extremely-large SPEs, however, may occur several times (gener-
ally one to four times) during the solar cycle. In these events the
fluence rates can be high and the spectra hard (i.e., particle fluence
rates decrease slowly with increasing energy). Increased shielding
in the form of a storm shelter may be necessary to reduce radiation
doses received by astronauts to acceptable levels from these events.

1.2.1 Galactic Cosmic Radiation

The assessment of radiation risk requires detailed knowledge of
the composition and energy spectra of cosmic rays in interplane-
tary space, and their spatial and temporal variation. Current mod-
els are based on the standard diffusion-convection theory of solar
modulation (Badhwar and O’Neill, 1992; Chen et al., 1994a;
Nymmik, 1996; 1997; Tylka et al., 1997a); they are briefly dis-
cussed in Section 3. Typical uncertainties in the particle fluence
rates predicted by the models are 15 %. Measurements of GCR
fluence rates are ongoing using instrumented satellites outside of
Earth’s magnetosphere. Hence, refinements to the models are indi-
cated as additional data become available.

1.2.2 Solar-Particle Events

For manned interplanetary missions there is concern that a
large SPE could, in a short time period (hour or day), subject the
spacecraft to substantially large numbers of protons with energies
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above tens of megaelectron volts. Hence, doses from exposures to
large SPEs could be large for crews and equipment that are not
adequately protected. Large SPEs (~5 × 109 protons cm–2 at ener-
gies >30 MeV) occurred in November 1960, August 1972, and
October 1989. Even larger events have occurred during the past
500 y (McCracken et al., 2001a). Estimates of absorbed doses from
the largest of these events, the Carrington event of September
1859, exceed 1 Gy for bone marrow and 10 Gy for skin and ocular
lens, for thinly-shielded spacecraft in deep space (Townsend et al.,
2006). If it is assumed that the satellite energetic particle measure-
ments acquired during the space era (1965 to the present) are rep-
resentative of the SPE distributions to be encountered during
missions beyond LEO, and utilize the Jet Propulsion Laboratory
proton fluence model (Feynman et al., 1993) is used to estimate the
probability of occurrence of a large event, then the probability of an
event containing a >30 MeV fluence of ~5 × 109 protons cm–2 during
a 2 y interplanetary mission near the solar cycle activity maximum
is ~0.1. However, the ability to forecast large SPEs is poor. It is
not currently possible to project the probability of SPEs 1 to 3 d in
advance. The lack of a method to observe or account for interplan-
etary shocks and coronal mass ejections (CMEs) directed toward
Earth is one of the major deficiencies of quantitative SPE predic-
tions. When SPE predictions are issued and a significant event
occurs, the observed fluence rate is generally, but not always,
within an order of magnitude of the predicted peak particle fluence
rate (Section 3). Prediction of an SPE’s spectral characteristics has
not proven to be reliable for large events. Similarly, the intensity-
time fluence-rate profile predictions have not been adequate for
large shock-dominated SPEs. Development of event-triggered
methods of forecasting SPE doses over time using dosimeter mea-
surements obtained early in the evolution of an event, coupled with
Bayesian inference and artificial neural network methods, have
met with some success (Hoff et al., 2003; Neal and Townsend, 2001;
Townsend et al., 1999).

1.3 Space Radiation Physics and Transport

Whenever high-energy nuclei (protons, light ions, and heavier
ions) pass through bulk materials, such as shielding or body tissues,
they interact with the atoms and the atomic nuclei of the target
materials. At the atomic level, interactions occur very frequently
(~108 cm–1 of travel) and result in energy losses by the incident radi-
ation fields as the atoms of the target materials are excited and
ionized. However, the identities of the particles in the incident radi-
ation fields are not altered by these atomic interactions. Nuclear
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collisions on the other hand are much less frequent, occurring only
once every few centimeters of travel. These collisions, however,
can be violent and often result in the breakup of the incident and
target nuclei. Hence, both the energy spectra and the actual compo-
sition of the transmitted radiation fields are altered. In addition,
energetic neutrons are produced in large numbers by the nuclear
collisions. The propagation of these radiation fields and their alter-
ations by atomic and nuclear collisions are modeled using radiation
transport codes. Clearly, an accurate description of these trans-
ported radiation fields requires accurate modeling methods for par-
ticle interactions and transport. 

1.4 Space Dosimetry

Radiation exposures originate with different types of sources,
each with distinct properties and variability. These sources include
GCR, radiation from the sun including SPEs, protons and electrons
in the trapped belts, and radiation from man-made sources inten-
tionally included in the space vehicle. The onboard dosimetry sys-
tem must be able to adequately characterize the exposure from all
types of radiation and sources that are present. Both active and
passive dosimetry systems will be needed. Instrumentation
and techniques for some of these measurements exist, but several
improvements are necessary to provide reliable dosimetry in these
complex radiation fields.

1.5 Space Radiation Biology

Health effects of radiation exposures on humans during and
after exploration missions beyond LEO are not completely known.
Significant future research is needed to complete the estimation of
these effects (Cucinotta, 2005; NCRP, 2000). The goal is to provide
a consensus of radiation dose limits that will limit the risk of seri-
ous and persistent radiation effects from occupational radiation
exposure in space to an acceptable level.

Historically, it has been assumed that major early effects of
radiation exposure could be avoided simply by radiation shielding
of the spacecraft. The focus, therefore, has been on estimating the
risk of late radiation effects such as cancer and cataracts. However,
the problem is broader and potentially includes both early and late
radiation effects. The eminent problem of unpredictable large
SPEs, and the potential of a rapid and progressive exposure to
charged particles representing a wide array of atomic numbers,
energies and dose rates (and any resulting secondary radiation cas-
cades) is a daunting issue that requires extensive further study.
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With what is known today, there are concerns about early effects on
the brain and peripheral nervous system. There is concern about
potential radiation damage to neural function, particularly in older
individuals following exposure to low doses of high dose-rate radi-
ation. Convincing evidence also is emerging for concern regarding
the risk of cardiovascular disease. Defects in immunological func-
tion from exposure to low doses of high dose-rate radiation that
contribute to life-shortening or diminished quality of life need fur-
ther study. Biomarkers for identification of individuals at increased
risk due to genomic predisposition, as well as radiation biodosime-
try to estimate cumulative radiation doses may provide guidance
for future individual mission worthiness. However, links between
the appearance and abatement of some of the early biodosimetric
markers and the risk of later medical consequences are uncertain.
The combined effects of radiation exposure with other biophysical
stressors, such as microgravity, exposure to ultraviolet (UV) light,
or to microwaves have not been studied adequately.

1.6 Space Radiation Risk Assessment Methodology

On long-term missions outside Earth’s magnetic field, three spe-
cific areas of radiation health risks can be identified as being
of primary concern: (1) late effects (e.g., cancer); (2) early effects due
to acute, or at least short-term, exposures from large SPEs; and
(3) possible effects (still to be identified) to the central nervous sys-
tem (CNS) from the high-energy, high atomic number (Z) compo-
nent of GCR. There is not enough information available to estimate
the risk of other unknown potential late noncancer1 radiation
health risks. There are three factors that are important in their
influence on the probability of noncancer effects occurring as a
result of exposure to radiation in deep space: total dose, dose rate,
and radiation quality. The importance of dose rate and radiation
quality is different between ambient GCR and radiation from the
SPEs. The radiation from GCR is continuous and varies in dose rate
by perhaps a factor of two to three depending on the phase of the
solar cycle, but does not reach what is considered to be a high dose
rate. The highest dose rates in space occur during large SPEs. The
dose rate and total dose depend on a number of factors that include
the intensity of the disturbance on the sun, the longitude of the dis-
turbance on the sun’s disk relative to the position of the spacecraft,
the condition of the interplanetary magnetic field between the sun

1The term noncancer refers to health effects other than cancer (e.g.,
cataracts, cardovascular disease) that occur in the exposed individual.
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and the spacecraft, and the amount of shielding provided by the
spacecraft. Absorbed-dose rates as high as 1.4 Gy h–1 have been
estimated for missions beyond LEO for an event similar to the large
event of August 1972 (Parsons and Townsend, 2000). Regarding
radiation quality, the spectrum of energies and linear energy trans-
fers (LETs) of the heavy ions must be taken into account in the esti-
mation of the risk of noncancer effects in deep space. The relative
biological effectiveness (RBE) of neutrons, protons, carbon, neon
and argon ions for the induction of noncancer effects was examined
by ICRP (1989). Unfortunately, most of the data for noncancer
effects have been obtained after exposure to acute high dose irradi-
ation and there is no information about effects in humans of
whole-body absorbed doses <1 Gy protracted over 1 to 2 y. The evi-
dence, however, suggests that in most tissues, repair and recovery
are efficient in reducing or eliminating the damage caused by radi-
ation at the dose rates experienced in space. The equivalent dose2

(in sievert) obtained using radiation weighting factors (wR) derived
from RBE information for late stochastic effects (i.e., cancer and
genetic effects), is not appropriate for use in describing the risk of
early or late noncancer effects. The quantity gray equivalent2 has
been suggested as the analogy to equivalent dose when considering
deterministic (see Glossary) noncancer effects (NCRP, 2000). As
discussed in NCRP Reports No. 132, No. 137, and No. 142 (NCRP,
2000; 2001a; 2002) the organ dose equivalent3 (in sievert), may be
used as a surrogate for the equivalent dose when dealing with the
space radiation environment. The effective dose2 (in sievert) can
be calculated by summing the products of the equivalent dose for
each organ and the appropriate tissue weighting factor (wT) from
column three of Table 3.1 of NCRP Report No. 137 (NCRP, 2001a).

1.7 Major Information Needed

• Improve the accuracy and extend the range of energies and
elemental species included in GCR models.

2The terms equivalent dose (HT), effective dose (E), and gray equiva-
lent (GT) refer to quantities formulated for radiation protection purposes.
The first two quantities apply to stochastic effects (i.e., cancer and genetic
effects), and the third applies to deterministic effects (see equivalent dose,
effective dose, and gray equivalent in Glossary).

3The term organ dose equivalent ( ) refers to a quantity obtained by
averaging or integrating over the quantity dose equivalent (HT) that is
measured or calculated at a number of points in an organ or tissue. For
space radiations,  is used as the surrogate for equivalent dose (see
organ dose equivalent and dose equivalent in Glossary).

HT

HT



8   /   1. EXECUTIVE SUMMARY

• Develop SPE forecasting and prediction capabilities that are
able to observe or account for interplanetary shocks and
CMEs. These capabilities should include the ability to reli-
ably predict the fluence spectra and time evolution of SPE.

• Develop realistic models of the largest expected SPE fluence
rates, which may be encountered on exploratory missions.
Assessments of their biological effects and shielding
requirements need to be carried out.

• Develop and validate space radiation transport codes and
nuclear cross-section models that treat all components of
the primary and secondary spectra of the space radiation
environment including protons, neutrons, light ions, heavy
ions, mesons, and electromagnetic cascades.

• Improve existing nuclear interaction databases for properly
assessing risk and concomitant shielding requirements,
especially for neutrons and light ions. 

• Determine the carcinogenic effect of protracted exposures of
relevant energies of protons, neutrons and heavy ions.

• Determine the carcinogenic effects of heavy ions to provide
data for determining quality factor values.

• Conduct experiments to underpin the risk estimates such as
cell and molecular biology experiments using realistic cell
and tissue models.

• Determine whether or not there is a significant risk of
effects on the function of the CNS from space radiations.

• Determine the effect of protracted exposures of relevant
energies of protons, neutrons and heavy ions on other tis-
sues, such as the ocular lens, bone marrow, cardiovascular,
and immune system.

• Develop methods of using experimental data for estimating
risks of late and early effects in humans.

• Conduct studies of the effects of SPE dose rates on early
radiation responses (e.g., prodromal effects, such as nausea
and vomiting) in order to determine the appropriate biologi-
cal effectiveness factors to use in establishing gray equiva-
lent limits to apply to organs and tissues for early effects.

• Evaluate biomarkers for their ability to detect adverse
effects.

• Evaluate biomarkers to estimate cumulative doses. 
• Assess countermeasures for their efficacy in preventing

adverse effects.
• Develop radiation spectrometers which can accurately mea-

sure the fluence of indirectly ionizing particles in the pres-
ence of a fluence of directly ionizing particles.
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2. Introduction

The purpose of this Report is to identify and describe informa-
tion needed to make radiation protection recommendations for
space missions beyond LEO. Current NCRP space radiation guide-
lines pertain only to missions in LEO and are not considered rele-
vant for future missions beyond LEO. Radiation protection in deep
space is complicated because of the unique nature of the space radi-
ation environment which is unlike any radiation environment
present on Earth or in LEO.

Astronauts on exploration missions of long duration beyond
LEO face exposures to radiation levels that may easily exceed those
routinely received by terrestrial radiation workers and those faced
by crews in spacecraft in LEO. Radiation fields encountered in
space travel include the ever-present GCR background, sporadic
SPEs, energetic protons and electrons during traversals of the
Van Allen radiation belts, and exposure to possible onboard radio-
active sources used for power generation, propulsion, medical test-
ing, and instrument calibration. The main radiation sources of
concern for missions beyond LEO are GCR and SPEs. Since space-
craft will be externally exposed to the full intensities of these
sources, radiation fields within the interior of the spacecraft are
altered only by the shielding provided by the spacecraft structure.
Proper descriptions of how these radiation fields are altered by
passage through the spacecraft structure is accomplished using
radiation transport codes, which model the atomic and nuclear
interactions of these particles and describe the composition and
energy spectra of the resulting radiation field. Additional shielding
is also provided by the body tissues overlying critical internal
organs and must be accounted for as well. 

The biological effects of these unique radiation fields, especially
the high atomic number, high-energy (HZE) component of GCR
spectra, are not well known, nor are the associated radiation risks
for late effects, such as cancer incidence and mortality.

Contributions to uncertainties in radiation risk from these par-
ticle sources may be significant. For the GCR spectrum, present
uncertainties in the models appear to be ~15 %. For SPE spectra,
the uncertainties may be much larger. Uncertainties in proton
fluences measured by instruments onboard the Geostationary
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Operational Environment Satellites (GOES) are probably less than
a factor of two.4 Absorbed doses and dose equivalents5 calculated
using the current generation transport codes appear to be uncer-
tain by <25 %, but individual spectral components, especially sec-
ondary neutrons, are probably much more uncertain. In addition,
the uncertainty increases as the shielding thickness increases. For
thick shielding, the uncertainty resulting from radiation physics
models is probably still less than a factor of two. None of the exist-
ing GCR codes, however, properly treat all of the components
produced in the transported radiation fields, especially the three-
dimensional nature of the secondary neutron and light ion fields
produced by the nuclear fragmentation events involving the HZE
particle components of the spectrum. Uncertainties in the biologi-
cal risk due to the transmitted radiation fields present at critical
body organs are possibly as large as a factor of four or more
(NAS/NRC, 1996). There are no human data for risks from GCR
particles. Human data for risks from protons exist from radiother-
apy applications, but not for proton energies and dose rates found
in space. The radiation fields that will be encountered in deep
space, and their concomitant risks, depend upon the mission sce-
nario under consideration. There are three mission scenarios that
must be considered: (1) lunar surface missions, (2) transits to Mars,
and (3) Mars surface missions.

For missions on the lunar surface, the concerns are mainly expo-
sures resulting from large SPEs, especially near the period of max-
imum solar activity during the ~11 y solar cycle. Ions heavier than
protons are present in the SPE spectra, but are not considered to
be a hazard due to their soft spectra and low fluence rates. As the
length of a lunar surface mission increases, however, chronic expo-
sures to the background GCR environment may be of a magnitude
to warrant concern. For either short- or long-duration missions,
absorbed doses from large SPEs in excess of 1 Gy are possible if
crews are in a thinly shielded area, but are easily reduced if ade-
quate shielding (~20 g cm–2) is provided. On the moon there is no
atmosphere to provide shielding, but the moon’s physical bulk does

4Zwickl, R.D. (1997). Personal communication (National Oceanic
and Atmospheric Administration, Space Environment Center, Boulder,
Colorado).

5The term dose equivalent refers to a measured or calculated value
made at a point, accounting for the quality factor-linear energy transfer
relationship for the biological effectiveness of the radiation types involved
(see dose equivalent, quality factor, and linear energy transfer in
Glossary).
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provide some shadow shielding that reduces the incoming GCR
particle fluence rates by approximately one-half.

For transits to Mars the main concerns are exposures from large
SPEs and chronic exposures from both SPEs and the background
GCR environment. Since transit times of approximately six months
are thought to be necessary, effective doses as large as 1 Sv have
been estimated from the GCR environment. Much of this effective
dose comes from high-LET components of the spectrum, such as
high-energy heavy ions (the so-called HZE particles) and the
secondary radiations produced by their interactions in the space-
craft shielding and tissue overlying critical body organs. Typical
shielding thicknesses for interplanetary spacecraft are likely to be
~20 g cm–2 or more of aluminum or other structural materials.
Since GCR fluence rates are not correlated with solar activity, effec-
tive doses from GCR at solar maximum are likely to be ~40 % of the
values at solar minimum. Doses from large SPEs, mainly from
energetic protons with energies as large as several hundreds of
megaelectron volts and higher, are likely to be well below any acute
radiation syndrome response levels for spacecraft with ~20 g cm–2

or more of shielding.
For operations on the surface of Mars, the main sources of con-

cern are chronic exposures to SPEs and the GCR environment.
Acute exposures to SPE protons are unlikely because the overlying
atmosphere of Mars (~16 to 20 g cm–2 carbon dioxide) provides sub-
stantial shielding for all surface operations, except those that
might take place at high mountainous altitudes. Again, as was the
case for the moon, the physical bulk of Mars and the Martian atmo-
sphere will provide substantial shadow shielding and will reduce
the incident GCR particle fluence rates by one-half. The overlying
atmosphere on Mars will also provide some shielding against inci-
dent GCR particles. Unlike the moon, however, the radiation fields
on the Martian surface will include a substantial component of sec-
ondary particles from interactions of the incident radiations with
atmospheric constituents. Especially important will be secondary
neutrons, which come from nuclear fragmentation interactions
between the incident protons and heavy ions and the atmosphere,
and from albedo neutrons emanating from the Martian soil. These
neutron energies range from thermal up to hundreds of megaelec-
tron volts or more.
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3. Space Radiation 
Environment

The space radiation environment is mainly composed of the
GCR background, sporadic SPEs, and energetic protons and elec-
trons populating Earth’s Van Allen radiation belts. For missions
beyond LEO the main sources of concern are large but infrequent
SPEs and the chronic background provided by the energetic heavy
charged particles in the GCR spectrum consisting of all of the
naturally-occurring elements. SPEs present both acute and chronic
exposure concerns for manned missions. The GCR background will
not give rise to early effects, but does present a chronic exposure
concern and may cause unique biological responses in humans not
easily replicated by standard x- or gamma-ray sources.

3.1 Galactic Cosmic Radiation

Exposure to GCR poses a serious hazard for long-duration space
missions. Spacecraft shielding to reduce dose equivalents imposes
a very stiff mass penalty, and thus a large increase in the mission
cost. GCR radiation consists of particles of charge from hydrogen to
uranium arriving from outside the heliosphere. These particles
range in energy from ~10 MeV n–1 to ~1012 MeV n–1, with flu-
ence-rate peaks around 300 to 700 MeV n–1. Because of the vast
energy range, it is difficult to provide adequate shielding, and thus
these particles provide a steady source of low dose-rate radiation.

Integrations of energy spectra show that ~75 % of the particles
have energies below ~3 GeV n–1. Under modest aluminum shield-
ing, nearly 75 % of the dose equivalent is due to particles with ener-
gies <2 GeV n–1. Thus, the most important energy range for risk
estimation is from particles with energies below ~2 GeV n–1, and
nearly all of the risk is due to particles with energies <10 GeV n–1.
The local interstellar energy spectrum (outside the heliosphere) is
a constant, but inside the heliosphere the spectrum and fluence of
particles below ~10 GeV n–1 is modified by solar activity.

The assessment of radiation risk requires a detailed knowledge
of the composition and energy spectra of GCR in interplanetary
space, and their spatial and temporal variation.
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3.1.1 Galactic Cosmic Radiation Composition 

Table 3.1 summarizes the relative abundance of nuclei (hydro-
gen through nickel) at a few representative energies. The composi-
tion varies as a function of energy. The energy spectrum of iron
nuclei, for example, is harder than that for helium nuclei, in that
the iron to helium ratio increases with increasing energy above
~1 GeV n–1. Since the high-energy particles are less efficiently
stored in the Galaxy, the so-called secondary cosmic-ray nuclei (e.g.,
lithium, beryllium and boron) have maximum abundance at ener-
gies of ~1 to 2 GeV n–1, with the abundance decreasing at both
lower and higher energies. These secondary cosmic-ray nuclei are
produced by the fragmentation of heavier primary nuclei (e.g.,
carbon, oxygen and iron) in collisions with interstellar gas.

3.1.2 Solar Modulation

The cyclic variation of the solar magnetic field and changes in
the solar wind velocity cause modulation of the GCR spectrum
within the heliosphere. Mewaldt et al., (1988) suggested that the
differential energy spectrum, j(Z,E, t,r,θ,Φ), can be expressed in
terms of separable functions: 

(3.1)

where j0(Z,E) is the local interstellar energy spectrum of particles
with charge Z, and the four functions F(Z,E, t) are the time, radial,
heliolatitude and heliolongitude dependent functions, respectively.
The angular terms are important for fairly low-energy particles.
These terms are discussed below with the primary focus on the
time-dependent term.

Figure 3.1 presents a highly schematic view of the main fea-
tures of the heliosphere. The solar wind blowing radially outwards
carries with it the heliospheric magnetic field (HMF). The rotation
of the sun causes this field to have a spiral configuration in and
away from the sun’s equatorial plane. As the solar wind plows
through the interstellar gas, the wind undergoes transition to a
subsonic flow some distance from the sun. This is the heliospheric
termination shock and is a likely acceleration site of the anomalous
cosmic rays. It marks the boundary at which the characteristics of
HMF are markedly different inside and outside. In the region out-
side, HMF becomes more tightly bound and has higher field
strength than inside the termination shock. The outer portion of

j j0 Z E,( )Ft Z E t, ,( )Fr Z E t, ,( )Fθ Z E t, ,( )FΦ Z E t, ,( ),=
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this region, the heliopause, eventually separates the interstellar
gas from the solar wind. HMF is divided into hemispheres of oppo-
site polarity by the wavy heliospheric neutral sheet. This sheet,
rooted in the coronal magnetic field, is inclined to the sun’s rota-
tional equator by a few degrees during the minimum of the solar
activity cycle. As the solar activity increases, the waviness of the
heliospheric neutral sheet increases and eventually, near the solar
activity maximum, this structure breaks down. Finally, near solar
maximum, HMF reverses its polarity, followed by a gradual relax-
ation back to minimum activity to repeat the cycle approximately
every 11 y, causing an effective 22 y solar magnetic cycle.

TABLE 3.1—Relative abundances of nuclei (hydrogen through 
nickel) at a few representative energies.

Z Element 0.2 GeV n–1 1 GeV n–1 5 GeV n–1 

1 H 2,200,000 ± 500,000 2,800,000 ± 500,000 4,600,000 ± 700,000
2 He 340,000 ± 80,000 250,000 ± 30,000 230,000 ± 30,000
3 Li 1,000 ± 60 1,400 ± 140 960 ± 100 
4 Be 450 ± 50 730 ± 67 680 ± 53 
5 B 2,100 ± 90 2,340 ± 102 1,600 ± 69 
6 C 8,500 ± 290 7,100 ± 285 6,460 ± 258 
7 N 1,940 ± 80 2,000 ± 82 1,610 ± 61 
8 0 7,770 ± 280 6,430 ± 243 6,190 ± 217 
9 F 183 ± 13 145 ± 11 115 ± 6 

10 Ne 1,120 ± 60 1,050 ± 43 960 ± 35 
11 Na 273 ± 34 224 ± 12 188 ± 8 
12 Mg 1,430 ± 60 1,330 ± 54 1,260 ± 46 
13 Al 252 ± 30 229 ± 12 207 ± 9 
14 Sia 1,000 1,000 1,000 
15 P 40 ± 7 47 ± 4 37 ± 2 
16 S 164 ± 12 206 ± 11 190 ± 8 
17 Cl 36 ± 5 45 ± 4 37 ± 2 
18 Ar 63 ± 6 90 ± 7 68 ± 4 
19 K 51 ± 6 66 ± 6 51 ± 4 
20 Ca 135 ± 10 147 ± 10 119 ± 6 
21 Sc 29 ± 5 33 ± 3 22 ± 2 
22 Ti 107 ± 9 98 ± 8 74 ± 4 
23 V 57 ± 6 44 ± 4 38 ± 3 
24 Cr 109 ± 10 98 ± 4 83 ± 5 
25 Mn 72 ± 12 55 ± 5 56 ± 4 
26 Fe 602 ± 32 607 ± 34 685 ± 37 
27 Co 2 ± 1 3 ± 1 4 ± 1 
28 Ni 29 ± 4 27 ± 4 36 ± 3

aRelative abundances were scaled to silicon which was arbitrarily set equal to
1,000.
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The present best estimates of the radius of the heliosphere are
~90 to ~160 astronomical units (AUs) (1 AU = 149,579,900 km or
92,955,825 miles). The modulation of cosmic rays as a function of
position, energy and time is a complex function of outward convec-
tion by the solar wind, inward diffusion due to scattering by mag-
netic field irregularities, adiabatic cooling, field gradient, particle
curvature and heliospheric neutral sheet drifts, and at lower ener-
gies, of shock acceleration. Due to HMF configuration, positively-
charged particles will drift from the polar region towards
the equatorial regions when HMF is directed outwards in the
northern hemisphere of the heliosphere. After a polarity reversal,
the drift velocity field reverses and cosmic rays will drift in along
the wavy heliospheric neutral sheet and up towards the polar
regions of the heliosphere. The heliosphere is transparent for
particles >10 GeV n–1. Below ~1 GeV n–1 it varies from semitrans-
parent to totally opaque. This prevents us from observing the com-
plete local interstellar energy spectrum.

Parker (1965) showed that the propagation of cosmic rays in the
interplanetary medium is well described by the time-independent,
spherically symmetric Fokker-Planck equation. The basic equation
is:

 (3.2)

Fig. 3.1. A highly schematic view of the heliosphere with some of its
main features (AU = astronomical unit; VLIM = limiting value) (Potgieter,
1995).
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where Vsw + Vd = V, U is the density of cosmic rays, Vsw is the vector
solar wind velocity, E is the kinetic energy of the particle, κ s is the
symmetric part of the diffusion tensor, Vd is the vector velocity
resulting from particle gradient and curvature in the nonuniform
HMF and is related to the anti-symmetric part of the diffusion ten-
sor κ a, and α = (E + 2mp)/(E + mp) where mp is the proton rest mass
energy. Using the assumptions of cosmic-ray fluence-rate isotropy
and a spherically symmetric heliosphere, this equation was solved
numerically (Fisk, 1971), and explains the variation of the cosmic-
ray intensity over the solar activity cycle. Gleeson and Axford
(1967) showed that the model had only three free parameters, the
diffusion coefficient (κ ), the solar wind velocity (Vsw), and the radial
extent of the heliosphere (rB). Urch and Gleeson (1972) further
showed that the full numerical solutions of the equation could be
well represented in terms of the deceleration potential φ (r,t):

(3.3)

which is a very convenient parameter, usually given in units of
megavolts. A number of studies using proton and helium data from
1965 to 1979 by Evenson et al. (1983) and Garcia-Munoz et al.
(1986) have shown that a self-consistent proton and helium local
interstellar energy spectrum together with φ describe their data
very well. In these studies the diffusion coefficient was assumed to
be of the separable form of: 

(3.4)

where R is the rigidity (momentum per unit charge of the particle).
The rigidity dependence of the diffusion coefficient, based on
scattering data of SPEs and the power spectrum of magnetic field
fluctuations, was taken to be κ = κo βRδ where δ = 1 for R > 0.3 GV
and δ = 0 for R < 0.3 GV.

Webber and Yushak (1979) have shown that a similar situation
exists for helium and iron spectra. In the particular case where κ is
proportional to the particle rigidity, this modulation potential cor-
responds to a potential energy (Φ):

(3.5)

where Z is the particle charge. In this case, an approximation to
the full numerical solution that is valid for energies above
~300 MeV n–1 is given by:
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(3.6)

where j(r,E) is the integral fluence of particles in the spectrum and
j0 is the local interstellar spectrum (LIS). This conventional model
of solar modulation has, because of its simplicity, received wide
acceptance. This standard convection-diffusion model of cosmic-ray
modulation, however, does not account for either the observed
charge dependence of the modulation or the observed dependence
on the sign of HMF. However, these features can be incorporated
into the model fairly easily, but only in ad hoc ways. Three-dimen-
sional drift related models do account for these features (see
reviews by Jokippi and Thomas, 1981; Kota and Jokippi, 1983;
Potgieter, 1998). Further progress in understanding the relative
importance of various mechanisms involved in the modulation pro-
cess has been made with time-dependent models (Le Roux and
Potgieter, 1990). However they require additional parameters that
are difficult to obtain, and still do not explain the radial gradient.
Further discussion is restricted to the standard model.

The standard model describes the differential fluence rate,
j (Z,E, t), at radial distance r in the heliosphere, in terms of the local
LIS, j0(Z,E), which is time independent, and the modulation func-
tion Ft(Z,E, t), which is a function of φ (t). The solution, however, is
not unique. A variety of combinations of j0(Z,E) and φ (t) lead to the
same j(Z,E, t). Since there are no measurements of LIS, different
investigators have chosen different forms, with the constraint that
the high-energy portion of the spectrum is the same as the
near-Earth measured spectrum. Measurements on Voyager-2 that
extend to 40.2 AU and on Pioneer-10 that extend to 56.2 AU are
beginning to provide some real constraints on the lower energy por-
tion of the local interstellar energy spectrum.

Until fairly recently, the most widely used model of GCR envi-
ronment was the cosmic-ray effects of microelectronics (CREME-
85) code developed at the Naval Research Laboratory (Adams,
1986; 1987). The problems with this code have been well docu-
mented and four new models that are much more accurate have
recently been developed. All of the new models are based on the
standard diffusion-convection theory of solar modulation (Badhwar
and O’Neill, 1994; Chen et al., 1994a; Nymmik et al., 1992; Tylka
et al., 1997a). They differ from each other primarily in their choice
of the LIS, and the solar activity parameter used for prediction.
Each of these models is briefly discussed below. 

j r,E( )

E2 m2
p–

---------------------
j0 rB,E Φ+( )
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3.1.2.1 Nymmik's Model. The Nymmik (1996; 1997) model is
sometimes referred to as the Moscow State University model. In
the Nymmik model the LIS is expressed in terms of rigidity and
is given by:

(3.7)

where C, α, γ are constants that depend on the charge of the particle
and are derived from fits to the experimental data, and β is
the velocity of the particle as a fraction of the velocity of light. The
modulated fluence rate near 1 AU in free space, jWn(E, t), during
the nth solar cycle, at time t, with Wolf sunspot number W (averaged
over 12 months) is given by:

(3.8)

where ΨWn is the modulation function for the nth solar cycle. The
modulation function is not a solution to the diffusion-convection
model, but is a product of two empirically derived functions. The
first term is a function of the modulation parameter R0 [nearly
the same as the deceleration potential (φ)], and the second term a
function of the sign of the particle charge. The modulation function
is given by: 

(3.9)

where ∆(R, t) = 5.5 + 1.13 (Z /|Z|) M(W,n) φ (Z,R,β) and M(W,n) is
the magnitude of the polar magnetic field whose intensity and
polarity are taken to be dependent on solar activity and on whether
a given solar cycle is even or odd. The solar modulation parameter
[R0 (GV)] is calculated as:

 (3.10)

where the sunspot number W is calculated at earlier time. The time
lag [∆T(n,R, t)] in months, is: 

(3.11)

and 

(3.12)
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These features then describe the even-odd cycle of solar modu-
lation and the hysteresis effect. The solar modulation function (φ)
is given by: 

 (3.13)

This form is the same used by Badhwar et al. (1967), Hilderbrand
and Silberberg (1966), and Silberberg (1966) based on Parker’s
model (Parker, 1965). The model provides a means of calculating
the fluence rate and associated errors as a function of energy
per nucleon (>10 MeV n–1), given the solar cycle number and the
12 month average sunspot number. This model describes particles
>10 MeV n–1 with a quoted error not to exceed 15 %, which is a fac-
tor of three better than the CREME-85 model. 

3.1.2.2 CREME-96 Model. This model (Tylka et al. 1997a) is an
update of the CREME-85 model that incorporated not only the
GCR environment model, but also the geomagnetic transmission
calculations (Smart et al., 1999a; 1999b). The GCR model in the
CREME-96 code is essentially Nymmik’s model. 

3.1.2.3 CHIME Model. The CHIME model (Chen et al., 1994a) is
based on the standard diffusion-convection theory of modulation.
In this model the LISs were determined by requiring that the
assumed GCR source spectra with a power law in energy is propa-
gated through a weighted-slab of interstellar medium, and a path-
length distribution function derived from matching the ratio of
secondary nuclei (such as lithium, beryllium and B8) to primary
nuclei (such as carbon, oxygen and iron) to observations. The
derived LIS were then modulated using the deceleration potential
(φ) and a numerical solution to the Fokker-Planck equation. The
value of φ was derived using the IMP-8 helium fluence rate in the
25 to 93 MeV n–1 range. Thus the model requires the satellite
observations and does not have predictive capabilities. 

3.1.2.4 Badhwar and O'Neill Model. The Badhwar and O’Neill
(1994) model is sometimes referred to as the Johnson Space
Center model. This model is also based on the standard diffusion-
convection theory. First, all of the data available at energies above
~10 GeV n–1 were fitted to a power law in energy per nucleon. This
least squares fit established the high-energy portion of the LIS.
These spectra were then matched to the LIS obtained by Tang
(1990). These spectra were iterated with the solar modulation
deceleration potential parameter (φ) to provide a self-consistent set

φ R,t( ) βR
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of LIS and φ such that the differential energy spectra of hydrogen,
helium, oxygen and iron measured at nearly the same time, fitted
well. The objective was to obtain a single value of φ that best
described the measurements of hydrogen, helium, oxygen and iron
simultaneously. Adams and Lee (1996) attempted to calculate
simultaneously all elemental spectra from the LIS. They tried to
derive a solution to the leaky-box cosmic-ray propagation model,
but were not successful. Golden et al. (1995) examined the proton
and helium measurements >400 MeV n–1 made from 1976 to 1993
by their magnetic spectrometer and found that the values of Φ
derived from proton and helium data are different. In these calcu-
lations they assume a power law in rigidity of the LIS and used the
force-field solution of Equation 3.5 to estimate Φ. However, they
did not attempt to adjust the LIS so that the two species would give
the same deceleration parameter. They fitted their derived param-
eter to the neutron monitor rate (x) as Φ = Φ0 + AeBx, and obtained
values of Φ0 that are different for hydrogen and helium. They con-
cluded that the relation Φ = Zeφ in Equation 3.5 was not satisfied.
They did not take the even-odd solar cycle variability of φ into
account. The raw data, however, are quite consistent with charge
independence. This is supported by the analysis of the carbon, oxy-
gen, neon, magnesium and iron data from the GEOTAIL satellite
measurements (Kobayashi et al., 1998). The φ values were calcu-
lated using the force-field approximation and the high-energy data
were tied to the data from Engelmann et al. (1990). 

Figure 3.2 shows a comparison of LIS used in various models.
The lowest value of adiabatic energy loss is ~200 MeV n–1, and thus
LIS < 200 MeV n–1 have no effect on the calculated spectra at 1 AU,
as these particles are not observed at 1 AU. All of the available data
on the differential energy spectra of hydrogen, helium, oxygen and
iron were fitted to the LIS using the numerical solution of the
Fokker-Planck equation to obtain φ (t). Figure 3.3 shows the fits to
helium differential energy spectra at increasing levels of solar mod-
ulation. Figures 3.4 and 3.5 show fits to the hydrogen and helium
differential energy spectra. The solid lines for oxygen and iron
nuclei are model calculations (not fits), using the φ derived from
proton and helium data. The agreement between the model and
measurements is excellent. Figure 3.6 is a plot of φ (MV) as a func-
tion of time, derived from all observations from 1954 to 1989. It
shows the even-odd cycle of modulation very clearly. In order to
develop a predictive capability of GCR spectra at 1 AU, the relation-
ships of φ (MV) to the Climax (Colorado) cosmic-ray neutron monitor
counting rates and to the sunspot number were examined.
Figure 3.7 shows the Climax (Colorado) cosmic-ray neutron monitor
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Fig. 3.2. Three calculations of LIS models [1 = Badhwar and O’Neill,
2 = Nymmik, and 3 = Johnson Space Center].

Fig. 3.3. Fits to helium differential energy spectra with increasing
levels of solar modulation.
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Fig. 3.4. Fit of the 1976 to 1977 hydrogen and helium energy spectra
to the Fokker-Planck equation. Curves derived for oxygen and iron are
shown.

Fig. 3.5. Fits of the 1973 hydrogen and helium energy spectra to the
Fokker-Planck equation. Curves derived from oxygen and iron are shown.
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Fig. 3.6. Deceleration potential [φ (MV)] as a function of time.

Fig. 3.7. Plot of derived deceleration potential, separated by HMF
polarity versus neutron monitor rates.
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counting rate data. The data very clearly separate into three very
distinct regions: (1) when HMF is positive, (2) when HMF is nega-
tive, and (3) the transition region during which the polarity changes
from one to the other. The solid lines are the regression fits. The best
fits were obtained with an approximate three month (95 d) delay in
cosmic-ray neutron monitor counting rate, and a nine month (270 d)
delay in sunspot number. Using these regression equations φ (MV)
was calculated as a function of time. The regression equations are
given by:

φ (t) = 3957.89 – 0.8124 × Climax rate (t – 95 d) + HMF
φ (t) = 4202.76 – 0.8563 × Climax rate (t – 95 d) – HMF
φ (t) = 4772.86 – 0.9526 × Climax rate (t – 95 d) field reversal
and
φ (t) = 439.89 + 3.0256 × sunspot number (t – 270 d) + HMF
φ (t) = 603.44 + 3.3101 × sunspot number (t – 270 d) – HMF
φ (t) = 895.25 + 3.3932 × sunspot number (t – 270 d) field reversal

There are similarities between these φ and the R0 (Equations 3.3
and 3.10) derived by Nymmik. The lowest value of R0 is 370 MV,
which is nearly the same as the lowest derived value for φ (400 MV).
The best fit of φ as a function of sunspot number was obtained with
a lag (delay) of about nine months (270 d). In Nymmik’s model, the
lag depends on rigidity and on whether it is an even or odd solar
cycle, but is ~12 months for energies near those where the maxi-
mum fluence rates occur. 

The Badhwar and O’Neill model gives root mean square errors
of ~10 % for iron nuclei, nearly a factor of three smaller than the
errors in the CREME-85 model. Figure 3.8 shows a comparison of
the Badhwar and O’Neill model and Nymmik’s model for predicting
the IMP-8 oxygen data. Nymmik’s model used the sunspot number,
whereas Badhwar and O’Neill used the Climax cosmic-ray neutron
monitor counting rates as predictors of solar activity. Both calcula-
tions fit the data within the respective quoted errors. The Climax
cosmic-ray neutron monitor counting rates are a direct measure of
higher-energy cosmic-ray particles, and thus should be a better
indicator of cosmic-ray intensities than is the sunspot number. The
data from the Climax cosmic-ray neutron monitor provide near
term (three months) prediction capability. The sunspot number
provides longer term (about nine months) prediction with some-
what larger errors.

Thus, standard diffusion-convection based models or their suc-
cessors have provided phenomenological GCR environment descrip-
tions possessing both short- and long-term prediction capabilities.
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These models have errors of <15 % in predicting the fluence rate in
the energy region <5 GeV n–1 and this is the region in which solar
modulation is most important, and which contributes essentially all
of the absorbed dose and dose equivalent. Further improvements
in characterizing cosmic-ray spectra can now be provided by the
data from the Advanced Composition Explorer (ACE) launched in
September 1997, and other missions such as ULYSSES, Solar
Anomalous Magnetospheric Explorer, GEOTAIL (Kobayashi et al.,
1998), and WIND. ACE, for example, has the capability to measure
>105 oxygen and >104 iron nuclei in the energy range from ~100 to
1,000 MeV n–1 every 27 d solar rotation. Newer ACE measurements
have recently led to improved model parameters (O’Neill, 2006). 

Figures 3.9 and 3.10 show the integral and differential energy
spectra of hydrogen, helium, oxygen and iron nuclei during the
strongest observed cosmic-ray modulation (1989 to 1990) and weak-
est cosmic-ray modulation (1976 to 1977) during a solar cycle in the
last 45 y. A very important question that bears on the design of
spacecraft shielding is what are the likely maximum fluence rates
which would be observed in an interplanetary environment? A pos-
sible answer to this can be seen from the relationship between φ (t)
and the sunspot number. The lowest value of the sunspot number

Fig. 3.8. A comparison of the Badhwar and O’Neill model [Johnson
Space Center (JSC)] and Nymmik’s model [Moscow State University
(MSU)] for predicting the IMP-8 oxygen data.
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Fig. 3.9. Calculated integral energy spectra of hydrogen, helium,
oxygen and iron for the 1976 to 1977 solar minimum and the 1989 to 1990
solar maximum.

Fig. 3.10. Calculated differential energy spectra of hydrogen, helium,
oxygen and iron for the 1976 to 1977 solar minimum and the 1989 to 1990
solar maximum. 
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in the 1954 to 1990 time period was around 20, when the lowest
φ (MV) was ~400 MV. An extrapolation to sunspot number equals
zero gives a value of φ of 370 MV. Thus, it is unlikely that fluence
rates much larger than observed during the 1976 to 1977 solar min-
imum will be encountered. However, the next opportunity for such
measurements will not occur until the expected solar minimum of
2020. Comments regarding the availability of alternative formal-
isms to those diffusion-convection models in the inner heliosphere
have been made recently by O’Brien (2006).

3.1.3 Radial Gradient of Cosmic-Ray Intensities 

The intensity of GCR fluence rates increases when moving radi-
ally outward from 1 AU to the boundary of the heliosphere (~90 to
160 AU). However, the gradient is relatively small, and can
be ignored or taken into account fairly easily in the framework
of the diffusion-convection model. For particles with energies
>70 MeV n–1 the gradient is 2 to 3 AU–1 (McKibben,1987)
and approaches ~12 % AU–1 for 300 MeV n–1 helium (Fujii and
McDonald, 1997; McDonald et al., 1992). Thus, at the orbit of Mars
the GCR fluence rate should only be ~5 % higher than the GCR
fluence rate at 1 AU outside the influence of Earth’s geomagnetic
shield.

3.2 Solar-Particle Events

If adequate shielding is not available, large fluence rates of
high-energy particles originating on or near the sun will pose the
greatest radiation risk to space travelers outside the geomagneto-
sphere and, in any case, will impose important operational con-
straints on manned interplanetary space flight. Figure 3.11
illustrates the 175 MeV proton fluence rate observed at Earth from
1974 to 1994. The solar cycle modulation of GCR is clearly evident.
Imposed on the GCR proton fluence rate are episodes when there
are orders of magnitude increases in the observed fluence rate.
These transient increases in the observed particle fluence rate are
the result of energy releases into the solar corona where some of
this energy has gone into the acceleration of energetic particles.
As evident from Figure 3.11, these SPEs occur in many sizes and
time scales. There is a general association of proton-event frequen-
cies observed at Earth with the solar activity cycle, but it was the
opinion of Shea and Smart (1990) that there was no repeatable sys-
tematic pattern in the proton-event occurrence in sequential solar
cycles. Other researchers, however, such as Kurt and Nymmik
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(1997) and Nymmik (1996; 1997), have attempted to organize SPE
frequency as a function of solar activity parameters.6

3.2.1 Solar-Particle Event Intensities

For manned interplanetary missions the concern is that a very-
large SPE could, in a short time period (hours or days), subject the
vehicle to as much fluence at energies in the tens of megaelectron
volts as a year of GCR exposure. There is a very small, but non-
zero, possibility that an extraordinarily-large SPE would expose an
interplanetary spacecraft to as much fluence at energies above tens
of megaelectron volts as an entire solar cycle of exposure to GCR.
SPEs of this magnitude (~5 × 109 cm–2, ≥30 MeV) occurred in
November 1960, August 1972, and October 1989.

Analysis of the existing record of SPEs measured by
Earth-orbiting spacecraft for three solar cycles led Feynman et al.
(1993) to conclude that solar-proton fluence during the active years

Fig. 3.11. The 121 to 230 (midpoint 175) MeV proton fluence rate
observed at Earth from 1974 to 1994.6

6Reames, D. Personal communication (National Aeronautics and Space
Administration, Goddard Space Flight Center, Greenbelt, Maryland).
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of the solar cycle is well approximated by a log-normal function.
Other analysis of the same data using extreme value statistics
(Xapsos et al., 1996) suggests that there may be two distributions.
However, the application of either method gives similar results for
the probability of a large fluence-rate value being encountered dur-
ing a long-duration interplanetary mission. If it is assumed that
the satellite energetic particle measurements acquired during the
space era (1965 to the present) are truly representative of the SPE
distribution encountered during missions beyond LEO, and the Jet
Propulsion Laboratory (Feynman et al., 1993) particle fluence
model is utilized to estimate the probability of occurrence of a very-
large event, then the probability of an event containing a fluence of
~5 × 109 proton cm–2 at energies ≥30 MeV during a 2 y interplane-
tary mission near the solar cycle maximum is ~0.1 (Figure 3.12).

These types of models can be used to estimate probable exposure
of a space vehicle on missions to the moon or Mars to an SPE during
the solar active years for various mission durations. The Jet Pro-
pulsion Laboratory model is admittedly conservative since its
intent was to insure that interplanetary vehicles would function for
time periods of a decade or more in space (Feynman, 1997). Similar
models for the heavy-ion component of the large SPEs observed

Fig. 3.12. The probable exposure to protons with energy ≥30 MeV
during the solar active years for various exposure times in interplanetary
space at 1 AU (Feynman et al., 1993).
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during Solar Cycle 22, have been published by Tylka et al. (1997b;
1997c). These models can be used to estimate possible solar-particle
exposure to interplanetary spacecraft from which risk assessments
can be derived.

It had been previously suggested, as a result of the analysis of
the SPEs observed in Solar Cycle 20, that there were ordinary and
anomalously large events (King, 1974). Recent analysis of the flu-
ence rate (Smart and Shea, 1997) and fluence data (Reedy, 1996)
suggest that there may be two populations of SPEs. There may be
one distribution of the most frequently occurring events, the events
most likely to occur during a solar cycle. There may be a different
distribution of extraordinarily-large and very-rare events, a class
of events that may occur only about once a solar cycle or perhaps
once in several solar cycles.

Estimates of the fluence distribution of SPEs over a very long
period of time involve measuring the induced radioactivity in moon
rocks and meteorites. Analyses of these data, combined with Earth
measurements over the past four solar cycles, indicate that the
very long-term SPE fluence distribution may be represented by a
broken power law as illustrated in Figure 3.13 (see Reedy, 1996, for
a review). The fluences of SPEs observed at Earth from 1954
through 1991 are in the left part of the figure. It is suggested that
this distribution is representative of the most frequently occurring
events. The right side of the figure shows the limits of the SPE flu-
ences estimated from the analysis of induced radioactivity in moon
rocks which encompasses a time span of perhaps one million years.
The increasing slope of the fluence distribution for very-large
events suggests that there may be limits to the acceleration pro-
cess, and that extraordinarily-large events are very rare.

3.2.2 Solar-Particle Event Spectra

The SPE fluence as a function of energy is described by the par-
ticle spectrum. Many different spectral forms are used. The most
commonly used spectral forms are a power law in energy or rigidity
(rigidity is momentum per unit charge), an exponential form, or
forms described by Bessel functions (McGuire and von Rosenvinge,
1984). Other forms used are a consequence of the expected results
of shock-acceleration phenomena, which are not simple mathemat-
ical forms such as the Ellison and Ramaty (1985) shock-accelera-
tion spectral form. More complex functional forms are being
applied to better represent the particle spectrum, such as Weibull
fits (Xapsos et al., 2000), and Bayesian statistics. Observed SPE
integrated spectra acquired in 1978 by the ISSE-3 spacecraft
instruments are displayed in Figure 3.14.
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Fig. 3.13. The fluence distribution of Earth-sensed SPEs from 1954 to
1991 (heavy line) and the limits of the solar-proton fluences estimated
from the analysis of induced radioactivity in moon rocks (adapted from
Reedy, 1996).

Fig. 3.14. Combined hydrogen, helium, oxygen and iron energy
spectra for two large SPEs. The solid curves are fits to a stochastic
particle acceleration model (adapted from Mazur et al., 1992).
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The best recorded spectral information is for medium size SPEs.
There are uncertainties associated with almost all of the very-large
fluence-rate SPEs because many particle sensors saturate during
the maximum fluence-rate phases of these events. The large flu-
ence-rate SPEs do not appear to have a simple spectral form that is
adequate to describe the particle fluence rate over five or more
decades in particle energy (Figure 3.14). There are strong indica-
tions that these events have a complex spectral form that may be
the result of intrinsic limiting features of the shock-acceleration
process. The theoretical aspects of these limiting features are cur-
rently being investigated. The basic concept of the self-limiting
features is that energetic protons, gyrating in a magnetic field,
will generate hydromagnetic waves. As the proton fluence rate
increases, the wave density will increase. Since the shock-accelera-
tion scenarios are dependent on multiple scattering of the energetic
particles through the shock front, as the wave density increases,
there is an increasing probability that the particles will be scat-
tered out of the acceleration region. It is possible that the stream-
ing limit (Reames and Ng, 1998), a phenomenon where at high
fluence-rate levels the proton self-generated waves affect particle
acceleration and result in a flattening of the lower energy portion
of the solar-particle spectrum (Reames, 1999a), biases the
<100 MeV portion of the solar-proton spectrum, so that simple
spectral forms are not truly representative of the entire energy
range of the solar-proton fluence rate.

3.2.3 Particle Sources

There has been a dramatic change in perspective regarding the
source of energetic particle events. In the past, the names solar
cosmic rays and solar energetic particles were commonly used to
describe transient increases in particle fluence rate that seemed
to be associated with the occurrence of a solar flare. A new para-
digm suggests that a source of the energetic ions observed in space
is the result of acceleration of ions by interplanetary shocks gener-
ated by fast CMEs (see Reames, 1995a; 1999a for reviews).

Both the solar-flare scenario and the shock-acceleration sce-
nario have enthusiastic advocates. Many of the large SPEs are
associated with large solar flares. However, only about one-half of
the SPEs observed at Earth can be unambiguously and confidently
time-associated with specific solar flares. The intensity-time pro-
files of SPEs leave no doubt that interplanetary shocks accelerate
ions.

In the following discussion the terms near-sun injection and
extended interplanetary shock source are used to distinguish
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between types of SPEs observed in interplanetary space. The
near-sun injection will refer to the class of SPEs in which
the intensity-time profile at the observer’s position is dominated
by the particle fluence rate injected near the sun onto the
observer’s interplanetary field line (Figure 3.15). This scenario rep-
resents the classic SPE illustrated by the October 24, 1989 event
shown in Figure 3.16. This class of SPE often has relatively hard
spectra (hard meaning more than an average number of particles
at high energies). The extended interplanetary shock source will
refer to the class of SPEs that does not conform to the classic inten-
sity-time profile, but instead has a characteristic that the fluence
rate continues to increase until a maximum fluence rate is
observed as a powerful and fast interplanetary shock overtakes the
observer, after which the fluence rate decreases. An example of this
type of event is the March 1991 SPE as observed at Earth
(Figure 3.17). This example is probably typical of this type of event
with a relatively soft spectrum.

Historically, since large transient increases in particle fluence
rate could often be associated with solar flares it was assumed that
the solar-flare process was the source of energetic particles
observed in space. The solar-flare acceleration process was assumed
to be of an explosive nature, and it was further assumed that a full

Fig. 3.15. Conceptual view of the basically Archimedean spiral
geometry of the interplanetary magnetic field. The propagation of solar
charged particles is controlled and organized by the interplanetary
magnetic field.
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Fig. 3.16. The intensity-time profile of a classic SPE as observed at
1 AU. The intensity-time profile of this October 24, 1989 event observed
at Earth is dominated by the near-sun injection of energetic particles onto
the interplanetary magnetic field lines connected to Earth.

Fig. 3.17. The intensity-time profile of the extended interplanetary
shock source class of an SPE. The maximum fluence rate was observed as
the powerful fast interplanetary shock passed Earth on March 24, 1991.
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spectrum of energetic particles would impact a location in space
very soon after the initial particle acceleration. This presumption
led to large dose estimates early in an SPE. Papers written in the
1960s and 1970s reflect this assumption (see for example Keller
and Pruett, 1965). However, the measurements of large SPEs made
during Solar Cycles 22 and 23 do not support the idea of an explo-
sive impact of the full particle spectrum at a location in space. 

In addition, papers written in the 1950s through the 1980s also
reflect the assumption that SPEs were accelerated from the avail-
able material in or above the solar active region in which the flare
occurred. During Solar Cycles 21 and 22, as measurement tech-
niques improved, the elemental and isotopic composition of solar
particles observed at various interplanetary spacecraft were found
to be consistent with the particles having passed through
<30 mg cm–2 of matter from the acceleration site to their detection
location (Mason, 1987). Thus, the solar photosphere is eliminated
as the source region of the particles observed in space since the ele-
mental and isotopic composition of these solar energetic ions did
not appear to have undergone fragmentation due to interaction
with the significant mass of the solar atmosphere.

3.2.3.1 Solar-Flare Particle Source. In the current understanding
of SPEs there are impulsive flares associated with SPEs which are
the class of SPEs associated with impulsive solar x-ray events. The
charge state of solar energetic ions provides information on their
origin. The impulsive-flares associated SPEs have an elemental
composition and charge state that is consistent with a multi-
million degree hot (~2 × 107 °K) plasma source.

Extensive studies of these impulsive-flare associated SPEs by
Cane et al. (1986) and Reames et al. (1994) showed that these
events are generally small fluence and fluence-rate events measur-
able in space over a restricted heliolongitudinal range, about one
radian of heliolongitudinal distance centered on the most favorable
propagation path from the solar-flare location (Figure 3.15). The
intensity-time profile of these impulsive-flare associated energetic
particle events observed at Earth usually has the classic SPE pro-
file since the solar-particle fluence rate observed is dominated by
the near-sun particle injection and there is no extended interplan-
etary CME-shock source.

3.2.3.2 Fast Interplanetary Shock Particle Source. A new paradigm
suggests that a source of the energetic ions observed in space is the
result of acceleration associated with interplanetary shocks gener-
ated by fast (speeds in excess of the local Alfven speed in the
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plasma) CMEs (see Reames, 1995a, for a review). It is hypothesized
that the shock interaction accelerates some fraction of the ions in
the solar corona or the local solar wind. The diffusive shock-accel-
eration scenario (Jones and Ellison, 1991; Lee, 1983; 1992; 1999;
Lee and Ryan, 1986), a concept where particles near the shock are
scattered back and forth across the shock by waves, gaining energy
with each interaction, is favored as a mechanism for continuous
acceleration of particles as the shock travels out from the sun. The
accelerated particles stream away from the shock along the inter-
planetary magnetic field lines. The particle intensity-time profile
will depend on how the observer is connected to the shock via the
interplanetary magnetic field (Cane et al., 1988). As the shock
approaches the observer, the observed fluence rate may increase.
The magnitude of this increase is dependent on many parameters,
not all of which are currently identified or understood. Some of
these parameters are particle energy, the shock speed, and the tur-
bulence in the plasma. In general, a low-energy (~1 MeV) fluence-
rate maximum will be measured as the shock passes the observer.

Large SPEs seem to be associated with the occurrence of a fast
CME or, in the absence of actual CME observations, CME proxies.
This association is complicated by the fact that large fast CMEs
also seem to have an association with big solar flares. The
long-duration solar x-ray event is considered to be an excellent
CME proxy. Figure 3.18 illustrates the fast CME associated with
the October 24, 1989 SPE observed at Earth.

Particle fluence-rate enhancements associated with the passage
of powerful and fast interplanetary shocks is a concept still being
defined. A common misconception is that there will always be a
fluence-rate enhancement with the passage of an interplanetary
shock. This is true only at low energies (~1 MeV and below). At
higher energies (≥30 MeV) it is the exception when a fluence-rate
enhancement is observed with the passage of an interplanetary
shock. Kallenrode (1993) and Kallenrode et al. (1993) examined the
entire HELIOS particle database and found at 20 MeV that the cor-
relation between the shock-jump plasma parameters and the flu-
ence rate increase was approximately zero. The current theoretical
modeling of the shock-acceleration phenomena has great difficulty
in simulating acceleration of particles to high energies (Heras
et al., 1995; Lario et al., 1998).

Finally, note that both of the above source mechanisms may play
a role in the evolution of a single high-energy particle event. An
example of this is the last significant particle event of Solar-
Cycle 22, which began on February 20,71994, and is shown in Fig-
ure 3.19. This is an event having both an initial near-sun injection
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7Hundhauser, A. (1994). NASA solar maximum mission coronal image
(High Altitude Observatory, Boulder, Colorado).

Fig. 3.18. The fast CME associated with the October 24, 1989 SPE
observed at Earth.

Fig. 3.19. The intensity-time profile of a composite SPE showing both
the initial near-sun injection and the extended interplanetary shock-
source fluence-rate profile.7
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and a fluence-rate profile dominated by an extended interplanetary
shock source. 

3.2.4 Solar-Particle Transport in the Inner Heliosphere

The transport of solar particles in interplanetary space is con-
trolled by the topology and characteristics of the interplanetary
magnetic field. The topology of the magnetic field lines in inter-
planetary space is controlled by the flow speed of the ionized
plasma and the rotation rate of the sun, resulting in the so-called
Archimedean spiral configuration (Figure 3.15). SPEs observed in
space resulting from solar activity at the probable foot point of an
idealized Archimedean spiral interplanetary magnetic field line
leading from the observer back to the sun are considered to be
well-connected events. This means that the propagation path of the
solar particles was probably along the interplanetary magnetic
field lines with minimal scattering due to irregularities in the
interplanetary magnetic field. This concept is often referred to as
the favorable propagation path. The highest particle fluence-rate
intensities are often observed along this favorable propagation
path with lower fluence rates usually observed at heliocentric
angular distances away from the favorable propagation path.

The particle fluence-rate longitudinal gradients in the inner
heliosphere are variable, and local interplanetary conditions and
structures greatly influence the time-intensity profiles observed.
The average heliolongitudinal gradient of particle fluence rate is
difficult to determine. However, the longitudinal proton fluence-
rate gradient used in the U.S. Air Force (USAF) proton prediction
system is a one order of magnitude decrease in fluence rate per
radian of heliolongitudinal distance away from the most favorable
propagation path (Smart and Shea, 1979; 1985).

There is a radial gradient in spacecraft observations of energetic
particle fluence rate at different distances from the sun, which is
most pronounced in the inner heliosphere. This gradient is the
result of an initial near-sun particle injection and particle propaga-
tion away from the sun along the interplanetary field lines. The
most extensive measurements are comparisons between the flu-
ence rate measured by Earth-orbiting spacecraft and interplane-
tary spacecraft orbiting from 0.3 to 1 AU (primarily from the
HELIOS spacecraft). There are less data available between 1 and
3 AU.

The form and magnitude of these radial gradients are the sub-
ject of controversy reflecting the difference between a solar-flare
acceleration source and a CME-shock-acceleration source. In the
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outer heliosphere, at distances of 5 AU and beyond, the particle
fluence-rate profiles are dominated by major interplanetary shock
structures.

3.2.4.1 Characteristics of Solar Particles at 1 AU. The majority of
the solar-particle data that exist have been collected at Earth by
ground-based sensors or by Earth-orbiting spacecraft. Prior to
1967, most of the solar-proton data were derived from analysis of
the response of Earth’s ionosphere to SPEs, therefore the spectral
information derived lacks the accuracy of the spacecraft data. Most
of the spacecraft data collected have been at energies <100 MeV.
There is relatively good data coverage for energies in the range of
10, 30 and 60 MeV extending from 1967 to the present. These data
are sufficient to derive meaningful statistics for modeling purposes.
There is a serious deficiency in the fluence rate and spectral char-
acteristics of SPEs at energies ≥100 MeV. It is imperative that such
data be available in order to provide reliable dose calculations for
risk estimation.

3.2.4.2 Composition of Solar-Particle Events. A recent quantifica-
tion of SPEs classifies the particle emission by the associated
solar x-ray emission as impulsive events or gradual events. The
impulsive-flare events are those associated with impulsive solar
x-ray events. The gradual events are those that seem to be associ-
ated with fast CMEs or with fast CME proxies. The composition of
large or gradual SPEs appears to be relatively consistent with an
ion selection process based on the first ionization potential of the
elements in the solar corona or wind. The composition of impulsive
or small SPEs is variable and has been separated into distinct com-
position groups (Table 3.2). From an astrophysical point of view the
iron-rich and 3He-rich events are extremely interesting, perhaps
reflecting processes in the solar corona, but the particle fluence
rate in these events is usually small. These types of events are less
important from a radiation protection point of view because the
energy per nucleon is low and even moderate shielding (such as the
normal structure of a space vehicle) is likely to provide adequate
crew protection.

The elemental composition of SPEs is important from a radiation
protection viewpoint, since the composition is necessary for precise
dose calculations. Large SPEs observed during the last two solar
cycles have an elemental composition that is dominated by protons
with the heavy-ion component being a small fraction of the proton
fluence (Figure 3.14). The analyses of large SPEs (Mazur et al.,
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1992; Reames, 1992) have shown that large events have an elemen-
tal composition that is relatively consistent (perhaps within a factor
of three). Reames (1995b; 1998) concluded that in the energy range
of ~1 to 20 MeV, the elemental composition ratios were relatively
consistent, although there are event-to-event variations, particu-
larly in the helium to hydrogen ratios. The ratio of the abundances
of the elemental composition observed in large SPEs compared to
the abundances of the elemental composition observed in the solar
photosphere appears to be a function of the first ionization potential
of the individual elements. Some researchers contend that large
SPEs are a reasonable sample of the solar corona (Breneman and
Stone, 1985; Mewaldt and Stone, 1989; Reames, 1998). The average
elemental composition of large SPEs is given in Table 3.3.

TABLE 3.2—Properties of impulsive and gradual SPEs 
characterized by the associated solar-flare x-ray emission (adapted 

from Reames, 1995b).

Impulsive X-Ray Event Gradual X-Ray Event 

(associated particle event characteristics)

Particles Electron rich Proton rich

3He, 4He ~1 ~0.0005

Fe, O ~1 ~0.1

H, He ~10 ~100

Charge state of iron ~20 ~14

Duration Hours Days

Heliolongitude range <30° (generally well 
connected)

~180°

Associated solar 
radio type

III, V, (II) II, IV

Associated solar 
x-ray emission

Impulsive Gradual

CME association — 96 %

Associated 
interplanetary shock

— Yes

Events per year
(at solar maximum)

~1,000 ~10



3.2 SOLAR-PARTICLE EVENTS   /   41

3.2.4.2.1 Impulsive Solar-Particle Events. The impulsive-flare-
associated SPEs seem to be most closely related to the solar-flare
particle acceleration process. Initially, these events were consid-
ered as composition anomalies since there were distinct differences
from large SPEs. They were sometimes called 3He-rich or iron-rich
events. In general, the fluence rates in the impulsive events
are orders of magnitude smaller than large or ordinary SPEs.
The average elemental composition of impulsive SPEs is given in
Table 3.4.

TABLE 3.3—Average relative element composition of large SPEs 
normalized to oxygen at 1,000 (adapted from Reames, 1999a).

Mean
Element

Z
First

Ionization
Potential

Solar Photosphere
 (O ≡ 1,000)

Solar Particle 
 (O ≡ 1,000)

H 1 13.53 1,350,000 1,570,000 ± 220,000

He 2 22.46 132,000 ± 11,000 57,000 ± 3,000

C 6 11.22 479 ± 55 465 ± 9

N 7 14.48 126 ± 20 124 ± 3

O 8 13.55 1,000 ± 161 1,000 ± 10

Ne 10 21.47 162 ± 22 152 ± 4

Na 11 5.12 2.9 ± 0.2 10.4 ± 1.1

Mg 12 7.61 51 ± 6  196 ± 4

Al 13 5.96 4 ± 0.6 15.7 ± 1.6

Si 14 8.12 48 ± 5  152 ± 4

P 15 10.9 0.38 ± 0.04 0.64 ± 0.17

S 16 10.3 2 ± 7  31.7 ± 0.7

Cl 17 12.95 0.4 ± 0.3 0.24 ± 0.1

Ar 18 15.68 4.5 ± 1 3.3 ± 0.2

K 19 4.32 0.18 ± 0.55 0.55 ± 0.15

Ca 20 6.09 3.09 ± 0.14 10.6 ± 0.4

Ti 22 6.81 0.14 ± 0.02 0.34 ± 0.1

Cr 24 6.74 0.63 ± 0.04 2.1 ± 0.3

Fe 26 7.83 42.7 ± 3.9  134 ± 4

Ni 28 7.61 2.4 ± 0.05 6 ± 0.6
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3.2.4.2.2 Long-Duration Solar-Particle Events. The available data
reflect the composition at relatively low energies (a few mega-
electron volts to perhaps 10 MeV). The analysis of Mazur et al.
(1992) suggested that there was relative consistency of the elemen-
tal composition during an event (up to energies of ~30 MeV). How-
ever, the latest analysis of the heavy-ion composition at high
energies (≥100 MeV n–1) for large fluence-rate events (Tylka et al.,
1997c) suggests that the iron to oxygen ratio is a function of energy
with variations larger than those reported by Mazur et al. (1992).

Calculations of the relative contributions to the total dose pre-
dicted behind nominal spacecraft shielding thickness indicate the
proton component was the principal dose contributor for the large
SPEs observed during the last four solar cycles, even if an iron-rich
elemental composition was considered (Townsend et al., 1994).

3.2.4.3 Solar-Particle Fluence-Rate Anisotropy. The particle
fluence-rate anisotropy is generally defined as the ratio of the max-
imum particle fluence rate divided by the average of the particle
fluence rate in all directions. In the isotropic case, there is equal
particle fluence rate from all directions. In the anisotropic case,
there is an excess of particle fluence rate in one specific direction,
generally along the interplanetary magnetic field direction. If it is
assumed that the energetic charged particles are constrained to

TABLE 3.4—Relative elemental abundances in impulsive-flare 
associated SPEs normalized to oxygen at 1,000 (adapted from 

Reames, 1999b).

Element Z
Averaged Impulsive-Flare

Associated (O ≡ 1,000) 

H 1 ~1,000,000
4He 2 46,000 ± 4,000

C 6 434 ± 30

N 7 157 ± 18

O 8 1,000 ± 37

Ne 10 400 ± 28

Mg 12 408 ± 29

Si 14 352 ± 27

S 16 117 ± 15

Ca 20 88 ± 13

Fe 26 1,078 ± 46



3.2 SOLAR-PARTICLE EVENTS   /   43

travel along an interplanetary magnetic field line with little scat-
tering across field lines, then the particle fluence-rate anisotropy
also reflects the rate at which particles are injected onto the
observer’s interplanetary field line with respect to the rate at which
the particle fluence rate is transported away from the observer.
In the case where there is a near-sun injection of energetic charged
particles, the particle fluence rate observed downstream will be
initially anisotropic, with the degree of anisotropy decreasing as
particles that have passed the observer scatter and are reflected
back. In the case of extended interplanetary shock-dominated par-
ticle events, the relatively mild low-energy particle fluence-rate
anisotropy is observed to change direction as the shock passes the
spacecraft. 

Particle fluence-rate anisotropy is a transient phenomenon, and
at the energies important to dose calculations, at radial distances
from the sun between Earth and Mars, a duration of a few hours is
typical. In the example shown in Figure 3.20, there was no signifi-
cant anisotropy remaining after 0.1 d. This figure illustrates
the proton fluence-rate anisotropy at ~30 MeV observed by the
HELIOS spacecraft at 0.95 AU during a large anisotropic SPE in
June 1980 (day of year 173). The anisotropy amplitude (denoted by
“A” in Figure 3.20) ranges from ~1 (extreme) to ~0.2 (low). An arti-
fact of fitting a cosine function to coarsely sectored data results in
anisotropies having values greater than one as shown in the first
illustration of the figure.

3.2.5 Extrapolation of Earth-Sensed Solar-Particle Events to 
Mars or Other Radial Distances

The usual method for estimating the energetic proton environ-
ment for a Mars mission is to take the solar-proton observations at
1 AU and extrapolate them to other radial distances. In these
extrapolations it is assumed that the proton fluence rate is confined
to a magnetic fluence-rate tube and the volume of this tube will
behave in the classical manner as the radial distance from the sun
(which is designated as R) increases. From this purely geometrical
argument, the peak fluence-rate extrapolations should behave as a
function of R–3, and the fluence extrapolations should behave as
a function of R–2. The limited experimental data of measuring the
same event at different radial distances (Hamilton, 1977) generally
confirm the utility of this type of radial extrapolation, however
with a modified form of the power laws. The working group consen-
sus recommendations for radial extrapolation documented in a Jet
Propulsion Laboratory report edited by Feynman and Gabriel
(1988) were: 
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Fig. 3.20. The sectored proton fluence-rate anisotropy (A) at ~30 MeV measured by the HELIOS spacecraft during an
anisotropic SPE observed by this interplanetary spacecraft in June 1980 (day of year 173). The distance of the sector envelope
from the center indicates the relative directional particle fluence rate. The line labeled “B” indicates the magnetic field
direction, and the line to the right of center indicates the direction toward the sun (adapted from Kunow, 1994).



3.2 SOLAR-PARTICLE EVENTS   /   45

• Fluence-rate extrapolations from 1 to >1 AU; use a func-
tional form of R–3.3 and expect variations ranging from R–4 to
R–3. 

• Fluence-rate extrapolations from 1 to <1 AU; use a func-
tional form of R–3 and expect variations ranging from R–3 to
R–2.

• Fluence extrapolations from 1 AU to other distances; use a
functional form of R–2.5 and expect variations ranging from
R–3 to R–2.

These generalizations only apply to well-connected solar-flare
associated events (i.e., the near-sun injection events). They do not
always apply to the extended interplanetary shock source events.

There are a number of suggestions that the SPE profile
observed at 1 AU may be dominated by the injection and release of
particles from the acceleration source. The concept of scatter-free
propagation was developed to explain the apparent lack of any sig-
nificant diffusion in some of the observed solar-particle intensity-
time profiles in the inner heliosphere. Scatter-free propagation
means that apparently the charged particles travel along the inter-
planetary magnetic field lines with little scattering or cross field
diffusion. Reames (1995b) and Reames et al. (1996), based on
multi-spacecraft analysis of the fluence rate observed at different
locations and radial distances in the inner heliosphere by the
HELIOS spacecraft and Earth-orbiting spacecraft, have suggested
the observed solar-particle fluence-rate profile may be dominated
by the connection to the extended shock-acceleration source rather
than by particle diffusion.

3.2.6 Solar-Particle Event Prediction Capability

Presently, the ability to forecast large SPEs in advance is quite
limited. It will be very important to improve this ability before
embarking on extended manned missions outside of the geomag-
netosphere. The distinct possibility that a single SPE could expose
an unshielded astronaut to potentially dangerous radiation levels,
leads to a requirement for a storm shelter as part of an interplane-
tary space vehicle. The unpredictability of extremely-large
SPE requires this storm shelter to be available on the time scale of
an hour. The storm-shelter design should be able to reduce the
dose to blood-forming organs experienced by an astronaut inside
the shelter during an extremely-large SPE [3 σ larger than
the average (Table 3.5)] to levels below the nausea threshold. The
recommendation of the NASA Modeling and Analysis Working
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Group (Badhwar, 1997a) was that a prudent storm-shelter design
should protect against >30 MeV omnidirectional free-space fluence
of 8 × 109 proton cm–2. 

3.2.6.1 Current Capabilities of Forecasting Solar-Particle Events
Observed at Earth. In the United States, the National Oceanic and
Atmospheric Administration (NOAA) Space Environment Center
(SEC) and USAF 55th Weather Squadron are responsible for pro-
viding space weather forecasts. NOAA SEC provides space weather
forecasts to U.S. domestic civil and international users. The USAF
55th Weather Squadron serves specialized Department of Defense
needs. Both centers share available data and both centers predict
SPEs with approximately equal skill levels and success rates. SPE
alerts are one of several products that NOAA currently provides to
the National Aeronautics and Space Administration (NASA) Space
Radiation Analysis Group.

When the available information indicates that conditions are
favorable for the generation of an SPE, NOAA estimates the prob-
ability and the intensity of the event with the aid of a phenomeno-
logical model, PROTONS, first developed in 1972 and modified
incrementally as experience accrued. The model is used if a suffi-
ciently intense x-ray event is observed or if a significant radio burst
is reported. Details of the model are described by Heckman (1993)

TABLE 3.5—The Nymmik solar-proton fluence classification 
(Nymmik, 1996; 1997).

Class

Omnidirectional ≥30 MeV Fluence

Number
(σ)a

Lower-Value 
Fluence 
(cm–2)

Mean-Value 
Fluence 
(cm–2)

Upper-Limit 
Fluence 
(cm–2)

Small Average – 
1 σ

<2 × 106

Normal Average 2 × 106 ~9 × 106 3.4 × 106

Large Average + 
1 σ

3.4 × 107 ~1 × 108 5.3 × 108

Very large Average + 
2 σ

5.3 × 108 ~2 × 109 8.3 × 109

Extremely 
large

Average + 
3 σ

8.3 × 109 ~2 × 1010

aSigma (σ) is one standard deviation of the log-normal frequency distribution.
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and Heckman et al. (1992). A list of products produced and distrib-
uted by NOAA is included in its Products and Services User Guide
(NOAA, 1993).

The USAF objective is to predict solar-proton fluence rates that
cause interference with USAF space systems or communications.
Experience has shown that significant fluence rates of protons with
energies ≥50 MeV are likely to cause interference in space systems
(Wilkinson et al., 2000). The USAF 55th Weather Squadron does
not attempt advance proton-event forecasting but operates in the
reaction mode responding to a requirement to generate a system-
specific forecast (the times when a specific system might expect
interference from solar protons) within 15 min after the occurrence
of a significant solar flare. The basic system is a phenomenology
based model (Smart, 1988; Smart and Shea, 1979; 1985; 1992) of
the expected behavior of the solar-proton fluence rates of various
energies at Earth from a near-sun injection of solar particles at the
position of the observed solar flare.

3.2.6.2 Monitoring Information Currently Acquired for Proton-
Event Forecasting. The NOAA SEC Space Weather Operations in
Boulder, Colorado receives data from the NOAA GOES spacecraft,
the USAF global Solar Electro-optical Observing Network, and
from other ground- and space-based assets, as available. The Solar
Electro-optical Observing Network provides data on sunspot activ-
ity, flare locations, solar magnetic field maps, and radio wave spec-
tra. GOES provides data on energetic charged particles and
whole-disk solar x-ray fluence rates (x rays from the entire solar
visible hemisphere). The data received, their source, accuracy and
resolution, the average time available (coverage), and an explana-
tion of some limitations of the data are described by Cliffswallow
and Hirman (1992).

The NOAA PROTONS model uses as input:

• soft x-ray peak fluence rate and/or time-integrated power;
• location of observed flare (heliographic latitude and longi-

tude);
• radio-burst data; and
• recent levels of solar activity in the same active region on

the sun.

The USAF model uses as input:
• radio-burst data specifying the solar-flare peak power radio-

emission spectra;
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• location of observed flare (heliographic latitude and longi-
tude). Solar radio peak or time-integrated power in the
microwave frequencies monitored by the USAF solar radio
network; or

• soft x-ray peak fluence rate, or time-integrated soft x-ray
power.

3.2.6.3 Limitations of the Prediction Capabilities. Current SPE
forecast methods rely on the concept of a solar-flare associated
event and a subsequent near-sun injection of energetic particles
that will be transported along the interplanetary magnetic field
through space. The success of forecasts triggering on the big flare
syndrome (Kahler, 1982), is probably due to the fact that solar-
flare proton diagnostics are the same as the proxies for CMEs. The
lack of a method to observe or account for interplanetary shocks
and CMEs is one of the major deficiencies of quantitative SPE
predictions.

NOAA SEC forecasters have some skill in predicting the likeli-
hood of M- and X-class x-ray flare days in advance of the occurrence
based on observations of an active region’s history, size, complexity
and recent changes. They are currently unable to project the prob-
ability of SPEs 1 to 3 d in advance. Heckman (1993) notes that
NOAA SEC forecasters often significantly overestimate the proba-
bility of a proton event.

Currently an NOAA SEC forecast gives the probability for the
occurrence of an SPE and an estimate of the peak particle intensity
if an event occurs. When SPE predictions have been issued and a
significant event occurred, the predicted peak particle fluence rate
has been generally, but not always, within an order of magnitude of
the observed fluence rate (Figure 3.21). Prediction of the SPE’s
spectral characteristics has not proven to be reliable for large
events. Similarly, the intensity-time fluence-rate profile predic-
tions have not been adequate for shock-dominated SPEs.

Recently developed event-triggered methods of forecasting
doses over time from SPEs, using dosimeter measurements
obtained early in the evolution of an event and coupled with
Bayesian influence and artificial neural network methods, have
met with some success (Hoff et al., 2003; Neal and Townsend, 2001;
Townsend et al., 1999). These methods, however, can only be used
after the SPE begins to arrive at the spacecraft.

3.2.6.4 Forecasting Solar-Particle Events for Lunar Missions.
For lunar exploration, there is a need for reliable forecasts of safe
periods, to be made at least 1 to 3 d in advance, in order to allow
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astronauts to safely explore the surrounding terrain. If an SPE
should occur, the particle fluence rate will envelope a lunar base
without magnetic field attenuation. This increases the urgency of
accurate forecasts of the time of arrival, rise time, peak fluence
rate, and duration of each particle event (see Wilson et al., 1997a;
1997b, for details). It is essential to accurately forecast solar activ-
ity, specifically the probability of the occurrence on the sun of a fast
CME within hours or days. A more specific need is to identify reli-
able diagnostics for the occurrence of solar activity associated with
solar-particle acceleration and release into the interplanetary
medium and to reliably predict the SPE characteristics at the posi-
tion of the astronaut, specifically the fluence rate, fluence, compo-
sition, spectra, and time evolution. This requires the ability to
predict the interplanetary particle source and transport. For suc-
cessful forecasts that may impact the astronauts, there is a need for
prediction algorithms for biologically effective energies.

3.2.6.5 Considerations for Forecasting Solar-Particle Events for
Space Missions to Mars. As already indicated, the current SPE

Fig. 3.21. Predicted peak particle fluence rate for SPEs in 1989 by the
NOAA Space Environment Center PROTONS Model (Heckman et al.,
1992). The diagonal line defines perfect forecasts.
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forecast capability is inadequate for manned interplanetary mis-
sions. Essentially, the forecast centers operate in a reaction mode
where there is some skill in forecasting SPEs that will affect Earth
after the occurrence of a significant event on the sun that has the
characteristics of solar-proton generating activity. 

It is reasonable to assume that Earth-based solar monitoring
network will support a Mars mission with SPE forecasts and alerts.
However, there are substantial limitations. Earth will not always
be in a position to watch critical regions of the sun which may be
well connected to the spacecraft position or the position of Mars, or
to monitor significant solar wind parameters which will pass by the
spacecraft or planet. There may also be significant communication
delays resulting from the large separation distances between the
actual location of a spacecraft in transit to Mars and Earth.

For missions to Mars, there is a critical need to be able to accu-
rately forecast solar events likely to accelerate and release a large
fluence rate of solar particles onto the interplanetary magnetic
field lines connected to the spacecraft position. During the inter-
planetary transit phase of such a mission, it will be necessary to
forecast the probability of a fast CME in the next N hours or days
and to reliably predict the SPE’s characteristics at the position of
the spacecraft, specifically the fluence rate, fluence, composition,
spectra, and time evolution. For successful forecasts that may
impact the astronauts, there is a need for prediction algorithms for
biologically effective energies. 

For Mars exploration, reliable forecasts that no significant SPE
will occur in the next N days in the future, would allow astronauts
to leave their home base to explore the surrounding terrain. The
Mars surface radiation exposure will be less than the free-space
exposure because the planetary mass and atmosphere will reduce
the solid angle of incident charged particle radiation to slightly
<2π steradians. The ~16 g cm–2 of mass shielding (mainly CO2) of
the Martian atmosphere will offer some additional attenuation
of the free-space solar-particle radiation (see Wilson et al., 1997a
for a more detailed analysis). In some respects, the prediction of
astronaut doses during Mars surface exploration is analogous to
predicting the radiation dose for hypersonic high-altitude flight in
Earth’s upper polar atmosphere; the mass of the atmospheric
shielding is of a similar magnitude.

For a manned mission to Mars there is a need for reliable infor-
mation provided by onboard measurements of both particle fluence
rate and radiation dose. This is needed both to verify the predicted
SPE environment and to provide measurements of the actual radi-
ation dose at the position of the spacecraft. The recent data from
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the MARIE experiments onboard the Odyssey spacecraft provide a
beginning to the generation of such a data set (Zeitlin et al., 2004).

There is a need to update the risk assessment of actual radia-
tion hazards and mission impact at the position of an interplane-
tary spacecraft to Mars and to develop operational procedures to be
implemented in the event of a large SPE.

3.2.7 Worst-Case Solar-Particle Event Scenarios

The database of actual solar-particle observations is limited to
three solar cycles (Cycles 20, 21 and 22) of actual measurements in
space. Solar Cycle 19 provided solar-proton information primarily
inferred from the response of Earth’s ionosphere to solar particles.
The data for these four solar cycles (19 to 22) show a consistency in
the number of SPEs per solar cycle. Smart and Shea (2002) note
that if the current NOAA SEC event criteria of a ≥10 MeV proton
fluence rate of ≥10 (cm2 s sr)–1 is used, there have been ~75 proton
events for each of the last four solar cycles. Furthermore there has
been a consistent ratio of ~15 % of the events being ground-level
events. These events contain ≥450 MeV protons that initiate
nuclear cascades in the atmosphere capable of being detected by
cosmic-ray neutron monitors at high latitudes. A statistical treat-
ment of the ≥30 MeV fluence data by Nymmik (1993) suggests a
fluence classification based on groups separated by one standard
deviation of a log-normal distribution in fluence (Table 3.5) where
the mean SPE fluence occurrence is normal. It is only the rare large
events (3 σ greater than the average) that constitute a significant
radiation hazard in space.

3.2.7.1 Long-Term Record. There are hints that the current space
era observations may not be truly representative of the long-term
population of SPEs in space. There are two additional solar cycles
(Cycles 17 and 18) where surface cosmic-ray detectors responded to
SPEs that generated muons with sufficient energy (≥4 GeV) to
traverse Earth’s atmosphere and be recorded by surface detectors.
This class of SPEs has not occurred in the space era (Solar Cycles
20 to 23). An analysis by Smart and Shea (1991) evaluated the
February 23, 1956 high-energy SPE, as the largest fluence-rate
high-energy SPE in the modern era. However, they suggested that
the largest fluence event of energetic particle measurement history
in the tens of megaelectron volts range may have occurred in
July 1946. The work of Goswami et al. (1988) suggests that the
solar cycle averaged direct spacecraft measurement of the space
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era may have had softer characteristic spectra than the spectra
inferred from long-term (106 y average) induced radionuclides in
lunar samples.

Upper limits can be placed on the maximum size SPE that may
have occurred in the past. Examination of Figure 3.13 places limits
on very high fluence events that may have occurred which induced
radioactivity that would be detectable in moon rocks. Other limits
can be found in 14C and 10Be records. Analysis of the 14C record
strongly suggests that there is no evidence of a single large SPE
contribution (Lingenfelter and Hudson, 1980; Lingenfelter and
Ramaty, 1970; Shea and Smart, 1992). Analysis of the record indi-
cates that GCR is the major source of 10Be in Earth’s atmosphere,
although there are some small anomalies in excess of the expected
cosmic-ray production. 

Recent work on the analysis of impulsive nitrate enhancements
found in polar ice cores strongly suggests that these enhance-
ments are a long-term record of SPEs (Dreschhoff and Zeller, 1990;
Dreschhoff et al., 1997; Shea et al., 1999; Zeller and Dreschhoff,
1995). Recent attempts to calibrate these impulsive nitrate
enhancements found in polar ice cores (McCracken et al., 2001a;
2001b) have resulted in a 450 y record of large fluence SPEs (those
with a ≥30 MeV omnidirectional fluence exceeding 1 × 109 cm–2) as
illustrated in Figure 3.22. 

This 450 y record indicates that events many orders of magni-
tude larger than those observed during the space era have not
occurred in the last 450 y. Figure 3.22 indicates that SPEs larger
than those observed in the contemporary space era are possible,
however the largest event in the 450 y record, a ≥30 MeV omnidi-
rectional fluence of 18 × 109 cm–2, is only four to seven times larger
than the largest fluence SPEs observed during the space era.
Townsend et al. (2003; 2006) have estimated doses from this event,
which is often referred to as the Carrington Flare (or Carrington
Event) of 1859. The occurrence frequency of large fluence SPEs
derived from this record is totally consistent with the contemporary
space era occurrence frequency shown in Figure 3.13. This indi-
cates that the modern era Earth-sensed proton-event frequency
record is useful for predicting the SPE occurrence frequency to be
expected during missions beyond LEO.

3.2.7.2 Composite Events from the Modern Record. Attempts to
compile composite events from modern era solar-particle observa-
tions have been made, but there is no general consensus as to what
constitutes reasonable and likely parameters to describe the event.
Composite worst-case event with spectral, fluence rate, and fluence
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parameters might be constructed based on events observed during
the space era. Townsend et al. (1992) and Wilson et al. (1990; 1991;
1997a; 1997b) have evaluated the predicted radiation dose from a
composite extreme case event based on the spectral shape assumed
appropriate for the February 1956 event and the fluence from the
August 1972 event. They noted that this extreme case would gen-
erate a radiation environment such that 20 g cm–2 of aluminum
would not reduce the predicted radiation dose to the annual limit
of the current NCRP recommendations for flight in LEO. This
extreme case was considered unrealistic by Feynman and Gabriel
(1988). The consensus opinion reported was that the arbitrary scal-
ing up of observed large events was not justified (Feynman and
Gabriel, 1988). The NASA Modeling and Analysis Working Group
(Badhwar, 1997a) specifically recommended against the procedure
of scaling of the heavy-ion fluence rate by a linear proton fluence-
rate ratio. Figure 3.23 illustrates the solar-particle integral omni-
directional fluence attributed to the very-large SPEs that have
occurred in the last 50 y.

3.2.7.3 Storm-Shelter Considerations. The general nature of SPEs,
and the distinct possibility that a single SPE could expose an
unshielded astronaut to potentially dangerous radiation levels,
leads to a requirement for a storm shelter as part of an interplane-
tary space vehicle. The unpredictability of extremely-large SPEs

Fig. 3.22. A 450 y record of large fluence SPEs derived from impulsive
nitrate precipitation events found in polar ice cores combined with the
space era satellite sensed SPEs. (The detection threshold of SPEs by
analysis of the NO(Y) precipitation events is a ≥30 MeV omnidirectional
fluence of ~1 × 109 cm–2) (McCracken et al., 2001c).
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requires this storm shelter to be available on the time scale of a few
hours. Townsend et al. (1992) note that for nominal spacecraft
shielding of 2 g cm–2 of aluminum, a large SPE such as August 1972
would generate sufficient radiation dose inside the spacecraft that
the 30 d limit of the current NCRP recommendations (NCRP, 2000)
for LEO flight would be exceeded in ~8 h. The storm-shelter design
should be able to reduce the dose to blood-forming organs experi-
enced by an astronaut inside the shelter during an extremely-large
SPE (3 σ larger than the average) to tolerable levels (dose below the
life threatening and the nausea thresholds). The recommendation
that was reported in Badhwar (1997a) was that a prudent
storm-shelter design should protect against >30 MeV omnidirec-
tional free-space fluence of 8 × 109 proton cm–2. The dose is also a
function of the energetic particle spectral parameters as well as the
radiation fluence. See the work of Townsend and Zapp (1999) for a
discussion of the variability introduced by various assumptions
about the solar-proton spectra.

Calculations by Wilson et al. (1999) suggested not using the
actual fluence-rate and fluence observation of the August 1972
solar activity episode as a minimum design threshold for a storm
shelter. Their calculations indicate that a shielding mass of
10 g cm–2 would attenuate the absorbed blood-forming organ dose

Fig. 3.23. Example of a large SPE integrated fluence spectra used in
dose calculation (Wilson et al., 1997b).
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received from the observed free-space solar-proton fluence rate to
the 30 d limit for LEO flight. They also note that additional radia-
tion shielding benefit can be obtained by a choice of composite
shielding material. Townsend et al. (1992) have calculated that
a storm shelter of 20 g cm–2 of aluminum would reduce the dose
from an August 1972 type of SPE to well below the 30 d limit.
Wilson et al. (1999) further recommend that the storm-shelter
design should have the capability of providing protection for a
solar-particle fluence four times larger than the observed August
1972 fluence in the 70 to 100 MeV energy interval. This class of
storm shelter would probably provide protection in the case of the
largest SPE fluence illustrated in Figure 3.23, assuming normal
spectral parameters.

3.2.8 Recommendations for Research on Energetic 
Solar Particles

Prediction of SPEs in support of manned space flight should be
changed from the current criteria of predicting events having a
peak proton fluence rate of ≥10 (cm2 s sr)–1 at energies ≥10 MeV
towards an orientation of predicting events during which the free-
space absorbed dose would exceed 10 mGy. Since dose is also a func-
tion of the energetic particle spectral parameters as well as the par-
ticle fluence, there should be sufficient spectral information so that
a reasonable dose computation can be made. A prediction of proton
events with protons ≥30 MeV and fluences >3 × 106 protons cm–2

(an energy content equivalent to ~10 mGy) would be more useful
that the current >10 MeV peak fluence-rate predictions.

Research should be directed toward identifying and modeling
the agents responsible for the acceleration of large fluences of ener-
getic particles at biologically significant energies in space. There
should also be research directed toward identifying precursors and
unique signatures of fast CME and useful CME proxies. These
would include possible techniques to improve the prediction and
detection of the fast CME and associated interplanetary shock, the
shock-Mach number (particularly at about five solar radii), and
the shock shape and heliolongitudinal extent. Research directed
toward a capability of remote sensing of fast interplanetary shocks
and their speed (Alfven Mach number) and position in space with
respect to a spacecraft will aid the prediction of solar-particle flu-
ence rate expected from a specific interplanetary shock. The capa-
bility of modeling the connection from the observer to the shock
front will improve the prediction capability. There is a definite need
to model the acceleration of particles at the location of the shock
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front including prediction of fluence rates and fluence changes as
the shock approaches and passes Earth (or spacecraft).

There should be research directed toward identifying quiet peri-
ods when very reliable predictions of no significant SPEs can be
made. These would be very useful for extravehicular activity or sur-
face exploration on the moon or Mars.
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4. Space Radiation Physics 
and Transport

4.1 Introduction

The physical description of the interactions of space radiations
supports the understanding of the effects of radiation shielding,
space radiation biology, and radiation dosimetry. Computer codes
describing coupled proton, HZE, and neutron transport are used as
shielding design tools for spacecraft and planetary habitats. The
physical description of the interaction of space radiation with tis-
sues, cells or biomolecules requires knowledge of the energy and
isotopic distribution of primary and secondary charged particles
and neutrons produced in atomic and nuclear collision processes in
the transport of radiation through matter. These descriptions are
augmented with stochastic models of particle track structure that
describe the spatial distribution of excitations and ionizations in
biomolecules for ions and secondary electrons (denoted delta rays)
produced along an ion track. The development of design tools for
shielding analysis and comparisons to dosimetry measurements
utilize many of the same physical descriptions needed to support
physical aspects of the radiation biology of heavy-ion beams. The
broad energy range of GCR and SPEs and the large number of
materials of interest in spacecraft structures, planetary atmo-
spheres, and tissues require a robust description of the basic phys-
ical processes including the development of efficient computer
models. In this Section current methods in radiation physics as
applied to space radiation problems are reviewed and research
areas where improvements are needed are discussed.

Several physical processes are involved in the transport of space
radiations in materials. Energy loss and energy deposition pro-
cesses dominate for thin shielding layers, while heavy-ion fragmen-
tation dominates for intermediate shielding thicknesses. Particle
production processes including neutrons and mesons and the elec-
tromagnetic cascades are involved in the evaluation of deep pene-
tration problems such as a habitat on the surface of Mars. Physics
models play important interpolation and extrapolation roles in
space radiation studies, since the broad range of particle types and
energies in space make the costs of experimental measurement of
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all components prohibitive. Ground-based research focuses on the
measurement of interaction cross sections and transport through
materials of individual components of the space radiation environ-
ment. However, theoretical models are needed for extrapolating
such results to all of the particles produced by GCR or SPEs includ-
ing their temporal variations. Studies of potential risk mitigation
including operational, shielding and biomedical approaches must
rely on theoretical models that utilize radiation transport codes to
make projections and to support design studies of such missions.
Research aimed at optimizing the costs of radiation shielding
through design studies and material selection could potentially
provide a large cost advantage for exploration missions. However,
the large uncertainties in current risk projection models (Cucinotta
et al., 2001a; NAS/NRC, 1996; NCRP, 1997) preclude any final con-
clusions from design studies until a more complete understanding
of space radiation biology is available (Section 6).

4.2 Radiation Transport in Shielding

Dominant physical processes in the transmission of high-energy
nuclei through matter are energy loss through atomic and molecu-
lar collisions and the absorption and particle production from
nuclear interactions with spacecraft materials and tissue. Materi-
als with light constituent atoms, such as hydrogen, are the most
efficient per unit mass of material at slowing down ions, attenuat-
ing heavy-ion projectiles through projectile fragmentation, and
minimizing the buildup of neutrons and other target fragments
produced directly from the shielding by nuclear interactions.
Energy loss through ionization is proportional to the number of
electrons per atom (Z) where Z is the atomic charge number and
the energy loss per unit mass is proportional to (Z/ρA) where ρ is
the material density and A the atomic mass number. For heavy ions
with high kinetic energies (>100 MeV n–1) nuclear absorption by
fragmentation is the dominant reaction mode (Hufner, 1985). The
nuclear absorption cross section is approximately proportional to
A2/3 and fragmentation of GCR projectile nuclei is more efficient per
unit mass for materials with light constituent atoms. At lower
energies (<100 MeV n–1) elastic scattering, compound nucleus for-
mation or excitations of discrete nuclear levels that decay by
gamma or particle emissions are dominant interaction modes.
High-energy protons and neutrons interact through knockout and
spallation reactions (Hufner, 1985). Such processes lead to a
buildup of light particles (Z ≤ 2) and the localized production near
the primary track of heavy-ion target fragments with large values
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of LET and short ranges (Cucinotta et al., 1996a; Wilson et al.,
1991). 

For GCR, materials such as aluminum (the most common space-
craft material) have relatively flat depth-dose (i.e., dose equivalent)
responses due to the buildup of light particles in balance with the
attenuation of heavy ions (Wilson et al., 1995a). Materials such as
concrete or lead have a dose-equivalent response to GCR that is
predicted to increase with shielding because of excessive produc-
tion of neutrons and target fragments. The relationship between
track structure and biological response must be understood in
order to determine if risk is reduced through adding shielding
materials such as aluminum. There is some doubt that practical
shielding amounts offer any advantage from GCR (Wilson et al.,
1995a). However, dose equivalents from SPEs are certainly
reduced by shielding materials including aluminum, and can be
optimized by using materials with high-Z to A ratios.

4.2.1 Space Radiation Transport 

The description of the passage of high-energy nuclei through
matter can be made using transport equations that treat the
atomic and nuclear collisions. As an alternative, Monte-Carlo tech-
niques can be used which sample from interaction processes for
individual primaries or their secondaries to develop histories of
charged particle passage and energy deposition in materials.
Although used extensively for proton and neutron transport, the
Monte-Carlo codes have only recently been developed for HZE
transport (Pinsky et al., 2005; Townsend et al., 2002; 2005). The
relevant transport equations are derived on the basis of conserva-
tion principles (Wilson et al., 2001) for the fluence-rate density
φ j(x,Ω,E) of type j particles as:

(4.1)

where σj(E) and σjk(Ω,Ω ',E,E') are the media macroscopic cross sec-
tions. The σjk (Ω,Ω ',E,E') represent all those processes by which the
type k particles moving in direction Ω ' with energy E' produce a
type j particle in direction Ω with energy E. The fluence-rate den-
sity φj (x,Ω,E) is the main physical quantity used to determine the
physical or biological response by folding it with an appropriate
response function for the physical or biological system under study.

Ω  ∇φj x,Ω,E( )⋅

Σk σjk ΩΩ ', E,E'( )φk x,Ω ', E'( )dE' dΩ ' σj E( )φj x,Ω,E( ),–∫=
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There may be several reactions which produce a particular
product and the appropriate cross sections for Equation 4.1 are the
inclusive ones. The total cross section σj(E) with the medium for
each particle type of energy E may be expanded as:

(4.2)

where the first term refers to collision with atomic electrons, the
second term is for elastic nuclear scattering, and the third term
describes nuclear reactions. The microscopic cross sections and
mean energy transfer are ordered as follows:

(4.3)

(4.4)

and

(4.5)

This ordering allows flexibility in expanding solutions to the
Boltzmann equation as a sequence of physical perturbative approx-
imations (Wilson et al., 2001). Many atomic collisions (~106) occur
in a centimeter of ordinary matter, whereas ~103 nuclear coulomb
elastic collisions occur per centimeter. In contrast, nuclear reac-
tions are separated by a fraction to many centimeters depending on
energy and particle type. For neutrons, (E) ~0 and the nuclear
elastic process appears as the first-order perturbation. Mean-free
paths for elastic scattering of neutrons may become quite small,
especially at low energies in the resonance region (ICRU, 2000).

The solution of Equation 4.1 involves hundreds of multi-
dimensional integro-differential equations which are coupled
together by thousands of cross terms and must be solved self-
consistently subject to boundary conditions ultimately related to
the external environment and the geometry of the astronaut’s body
and/or a complex vehicle. A series of approximate solutions can be
studied and indicates a high level of accuracy for most applications
(Tweed et al., 2004; Wilson et al., 2001). The mean energy loss can
be introduced in a continuous slowing down approximation, and
straggling neglected for the broad energy spectra of the space radi-
ation. The highly directional coulomb cross section for charged ions
and nuclear elastic scattering for neutrons generally dominate

σj E( ) σ j
at E( ) σ j

el E( ) σ j
r E( ),+ +=

σj E( ) ~ 10 16–  cm2 for δEat  ~ 102 eV,

σj E( ) ~ 10 19–  cm2 for δEel  ~ 106 eV,

σj E( ) ~ 10 24–  cm2 for δEr  ~ 108 eV.

σ n
at
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the second perturbation term. The angular dispersion and its
effects on lateral beam spread and range straggling are important
corrections in comparing to laboratory measurements. The nuclear
elastic scattering is especially important to neutron fields and has
been treated in the past using Monte-Carlo or multi-group methods
(Hughes et al., 1997). The third perturbation term consists of com-
plex energy and angle functions. Results from Monte-Carlo codes
(Alsmiller et al., 1965) provided the basis for the generation of ana-
lytical techniques and the simplification of boundary conditions
used in space shield code development (Wilson et al., 1991).

For transport of the GCR heavy ions (A > 4), the use of the con-
tinuous slowing down approximation in a marching procedure has
been implemented in NASA’s HZE transport code (Wilson et al.,
1991). A full isotopic grid requires ~170 ions to represent GCR
(Cucinotta et al., 2003), however a reduced isotopic grid of 59 ions
is used more often (Wilson et al., 1995b) and is accurate for many
applications. For mono-energetic beam transport, a Gaussian
model of the fragment single differential cross section has been con-
sidered along with energy straggling using a Green’s function
approach (Tweed et al., 2004). For light particle transport, the
broad redistribution in energy of the ions in collisions is considered
in the marching procedure (Wilson et al., 1991). Angular effects for
neutron transport are considered using a multi-group or Monte-
Carlo transport models (Clowdsley et al., 2001; Hughes et al.,
1997).

For determining the particle spectra, numerical techniques
have been developed which allow for computationally efficient and
accurate computer codes in the straight-ahead approximation
(Wilson et al., 1995b). Complex spacecraft and organ geometry are
described using ray-tracing distributions. Methods to include angu-
lar effects in transport processes relative to complex spacecraft
geometries are not highly developed at this time. Monte-Carlo
approaches exist to treat these problems for neutron and proton
transport, however they have not been applied to the spacecraft
problems with any degree of detail and have used a cylindrical shell
approximation (Armstrong and Colborn, 2001). Efforts to extend
Monte-Carlo codes, such as High Energy Transport Code and
FLUctuating Kascade, to include HZE particle transport are near-
ing completion and will permit complex spacecraft geometries to be
handled (Pinsky et al., 2005; Townsend et al., 2002; 2005). The
Boltzmann equation methods of solution developed at Langley
Research Center have considered bidirectional models for neutron
transport problems, however new methods will be needed for full
three-dimensional transport in a complex geometry. 
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4.2.2 Transport Coefficients and Atomic Processes 

Transport coefficients describe the atomic (molecular) and
nuclear processes by which the particle fields are modified by the
presence of a material medium (Wilson et al., 2001). As such, basic
atomic and nuclear theories provide the input to the transport code
databases. The first-order physical perturbation on the right side
of Equation 4.1 is the atomic (molecular) cross sections as noted in
Equation 4.3 for which those terms in Equation 4.1 are expanded
about the energy moments as:

(4.6)

where ε i is based on the electronic excitation energy, and σi (E) is
the total atomic (molecular) cross section for delivering ε i energy to
the orbital electrons (including discrete and continuum levels). The
first moment (n = 1) is the usual stopping power (see Glossary), and
the usual continuous slowing down approximation is achieved by
neglecting the higher-energy moments. 

In Equation 4.6 specification of ε i and σi(E) requires a complete
knowledge of the atomic (molecular) wave functions. Stopping
power databases are derived semi-empirically as the Bethe reduc-
tion of Equation 4.6 in terms of mean excitation energies and vari-
ous correction terms (Fano, 1963; Wilson et al., 1991). The stopping
power (S) is adequately described by the Bethe-Bloch formula for
most ion energies (Bichsel, 1992):

(4.7)

where e is the electronic charge, NT is the density of target atoms,
m is the mass of the electron, c is the speed of light, β = v/c, and I is
the mean excitation energy. In Equation 4.7, the various correction
terms are the shell correction C(β ), Barkas correction L1(β ), Bloch
term L2(β ), and Mott and density corrections L3(β ). The range of
the ion is evaluated from the stopping power as:

(4.8)
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The second energy moment is related to energy or range strag-
gling and provides corrections to the ion slowing down spectrum
(Fano, 1963). Straggling has been well studied for ion beam appli-
cations with leading order and most higher-order correction terms
well understood (Bichsel, 1992). For broad-beam conditions, GCR
transport straggling effects are negligible, however they are impor-
tant for laboratory studies with mono-energetic beams and for
understanding radiation detector responses. The next physical per-
turbation term is the coulomb scattering by the atomic nucleus and
is typically represented by Rutherford scattering modified by
screening of the nuclear charge by the orbital electrons using the
Thomas-Fermi distribution for the atomic orbits. The total nuclear
coulomb cross section found by integrating over the scattering
directions is related to the radiation length. The differential cross
section is highly peaked in the forward direction, and only after
many scatterings is significant beam divergence seen. Numerical
solutions to the coulomb multiple-scattering problem have been
investigated for many years (Fermi, 1940) and accurately describe
experimental data with HZE (Wong et al., 1990) or proton beams
(Carlsson and Rosander, 1973).

4.2.3 Nuclear Interaction Cross Sections 

The extent of the nuclear interaction cross-section database
required for the transport of cosmic rays spans most nuclear reac-
tion physics from energies <10 MeV n–1 to energies above tens of
GeV n–1, including a large number of projectile and target material
combinations. The types of cross sections required for transport
involve total yields and multiplicities and inclusive secondary
energy spectra for one-dimensional transport or inclusive double
differential cross sections in angle and energy for three-dimensional
transport. For Monte-Carlo simulations, exclusive cross sections are
needed for computer algorithms; an enormous experimental task
when considering the large number of projectile-target combina-
tions, secondary multiplicities, etc., needed to transport all GCR
particles and energies through spacecraft and tissues. Currently,
event generators capable of providing particle yields, production
angles, and energies of all secondary particles produced by these
nuclear collisions are under refinement and have been introduced
into Monte-Carlo codes (Miller and Townsend, 2004a; 2004b; 2005).
Testing of the extended Monte-Carlo codes with laboratory beam
data is underway (Townsend et al., 2005). Fortunately, physical con-
siderations lead to great simplifications allowing inclusive cross
sections to be appropriate for many applications. Table 4.1 shows
reaction partners and secondaries of relevant reactions broken into
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distinct reaction types or mechanisms. Low-energy evaporation
products including heavy-ion target fragments are high-
LET events. Knockout products from proton or neutron reactions
and projectile fragments from GCR nuclei are typically of low- to
moderate-LET, however their large ranges leads to radiation
buildup through further reactions.

The abrasion-ablation models (Cucinotta et al., 1997; Hufner
et al., 1975; Wilson et al., 1995b) are used to describe heavy-ion
fragmentation cross sections. The description of nuclear reactions
through abrasion (particle removal during ion to ion interaction)
and ablation (nuclear de-excitation after the abrasion step) is illus-
trated in Figure 4.1, which shows the roles of projectile overlap,
fireball formation in central regions, and the decay of the prefrag-
ment spectators. The individual steps of abrasion and ablation
can be described in both semi-classical or quantum mechanical
approaches. Nuclear database development has focused largely on
quantum multiple scattering theories or Monte-Carlo approaches
to nuclear reactions using an intra-nuclear cascade model. A start-
ing point for formulating all reaction models is to consider the rela-
tionship between the phase space of final state momentum vectors,
the transition matrix (Tfi) and the differential cross section (dσ):

(4.9)

where β is the relative projectile-target velocity divided by the
speed of light, p is the momentum of the particle, Ε is its energy, δ
is the Dirac delta function, X represents the final target states
(which are summed over), F* represents the prefragments formed
in the projectile-target interaction, n is the number of nucleons
knocked out of the projectile in the overlap region with the target,
and i and f label the initial and final states, respectively. The pre-
fragment decays through particle emission if sufficient energy is
available and can be described by additional considerations on the
phase space and transition matrix (Cucinotta et al., 1997).

The transition matrix in quantum theories provides first princi-
ples solution to the scattering problem. However, it must be treated
approximately because of the complexity of its solution. For elastic
scattering or excitation of discrete states, the relation between
the transition matrix Tfi (or T-matrix) and the inclusive cross sec-
tions is trivial. For fragmentation reactions, where many particles
are present in the final state, integrals become intractable and
approximations are introduced. The multi-particle momentum
integrals can be reduced to a computationally feasible form only

dσ 2 pπ( )4

β
------------------- dp dpF*  dpj( )δ  Ei Ef–( )δ  pi pf–( ) Tfi
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TABLE 4.1—Reaction products in nuclear reactions important to space radiation studies.

Reaction Type Secondary Mechanism Comment

Nucleon-nucleus Nucleon Evaporation
Knockout

Small range, high-LET
Large range

Elastic, quasi-elastic

Nucleon-nucleus Light particle
(d,t,h,α)

Evaporation High-LET, small range
Large range

Knockout, pickup

Nucleon-nucleus Heavy recoil Elastic
Fragmentation or spallation

High-LET, small range
High-LET, small range

Nucleon-nucleus Nucleon or light particle Target or projectile knockout Large range, low-LET
Small range, high-LET

Evaporation

Nucleus-nucleus Heavy ion Projectile fragment Large range, moderate-LET

Nucleus-nucleus Heavy ion Target fragment Small range, high-LET

Nucleon or 
nucleus-nucleus

Pion, kaon, anti-nucleon, 
gamma

Projectile energy > 500 MeV n–1 Deep penetration 
(>50 g cm–2)



66   /   4. SPACE RADIATION PHYSICS AND TRANSPORT

after theoretically studying the structure of the nucleus-nucleus
T-matrix and introducing high-energy approximations such as the
closure and Eikonal approximations.8

The equations of motion for nuclear scattering are expressed in
terms of the transition operator, which represents an infinite series
for the multiple scattering of constituents of the projectile and tar-
get nucleon. The strong nature of the nuclear force requires a non-
perturbative solution to the scattering problem. A T-matrix based
on relativistic dynamics, or at the minimum employing relativistic
kinematics, is required for high-energy space radiation databases,
and production processes are naturally included in a relativistic
theory. Relativistically covariant formulations of the T-matrix have
been developed using meson exchange theories (Maung et al., 1996).
The basic approach, in both relativistic and nonrelativistic multiple
scattering theories, is to re-sum the multiple scattering series,
which is expressed in terms of the irreducible and reducible
exchange diagrams in a relativistic multiple scattering theory or
the nuclear potential in a nonrelativistic multiple scattering theory,
in terms of the T-matrix for projectile and target nuclei constituents.

Fig. 4.1. Schematic diagram of a relativistic heavy-ion reaction
showing the projectile and target fragments, and fireball and their
dependence on the impact parameter.8

8Schimmerling, W. Personal communication (National Aeronautics
and Space Administration, Washington).
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This avoids having to deal directly with the highly singular
behavior of the nuclear potential at short distances, and instead
the constituent transition matrix is used, which is known from
experimental determinations. The integral equation approach is
quite successful for studying elastic scattering where a one-body
integral equation can be found after deriving an optical potential.
For studying high-energy knockout and fragmentation reactions,
the Eikonal approximation is accurate and leads to a reduction of
the many component integral equation to a practical form after
deriving a factorization approximation for many-particle removal
(abrasion). Final state interactions between projectile fragments
suggest the use of a Faddeev Type 3-body integral equation.

Monte-Carlo simulation techniques can be used to describe
nuclear multiple scattering (Cugnon et al., 1981; Ferrari and Sala,
1996). However, many of the quantum aspects of the problem
must be ignored including shell structure, the nuclear surface, and
interference effects. Monte-Carlo approaches to reaction theories
rely on phase space considerations and two-body cross sections as
described above. Multiple scattering is treated in an algorithmic
manner by sampling each nucleon over the possible energy and
momentum transfers allowed by the two-body cross sections, often
including Pauli blocking and other nuclear medium effects. Several
models are used to couple to the intra-nuclear cascade including
the pre-equilibrium models and the nuclear evaporation models
(ICRU, 2000). One advantage is that all levels of scattering can be
followed in the algorithm. Although continued improvement in
nuclear reaction models are expected to support predictive capabil-
ities, the need for experimental data on reaction cross sections is
required for both improvement and validation of models. Total
absorption plays a critical role in ensuring a reasonable solution to
the Boltzmann equation, including the accuracy of particle conser-
vation as a function of depth in the shield (Wilson et al., 1991). The
total (TOT) cross section is found from the elastic amplitude f (q)
using the optical theorem (Wilson et al., 1991) as:

(4.10)

The absorption (ABS) cross section is found by using:

(4.11)

σTOT
4π
k

------lmf q 0=( ).=

σTOT σABS σEL,+=
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where σEL is the elastic cross section. Formulae for these cross sec-
tions can be derived from microscopic theories of nuclear multiple
scattering (Cucinotta et al., 1997). The absorption cross sections
are accurately represented by energy dependent variants of the
Bradt-Peters equation (Townsend and Wilson, 1986):

(4.12)

where r0, c1(E), and c2(E) are parameters. Absorption cross sections
have been studied both experimentally and theoretically and are
known to within a few percent accuracy (Tripathi et al., 1997;
2001). Figure 4.2 show comparisons of calculated experimental
data for absorption cross sections for proton and 12C projectiles
with 27Al targets (Tripathi et al., 1997; 2001). Examples of frag-
mentation cross sections for 32S and 56Fe projectiles on 27Al and 12C
targets, respectively, are shown in Figure 4.3 in comparison to the
quantum multiple scattering fragmentation model. One feature of
the elemental distribution of the fragments is the strong even-odd
effect observed. The effect appears to be largest for intermediate
mass projectiles (A = 20 to 40) and depends on the isospin of the
projectile (Knott et al., 1996). Theoretical models provide a good
representation of the even-odd effect if accurate nuclear de-excita-
tion models are used (Cucinotta et al., 2003). Figure 4.4 shows mea-
surements of double differential cross sections for proton and
neutron production (ICRU, 2000) from proton bombardment of 12C
and 16O targets. A larger database for cross sections for proton and
neutron induced reactions now exists with recent surveys of such
data provided in ICRU Report 63 (ICRU, 2000). Above kinetic ener-
gies of a few GeV n–1, the quark-gluon-string model has been con-
sidered a nucleus-nucleus event generator.

The momentum distribution of projectile fragments can be
described as a Gaussian distribution in the projectile rest frame
with a small downshift in the average momentum from the projec-
tiles velocity. The longitudinal momentum width is well described
by (Goldhaber, 1974):

(4.13)

where n is the number of nucleons removed from the projectile
and σ0 is approximately related to the Fermi momentum of the pro-
jectile (pF) by σ0 = pF/ . The functional form of the model of

σABS πr2
0 c1 E( ) Ap

1/3 A T
1/3 c2 E( )–+[ ]

2
,=

σL σ0
n AP n–( )

AP 1–
-----------------------

1/2
,=
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Equation 4.13 has been discovered in several distinct models
(Hufner, 1985). However, it likely arises due to the large number of
intermediate states in abrasion and ablation, such that the central
limit theorem leads to a Gaussian form. The transverse width is
approximately the same as the longitudinal width for heavier frag-
ments. A small momentum downshift also occurs and is dependent
on the fragment mass (Tull, 1990). Transformation of the Gaussian
distribution to the laboratory rest frame reveals a narrow angular
distribution for the projectile fragments that are strictly forward

Fig. 4.2. (Top) reaction cross sections as a function of energy for
p +  collisions, and (bottom) reaction cross sections as a function of
energy for  +  collisions (Tripathi et al., 1997).

Al27
13

C12
6 Al27

13
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peaked in a narrow cone (less than five degrees) (i.e., the physical
reason for the success of the straight-ahead approximation). For
lighter fragments the longitudinal and traverse widths diverge and
the Gaussian model breaks down. This is due to the multiple
sources for light particle production including projectile abrasion,
projectile ablation, target abrasion, and target ablation, as well as
a possible intermediate source due to the formation of an interme-
diate rapidity fireball in central collisions.

Fig. 4.3. Fragmentation cross sections for 32S projectiles (1.2 GeV n–1)
on 27Al targets (Brechtmann and Heinrich, 1988) and 56Fe projectiles
(1.05 GeV n–1) on 12C targets (Zeitlin et al., 1997) in comparison to the
quantum multiple scattering fragmentation model (QMSFRG) model
(Cucinotta et al., 2003).
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Fig. 4.4. Double differential cross sections for proton and neutron production from p-12C or p-16O reactions at several
energies (ICRU, 2000).
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4.2.4 Survey of Existing Cross-Section Data

For describing projectile fragmentation, total inclusive cross
sections for fragmentation of the more abundant GCR nuclei are
needed at several energies and for an array of targets of interest for
spacecraft shielding and for transport in tissues. Fragments are
produced in the forward direction in nearly velocity conserving
interactions, however existing measurements of momentum
widths and downshifts are sparse, and considerations of augmen-
tation for other projectiles are warranted. Tests of the accuracy of
this assumption would be to consider within radiation transport
models a Gaussian distribution for the projectile fragments where
several data sets for widths in downshifts have been made. A min-
imum data set would include elemental distributions for ZF > 2,
however isotopic cross sections would be more useful. For neutron,
hydrogen and helium fragments, cross-section differentials in
energy and angle are required. Older studies used chemical decay
methods to extract fragmentation cross sections from target
decays. However, these data are considered to be less accurate than
the measurement of cross sections directly from projectile interac-
tions with target atoms. Table 4.2 shows a recent survey of existing
measurements for elemental distributions for fragments produced
from GCR projectiles with charges from 10 to 26 showing the target
mass projectile energy available. Cross sections for the carbon and
oxygen nuclei are more numerous and have considered isotopic dis-
tributions rather than elemental ones (Olsen et al., 1983). Data
sets for projectiles can be divided roughly into three types of stud-
ies, with the first including more than one beam energy over the
full range of target masses important for spacecraft and planetary
habitats. A second series of experiments have made complete mea-
surements at one beam energy over the full range of target masses
with supplemental data at other energies. Finally, other data sets
consider measurements limited in target mass and energy spread.
There is a shortage of data or absence of any data for several of the
major GCR components such as helium, nitrogen, calcium, tita-
nium and chromium. There are a reasonable number of projectile
fragmentation data sets now available with the above noted excep-
tions. However, the projectile energy of the data are lacking with
more data needed in the 0.1 to 0.4 GeV n–1 region and >1 GeV n–1.
Also cross-section data and multiplicities extending to lower frag-
ment charge are needed. Issues related to the effects of the isotopic
composition of fragments, especially for ZF = 2 to 8 need to be
addressed. The isotopic composition of GCR (Cucinotta et al., 2003;
Webber et al., 1990a) need to be considered with the full grid of iso-
topes rather than reduced ones in order to eliminate unnecessary
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TABLE 4.2—Experimental data on fragmentation of Z = 10 to 26 projectiles on composite targets.
Projectile Energy (GeV n–1) Targets ZF Range Reference

20Ne 0.6 H, C, Al, Cu, Sn, Pb 3 – 9 Zeitlin et al. (2001)
20Ne H, C Webber et al. (1990b)
24Mg 3.65 C, Al, Cu, Ag, Pb 6 – 11 Sampsonidis et al. (1995)
24Mg 0.6 H, C 6 – 11 Webber et al. (1990b)
28Si 14.5 H, C, Al, Cu, Ag, Pb 6 – 13 Brechtmann et al. (1989)
28Si 0.45 H, C, Al, Cu, Ag, Pb 6 – 13 Flesch et al. (2001)
28Si 0.6 H, C, Al, Cu, Ag, Pb 5 – 13 Zeitlin et al. (2002)
32S 3.65 C, Al, Cu, Ag, Pb 7 – 15 Sampsonidis et al. (1995)
32S 0.7 H, C, Al, Cu, Ag, Pb 6 – 15 Brechtmann and Heinrich (1988)
32S 1.2 Al, Pb 6 – 15 Brechtmann and Heinrich (1988)
40Ar 1.65 C, KCl 9 – 19 Tull (1990)
48Ca 0.21 Be Westfall et al. (1979)
56Fe 1.09 H, C 12 – 25 Webber et al. (1990b)
56Fe 1.55 H, C, Al, Cu, Pb 12 – 25 Cummings et al. (1990)
56Fe 1.05 H, C, Al, Cu, Pb 12 – 25 Zeitlin et al. (1997)
56Fe 0.66 H, C, Al, Cu, Ag 6 – 25 Flesch et al. (1999)
56Fe 1.65 H, C, Al, Cu, Ag 6 – 25 Flesch et al. (1999)
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error. The quality of existing data sets has also recently been exam-
ined. The iron fragmentation measurements of Zeitlin et al. (1997)
have resolved discrepancies in older data sets. Energy spectra of
heavy-ion target fragments from tissue components are also poorly
known and are needed to define the LET spectra at the reaction site
in tissue.

Light particle production (e.g., neutrons, protons, deuterons, tri-
tons, helions, alpha particles, and mesons) in GCR is largely from
primary proton and secondary proton and neutron induced reac-
tions. Current transport codes predict 10 to 30 % of light particles
are produced by alpha-particle and HZE-induced reactions depend-
ing on material type. However, these estimates are based on cross-
section databases that have not received much study. A large
number of measurements exist for proton and neutron production
for proton and neutron induced reactions (ICRU, 2000). Most radi-
ation transport codes have assumed only an evaporation compo-
nent for deuteron, triton, helion and alpha-target fragments and
neglected the importance of a fast knock-out component of these
ions for GCR transport. These ions contribute substantially to the
buildup effect in shielding due to their ranges which scale with the
proton range as proton:deuteron:triton:helion:alpha to 1:2:3:3/4:1
and provide up to a 25 % increase in dose equivalent for aluminum
shielding over the evaporation contribution alone (Cucinotta et al.,
1996b). Direct knockout of high-energy tritons are especially of
importance because of their large ranges in shielding. Knockout
components will be sensitive to nuclear structure effects such as
shell structure and clustering. For example, alpha knockouts
should dominate for 12C and 16O projectile or targets, deuteron
knockout for 14N, and triton for 27Al. The limited existing measure-
ments of these cross sections suggest that double differential
cross-section measurements at several proton energies on a wide
range of targets are needed. Light particle production from compos-
ite projectiles provides an interesting effect where a substantial
number of particles are produced with a higher velocity than that
of the projectiles due to internal Fermi motion of the projectile. The
effects of the Fermi boost on GCR transport have not been well
studied (Shavers et al., 2001). These data could be supplemented
with double differential cross sections for light particle production
from several of the more abundant GCR nuclei (e.g., helium and
oxygen).

For interaction cross-sections and radiation transport measure-
ments, proton and heavy-ion accelerator facilities, which deliver
ions in the energy range from 100 to 2,000 MeV n–1 are required.
Radiation biology studies will require facilities in this energy
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range, however they can also take advantage of lower energy facil-
ities to isolate effects of dominant secondary charged particles and
of neutrons. Figure 4.5 lists existing proton and heavy-ion acceler-
ators with capabilities in the energy range of interest. The Alter-
nating Gradient Synchrotron at Brookhaven National Laboratory
has the capability for studies over the high-energy range of the
GCR spectrum (>1,000 MeV n–1). A new facility at Brookhaven
National Laboratory, the NASA Space Radiation Laboratory (for-
merly known as the Boosters Application Facility) was completed
in 2003 and provides the capabilities for the intermediate energy
range (100 to 1,500 MeV n–1) needed for science goals in space radi-
ation research.

Optimal planning of future cross-section and thick target
measurements should build on existing measurements. Variables

Fig. 4.5. Descriptions of worldwide accelerators available for proton
and heavy-ion research [AGS = Alternating Gradient Synchrotron
(Brookhaven National Laboratory, Upton, New York); BAF = Booster
Applications Facility (Brookhaven National Laboratory, Upton,
New York); BNL = Brookhaven National Laboratory (Upton, New York);
CNAO = Centro Nazionale de Adroterapia Oncologica (Milan, Italy);
GSI = Gesellschaft fur Schwerionenforschung (Darmstadt, Germany);
HIMAC = Heavy Ion Medical Accelerator (Chiba, Japan); LLU = Loma
Linda University Proton Therapy Accelerator (Loma Linda, California);
NIRS = National Institute of Radiological Research (Chiba, Japan); and
RHIS = Relativistic Heavy Ion Collator (Brookhaven National Laboratory,
Upton, New York)].
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for beam target selection include the number of projectiles, the
number of projectile energies, and the number of target materials.
Thick target measurements of fluence rates will be necessary
including studies of multi-layered configurations. Needed cross-
section measurements include inclusive double differential mea-
surements in energy and angle, inclusive single differential
measurements in energy, and total inclusive isotopic or elemental
distributions. It has been estimated beam times of ~1 h per data
point for small angle cross sections and fluences from iron frag-
ments with 10 % accuracy (Wilson et al., 1997a). This value would
change with angle and secondary energy as well as with the
fragment mass and a range of 0.5 to 2 h per data point should be
expected. New developments in charged particle detection methods
could impact these estimates.

4.2.5 Survey of Proton, Neutron, and High Atomic Number, 
High-Energy Transport Codes

Much research has been invested in a large number of radiation
transport codes that utilize distinct methods for a variety of appli-
cations. It is unlikely that space radiation problems can be handled
with a one-size fits all approach. Therefore, the specific application
will drive the methods to be used. One aspect of codes that can be
standardized is the nuclear interaction models including develop-
ing methods of cross comparisons of distinct transport codes. Com-
putational speeds are optimized if data libraries for cross sections
are stored and called from data files in programs, rather than
including the actual calculation procedure for cross sections within
the transport code. Other considerations are the angular depen-
dence of the reactions. For example, heavy ions >100 MeV n–1

travel predominantly in the forward direction and there is no need
to evaluate angular deflections for isotropic fields in space. On the
other hand, neutrons are created by several physical processes that
have distinct angular production characteristics. The angular
dependence of neutrons must be treated in the model. Light
charged particles will behave intermediate to neutrons and heavy
ions, and the role of angular deflections for space applications will
require further study. In general, Monte-Carlo codes such as
GEANT (Agostinelli et al., 2003), HETC (Armstrong and Colborn,
2001), and FLUKA (Fasso et al., 1997) have been used for accelera-
tor studies and for atmospheric radiation and until recently were
not yet fully developed for HZE transport calculations. Recent
efforts to extend HETC and FLUKA to do HZE transport are near-
ing completion (Miller and Townsend, 2005; Pinsky et al., 2005;
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Townsend et al., 2005). The NASA Code HZETRN has focused
directly on the HZE transport problem (Tweed et al., 2004; Wilson
et al., 1991; 1995b) and has been validated by space measurements
in LEO where good agreement is found. Recent extensions of the
code have added multi-group methods for bidirectional neutron
transport (Clowdsley et al., 2000) and the addition of pion trans-
port coupled to the GCR sources (Blattnig et al., 2004). However, no
three-dimensional version of HZETRN currently exists.

4.3 Track Structure Models

The goal of track structure models is to provide a description of
the position of excitation and ionization of target molecules from
the passage of ions through a medium. Track structure descrip-
tions are needed in theoretical models of biological responses, for
understanding the extrapolation of limited radiation biology data
to other radiation qualities, and for describing the response of radi-
ation detectors to the variety of ions in space (Katz et al., 1971).
Monte-Carlo track structure simulation codes have been used for
studying the distribution and types of initial deoxyribonucleic acid
(DNA) damage including models of single-strand break, double-
strand breaks (DSB), base damage and clusters DNA damage
(Goodhead and Nikjoo, 1989), or the description of the response of
tissue equivalent proportional counters (TEPCs) (Nikjoo et al.,
2002). Analytic models have also been used for a range of applica-
tions in particle detection and the theoretical description of radia-
tion biology data. The assumptions of analytical models can be
validated by more detailed Monte-Carlo simulations, and are use-
ful for space radiation applications where the large number of par-
ticle types and energies place practical limitation on the use of
Monte-Carlo simulations. 

4.3.1 Monte-Carlo Track Simulations 

Ionization and excitation processes caused by an ion’s track and
the electrons liberated by the primary ions lead to a stochastic
process of biological events as particles pass through DNA, cells or
tissues. Originating from the primary track are energetic secondary
electrons (delta rays), which can traverse many cell layers from the
track. Monte-Carlo methods have been developed over many years
to consider these processes, but are rarely applied at high energies
(>10 MeV n–1). Simulation codes differ in interaction cross-section
data used including treatments of liquid or gas phase cross sections.
The cross sections needed for track simulation codes are the total,
total elastic, total inelastic, ionization, and excitation cross sections.
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Single and double differential cross sections are needed for produc-
tion of electrons from the primary ion and for production from the
secondary delta rays (Nikjoo et al., 1997). A review of the various
track structure codes was made by Nikjoo et al. (1997), indicating a
mature level of development. There are several codes available to
consider electron tracks such as MOCA8B, OREC, and CPA100. For
ion tracks, codes include PITS, NOREL (Semenenko et al., 2003),
and DELTA, however the energy and charge range of many of these
codes are limited to energies <10 MeV n–1 or require extensive
computing times to sample high-energy delta rays produced by
relativistic ions. There are few data at high-energies to validate
the accuracy of the electron production cross sections, or effective
charge assumptions used by these models (Rudd, 1997). Intercom-
parisons of codes for predicting the frequency distribution produced
in biomolecules by ions and electrons have been made and indicate
reasonable agreement between models (Nikjoo et al., 1997). Fig-
ure 4.6 illustrates the stochastic nature of the energy deposition
showing a Monte-Carlo simulation of the energy transfer points
made by a neon ion interacting with a spherical proportional vol-
ume of diameter 1 µm (Nikjoo et al., 2002).

4.3.2 Analytic Track Structure Models 

A first-order numerical approach that relates LET, the basic
physical parameter in conventional risk assessment, to track struc-
ture is to consider the relationship between the radial dose about
the ion’s track to the LET. The radial dose is the energy density dis-
tribution in a cylindrical shell of radius t, about the ion’s path
(Butts and Katz, 1967). LET is related to the radial dose by inte-
grating the radial distribution over all radial distances up to the
maximum allowable value (tM): 

(4.14)

In Equation 4.14 contributions from ionization are denoted here
as Dδ, and excitations (Dexc) are considered in the radial distribu-
tion. The value of tM defines the track width, and is a function of
ion velocity, corresponding to the range of electrons with maximum
energy ejected by the passing ion. The track width can extend
well beyond 100 µm as the ion’s velocity approaches the speed of
light. The effects of nuclear stopping in radiation action are only
important for very low-energy ions (<0.1 MeV n–1). In the model
of Kobetich and Katz (1968) the primary electron spectrum from

LET 2π tdt Dδ t( ) Dexc t( )+[ ] nuclear stopping.+
0

tM

∫=
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ion interactions with target atoms is folded with average transmis-
sion properties of electrons to obtain the spatial distribution of elec-
tron dose as a function of radial distance from the ion’s path. The
radial dose from ionization and delta-ray transport is described by:

Fig. 4.6. An example of the energy transfer points produced by the
passage of a high-energy neon ion through a walled proportional-counter
chamber (top) and of the two-dimensional spatial distribution of two long-
range delta rays (electrons) originating from the primary tract (bottom).
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(4.15)

In Equation 4.15, ω is the initial electron energy, E is the resid-
ual energy of an electron with energy ω after traveling distance t,
and η (t,ω) is the transmission probability that an electron with
starting energy ω, penetrates a depth, t. Equation 4.15 includes an
angular distribution for the number of primary electrons produced
from target atom i (ni) with energy, ω and solid angle Ω . The cross
sections for electron production from protons are scaled to heavy
ions using the effective charge. The angular distribution has impor-
tant effects on the radial distribution both at large and small radial
distances, and only a minor effect at intermediate values where a
1/t2 behavior holds. An ansatz (Brandt and Ritchie, 1974) can be
used for the radial dependence of the excitation term, Dexc (t), as

(4.16)

with d = βhc/4πωr, c is the speed of light, β  is the ion velocity
divided by c, h is Planck’s constant, ωr = 13 eV for water, and Cexc is
the normalization parameter. In Equation 4.16, the radial exten-
sion of excitations is confined to very small distances (<10 nm) as
characterized by the parameter d (Brandt and Ritchie, 1974). Char-
acteristics of the two components of the radial dose are illustrated
in Figure 4.7, for two ions of LET close to 30 keV µm–1 (1 MeV pro-
tons and 300 MeV n–1 neon ions) (Cucinotta et al., 1999). The radial
dose for the neon beam extends for many microns, while the
low-energy proton beam deposits all of its energy within 0.1 µm of
the track.

A second-order numerical approach to track structure, more
closely related to the Monte-Carlo simulation, is to model the
frequency distribution of energy imparted to a volume of biomolec-
ular dimensions (Cucinotta et al., 2000). For high-energy ions, the
frequency distribution can be described using the ion’s impact
parameter and distinguishing events where the ion passes through
the volume (primary-ion events) and outside the volume (delta-ray
events), and by determining the mean and variance of the energy
imparted to the volume including corrections for delta ray escape
out of the volume. The two components are weighted by considering
the number of events as a function of impact parameter. Figure 4.8
shows calculations of the frequency distribution for energy
imparted in a nucleosome for x rays, and iron ions using the analytic
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Fig. 4.7. Comparison of calculations of radial dose distributions to
experiments for proton at 1 MeV (LET = 27 keV µm–1) (top) and 20Ne at
377 MeV n–1 (LET = 31 keV µm–1) (bottom) (Cucinotta et al., 1999).
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model which agrees well with the PITS Monte-Carlo model. The
results are normalized to the number of events per gray per target
(left-hand axis) or the number of events per gray (right-hand axis).
The frequency distributions demonstrate that there are energy dep-
osition events in biomolecular targets that occur for high-LET radi-
ation that are not possible with low-LET radiation, even at high
doses (<100 Gy) (Goodhead and Nikjoo, 1989). Validations of theo-
retical predictions of track structure models is severely limited at
this time, however the development of new experimental techniques
in nanodosimetry could offer approaches for validation. 

4.4 Validation of Radiation Transport Codes

An assessment of the accuracy of space radiation transport mod-
els for prediction of energy spectra of charged particles and neu-
trons can be made by comparisons to laboratory experiments with
proton and heavy-ion beams or from spaceflight measurements.
Spaceflight measurements involve many factors such that poten-
tial inadequacies in radiation transport models are difficult to iso-
late relative to possible inaccuracies in environmental or shielding
models. Also, space validation is limited by the access to space and

Fig. 4.8. Calculations of frequency distributions of energy deposition
in a 10 × 5 nm target used to represent a nucleosome by x rays and
different high-energy iron ions. The left ordinate shows the average
number of events in the DNA structure in a typical mammalian cell,
using the number of such targets given in Table 4.1. The right ordinate
gives the absolute frequency in the DNA structure (Cucinotta et al., 2000).
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current spacecraft materials, and may not be representative of
model predictions for other material types such as those that occur
on planetary surfaces or in advanced materials selection concepts.
In this respect, laboratory validation is advantageous to test radi-
ation transport computer codes and associated database models
and to provide tests for studying material properties for reducing
biological doses. Spaceflight measurements provide important
tests of predictive capability of several factors and are needed for
final validation of transport codes.

Tests of radiation transport codes with monoenergetic beams
can be used to evaluate the accuracy of these codes. A minimal
test of transport models is made by comparison to the Bragg ioniza-
tion curve. More rigorous tests include the fluence distribution
of particles along a water column or other target. Figures 4.9a
and 4.9b show data and model comparisons for a neon beam using
the Lawrence Berkeley Laboratory BEAM code (Wilson et al.,
1991). The off-axis distribution of dose or particle fluence provides
a further test of the capability of a transport code. Figure 4.10
shows examples for proton beams comparing the traverse distribu-
tion measured experimentally with calculations from the LAHET
code (ICRU, 2000; Siebers and Symons, 1997). Detailed beam char-
acteristic data for fragment charges and energy or LET spectra
from several HZE ions are clearly needed for benchmark studies in
multi-layer material configurations representative of spacecraft
structures of radiation transport codes. 

Validation of the emerging Monte-Carlo codes High Energy
Transport Code-Human Exploration and Development in Space
and FLUKA using laboratory beam data for heavy-ion beams such
as 56Fe at energies representative of GCR particles (~1 GeV n–1)
have been undertaken. The initial results comparing fragment
yields for thick targets of carbon and carbon epoxy materials
appear to be promising (Townsend et al., 2005).

4.4.1 Flight Validation

Measurements on NASA STS flights over many years and on
the Russian space station Mir have allowed for a large number of
comparisons of radiation transport codes to flight measurements.
Passive measurements with CR-39® (PPG Industries, Inc.,
Pittsburgh, Pennsylvania) nuclear plastic detectors have limita-
tions at both low-LET (<5 keV µm–1) and for short tracks from tar-
get fragments or stopping GCR ions of high-LET values. The use of
active dosimeters on STS flights has allowed for separation of GCR
contributions from that of trapped protons, which was not possible
with passive dosimetry (Badhwar and Cucinotta, 2000).
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Fig. 4.9a. Differential fluence for carbon nuclei produced by neon nuclei incident on various thicknesses of water (Wilson
et al., 1991).
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Fig. 4.9b. Integral fluence for all fragments produced by neon nuclei incident on various thicknesses of water as a function
of water column thickness (Wilson et al., 1991).
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Measurements on STS flights by Badhwar (2000) were made
with a cylindrical TEPC with a length to diameter ratio of one sim-
ulating a 2 µm diameter site that covered a lineal energy range of
0.25 to 1,250 keV µm–1 in 512 channels. Comparisons of space mea-
surements using the TEPC to the HZETRN transport code for total
absorbed dose and dose equivalent on several STS flights and Mir
missions are shown in Table 4.3. The comparisons use the free-
space GCR model of Badhwar and O’Neill (1992) and representa-
tions of the STS or Mir shielding distribution about the detectors.
The root mean square error is found to be <15 % for the majority
of the comparisons. In Table 4.4 comparisons between measure-
ments with a human phantom torso to results from the HZETRN
code using the computerized anatomical man model are shown
(Badhwar et al., 2002). Agreement is excellent for the organ
absorbed dose measurements, especially when the efficiency of the
response of the thermoluminescent dosimeters (TLDs) to high-LET
particles is considered. Further measurements of LET spectra and
neutron fluence are needed at the organ level to fully validate the
transport models. A comparison of the measurements of lineal
energy spectrum on STS-56 with calculations using the HZETRN

Fig. 4.10. Measured and computed traverse proton beam absorbed
dose profiles at a depth of 5 cm for a 191 MeV incident proton beam. The
collimator diameter was 5 cm, the beam was degraded with a 9.3 cm thick
acrylic absorber, and the Bragg peak was spread out to 11 cm (90 % dose
level in water). The profiles are normalized to one on the central axis
(Siebers and Symons, 1997).
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TABLE 4.3—Comparisons of TEPC measurements of the GCR absorbed dose and dose equivalent on several STS 
and Mir missions to HZETRN code with Badhwar and O’Neill (1992) GCR model.

Mission Date Inclination Altitude Shielding

Absorbed Dose
(mGy d–1) Percent

Difference

Dose Equivalent
(mSv d–1) Percent

Difference
Measured Theory Measured Theory

STS-40 1991 39 293 DLOC-2 0.052 0.048 7.7 0.13 0.16 –23.1

STS-49 1992 28.5 358 DLOC-2 0.05 0.048 4 0.127 0.155 –22

STS-51 1993 28.5 296 Payload bay 0.044 0.048 –9.1 0.144 0.154 –6.9

STS-57 1993 57 298 Payload bay 0.113 0.109 3.5 0.422 0.434 –2.8

STS-57 1993 57 298 DLOC-2 0.138 0.11 20.3 0.414 0.37 10.6

Mir-18 1995 51.6 390 P 0.142 0.141 0.7 0.461 0.526 –14.1

STS-81 1997 51.6 400 0-sphere 0.147 0.135 8.2 0.479 0.521 –8.8

STS-81 1997 51.6 400 Poly 3 inches 0.138 0.138 0 0.441 0.400 9.3

STS-81 1997 51.6 400 Poly 5 inches 0.129 0.118 8.5 0.316 0.368 –16.5

STS-81 1997 51.6 400 Poly 8 inches 0.128 0.113 11.7 0.371 0.323 12.9

STS-81 1997 51.6 400 Poly 12 inches 0.116 0.111 4.3 0.290 0.298 –2.8

STS-89 1998 51.6 393 0-sphere 0.176 0.148 15.8 0.561 0.614 –9.4

STS-89 1998 51.6 393 Al 3 inches 0.167 0.159 4.8 0.445 0.488 –9.7

STS-89 1998 51.6 393 Al 7 inches 0.149 0.161 –8.1 0.529 0.617 –16.6

STS-89 1998 51.6 393 Al 9 inches 0.171 0.162 5.3 0.492 0.541 –10
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code and a track model of direct and indirect events is shown in Fig-
ure 4.11. Differences between y-spectra and LET-spectra arise due
to the effects of straggling and delta rays including the wall effect.
The region <0.2 keV µm–1 is shown to be dominated by indirect
events from delta rays where the ion does not pass through the gas
(Shinn et al., 1999).

Particle energy distributions measured on STS-48 are shown in
Figure 4.12. Charged particle telescopes can provide measure-
ments of the energy spectra of light particles from ~15 to 400 MeV
for protons and other Z = 1 and Z = 2 ions from 5 to 70 MeV n–1.
These measurements are strictly secondary radiation due to
Earth’s geomagnetic cutoffs, which exclude particles below a few
hundred MeV n–1 from entering the vehicle orbit. Excellent agree-
ment with the HZETRN code for protons was observed. For deu-
teron spectra the agreement was satisfactory only when knockout

TABLE 4.4—Comparisons of TLD measurements inside a human 
phantom torso on STS-91 to predictions from HZETRN code for 

absorbed doses in organs and tissues using the computerized 
anatomical man model.

Phantom Data on STS-91 for Trapped and GCR (51.6 × 390 km)

Organ
Measured

(mGy)
Theory
(mGy)

Theorya

(mGy)
Percent

Difference
Percent

Differencea

Brain 2.23 2.42 2.26 –8.5 –1.4

Bone surface 2.16 2.36 2.21 –9.3 –2.1

Esophagus 1.71 1.79 1.67 –4.7 2.2

Lung 1.92 1.81 1.69 5.7 11.9

Stomach 2.05 2.08 1.94 –1.5 5.2

Liver 1.88 2.15 2.01 –14.4 –6.9

Spinal column 1.65 1.98 1.85 –20 –12.1

Bone marrow 1.75 1.98 1.85 –13.1 –5.7

Colon 1.71 1.9 1.78 –11.1 –3.8

Bladder 1.58 1.87 1.75 –18.4 –10.6

Gonad 1.75 1.85 1.73 –5.7 1.2

Skin (breast) 2.46 2.58 2.41 –4.9 2

Skin
(abdomen) 2.35 2.58 2.41 –9.8 –2.6

aIncludes a correction to TLD efficiency versus LET.
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deuterons from proton and neutron induced reactions are included.
For 3He and 4He the agreement was less satisfactory, and may point
to a deficiency in the evaporation cross sections of the FLUKA
model used by HZETRN.

4.4.2 Mars Surface Validation

There is a limitation in the use of LEO GCR measurements to
validate models for deep-space mission exposure in that the com-
parisons are largely for aluminum shielding. Several other materi-
als need to be tested for NASA mission scenarios including regolith
on lunar or planetary surfaces or inside tissue. Also, there is a lim-
itation in comparisons in LEO due to magnetic cutoffs where lower
energy primary components contained in free space are not present.
More recent measurements are being made with polyethylene
spheres and others could be made on future space missions. On the
surface of Mars other factors arise. Most notably models predict
that 20 to 40 % of the dose equivalent will be from neutrons or sec-
ondary charged particles produced by neutrons. The undertaking of
surface measurements on Mars prior to human exploration is war-
ranted to confirm the ability of models to predict the surface envi-
ronment. Recent measurements by the Odyssey spacecraft included
neutron and gamma-ray spectrometry to verify the presence of
water-ice at the northern and southern poles of Mars. Neutron

Fig. 4.11. Comparison of calculations of LET and lineal energy spectra
to TEPC lineal energy spectra measurements from GCR and secondaries
on STS-56 shuttle mission (Badhwar et al., 1996).
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Fig. 4.12. Plot of the differential energy spectrum of secondary (top)
protons, (center) deuterons, and (bottom) 4He produced by GCR particles
on STS-48 (September 11 and 12, 1981; 57° × 565 km). Curve A was
calculated using the HZETRN model and Curve B was observed.
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spectra on the Mars surface are predicted to be strongly dependent
on the soil composition as shown in Figure 4.13 (Clowdsley et al.,
2001). For a direct surface measurement, data on the directional
composition of neutrons is needed and should be dependent on the
soil composition including the presence of CO2 or water frost. 

4.5 Biophysics Models and Shielding Effectiveness

In the past, biological response has most often been defined
using LET as the descriptive parameter of radiation quality. The
accuracy of risk predictions using LET-dependent quality factors is
of concern because of the small number of experiments available to
determine radiation quality. Almost all biophysics models of energy
deposition by heavy particles (Goodhead and Nikjoo, 1989; Katz
et al., 1971) predict biological responses that are a function of ion
charge and velocity and not unique to LET, especially at low parti-
cle fluence. Studies of shielding effectiveness with track structure
models fitted to heavy-ion radiation biology data have allowed
issues related to specification of radiation quality to be studied and
have indicated important differences between the use of LET, or
Z and β as descriptors of biological effects in assessing shielding
materials (Wilson et al., 1995b).

For fixed-LET, ions of higher Z will have higher β and, therefore,
wider tracks. Large track-width (>100 nm) ions will become less
effective for DNA damage since on average less energy is deposited
in the critical volume. The delta rays from higher-energy ions
are also of higher energy, which are expected to be less effective in
producing biological damage. For endpoints other than DNA damage
other considerations may arise. For example, in studies of bystander
effects the effect of track width could lead to an increased effect com-
pared to particles with track widths <500 nm. For tissue damage, ion
range is a consideration since the number of cells traversed is impor-
tant. For low-Z ions, target fragments will have much higher ioniza-
tion power than the primary ion and could dominate biological
effects reducing the accuracy of LET as a descriptive variable. A
dependence on both charge and energy, and not LET alone has been
observed in several radiation biology experiments that have consid-
ered this effect in mammalian cells (Belli et al., 1991; Kiefer et al.,
1996) and also in studies of inactivation or mutation in E. Coli and
B. Subtilis (Cucinotta et al., 1997). There are very few experiments
that have studied the possible variation of biological effects of
fixed-LET values for distinct ion charge or velocity. Katz et al. (1971)
noted that such effects are masked at high doses where on average
more than one particle traverses a cell. Studies at high doses, where
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on average more than one particle traverses a cell, are predicted to
mask this effect (Katz et al., 1971). Studies with space radiation
transport codes show that estimating the effectiveness of spacecraft
materials depends critically on the biological response model consid-
ered in the analysis (Wilson et al., 1995a). Studies of shielding
effectiveness, using track structure approach fitted to available
radiation biology data, suggest that shielding such as aluminum or
other materials with higher mass constituents are ineffective in
attenuating GCR dose equivalent, while water is marginally effec-
tive (Figure 4.14). This is largely due to the increased effectiveness
of low-energy protons and alpha particles compared to relativistic
ions of the same LET. Lower-Z materials, such as liquid hydrogen or
carbon composites, are seen to be effective shields. This is in contrast
to the attenuation in risk seen using quality factors where the atten-
uation is moderate for aluminum and significant for water. Design
of spacecraft shielding for lunar and Mars missions is limited until
the radiation biology of radiation quality is better understood.

Fig. 4.13. Calculations of neutron energy spectra on surface of Mars
that consider the soil composition of the Martian surface and the
contribution of forward (from GCR interactions in the atmosphere) and
backward neutrons (from the soil) (Clowdsley et al., 2001).
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Fig. 4.14. The attenuation of dose equivalent and cell transformation
for a 1 y GCR exposure at solar minimum behind various shield materials
(Wilson et al. 2001).
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5. Space Dosimetry

5.1 Introduction

Crew members on long-term space missions will be exposed to
complex radiation fields resulting from a wide variety of radiation
sources. In order to be effective in minimizing their radiation expo-
sure, the radiation protection program must include dosimetry
instrumentation and data processing tools which can evaluate
changes in the radiation exposure characteristics, and make this
evaluation in a time which is short compared to that which would
lead to a significant increase in the projected crew member expo-
sure for the mission. This evaluation must include sufficient char-
acterization of the radiation field to allow determination of the
absorbed dose and dose equivalent, and to estimate the reduction
in dose equivalent that could be achieved by moving to areas of the
spacecraft that provide different shielding. Radiation exposures on
space missions originate from GCR, radiation from the sun includ-
ing SPEs, and radiation from man-made sources intentionally
included in the space vehicle. This Section outlines the properties
that a dosimetry system must have in order to characterize crew
exposure. Instrumentation and techniques for some of the needed
measurements exist, but several improvements are necessary to
provide reliable dosimetry for long-term space missions.

5.2 Radiation Environment

5.2.1 Primary Radiations

Outside the influence of Earth’s magnetic field, the GCR fluence
rate and spectrum vary slowly with time and are reasonably well
known. The absorbed dose and dose equivalent (assuming that a
definition of quality factor for each component of the radiation
exists) due to the incident particles can be predicted in advance of
the mission. However, GCRs produce a wide variety of fragmenta-
tion products when they interact with matter. The contribution to
the absorbed dose produced by these secondary particles, particu-
larly neutrons, depends in a complex way on the configuration of
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the vehicle, the cross sections for producing secondary particles,
and the cross sections for scattering and stopping the secondaries
after they are produced. The absorbed dose and dose equivalent
due to primary particles, charged fragmentation products, and
secondary particles produced by uncharged fragmentation prod-
ucts, can be calculated at any point within the spacecraft using a
model of the distribution of matter in the spacecraft, and validated
radiation transport codes (Section 4). The accuracy of the results of
these calculations is inherently less than the accuracy of data on
the incident spectrum because of the uncertainties in fragmenta-
tion cross sections and approximations in the model of the distribu-
tion of matter in the space vehicle. Furthermore, changes that are
made later in the physical configuration of equipment or supplies
within the vehicle can significantly alter the scattering and atten-
uation of the radiation and have an effect on the dose-equivalent
rate. In addition, evaluation of the health risks of the high-LET
component of the radiation field involves large uncertainties
(Section 6). Thus, although the spectrum of charged particles at a
point can be calculated with modest accuracy, the conversion to
dose equivalent requires use of quality factors that involve large
uncertainties.

The absorbed-dose rate and quality of radiation from the sun
are much more variable than GCR. The range of particle energies
is somewhat less than for GCR, and the absorbed dose due to inci-
dent HZE particles of solar origin is generally negligible (Cleghorn
and Badhwar, 1999). However, high-LET particles may still be pro-
duced by target atom fragmentation. A capability to calculate the
expected dose rate and radiation quality of the particles reaching
the crew based on observation of the sun would provide a valuable
opportunity to plan the response to an SPE. However, sound radia-
tion protection policy also requires that the onboard radiation pro-
tection system be able to measure the resulting dose rate and
confirm the results of the calculations.

Radiation exposure from man-made sources is diverse, and
could include sources used in instrumentation, possibly isotopic
heat sources, and in some cases even small fission power sources.
Such man-made sources would be expected to be engineered so that
there would be very little radiation exposure under normal circum-
stances. However, the radiation protection and dosimetry system
should be capable of dealing with a broad range of exposures which
might occur as the result of an accident involving a radiation
source, or changes in the configuration of the vehicle which do not
involve the source directly.
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5.2.2 Secondary Particles

Space radiations undergo a wide variety of atomic and nuclear
interactions in irradiated material and produce three distinct
classes of secondary radiation: additional heavy particles, photons
and electrons. The heavy particles, including protons and neutrons,
and high-energy photons are the result of target and projectile frag-
mentation, and their frequency and energy distributions are dis-
cussed in Section 4. Only a very small fraction of the energy
transferred in a fragmentation event goes to photons so they
deliver only a very small fraction of the total absorbed dose. The
charged particles produced by fragmentation of incident particles
have lower-Z, with velocity only slightly less than the incident par-
ticle. These fragments have lower stopping power than the particle
that produced them, and longer range. The result is to increase the
volume irradiated and decrease the mean absorbed dose in the irra-
diated volume, relative to that produced if the particle had not
undergone a fragmentation event. Furthermore, lower stopping
power can result in lower biological effectiveness per unit absorbed
dose, so these fragmentation processes generally reduce the mean
RBE of the resulting radiations. However, incident particle frag-
mentation also produces neutrons. These uncharged particles have
relatively low interaction cross sections and long mean-free paths.
When they do interact they may transfer a substantial fraction of
their energy to a proton or heavier recoil nucleus. Recoil protons
and nuclei have lower energies and potentially higher stopping
powers than the particle that produced the neutron. Thus, this
mechanism tends to distribute the energy over a large volume,
reducing the dose at a point, but potentially increasing the biologi-
cal effectiveness.

The products of target atom fragmentation frequently have
higher-Z than the incident particle, as well as lower velocity, and
consequently have much higher stopping power and shorter range.
This process often increases the RBE of secondary particles rela-
tive to the incident particle. The overall effect of this is that a large
fraction of the dose equivalent is produced by particles that deliver
a very small fraction of the absorbed dose. In the case of measure-
ments on the Mir Space Station, 65 % of the dose equivalent was
delivered by the 15 % of the absorbed dose that was produced by
particles with stopping power >10 keV µm–1 (Yasuda et al., 2000).

Energetic secondary electrons, commonly referred to as delta
rays, are produced in large numbers as heavy ions interact with the
electrons of the atoms they pass. These delta rays can have ranges
which extend to much more than the diameter of a biological cell.
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Their stopping power is low so they distribute some of the energy
lost by the primary ion into a volume surrounding the path of the
primary particle. Since the volume irradiated by delta rays signifi-
cantly increases the number of cells that receive radiation damage,
they may play a significant role in the biological effectiveness of
HZE particles. The energy that delta rays deposit is included in the
stopping power of the primary particle, so, if delta-ray equilibrium
has been established, the absorbed dose can be calculated without
referring specifically to the delta-ray component. However, the bio-
logical effectiveness may differ significantly from that delivered
directly by the heavy particle. For example, the RBE for chromo-
some damage in rat tracheal epithelium exposed to 1 GeV n–1 iron
ions is much less than the RBE for this endpoint when the tissue
was exposed to radon alpha particles with similar stopping power,
and thus LET (Brooks et al., 2001).

5.3 Measurement in Mixed Fields

Calculation of absorbed dose and evaluation of dose equivalent
for a mixture of incident particles, secondary radiation, and
man-made radiation is not difficult (although it may require a great
deal of computer time). However, calculations can result in signifi-
cant errors due to incomplete input data. For example, Figure 5.1
(Badhwar et al., 2001) shows a comparison of calculated and mea-
sured neutron fluence on the STS-57 mission. Comparisons of cal-
culated and measured values of absorbed dose at different depths
in spherical absorbers (Badhwar and Cucinotta, 2000) and of organ
absorbed dose in a phantom (Badhwar, 2002) indicate that they dif-
fer by as much as 20 %. It appears that much of this error is due to
models underestimating the contribution due to neutrons. Thus,
calculations alone are generally not sufficient for a radiation pro-
tection program. In addition to other limitations, the sources of
radiation, particularly the solar-particle fluence and man-made
sources, may change unpredictably. Experimental evaluation of the
absorbed dose and dose equivalent due to a complex radiation field
requires measuring the charged particle fluence or other spectral
information which can be used to deduce radiation quality. The
interpretation of these measurements requires knowledge of
the detector response for each component of the field and enough
different detector types, with different response functions, so that
the radiation spectrum can be derived unambiguously. Typically,
detectors such as thin scintillators or TEPCs, which can character-
ize the stopping power of the particle and are sensitive to high-
energy protons, will record some delta rays as distinct events. Such
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detectors will typically measure something related to a restricted
LET for the primary radiation, a value less than the stopping
power, due to escape of delta rays from the detector. Other spec-
trometers, such as charged particle telescopes, typically measure
both the stopping power and the total energy of the incident parti-
cle. These data are used to determine the incident particle charge
and velocity. These detectors will not detect delta rays separately
from the primary radiation that produced them, and are not able to
detect photons or neutrons. A third type of spectrometer, such as
thick scintillator, measures only the total energy of the incident
particle and cannot distinguish between particles with the same
total energy but different stopping power and, therefore, different
biological effectiveness. Furthermore, this third type of detector
cannot distinguish between directly ionizing incident particles and
the secondaries of neutrons or gamma rays. These detectors can be
used to determine total absorbed dose, but cannot provide data for
evaluating radiation quality. Other specialized detectors, such as
neutron spectrometers, measure a component of the field, but must
be used in coordination with additional detectors to attempt an
evaluation of the total absorbed dose and dose equivalent.

Fig. 5.1. Comparison of calculated versus measured neutron fluence
for the STS-57 mission.
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The reason for these limitations on the information that can be
derived from different types of detectors is simply that there is no
difference between an incident proton and a recoil proton of the
same energy, or between equal energy electrons produced as delta
rays or photon secondaries. Small or thin detectors sample the
energy transferred to a small volume. This is essentially the stop-
ping power of the particle minus the energy transferred by the por-
tion of each delta-ray track that lies outside the detector volume,
and provides no information about the particle type or origin. Sin-
gle detectors that are large enough to stop the primary particle,
cannot distinguish between particles which have similar stopping
power, such as electrons and protons. To distinguish different types
of particles, a system which measures energy deposition in two or
more detectors is required. This allows determination of the rate of
change of stopping power and, therefore, the mass of the particle.
However, charged particles produced as secondaries of indirectly
ionizing radiation cannot be identified as such and those with short
range may not be detected by such instruments.

Most of these differences in the response of different detector
types do not affect the determination of the absorbed dose, but they
make it difficult to determine the fluence spectrum and to determine
the dose equivalent. Furthermore, they make it difficult to compare
measurements with calculated absorbed dose distributions.

Radiation protection instrumentation must be adequate to deal
with the consequences of accidental damage to any radioactive
sources which may be present. The fluence of high-energy particles
and secondary radiations will interfere with the conventional
methods for characterizing the spread of contamination and
changes in exposure rate which might occur as a result of such an
accident.

5.4 Energy Deposition Patterns
for Components of the Radiation Spectrum

The measurement of all of the components of the radiation spec-
trum in a spacecraft is difficult. The uncertainty in the biological
consequences of the radiations involved adds another dimension to
the problem. It is shown in Section 6 that an unambiguous relation-
ship between charged particle stopping power and RBE does not
exist. However, it has not been established that any other physical
description of the radiation field will produce a more consistent
relationship. Thus, NCRP has recommended continued use of the
conventional procedure utilizing the quantity dose equivalent
(NCRP, 2001a) for space radiation, rather than conversion to a par-
ticle fluence or a microdosimetry approach.
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In order to determine the most effective way to measure and
characterize the radiation fields encountered in space, the energy
deposition characteristics of the components of those fields and the
possible biological consequences of those characteristics must be
evaluated. This includes the primary radiations and the secondary
particles they produce when they interact with the spacecraft and
its occupants. Furthermore, design of a dosimeter or spectrometer
requires information on the range, stopping power, and secondary
radiations which are likely to be produced by each incident radia-
tion. Finally, when developing criteria for the design of instru-
ments, data on energy deposition characteristics are useful for
evaluating the potential biological significance of a specific group of
particles and, therefore, the priority which should be given to mea-
suring them accurately. That is, if particles of a particular type will
contribute a negligible amount to the dose equivalent, the accuracy
with which that contribution can be measured need not receive
high priority in the design of the measurement system.

Radiation dose limits for the space environment are currently
expressed in terms of effective dose and gray equivalent, using
appropriate weighting factors for the type of radiation and the
health effect of concern. Alternatives to this approach are possible,
and a recent study (NCRP, 2001a) concluded that, when more bio-
logical data becomes available, significant improvements in the
accuracy of risk estimates may be achieved by converting to a
dosimetry system which is more directly related to the type and
energy of the particles interacting with the biological targets.

Because the space radiation environment consists of such a
wide range of incident particles, some of them with very high ener-
gies, a very wide range of energy deposition patterns can be pro-
duced. However, some of these energy deposition patterns occur
during only a very small part of the total energy deposition of
the primary particles. Table 5.1 lists the mass stopping power (in
MeV cm2 g–1), range, and mean delta-ray penetration (radial
dimension of the track) for three particle types which are of interest
in space radiation. Table 5.2 gives an indication of the fraction of
the absorbed dose and the fraction of the range of individual parti-
cles which occur in specific ranges of stopping power. Although a
100 MeV proton does deposit some of its energy at high-LET, that
is between 10 and 80 keV µm–1 where the biological effectiveness is
increasing, this is only 3.5 % of the total energy deposited and it
occurs in just 0.3 % of the length of the proton track.

Incident high-energy protons would be expected to have low
mean quality factors. However, the mean-free path for nuclear
interactions is not large compared to the dimensions of space-craft



5.4 E
N

E
R

G
Y

 D
E

P
O

S
IT

IO
N

 P
A

T
T

E
R

N
S   /   101

TABLE 5.1—Summary of properties of some heavy charged particles in water.

 Energy
(MeV n–1)

Proton Helium Iron Delta-Ray 
Penetrationb 

(µm)
dE/ρdxa

(MeV cm2 g–1)
Range

(g cm–2)
dE/ρdx

(MeV cm2 g–1)
Range

(g cm–2)
dE/ρdx

(MeV cm2 g–1)
Range

(g cm–2)

1 2.608 × 102 2.458 × 10–3 1.03 × 103 2.71 × 10–3 4.31 × 104 1.61 × 10–3 0.1

10 4.56 × 101 1.23 × 10–1 1.81 × 10–1 1.24 × 10–1 2.61 × 104 1.62 × 10–2 2.86

100 7.29 × 100 7.72 × 100 2.90 × 101 7.76 × 100 4.97 × 103 6.30 × 10–1 58.8

200 4.49 × 100 2.59 × 101 1.79 × 101 2.61 × 101 3.09 × 103 2.13 × 100 127

500 2.74 × 100 1.17 × 102 1.96 × 101 1.18 × 102 1.88 × 103 9.53 × 100 342

1,000 2.21 × 100 3.25 × 102 8.84 × 100 3.22 × 102 1.48 × 103 2.67 × 101 708
adE/ρdx =  mass stopping power.
bChatterjee and Schaefer (1976).
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TABLE 5.2—Fraction of the absorbed dose and path length with specified stopping power.

Stopping
Power

1 – 10 keV µm–1 10 – 80 keV µm–1 80 – 120 keV µm–1 >120 keV µm–1

Energy
(MeV n–1)

Fraction of Fraction of Fraction of Fraction of

Absorbed
Dose

Path
Length

Absorbed
Dose

Path
Length

Absorbed
Dose

Path
Length

Absorbed
Dose

Path
Length

Proton

10 0.65 84 35 16 0.0045 0.0004 0 0

100 0.965 0.997 0.035 0.003 0.00045 0 0 0

500 0.992 0.9993 0.008 0.0002 0 0 0 0

Alpha 

10 0 0 0.85 0.96 0.075 0.025 0.075 0.015

100 0.80 0.945 0.185 0.0546 0.0075 0.0004 0.0075 0.0002

500 0.96 0.996 0.037 0.0037 0.0015 0 0.0015 0

Iron 

10 0 0 0 0 0 0 1 1

100 0 0 0 0 0 0 1 1

500 0 0 0 0 0 0 1 1
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components and occupants. Many of the products of these interac-
tions are low-energy, high-Z target fragments and neutrons. These
charged particles and the charged secondary radiation produced by
the neutrons have a much higher stopping power than the protons
and result in a significantly higher mean quality factor.

The differences in charged particle tracks with the same stop-
ping power can be visualized in Figures 5.2 and 5.3. Figure 5.2
shows segments of proton, alpha particle, and silicon ion tracks
with the same initial stopping power of 50 keV µm–1. These parti-
cles have markedly different velocities and, therefore, different
delta-ray spectra. The tracks of the primary ions and delta rays are
shown in these two dimensional projections of the three-dimen-
sional tracks. Because of its low energy, the proton’s stopping power
increases rapidly and the particle stops in ~6 µm. Since the alpha
particle and silicon ion have long ranges relative to the dimensions
of this figure, and since their stopping powers are approximately
equal, the total number of ionizations in the illustrated path seg-
ments are essentially the same. However, the spatial distribution

Fig. 5.2. Tracks of particles, with initial stopping power of
50 keV µm–1, passing through water: (a) 0.35 MeV proton, (b) 11 MeV
alpha particle and (c) 600 MeV n–1 28Si ion. The distance between the two
vertical lines is 10 µm.
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of these ionizations is much different. Figure 5.3 shows how the
stopping power changes along each particle’s track as it approaches
the point where the stopping powers are equal and then continues
through the water absorber. The most obvious effect of these differ-
ences between tracks is that light ions produce only short segments
of high-LET tracks. These deposit large amounts of energy in
randomly distributed isolated cells, which happen to be at the end
of the track. However, the HZE particles deposit similar large
amounts of energy in large numbers of adjacent cells in a line.

5.4.1 Clustering of Energy Deposition

Many factors, including the random nature of the distance
between successive interactions of a charged particle with the
atoms of the medium, contribute to the clustering of energy deposi-
tion by ionizing radiations. However, the primary cause of cluster-
ing is the nature of the secondary electrons produced. A large

Fig. 5.3. Stopping power as a function of depth in water for a 6 MeV
proton, 6.85 MeV n–1 helium ion, and 630 MeV n–1 silicon ion. These ions
all have the same stopping power, 50 MeV µm–1, at a depth of 500 µm, but
their stopping powers below and above this depth are quite different.
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fraction of the ionization events produced by heavy charged parti-
cles produce electrons with sufficient energy to yield one or more
additional ionizations. Most of these do not have enough energy to
form a distinct track of their own, but deposit their energy in a very
short distance. Thus, the ions they produce, plus the ionizations
that started them, form small clusters along the track.

The higher-energy electrons with sufficient energy to form dis-
tinct tracks separated from the primary ion track are delta rays.
The number of delta rays produced per unit of primary particle
track depends on the stopping power and energy of the primary
particle. The maximum energy and range of the delta rays depends
on the velocity of the primary particle. However, electrons are eas-
ily scattered so the effective radius of the cylinder containing the
delta-ray dose is significantly less than the path length of the most
energetic delta rays. Several relationships have been developed to
describe the absorbed dose due to delta rays as a function of dis-
tance from the primary track (Chatterjee and Holley, 1993; Katz
et al., 1971; Varma et al., 1976). The fluence of delta rays a few
micrometers from the primary ion track is relatively low, so the
energy deposition is significant along the delta-ray tracks and zero
elsewhere. Thus, the delta-ray tracks contribute to the clustering of
radiation damage on the micrometer or smaller scale. Experimen-
tal measurements using a grid walled proportional counter at spe-
cific distances from 600 MeV n–1 iron ion tracks show that energy
deposition in those volumes which receive a delta-ray track is
similar to that produced by 170 keV x-ray irradiation (Metting
et al., 1988). The dose mean lineal energy, one way of describing
the clustering of energy deposition at the micrometer level, is
3 keV µm–1. This is greater than the stopping power of a
high-energy proton. About 87 % of the energy deposited by a proton
with initial energy of 100 MeV is deposited while the stopping
power is <3 keV µm–1.

Unusually high values of local energy density can also be pro-
duced, in principal, by target atom fragmentation. When fragmen-
tation occurs there are two or more charged particles both with
lower velocity, and often with higher stopping power than the inci-
dent particle. Since the angle between the paths of the primary and
fragment may be small both particles may pass through the same
cell or subcellular region. The resulting high values of energy
imparted will continue until the distance between the tracks
becomes larger than the volume of interest. The fraction of a cell
population experiencing this higher density of damage depends on
the cell diameter as well as the angle between the primary and
fragment and the mean-free path for fragmentation. Since the
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mean-free path is generally large in terms of cellular dimensions,
the fraction of cells receiving this type of energy deposition event is
generally very small.

5.4.2 Distribution of Affected Targets

Radiation doses in space are generally low in the sense that the
mean number of charged particle tracks through any individual
target in a relevant time period (for example, one cell generation)
is less than one. In this dose regime, a change in the dose does not
affect the energy deposited in an individual target. It simply affects
the fraction of the targets that receive a dose. If targets act entirely
independently of each other with respect to the development of
biological consequences following irradiation, the probability of a
response must be proportional to the number of targets affected
and, therefore, a linear function of absorbed dose (for a fixed radia-
tion spectrum). The fraction of the population of targets which is
affected depends on the mean energy per event in the target, as
well as the absorbed dose, but does not depend on the charged par-
ticle track length except for very low-energy particles. However, the
spatial distribution of the affected cells does depend strongly on
the charged particle energy. A high-energy heavy-ion track will
produce a long string of affected targets, surrounded by a cylindri-
cal region containing randomly distributed targets affected by
delta rays. For 100 MeV n–1 particles these strings of affected tar-
gets are several centimeters long and contain thousands of biologi-
cal cells. Since, at a minimum, such a concentration of damaged
targets would be likely to change the local environment of nearby,
undamaged, cells and since there is some evidence that normal
cells maintain a degree of cell-to-cell communication which alters
their response to radiation induced damage (Azzam et al., 1998;
Prise et al., 1998a). It appears unlikely that cells could respond in
a truly independent fashion following this type of irradiation.
Although there is little evidence for specific effects due to the spa-
tial distribution of damaged cells in HZE irradiation (Section 6),
such effects, if they occur, would be expected to be related to the
range as well as the stopping power of the incident particle.

5.5 Charged Particle Equilibrium

Understanding of the biological effects of radiation is unavoid-
ably linked to the concept of dosimetry. Many of the dosimetry con-
cepts used to simplify the description of the radiation field, and to
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characterize the radiation experimentally, rely on charged particle
equilibrium at the point where the evaluation is to be made (Attix,
1986). However, the characteristics of the radiations encountered
in space often make it difficult to achieve this condition. For exam-
ple, in the low dose regime, as defined previously, there cannot be
charged particle equilibrium at the cellular level because in the
vicinity of a target there will be only a single line source of delta
rays, with no opportunity to compensate for particles which stop in
the site. The ranges of delta rays are typically no more than a few
tens of micrometers, so the nonequilibrium resulting from delta-
ray effects is limited to very small volumes, but may be an impor-
tant factor in evaluating possible radiation effects models.

Charged particle and target atom fragmentation produce
another component of the particle fluence which is often not in
equilibrium. Changes in atomic composition will result in different
fragmentation yields which will result in charged particle nonequi-
librium for distances up to the maximum range of the charged
particles produced. Since the range of charged particle fragments
produced by cosmic rays is of the order of a few tens of centimeters,
and there is a significant difference between atomic composition of
the human body and surrounding materials, it is unlikely that
strict charged particle equilibrium will occur inside the body.

Indirectly ionizing radiations, specifically neutrons and pho-
tons, have relatively long mean-free paths for transfer of energy
back to directly ionizing particles. When these particles are
produced in small isolated objects such as a detector or even a sat-
ellite, they produce almost no dose, because nearly all indirectly
ionizing particles escape the system without transferring energy.
However, as the system becomes larger, there is an increasing prob-
ability that, at any point, an indirectly ionizing particle from some
other point will deposit energy. The absorbed dose at a location
continues to increase with the size of the system until radiation
equilibrium is achieved, when the location of interest is located
several mean-free paths away from a discontinuity in the atomic
composition. Since the range of neutrons produced in fragmenta-
tion processes may extend to many meters in typical materials, the
absorbed dose that these fragmentation products produce will
depend on the size of the space vehicle, and the position of the tar-
get within it. The range of these particles becomes a serious consid-
eration for the design of habitations on planets without a thick
atmosphere. Modest amounts of shielding will reduce the absorbed
dose, but the absorbed dose which remains may be due primarily to
neutron interactions and thus have a relatively high biological
effectiveness.
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5.6 Biological Significance

It is possible to devise many different ways of characterizing a
radiation field in order to predict its biological effects. However,
most of them are variations on one of three basic approaches which
have been outlined previously (NCRP, 2001a). These include the
traditional approach, where the absorbed dose and the mean qual-
ity factor (a function of the LET or radiation type) are evaluated
separately. Another alternative is the evaluation of the total parti-
cle fluence spectrum at the point of interest, which would generally
require measuring the spectrum at some other point and use of
radiation transport codes to give the fluence of particles as a func-
tion of charge and velocity at the desired point. The third approach
would be based on the energy deposition in small volumes as indi-
cated by the lineal energy density. Some of the advantages and
disadvantages of each of these approaches will be discussed in the
following paragraphs.

5.6.1 Fluence Spectra

The most complete description of a radiation field is the fluence
spectrum as a function of Z and energy. With these data, in princi-
pal, any other description of the radiation field (absorbed dose,
LET, lineal energy) can be calculated. Furthermore, the spectrum
that an incident radiation produces at any other point in a complex
medium can be calculated using a suitable radiation transport
method. There are limitations to the accuracy of both of these types
of calculations due to the limitations of methods and cross-section
data currently available, but the calculations are continuing to
improve (Section 4).

The fluence approach is well suited to determining risk through
the use of experimental animal data obtained using high-energy
particle accelerators. These experiments are best conducted with a
well defined beam of nearly monoenergetic particles with mini-
mum absorbed dose due to fragmentation products. Generally
several different types of particles can be obtained for different
measurements, and particle energies can be specified with great
accuracy. In such experiments the primary fluence is the basic
dosimetry quantity measured. Furthermore, it is relatively simple
to convert between absorbed dose and fluence in the monoenergetic
particle beam. Thus, it is natural to express the risk of the observed
endpoint in terms of the fluence as a function of particle type and
energy.



5.6 BIOLOGICAL SIGNIFICANCE   /   109

Instruments for the measurement of the fluence spectrum of
directly ionizing particles in free space have been developed and
are currently used on ISS. However, by the nature of the technique
used, these charged particle telescopes are insensitive to most indi-
rectly ionizing radiation. Thus, they must be used to measure the
incident radiation before fragmentation has occurred. Radiation
transport codes must be relied upon to determine the absorbed dose
and radiation quality at the biological target. Also, current designs
have a limited angle of acceptance and limited data processing rate.
Consequently, they may respond more slowly than some other
instruments when an unexpected change in the radiation environ-
ment occurs.

A radiation protection system based on particle fluence would
require additional detectors to measure man-made sources of indi-
rectly ionizing radiation so that the charged particle spectra they
produce could be calculated and added to the spectra of incident
radiation and fragmentation products at the position of the biolog-
ical target. Furthermore, when a specific type of radiation is being
measured, corrections will have to be made to avoid including the
component of that radiation which is actually a part of the cosmic-
ray fragmentation spectrum. This creates very difficult measure-
ment problems and can cause complex data management problems,
but these problems may not be beyond the ability of technology.

5.6.2 Energy Deposition in Small Volumes 

Measurement of energy deposition spectra in a specified volume
representing a biological target (e.g., a cell, chromosome, or even
DNA strand size site) provides somewhat less information than
measuring the particle fluence spectrum, but is easier in several
respects. This technique, which generally utilizes tissue equivalent
detectors, is sensitive to all types of radiation. Thus it can be used
to characterize events caused by fragmentation products, man-
made radiation, and the charged secondaries of indirectly ionizing
radiation as well as incident HZE particles. The energy deposition
spectra can be calculated from the charged particle fluence, but the
reverse calculation is not possible. Thus, the energy deposition at
some other location cannot be calculated from the spectrum mea-
sured at a point.

Instruments which measure the energy deposition in small
tissue equivalent volumes and calculate the absorbed dose and an
estimate of the dose equivalent, designated TEPC, are in routine
use in the space program (Badhwar, 1997b; 2002). It has been
proposed (ICRU, 1986) to define radiation protection quantities in
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terms of lineal energy, however it is also possible to estimate quan-
tities defined in terms of LET using lineal energy data. Most prac-
tical microdosimetry detectors use a solid wall and low-density gas.
This results in a wall effect which shifts the spectrum to higher
values of lineal energy than would be measured in a uniform
medium (Braby et al., 1970; Dicello, 1992). The magnitude of this
shift depends on the radiation spectrum (Braby and Ellett, 1972),
and has not been fully characterized for high-energy particles.
However, in many situations the effect, on the average, over the
radiation spectrum is small compared to other uncertainties in
calculating risk. These instruments respond rapidly to changes
in dose rate, have nearly isotropic response, and detect all pene-
trating radiations, advantages which may offset the limitations of
this approach.

There is a conceptual problem in basing a radiation protection
system on energy deposition measurements. The value of the lineal
energy is a function of the site size, especially for low-energy radi-
ations (where some of the tracks may stop in the detector) or for
very high energy, where delta-ray loss and straggling become
important. There are many different biological structures, with a
wide range of sizes, involved in biochemical processes which may
contribute to the consequences of a radiation exposure. Thus, it
is not possible to define the correct size site in which to measure
lineal energy. Furthermore, no consensus has been reached about
an acceptable site size for radiation protection purposes, although
sites 1 or 2 µm in diameter are often used for practical reasons. As
a practical matter, the size of the site may not be important in char-
acterizing radiation in space since short tracks deposit such a small
fraction of the absorbed dose and effects of delta-ray loss are partly
compensated by wall effects.

5.6.3 Absorbed Dose and Linear Energy Transfer

The conventional system, using the average quantities absorbed
dose and LET which are defined at a point, has the advantage of
simplicity and established tradition. However, these quantities are
not well suited to describing the radiation environment in space.
Although the absorbed dose can be measured quite accurately, it
does not typically describe the biological damage. When an HZE
particle passes through a cell the energy deposited may correspond
to 1 Gy or more, far higher than the absorbed dose for the entire
mission. The reason is that these tracks are quite rare, and many
cells with no energy deposited are averaged in to determine the
mean absorbed dose.
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Operationally, it is relatively easy to measure absorbed dose
using a tissue equivalent ion chamber. However, no realistic
method for measuring the LET for most radiations has been discov-
ered. The best approach is the measurement of the lineal energy
spectrum followed by the deconvolution of the track length and
LET distributions, a technique that can be accomplished with
TEPC data. However, this has been shown to differ significantly
from the LET for many radiations where the charged particle path
is too short, or the delta-ray range is too long for the measured
energy deposition to represent the stopping power. For the space
radiation environment, the fraction of the absorbed dose due to
very short range particles is probably insignificant. However, a sig-
nificant fraction of the absorbed dose is delivered by charged parti-
cles that can produce delta rays with ranges of several micrometers
or more. Thus the mean lineal energy may be significantly less
than the LET for this radiation environment. Experimental evi-
dence suggests that the wall effect in the instruments in current
use largely compensates for this effect. Delta-ray scattering in the
walls of solid walled proportional counters results in an increase in
the measured energy deposition relative to the lineal energy that
would be measured in a uniform medium and the result is that val-
ues measured by typical instruments appear to be very near the
LET values (Badhwar et al., 1994; Gersey et al., 2002).

5.7 Characterizing Biological Response

From the perspective of dosimetry, there are two possible
approaches to experimental evaluation of the biological response to
the space radiation environment. Experimental exposures, utiliz-
ing high-energy accelerators can be designed to simulate exposures
in space by specifically including fragmentation products and other
radiation components characteristic of a specific radiation expo-
sure. Alternatively, measurements can be made for a limited num-
ber of beams which are carefully characterized, and the response to
the mixed field can be calculated by summing the appropriately
weighted responses.

Whether a pure beam or one with fragmentation is used, the
exposures should be characterized by using all three dosimetry
methods described earlier. This is not difficult in an experimental
situation since the incident particle spectrum is fixed by the selec-
tion of accelerator operation parameters, and the fragmentation
and lineal energy measurements are often made to characterize the
irradiations.
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Both of the irradiation approaches present experimental prob-
lems. Constructing the mixed field response from measurement of
individual ion responses requires a large number of measurements
for specific beam types and energies, plus a reliable method for
interpolation to the intermediate values. It also requires a compre-
hensive knowledge of the spectrum which will actually be present
in the space vehicle. This will require extensive calculations and
validation measurements of primary particles, delta rays, and frag-
mentation products such as neutrons.

However, it is equally difficult to devise a simulated radiation
spectrum for the interior of a space vehicle. Many different situa-
tions, characterized by different shielding depths and materials
may be needed. It will be impossible to achieve secondary particle
and radiation equilibrium for many experiments, because the
available accelerator beam diameters cannot be made large
enough. Furthermore, this approach requires new measurements
for every new shielding design, since the effect of a new shielding
combination cannot be determined unambiguously from the data
for other combinations.

5.8 Measurement of Fluence

Instrumentation approaches are available to measure the
fluence and energy spectra of almost any type of ionizing radiation.
However, for indirectly ionizing radiations, it is generally neces-
sary to convert the incident radiation to a charged secondary. In
order to be useful in space, with the high fluence of high-energy
directly ionizing radiation, special provisions must be made in the
instrument in order to distinguish between the secondaries of indi-
rectly ionizing radiations and the incident directly ionizing parti-
cles in order to avoid overestimating the fluence of indirectly
ionizing radiation. The commonly utilized approaches to measur-
ing fluence and spectra of these various types of radiation are
described below.

5.8.1 Directly Ionizing Particles

The fluence of directly ionizing particles, the dominant part of
the incident radiation in space, is easily measured. Almost any ion-
ization detector will do. Pulse ion chambers, all types of solid-state
detectors operated in the pulse mode, proportional counters and
scintillators are common examples of active detectors. There are
also many passive detectors which will be discussed later. In order
to be useful in determining the fluence, the effective area of the
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detector must be known and it must be sensitive to minimum stop-
ping power protons as well as other particles. It is advantageous for
such a detector to be thin, so that it will be equally efficient for low-
and high-energy particles, but not so thin that straggling interferes
with measuring energy loss. It may be useful for the detector
response to be isotropic so that a single measurement gives the
total fluence. A spherical proportional counter, or a set of three
mutually orthogonal thin solid-state detectors, scintillators, or pro-
portional counters connected to simple event counting electronics
will closely estimate the true charged particle fluence. However,
fluence alone is not sufficient for dosimetry. The spectrum of parti-
cle stopping powers is necessary to evaluate the absorbed dose at
the location of the detector, and the spectrum of particle energies as
a function of charge or mass is necessary in order to calculate the
absorbed dose at other locations. 

An approximation to the spectrum of stopping powers can be
determined by adding some form of pulse height spectroscopy to
almost any type of detector that can be used for fluence measure-
ments. The added requirements are that the path length through
the detector be known, and the detector output pulse should be a
linear (or at least known) function of the energy deposited in the
detector. A characteristic of this approach is that it inherently mea-
sures energy deposited rather than energy lost by the particle, so
that it does not directly provide LET for evaluating the quality fac-
tor. Most solid detectors (e.g., solid-state, scintillation) are not thin
enough to satisfy cavity detector requirements, nor is secondary
particle equilibrium established in the typical detector. Thus a
dosimeter based on this approach will approximate the absorbed
dose in the material of its construction, typically silicon, and the
absorbed dose in tissue, which is determined by applying the ratio
of stopping powers in tissue and the detector material, will have
inherent errors as a function of incident particle energy. However,
the errors are generally not large, and may be acceptable in the
context of the space radiation environment.

A direct measurement of the stopping power and total energy of
a particle is sufficient to determine the mass of the particle and
provide the data needed for energy transport calculations. Over
limited ranges of energies this can be accomplished by measuring
energy deposited in a thin detector and in a very thick detector in
coincidence (Knoll, 2000). The thin detector measures the incident
particle stopping power, and the thick detector, which stops the
incident particle, determines the total energy. Alternatively, two
thin detectors separated by a known thickness of absorber can be
used to determine stopping power and rate of change of stopping
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power. The range of the incident particles found in space, equiva-
lent to several inches in silicon, precludes use of a simple two detec-
tor approach. More involved detector assemblies, typically known
as charged particle telescopes, are used for these radiations. In
order to prevent errors due to particles leaving through the side of
the detector stack, and to maximize the amount of information
obtained when particles do escape, these instruments generally
utilize a stack of thin and thick detectors, and an anticoincidence
shield, or position sensitive detectors, to determine the trajectory of
the primary particle. These instruments, when carefully employed,
can discriminate between particles differing by a single atomic
mass unit, and can resolve the energy spectrum of each type of inci-
dent charged particle, within the statistical limitations imposed by
the relatively small solid angle that the detector accepts, and the
available duration of the measurement. This means that they can
distinguish between different particles with the same stopping
power, a characteristic which is very important for evaluating the
absorbed dose at other depths in an absorber such as the human
body. However, this type of detector is inherently insensitive to
indirectly ionizing radiation, and is also insensitive to directly ion-
izing particles with insufficient range to create two coincident
events in successive detectors, typically protons with less than
~20 MeV or equivalent.

5.8.2 Neutron and Photon Spectrometers

Measurement of the fluence and energy spectra of indirectly
ionizing radiation, specifically neutrons and photons, in the pres-
ence of high-energy directly ionizing particles is difficult. Various
scintillators, proportional counters, and other detectors are com-
monly used to measure these energy spectra, but they function
by measuring the energy deposited by secondary particles pro-
duced by specific interactions of the indirectly ionizing radiations.
They also respond to the energy deposition by directly ionizing par-
ticles, and it can be extremely difficult to reliably separate the
energy deposition events produced by the charged primary and sec-
ondary radiations. In the case of neutrons on Earth, it is common
to utilize nuclear reactions that produce secondary particles with
added energy [e.g., 10B(n,α)7Li and 3He(n,p)3H reactions] which
allow separation of the neutron fluence from gamma-ray fluence
over a limited range of neutron energies. However, these reactions
do not produce energy deposition in the detector that is signifi-
cantly different from the energy deposited by some primary
charged particle events in space. Also, at high energies, protons
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produce similar nuclear reactions, with essentially the same cross
section, as neutrons. Thus these detectors are not sufficient to eval-
uate the neutron fluence generated by GCR.

The most direct way to discriminate between energy deposition
by directly ionizing particles and secondaries of indirectly ionizing
particles is to use a large detector (relative to the range of the sec-
ondaries from an indirectly ionizing particle) and an anticoinci-
dence shield. If the shield completely covers the detector, and is not
too thin, any directly ionizing particle that produces an event in the
primary detector will also produce one in the shield. However, most
secondary particles depositing energy in the main detector will not
reach the anticoincidence shield. Thus the spectrum and fluence of
indirectly ionizing radiation can be deduced from the spectrum
of events which are not coincident with an event in the shield. 

Unfortunately, it is very difficult to get perfect coverage with an
anticoincidence detector. Various optical or electrical connections
must be made to the primary detector and result in gaps in the
shield. If neutrons are responsible for 1 % of the dose equivalent
the neutron count rate in the detector will be ~1 % of the proton
count rate. If 1 % of the surface of the detector is not covered by
anticoincidence shield 1 % of the protons will not be properly iden-
tified thus the neutron fluence will be overestimated by a factor of
two. 

An alternative approach to identifying neutrons and measuring
their energy takes advantage of the time required for high-energy
neutrons to slow to thermal energies in a hydrogenous material
(Feldman et al., 1991). The thermal neutron is then captured in a
nuclear reaction that produces a prompt charged particle that can
also be detected. The detector consists of a large volume of hydrog-
enous scintillator or similar material, which produces a signal pro-
portional to the incident particle energy, and a thermal neutron
detector. The size of detectors is chosen to efficiently produce sig-
nals in both detectors. Charged particles may also produce pulses
in both detectors (depending on their path), but these pulses will be
essentially simultaneous. Thus, neutrons can be identified by the
time between the total energy pulse and the thermal capture pulse.
This discrimination is very efficient at low-proton fluence rates, but
some false neutron signals occur at high fluence rates due to chance
coincidences in the thermalization time window. 

Another approach to neutron spectroscopy is to measure the
energy deposited by the recoil protons produced in a thin layer of
hydrogenous material in contact with a solid-state detector. This
also is sensitive to directly ionizing particles, but can be used with
an anticoincidence shield.



116   /   5. SPACE DOSIMETRY

5.8.3 Passive Spectrometers 

Photographic emulsions and etchable track detectors can be
used as passive particle spectrometers. Most of these materials
have some sensitivity to neutrons as well as directly ionizing parti-
cles. Such detectors generally respond in proportion to the stopping
power of the particle depositing energy, and it may be necessary to
follow the particle through successive layers of detector in order
to evaluate the initial energy. When this is done, it is often pos-
sible to discriminate between directly and indirectly ionizing parti-
cles based on the starting point of the track. Unfortunately, many
of these detectors are insensitive to particles at high energy (low
stopping power) and they integrate the fluence from the time they
are produced until they are processed. This makes it difficult to use
them for near real time health protection measurements.

Neutron activation of different materials is a standard tech-
nique for neutron spectroscopy in conventional environments,
although the energy resolution is limited. Elements with a variety
of threshold energies for neutron activation can be found. Periodic
counting of the induced activity can be used to give a measure of
the integrated fluence above the threshold energy. Differentiation
of the count rate can give an indication of the instantaneous fluence
rate. However, high-energy protons can produce nuclear reactions
similar to those produced by neutrons, The energy thresholds
for protons and neutrons are much different, but the energy spec-
tra of protons in space include many particles which will trigger
neutron-like events, resulting in an overestimate of the neutron
fluence. Measurements of activation materials exposed on the long-
duration exposure facility (Armstrong et al., 1996) showed that the
proton induced activity in many materials exceeded the neutron
induced activity by a large margin. Models of activation underesti-
mated the actual activity by a factor of two, indicating significant
potential for error when using activation to evaluate neutron
absorbed dose.

5.9 Measurement of Absorbed Dose

Any detector that meets the Bragg-Gray cavity requirements
will measure the absorbed dose at the effective center of the cavity.
However, this may not be the same as the absorbed dose to a spe-
cific organ, or the mean absorbed dose to a person exposed to that
radiation field. For most types of radiation on Earth, the approach
is generally to establish secondary particle equilibrium in the
detector, which makes it possible to relate the measured absorbed
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dose to that which would occur in a phantom. Then either a small
cavity ion chamber, another detector that satisfies cavity theory
requirements, or a uniform (tissue equivalent) detector that satis-
fies the requirements for the application of the Fano theorem is
used. However, the wide range of radiations encountered in space
make it difficult to meet these requirements. In particular, the
detector wall must be thick enough to produce secondary particle
equilibrium, but thin enough that it does not modify the incident
particle spectrum. The nature of the problem for the directly ioniz-
ing particles can be seen by comparing the range of the delta rays
produced by high-energy particles with the range of the low-energy
primary charged particles in Table 5.1. To meet the criteria for
application of cavity theory the wall must be thick compared to the
range of the delta rays, but thin compared to the range of the pri-
maries, a combination which cannot be met. The situation becomes
even more difficult when the indirectly ionizing secondaries must
be considered. In order to meet the requirements of the Bragg-Gray
cavity detector the cavity must be small compared to the range of
the shortest range charged particles to be included in the absorbed
dose measurement.

Several types of detectors can be used for dosimetry within the
limitations imposed in trying to meet the above requirements.

5.9.1 Ion Chambers

One of the simplest devices for measuring absorbed dose in
tissue is the tissue equivalent ion chamber. When used for a combi-
nation of radiations that allow a selection of wall thickness which
will meet the requirements of the Fano theorem it can provide a
measure of the absorbed dose. Even without maintaining tissue
equivalence, if the cavity is small enough, the absorbed dose can
be determined through application of the cavity theory, with suit-
able corrections for delta-ray effects (Attix, 1986). However, the
usefulness of ion chambers is limited by their sensitivity. If it is
assumed that the minimum current that can be measured reliably
is 10–14 amps (lower current limits require rapidly escalating
complexity and electronics costs) the volume of a detector required
to detect a dose rate of 10 µGy h–1 is ~100 cm3 at atmospheric
pressure.

The conversion of current in an ion chamber to absorbed dose
depends on knowledge of the mean energy required to form an ion
pair in the gas used. This is known reliably for charged particles up
to a few tens of MeV n–1, but there is too little data to confirm the
values extrapolated to much higher energies.
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5.9.2 Solid-State Detectors

Directly ionizing particles produce electron-hole pairs in solid-
state devices, similar to ion pairs in gases, and many types of semi-
conductor devices can collect this charge to produce a pulse height
or current which is a measure of the energy deposited. Although
there is continuing effort to develop organic semiconductors in
order to make tissue equivalent solid-state detectors, such devices
have not yet made it beyond the laboratory development stage.
Most semiconductor dosimeters in use are made of silicon. In prin-
ciple a very thin silicon detector surrounded by tissue equivalent
material can be used as a Bragg-Gray cavity detector, and measure
absorbed dose in tissue. However, in practice it is very difficult to
make the detector thin enough. For space applications, where the
majority of the absorbed dose is deposited by directly ionizing par-
ticles, thin, bare solid-state detectors are used to measure fluence
and stopping power, while absorbed dose in tissue is estimated
from these values. This approach is insensitive to neutrons, which
do not produce useful charged secondary radiation in silicon, and
nearly insensitive to photons because the detector cannot be thick
enough to provide secondary particle equilibrium without being far
too thick to accurately indicate charged particle stopping power.

Although the high density of silicon (compared to the gas used
in an ion chamber) and the low mean energy required to produce
an electron-hole pair make it possible to use much smaller solid-
state detectors than ion chambers, there is a limit imposed by the
stochastic nature of charged particle interactions, and the statisti-
cal reliability required of a measurement of absorbed dose. The
fluence rate of GCR consisting of high-RBE particles is on the order
of 2 cm–2 min–1. Thus it requires almost 1 h to determine the fluence
or dose rate of these particles with a relative standard deviation of
10 % using a 1 cm2 detector. The time required for the measure-
ment is inversely related to the surface area of the detector.

5.9.3 Passive Detectors

Traditionally, passive detectors have been favored as the dosim-
eter of record in conventional radiation protection environments
because they are thought to be much less prone to failures which
would result in underreporting of absorbed dose than are active
dosimetry systems. In the case of the radiation environment in
space and considering the characteristics of modern electronic sys-
tems, this difference in reliability may not be real, but passive
dosimeters will probably continue to play a significant role in any
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comprehensive dosimetry program. Passive dosimeters include
nuclear emulsions, thermoluminescent and related materials, and
etchable track materials.

One problem with the use of passive dosimeters on a long mis-
sion is that they integrate the absorbed dose until they are readout.
Thus, they do not provide information on dose rate, or absorbed
dose during a segment of the mission, unless a system for reading
the detectors is included on the vehicle. Such a reader may not be
excessively large nor require excessive power, but it may be larger
than the typical charged particle spectrometer, and it will require
significant crew time to readout a set of dosimeters. Those passive
detectors which require chemical processing also introduce mate-
rial handling and waste disposal complications.

5.9.4 Thermoluminescent Dosimeters

Thermoluminescent dosimeters (TLDs) and related materials
rely on the ability of some doped crystalline materials to capture
part of the energy deposited by ionizing radiation in stable traps.
A signal which is proportional to the absorbed dose under some
conditions can then be derived by heating the material or otherwise
stimulating the emission of photons (or electrons in some cases)
by the occupied traps. For the measurement of absorbed dose due
to charged particles, the primary limitation of TLDs is that the
most sensitive types under respond to high-LET radiation when
calibrated with gamma rays. Furthermore, they are not tissue
equivalent, as most are made of calcium or lithium fluoride, which
results in an energy dependent calibration factor for the photon
component of the radiation field. When neutron sensitivity is
required, lithium fluoride detectors enriched in 6Li are often used
as the detection element in an albedo dosimeter, relying on thermal
neutrons backscattered by the body of the badge wearer to produce
a signal. This approach has an inherent energy dependence and
requires calibration in the neutron spectrum that it will be used to
measure; not a practical approach where the neutron spectrum
may change from one SPE to the next due to changes in the inci-
dent particle spectrum.

5.9.5 Photographic Emulsions and Etched Track Detectors

These materials register individual tracks and are used to mea-
sure the stopping power spectrum and particle fluence. Some
etched track materials are reasonably tissue equivalent and
contain sufficient hydrogen to respond to fast neutrons, but both
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systems have a minimum stopping power cutoff which depends on
the specific material and processing method, but is generally too
high to respond to high-energy protons, which are responsible for
the majority of the absorbed dose in space. However, they can be
used to detect protons near the ends of their tracks and fragmenta-
tion products. The absorbed dose due to low-LET radiation can also
be determined by the general fogging of photographic film.

5.10 Linear Energy Transfer Spectrum

In order to evaluate the dose equivalent, it is necessary to eval-
uate the quality factor for the radiations depositing the energy, as
well as the absorbed dose. In the case of the wide range of particle
types and energies encountered in space, evaluation of the quality
factor must be done through the relationship between the qual-
ity factor and LET. Since LET is a mean quantity defined at a
point, it is impossible to measure it for a single particle track and,
therefore, the spectrum cannot be measured. However, the stop-
ping power averaged over a finite detector thickness can be mea-
sured, and this is usually an acceptable approximation to LET. This
stopping power spectrum can be measured using a variety of differ-
ent detectors. The spectrum recorded by the first detector of a
charged particle telescope contains the information needed to cal-
culate the stopping power spectrum. Similarly, a low-pressure pro-
portional counter can be used to measure energy deposition in a
short segment of a track.

For any energy deposition detector, the signal produced is the
product of the stopping power and the path length in the detector
modified by energy loss straggling and delta-ray effects. In order
to approximate the stopping power distribution, the path-length
distribution must be unfolded from the measurement. Two
approaches are common. In charged particle telescopes, coinci-
dence between two detectors is required in order to record an
energy deposition event. By separating the detectors by a signifi-
cant distance, the range of particle trajectories relative to normal
incidence can be limited. In some cases two position sensitive detec-
tors are used to define the trajectory of each particle recorded. This
approach results in an anisotropic response which increases the
exposure time required to obtain a given level of statistical preci-
sion, and requires multiple measurements if the incident field is
anisotropic. The alternative, which is commonly used with spheri-
cal proportional counters, is to record all events which occur in a
detector of known geometry (usually spherical), and then mathe-
matically unfold the known path-length distribution. This results
in an isotropic detector, but the unfolding process is very sensitive
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to noise in the data, and this approach generally requires long
exposures to obtain sufficient precision in the measured spectrum.
The result of this unfolding, using the path-length distribution as
an approximation to the detector response function, neglecting
straggling and delta-ray loses, is generally an underestimate of
LET in the space radiation environment.

Both of these measurement approaches are subject to a number
of systematic differences between what is measured and the defini-
tion of LET. These differences are caused by energy loss straggling,
changes in stopping power within the detector, and delta ray escape
from the detector. The magnitude of each of these systematic errors
depends on the size of the detector used, and on the characteristics
of the radiation. The effect on dose equivalent is often less signifi-
cant since the quality factor is constant for a wide range of low-LET
where straggling effects are most significant (ICRP, 1991).

5.11 Measurement of Lineal Energy

An alternative to measuring absorbed dose and LET spectrum
in order to evaluate dose equivalent is to measure the number and
spectrum of energy depositions in a small detector simulating a
tissue volume a few micrometers in diameter. The energy deposited
divided by the mean chord length in the detector is known as the
lineal energy, y, and can be used to calculate an approximation to
the LET, as described above. Lineal energy spectra can be mea-
sured with a wide variety of detectors, the primary requirement
being that the detector should be small, on the order of the size of
biological cells or subcellular components. Various condensed
phase detectors have been considered, but the only type of detector
in common use for measuring lineal energy is the low-pressure pro-
portional counter. Generally, these detectors are made of tissue
equivalent plastic and filled with tissue equivalent gas, in order to
take advantage of the Fano theorem, and are referred to as TEPCs.
Since these detectors operate in the pulse mode they provide spec-
tral data which can be used to estimate LET or can be used directly
to estimate biological effectiveness, but since they are tissue equiv-
alent, the sum of the energy deposited in events is the energy
needed to calculate the absorbed dose, the equivalent of the charge
collected in an ion chamber. Such a detector responds to all forms
of ionizing radiation, neutrons and photons as well as directly ion-
izing particles. It is also subject to the same limitations related to
establishing secondary particle equilibrium without distorting the
incident spectrum as are all other cavity detectors.

The interpretation of the lineal energy spectrum in terms of the
energy deposited in a subcellular volume assumes that the detector
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is a part of a continuous medium of uniform density. In practice, the
detectors are generally a low-pressure gas cavity in a tissue equiv-
alent plastic medium. The resulting density difference, on the order
of 105, makes it possible to use a solid walled detector to collect sta-
tistically significant event spectra at low doses. However, it also
introduces some artifacts in the lineal energy spectrum, even
though it does not distort the absorbed dose measurement in any
way. The artifacts are due to the fact that some secondary charged
particle tracks produced in the wall by a single primary particle
enter the single large detector cavity, but would enter separate
sites if the detectors were small. This results in reducing the num-
ber of small events (produced by single delta-ray tracks) and a
small increase in the lineal energy value of the larger events. HZE
tracks which pass just outside the cavity, in the wall, can result in
large numbers of delta rays entering the cavity, resulting in an
event which is much larger than would be produced by the small
number of delta rays that would enter in a uniform medium. For
primary particles which have long ranges compared to the site
diameter, but produce delta rays which have ranges which are less
than the site diameter, this wall effect, and the effect of delta ray
escape from the detector are relatively small. In addition, the mean
of the lineal energy is a reasonable estimate of the mean LET. For
very high-energy particles which produce long-range delta rays
(Table 5.1), the true lineal energy (measured with a detector that
has the same density as the surrounding medium) is significantly
less than the LET because the delta rays produced by primary par-
ticles that cross the detector deposit a significant fraction of their
energy outside the detector, while the delta rays from primaries
that miss the detector may still deposit a small amount of energy
in it. In typical solid walled detectors this is at least partially offset
by the wall effect which increases the large lineal energy values
and eliminates some of the delta-ray events. Measurements of lin-
eal energy for monoenergetic iron ions from 200 to 1,000 MeV n–1

(Gersey et al., 2002) clearly show the effects of delta ray escape and
of the wall effect. For these monoenergetic particle beams it was
found that dose mean lineal energy was always within 8 % of the
LET. The mean quality factor, evaluated by substituting f (y) for
f (L), was consistently high, by as much as 20 %. For typical radia-
tion spectra in space the substitution of f (y) for f (L) appears to pro-
duce a good estimate of the dose equivalent. Dose equivalent
calculated from measurements using solid walled TEPCs and LET
spectra derived from assumed incident particle spectra are very
similar (Badhwar et al., 1994), suggesting that delta-ray loss and
the wall effect nearly cancel.
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5.12 Rem Meters

For conventional radiation protection applications, a variety of
instruments have been built which are intended to respond to neu-
tron radiation in a way which simulates the dose equivalent. By
using some combination of detectors, including neutron sensitive
and neutron insensitive detectors, photon detectors, and charged
particle detectors, it may be possible to devise a combination that
responds to the space radiation environment in a way which is pro-
portional to dose equivalent. There are two major problems with
this approach in general. One is that such an instrument must be
calibrated for the radiation spectrum to be measured, and may
have significant errors in other radiation spectra. In the case of
SPEs, the spectrum is not predictable, and such an instrument
would have limited accuracy. The second problem is that the design
of the instrument is tailored for the definition of dose equivalent,
and there is no simple way to adapt it to changes in the definition.
Since understanding of health risks may continue to evolve, this
reduces the value of effort invested in devising a system with
response tailored to current definitions.

5.13 Summary

The radiation environment inside a spacecraft operating out-
side Earth’s magnetosphere will generally include charged parti-
cles originating as GCR and solar radiation, the charged and
uncharged secondaries produced by inelastic interactions between
these primary particles and the components of the craft, radiation
from sources included in the spacecraft, and delta rays produced by
the high-energy charged particles. This combination of radiations
creates a wide range of energy deposition in individual cells or sub-
cellular targets, and a wide range of spatial distributions of irradi-
ated and unirradiated targets within tissues and organisms. These
diverse energy deposition patterns produce a complex problem in
relating energy deposition to biological consequences, and in pre-
dicting health risks. They also create a complex situation for eval-
uating absorbed dose and dose equivalent. In particular, the
contribution of secondary neutrons to the absorbed dose depends
on the size of the vehicle as well as the atomic composition of shield-
ing and structural components. Current calculational methods
underestimate the measured absorbed dose in such a situation by
on the order of 20 %. Several techniques, including both active and
passive dosimeters can be used in this radiation environment, but
most can measure only certain components of the radiation field,
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and those which can respond to all types of ionizing radiation and
give an estimate of radiation quality (for example, TEPCs) have
some limitations related to minimum event sizes and wall effects.
Additional research and development are needed in a number of
areas of dosimetry and instrumentation to:

• experimentally validate radiation transport and dosimetry
models;

• evaluate the energy deposition in microscopic volumes in a
uniform medium, and the effect of the wall on measure-
ments made with TEPCs;

• study the effects of numerical and physical phantom con-
figurations on the calculation and measurement of dose
equivalent;

• develop radiation spectrometers that can accurately mea-
sure fluence of indirectly ionizing particles in the presence
of a much higher fluence of directly ionizing particles; and

• improve data on neutron production in fragmentation pro-
cesses and on neutron interaction cross sections for the pur-
pose of absorbed dose calculation and detector design.

In order to provide the data needed to effectively evaluate risk
of radiation exposures outside Earth’s magnetosphere, future bio-
logical response studies should:

• be conducted with cells in three-dimensional organ culture,
supported in a natural extracellular matrix or in suspen-
sion, in order to simulate the effects of the interaction of cell
geometry and track structure; and

• specify lineal energy, absorbed dose, fluence, and spectrum
for doses that lead to effects.
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6. Space Radiation Biology

6.1 Introduction

Evaluation of potential health effects from radiation exposure
during and after deep-space travel is important for the future of
manned missions. The world’s experience in human space flight is
only about four decades old. To date, manned missions have been
limited to near-Earth orbits, with the moon the farthest destination
from Earth. Historical space radiation career exposures for astro-
nauts from all NASA missions through December 1999 are summa-
rized in Figure 6.1. The early Mercury, Gemini, STS, and Apollo
missions involved total exposures of less than ~20 mSv (Cucinotta
et al., 2002). With the advent of Skylab and Mir, total career expo-
sure levels increased to a maximum of nearly 200 mSv. Missions
beyond LEO, due to the requisite longer duration of the missions,
may pose greater risks of exposure to complex radiation fields. It is

Fig. 6.1. Summary of space mission doses for astronauts from all
NASA missions through December 1999 (Cucinotta et al., 2002).
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not just the absorbed dose that is important but also the type of
radiation contributing to the dose (Edwards, 2001). This point
is emphasized in Figure 6.2, which presents the dependence of par-
ticle kinetic energy versus range in water for representative parti-
cles in space. The radiation quality or LET values of proton, carbon,
argon and iron beams are shown over the tissue range that is sig-
nificant to the exposure of the human skin, eye and brain. The LET
of these particles ranges from <10 to >200 keV µm–1. Protons are
more prevalent and have relatively low-LET values, whereas the
iron ions are relatively rare, but have high-LET values. Dose rates
measured in LEO are of the order of fractions of 1 mSv d–1, but as
previous sections of this Report indicate, radiation dose rates will
be higher beyond LEO on missions to Mars. Figure 6.2 demon-
strates the complexity of the task of assessing the biological and
clinical effects of space radiation.9

Fig. 6.2. Dependence of particle kinetic energy as a function of range
in water for representative particles in space.9

9Heilbronn, L. Personal communication (Lawrence Berkeley National
Laboratory, Berkeley, California).



6.1 INTRODUCTION   /   127

Particle radiation fields have been graphically visualized
in light-flash phenomena experienced by space travelers and evi-
dence exists from accelerator-based human exposures with muons
(McNulty, 1971; McNulty et al., 1976), pions (McNulty et al., 1975),
helium ions (Tobias et al., 1971), carbon ions (McNulty et al., 1978)
and nitrogen ions (Budinger et al., 1972). Visual phenomena have
also been noted by human subjects on exposure to neutrons of
several energies (Budinger et al., 1971; Charman et al., 1971;
Fremlin, 1970). It may be too early in man’s exploration of space for
the evaluation of late tissue effects in large numbers of crew mem-
bers, since a long follow-up period of astronauts or cosmonauts is
not yet available. The first steps in such an evaluation are under-
way with bio- and physical-dosimetric measurements on both com-
mercial flight personnel and international space crews who have
experience in near-Earth orbits (De Angelis et al., 2001; George
et al., 2001a; 2001b; Obe et al., 1997; Testard and Sabatier, 1999;
Testard et al., 1996; Wolf et al., 1999a; 1999b; Yang et al., 1997).

The potential risks resulting from exposure to radiation in deep
space are cancer, noncancer effects, and genetic effects (Blakely,
2000). These are primarily late tissue effects. The potential risk of
early noncancer effects is most likely from exposure, without suffi-
cient shielding, to a large SPE that could occur during an extrave-
hicular activity. The highest potential dose would be to the skin and
lens of the eye because of the abundance of low-energy protons. It
is only during large SPEs, such as occurred in 1972, that the dose
rate rises to above that which is considered a low dose rate based
on biological effects (Parsons and Townsend, 2000).

In 1992 NASA approved the Longitudinal Study of Astronaut
Health. In 2002, NASA’s Chief Health and Medical Officer sought
additional help from the NAS/NRC’s Institute of Medicine (IOM) in
assessing and improving the goal of evaluating effects of space
flight on astronauts. Presently the IOM, through activities includ-
ing studies and workshops undertaken at the National Academies
under the standing Committee on Aerospace Medicine and the
Medicine of Extreme Environments, provides NASA’s Chief Health
and Medical Officer independent technical advice relevant to aero-
space medicine, including medical care of space travelers. A rela-
tively recent review of the status of NASA’s Longitudinal Study of
Astronaut Health by IOM is available (Longnecker et al., 2004).

Both the Soviet and Russian space programs have provided
evidence that living in space can produce profound physiological
and clinical changes. These include bone demineralization,
decreases in skeletal muscle mass, changes in blood volume and
cranial fluid shifts, decreased or altered absorption of nutrients in
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the gastrointestinal tract, disturbed fine motor control, increased
risks of renal stones, anemia, and depressed immune system func-
tion (Nicogossian et al., 1993). It is likely that many of these effects
are due to altered physiology under microgravity (Heer and Paloski,
2006). Several studies have been unable to support the hypothesis
that astronauts are at an increased risk of cancer mortality
compared to the U.S. population due to ionizing radiation exposures
from space travel (Hamm et al., 1998; 2000; Peterson et al., 1993).
However the relatively young age of the astronauts, the low doses
of radiation during space flight, the modest interval between space
flight and data analysis, and the small sample size of the astronaut
corps all limit statistical confirmation.

To date, the only health detriment associated with ionizing radi-
ation dose in space is cataract. There was a significant link between
cataracts in astronauts who have flown high-inclination or lunar
missions, where a higher fluence of heavy-ion radiation occurs
(Cucinotta et al., 2001b). Ninety percent of 39 cataracts occurring
after space flight were in astronauts on such missions (see further
discussion in Section 6.2.1.1). Chromosome aberrations in astro-
nauts and cosmonauts have been investigated as a method of indi-
vidual biodosimetry for risk assessment after single and multiple
flights (Durante et al., 2003; George et al., 2001c; 2004; Horstmann
et al., 2005), but these studies are also limited by significant indi-
vidual variability and inadequate statistics (Section 6.3.5.2.2).

A goal of manned space exploration is to ensure minimal risk to
personnel. NASA has spent considerable research effort and
resources to evaluate and to mitigate risk at all levels and to follow
the goals of ALARA regarding radiation exposure. Early in the
planning for space exploration the potential risks of radiation expo-
sure were perceived to be important to investigate. The realization
that information was lacking due to the unavailability of Earth-
based, space-radiation sources with the closure of LBL-BEVALAC
in Berkeley, California in 1993, led to NASA-funded programs to
provide proton beams at the clinical radiotherapy accelerator facil-
ities at the Loma Linda Medical Center in Loma Linda, California
(Nelson et al., 2001) and the use of the Alternating Gradient Syn-
chrotron and recently completed NASA Space Radiation Labora-
tory accelerator facility at Brookhaven National Laboratory,
Brookhaven, New York to fill this need (Lowenstein, 2001). 

NCRP Report No. 132 (NCRP, 2000) comprehensively reviewed
available information on the biological effects of individual com-
ponents of the space radiation environment with a focus on each of
the radiation-types prevalent in near-Earth missions. A goal of this
Report is to identify research needs for activities beyond LEO.
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6.2 Late Radiation Effects

6.2.1 Cataract

6.2.1.1 Incidence of Cataracts Among Astronauts and Cosmonauts.
The only reported health detriment among astronauts that has
been associated with space radiation exposure is cataract forma-
tion (Cucinotta et al., 2001b). The human crystalline lens is known
to be a radiosensitive tissue that responds with opacification in a
delayed time course depending on the radiation type and exposure
level. Cataracts are lesions that progressively increase, and can be
defined in different ways, such as minor lesions not affecting sight,
or as major lesions affecting vision. Historical data for the inci-
dence of cataracts has been analyzed for 295 astronauts participat-
ing in NASA’s Longitudinal Study of Astronaut Health based on
individual occupational radiation exposure data (Cucinotta et al.,
2001b). Eye examinations revealed 48 cases of lens opacification in
the 295 astronauts, including one case of congenital cataract. The
exposure histories were broken out to reveal the dose components
from diagnostic x rays, aviation experience, and space travel. In
this first analysis of space radiation exposure the contribution from
individual radiation types in the space environment was not avail-
able. The astronauts were divided into two groups, a low dose group
with doses <8 mSv (average 3.6 mSv), and a high dose group with
lens doses >8 mSv (average 45 mSv). The probability of survival
without cataract both as a function of age and time after first mis-
sion for NASA astronauts are depicted in Figures 6.3 and 6.4,
respectively. This first epidemiological evidence for a late effect of
space radiation exposure among astronauts strikingly showed that
there was an increased risk of cataract formation at lens doses of
>8 mSv, compared to exposures of <8 mSv (Cucinotta et al., 2001b).
This suggested that relatively low doses of space radiation are
correlated with an increased incidence and earlier appearance of
cataract. It has not yet been determined which specific radiation
component(s) is responsible for these observations. If a cataract is
severe, it can affect vision unless surgically corrected with syn-
thetic lens replacement, however this procedure is invasive and can
have side effects. Stable vision during space flight has been
reported in one astronaut with bilateral intraocular synthetic
lenses (Mader et al., 1999). The lens, due to its ectodermal origin,
may be considered a test model system for radiation effects in other
cells of ectodermal origin for which there are not clear endpoints of
low dose radiation effects.
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6.2.1.2 Cataract Incidence in Patients Treated with Radiotherapy.
Human experience with radiation-induced cataracts is available
from clinical radiotherapy for the treatment of cancer with x rays
or radium plaques (Merriam and Focht, 1957; Nutting et al., 1999),
with protons (Gragoudas et al., 1995), with helium ions (Meecham
et al., 1994), or total body photon irradiation in preparation for
bone-marrow transplantation (Belkacemi et al., 1996; Dunn et al.,

Fig. 6.3. Results for the probability of survival without cataracts as a
function of age for NASA astronauts for the low-dose group (closed
symbols) with lens doses <8 mSv (average 3.6 mSv) and the high-dose
group (open symbols) with lens doses >8 mSv (average 45 mSv). Error
bars indicate standard errors. The upper panel is for all cataracts and the
lower panel is for nontrace cataracts. (Cucinotta et al., 2001b). 
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1993; Frisk et al., 2000; Thomas et al., 2001; van Kempen-
Harteveld et al., 2002a; 2002b; Zierhut et al., 2000). In addition,
there are analyses of cataract incidence among individuals exposed
at Hiroshima and Nagasaki (Medvedovsky and Worgul, 1991;
Otake and Schull, 1990),  in radiotherapy patients exposed to fast
neutrons (Roth et al., 1976), in cases of exposure of cyclotron- and

Fig. 6.4.  Results for the probability of cataracts as a function of time
after first space mission for NASA astronauts for the low-dose group
(closed symbols) with lens doses <8 mSv (average 4.7 mSv) and the high-
dose group (open symbols) with lens doses >8 mSv (average 45 mSv).
Error bars indicate standard errors. The upper panel is for all cataracts,
and the lower panel is for nontrace cataracts. Only cataracts occurring
after a first space mission are included (Cucinotta et al., 2001b).
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reactor-operators (ICRP, 1969) and in populations exposed to envi-
ronmental radiation contamination (Junk et al., 1999). However,
due to a number of reasons, none of the published data on humans
allow a prediction of the risk of radiation-induced cataracts at
doses in the millisievert range from chronic exposure to low dose
protons or low fluence heavy-ion doses.

In vitro radiation studies using human lens cell models (Chang
et al., 2000a) have suggested that molecular markers of radiation-
stress can be measured at relatively lower doses of particles than
previously documented in vivo (Chang et al., 2000b; McNamara
et al., 2001). The in vitro models may also provide more specific evi-
dence of the molecular mechanisms underlying the radiation dam-
age that lead to the abnormal folding or aggregation of the
crystalline proteins associated with cataract, and for potential
countermeasures. Currently known countermeasures for cataract
induction that require administration prior to radiation exposure
include antioxidants (e.g., vitamins, especially C and E) (Bantseev
et al., 1997; Jacques et al., 1997; Taylor et al., 2002) and sulfhydryl
agents (Kador, 1983).

6.2.1.3 Radiation-Induced Cataract in Animal Models. There is a
large literature on laboratory animal studies of cataract induction
from individual components of space radiation (e.g., neutrons)
(Abrosimova et al., 2000; Ainsworth, 1986; Bateman and Bond,
1967; Christenberry et al., 1956; Laporte and Delaye, 1987;
Medvedovsky and Worgul, 1991; Merriam et al., 1984; Riley et al.,
1991; Ross et al., 1990; Worgul, 1986; Worgul et al., 1996),
high-energy particle beams such as protons (Lett et al., 1991),
helium ions (Abrosimova et al., 2000), carbon ions (Abrosimova
et al., 2000), neon ions (Abrosimova et al., 2000; Lett et al., 1980),
argon ions (Abrosimova et al., 2000; Lett et al., 1980; Merriam
et al., 1984; Worgul, 1986), and iron ions (Brenner et al., 1993;
Jose and Ainsworth, 1983; Lett et al., 1991; Medvedovsky et al.,
1994; Riley et al., 1991; Tao et al., 1994; Williams and Lett, 1994;
Worgul, 1986; Worgul et al., 1993). This large database indicated
an earlier appearance of cataracts, and at lower doses, than were
observed from x rays. There are reports of an LET-dependence for
cataract induction studies based on morphological endpoints in
mice with photons, x rays, and various heavy particle beams
with LET values <100 keV µm–1 (Yang and Ainsworth, 1987), but a
small change in RBE for cataract induction in mice is reported at
low doses (0.01 Gy) between argon ions at 88 keV µm–1 and iron
ions at 190 keV µm–1 (Brenner et al., 1993). Particle-induced
cataractogenesis studied in New Zealand white rabbits at 35 and
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90 keV µm–1 showed that the rate of development of the early
(acute) and intermediate (plateau) cataract stages increased with
the LET of the incident radiation, and for a given intermediate
level, the onset of late cataractogenesis occurred earlier the higher
the LET (Keng et al., 1982).

The work of Worgul et al. (1996) provides evidence of higher
RBE cataract induction in mice from neutrons, and from argon
or iron ions. at very low doses (2 to 250 mGy) of 430 keV neutrons.
More cataractogenesis studies with charged particle beams at very
low doses are needed to confirm the risk due to exposure to
very low-particle doses, and to investigate countermeasures.

Proton-induced cataractogenesis studies in nonhuman primates
by Niemer-Tucker et al. (1999) have evaluated late ophthalmologi-
cal complications after total body exposure. The data reveal
increased cataract indices and shorter latencies with increasing
dose from 0.31 to 7.5 Gy (Figure 6.5). Fedorenko et al. (1995) exam-
ined the dose-rate dependence of radiation induced lens opacities
in mice after 4 Gy of very high-energy (645 MeV) protons and dem-
onstrated dose rate sparing at 0.18 Gy min–1 versus 18 Gy min–1

(Figure 6.6). 

6.2.1.4 Genetic Susceptibility to Radiation-Induced Cataracts. An
important issue with regard to cataracts is the radiosensitivity or
genetic background of the exposed individual. There are radiosen-
sitive subsets of the human population represented by individuals
with cancer-prone phenotypes (Hall and Angele, 1999), presumably
due to inherent genetic deficiencies. One well-known but relatively
rare autosomal recessive disorder is ataxia telangiectasia (Lavin
and Shiloh, 1999). When there are mutations in both alleles of
the ataxia telangiectasia mutated (ATM) gene, these homozygous
individuals are radiosensitive. More commonly, 1 to 3 % of the
human population are thought to be ATM heterozygotes with
mutation in only one allele (ATM+/–). Although phenotypically
indistinguishable from the rest of the population, individuals het-
erozygous for the ATM gene may have an increased risk of cancer
(Bay et al., 1999; Broeks et al., 2000). Three clinical reports indi-
cate severe late radiation responses associated with defects in the
ATM gene. In prostate cancer patients, Hall et al. (1998) found an
association with the frequency of AT heterozygotes in 3 of 17
patients with severe late responses to radiation therapy compared
to control patients without significant mutations in the ATM gene.
In breast cancer patients there is conflicting evidence for this asso-
ciation. Iannuzzi et al. (2002) in a study of 46 early breast cancer
patients treated with limited surgery and radiotherapy found that
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possession of an AT mutation, particularly when two are present,
may be predictive of an increase in subcutaneous late tissue effects
after radiotherapy for breast cancer and may subsequently prove to
be a relative contraindication to standard management with radio-
therapy. In contrast, Bremer et al. (2003) collected DNA samples
from 1,100 unselected breast cancer patients receiving adjuvant
radiotherapy. Eleven patients were identified to be heterozygous
for a pathogenic ATM gene mutation. Ten patients had received at
least one course of radiotherapy. Median follow-up after completion
of radiotherapy was 5.1 y (range 1.7 to 7.2). There was no evidence
of increased radiation-induced early or late skin or subcutaneous
reactions in patients treated with linac-based radiotherapy. The
authors concluded that due to their increased cellular radiosensi-
tivity, these patients may differentially benefit from radiotherapy
and qualify for dose and volume reduction trials.

Two clinical reports indicate severe late radiation responses in
ataxia telangiectasia heterozygotes with ATM during and after

Fig. 6.5. Average cataract index as a function of time after exposure
(Niemer-Tucker et al., 1999). Data are summarized from TNO
(Netherlands Organization for Applied Scientific Research, Radiobio-
logical Institute, Riijswijk, The Netherlands), and from a USAF Study
[DEC (Delayed Effects Colony, USAF School of Aerospace Medicine,
Brooks Air Force Base, Texas)]. The scoring system used (average cataract
index) was the scoring system of Lett as published in Keng et al. (1982),
where a cataract index of two does not affect vision.
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cancer radiotherapy (Hall et al., 1998; Iannuzzi et al., 2002), when
compared to the cohort of control patients with mutations in
the ATM gene. Recently, results of radiation studies on ATM gene-
deficient mice have indicated that ATM heterozygous mice are
more sensitive to radiation-induced cataract than are their
wild-type counterparts (Worgul et al., 2002). Worgul et al. (2002)
found that the lenses of homozygous mice ATM-deficient were the
first to opacify at any given dose, and more importantly that cata-
racts appeared earlier in the heterozygous versus the wild-type
animals. It has been suggested that genetic screening of individu-
als for evidence of radiosensitive genes may become an important
future criteria for selection of candidates for missions beyond LEO.
However legal and ethical issues regarding the implementation of
such an idea need further evaluation.

6.2.2 Cancer

Extensive literature on radiation carcinogenesis has been
reviewed by the United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR, 2000). This Section briefly
summarizes what is known about carcinogenesis following expo-
sure to neutrons, gamma rays with a small neutron component,
protons, and heavy charged particles. Very little data exist on
human carcinogenesis from neutrons and charged particles, and

Fig. 6.6. Effect of dose rate on frequency of lens opacities in mice due
to exposure to high-energy protons (Fedorenko et al., 1995).
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the data that do exist are primarily from studies of secondary can-
cers in radiotherapy patients treated with these radiations. The
inherent limitations of epidemiology make it difficult to directly
quantify health risks from most radiotherapy and other medical
exposures (Sigurdson et al., 2002). While most epidemiological
data are compatible with linear extrapolations from exposures at
high doses or high dose rates of low-LET radiations down to low
doses, they cannot entirely exclude other possibilities (Ron, 1998).
There have been some attempts to estimate risks for fast neutrons
with regard to solid cancers from the data of the atomic-bomb sur-
vivors (Kellerer and Walsh, 2001), but the conclusions that can be
drawn are limited due to the deficiencies in available data. In addi-
tion, the neutron component is a small fraction of the total dose
(RERF, 2005).

With regard to chronic occupational exposures to conventional
low-LET radiations, to date there is no clear evidence of an
increased cancer risk in medical radiation workers exposed under
current occupational exposure (Yoshinaga et al., 2004). However,
there are indications of excess leukemia, breast and skin cancer
among technologists employed before 1950 when doses are
assumed to have been higher than current levels (Mohan et al.,
2003; Sigurdson et al., 2003). Analysis of the mortality experience
among U.S. nuclear power industry workers after chronic low dose
exposure to ionizing radiation displays a very substantial healthy
worker effect, with a considerably lower cancer and noncancer mor-
tality than the general population (Howe et al., 2004). Previous
reports on the effects of low doses and low dose rates of external
ionizing radiation and cancer mortality among nuclear workers in
the United States (Gilbert et al., 1993), and in nuclear workers of
the United States, United Kingdom, and Canada (Cardis et al.,
1995) showed no evidence of an association between low-radiation
dose and mortality from all causes or from all cancers. Epidemio-
logical evaluation of cosmic radiation exposure and mortality or
cancer risk among European airline flight crews (designated as
radiation workers since 1996) have also not reported a clear cause-
and effect-relationship between risk of any site-specific cancer and
occupational exposure as a pilot or flight attendant (Langner et al.,
2004; Sigurdson and Ron, 2004; Zeeb et al., 2003).

Therefore, for high-LET radiation the current situation is lim-
ited to extrapolating high-LET cancer risks to man from nonhu-
man experimental systems. This topic was recently reviewed in
NCRP Report No. 150 (NCRP, 2005), where it was concluded that
the animal data has provided information for the estimate of qual-
ity factors. Neutron results may also provide predictions of similar
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risks from heavy-ion exposures in space flight. However, the very
limited animal studies of adverse health effects from heavy-ion
exposures warrant more research to validate the predictive poten-
tial of neutrons. There appears to be a RBEmax for experimental
study of heavy-ion induction of Harderian gland tumors and it is
comparable to that of the RBE for fission neutrons (Fry et al.,
1983). If the RBE for fission neutrons is comparable to the RBE for
heavy ions, perhaps the relative effects of heavy ions could be pre-
dicted from the effects of fission neutrons. Unfortunately, there are
only limited data from studies of nonhuman experimental systems
at low fluences from which to estimate the late effects of chronic
exposures of high-LET radiations with confidence (Cucinotta et al.,
2004). Recent rodent tumorigenesis data from studies with protons,
iron ions, or protons and iron ions suggest that mean LETs of the
primary cosmic rays may be insufficient to accurately evaluate
the relative risks of each type of particle radiation in a field of
mixed radiation qualities (Dicello et al., 2004).

6.2.2.1 Neutron Carcinogenesis. Neutrons are not a primary radi-
ation in space, but rather a secondary radiation produced by the
interaction of other radiations with matter. There is a wide range
of neutron energies possible in these secondary radiation fields.
Absorbed doses of secondary neutrons from GCR inside Mir and
using the material of the ISS have been measured (Getselev et al.,
2004). The neutron fluence rates in Mir covered the energy range
from 0.1 to 500 MeV. Austrian measurements onboard Mir indicate
neutron dose-equivalent rates between 31 to 41 µSv d–1. The most
biologically effective neutron energy range for experimental end-
points examined is between 0.2 to 0.5 MeV (Geard, 1996; ICRU,
1988; Schmid et al., 2003). However, there are not sufficient data
for the appropriate neutron energies in space to estimate their risk.
It would be reasonable to assume that the RBE for such neutrons
would be significantly less than for fission neutrons.

6.2.2.2 Cancer Risk from Protons and Heavy Ions. The data for the
induction of cancer in humans by protons or heavy ions is insuffi-
cient for the estimation of risks. Both ICRP (1991) and NCRP
(1993) considered the radiation weighting factor (wR) for protons to
be greater than low-LET radiations for radiation protection pur-
poses. ICRP (1991) chose a value of five, NCRP (1993) chose a value
of two, with ICRP (2003) later also recommending a value of two.
Based on second cancers in patients treated with protons,
Schneider et al. (2002) concluded that the risk of cancer was
comparable for protons and photons. Therefore, it is still important
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to decide what the appropriate wR for protons is even though the
difference between one and two is small. Joseph R. Castro10

reported a 0.7 % (3/425) secondary tumor incidence among 425
patients treated with helium ions with a 24 to 200 month follow-up
(mean of 64 months). In a much smaller study of 92 patients
treated with neon ions and a follow-up of 24 to 173 months (mean
of 67 months), Castro found a secondary tumor incidence of 2.2 %
(2/92). The sample size of both patient cohorts is inadequate for sta-
tistical analyses to allow conclusions other than noting a trend.
Further analyses of data from radiotherapy patients in numerous
proton facilities worldwide, and carbon ion patients treated in
Japan and Germany should be helpful in estimating the wR for pro-
tons and heavy ions.

6.2.2.3 Breast Cancer Risk Due to Atomic-Bomb Exposure. A
recent updated incidence survey of breast cancer found in the Life
Span Study (LSS) population confirms the finding of a linear and
highly statistically significant radiation dose response (Land et al.,
2003a). Figure 6.7 presents the estimated relative risk with 90 %
confidence limits by mean estimated equivalent dose (wR = 10) to
breast tissue for consecutive dose intervals and fitted linear dose-
response model stratified on city, age at the time of the bombings,
attained age, and calendar time. Figure 6.8 presents the estimated
excess relative risk (ERR) for female breast cancer per sievert by
interval of attained age with fitted model (Tokunaga et al., 1994):

(6.1)

where HT is the equivalent dose in sieverts (wR = 10) and A is
attained age. The total number of cases is given above the upper
confidence limit for each interval of attained age. A much lower, but
marginally significant dose response was seen among women
exposed at 40 y and older. Data such as these led to recommenda-
tions for gender and age differences in dose limits for space activi-
ties because the overall risks per unit dose for women are higher
than for men, due to the greater probability of women developing
some radiation-induced cancers, such as breast cancer (NCRP,
1989; 2000). As more epidemiological data become available from
irradiated cohorts, there may be other tissues of the body vulnera-
ble to radiation-induced cancer that may also restrict future career

10Castro, J.R. (2005). Personal communication (Lawrence Berkeley
National Laboratory, Berkeley, California).
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Fig. 6.7. Estimated relative risk of breast cancer, with 90 % confidence limits,
by exposure status and equivalent dose in breast tissue, with fitted linear dose
response for exposed subjects with dose estimates. All ages combined. The dashed
lines indicate the 90 % confidence interval for the complete data set. The error
bars are one standard deviation at each dose interval (NIC = not in city) (Land
et al., 2003a).

Fig. 6.8. Estimated ERR per sievert, by interval of age at the time of the
bombings (ATB) (0 to 9, 10 to 19, 20 to 29, 30 to 39, 40 to 49, and ≥50) (see
Equation 6.1). Estimates and 90 % confidence limits stratified on city, age ATB,
attained age and period. Total number of cases appears above the upper
confidence limit for each interval of age ATB (Tokunaga et al., 1994).
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limits (Land, 1988). Recent changes in atomic-bomb survivor
dosimetry have not significantly altered solid cancer mortality risk
(Preston et al., 2004), but do indicate that it will be virtually impos-
sible to make useful inference about the effects of neutron exposure
on the cancer risk directly from the LSS data (Preston et al., 2004).

6.2.2.4 Radiation-Induced Brain Tumors. Experimental studies in
laboratory animals (rats, monkeys and dogs) have examined the
carcinogenic potential of charged-particle irradiation of the brain
and found relatively high rates of tumor induction in the brain.
This has not been seen in human clinical trials with charged-
particle beams of protons, or carbon ions, and it is not known what
species- or radiation-specific differences exist. Tumors of the brain
and nervous system after conventional radiotherapy in childhood
have been reported by Ron et al. (1988). Brain tumor inductions
similar to those seen in laboratory animals with charged particles
have been seen in humans after conventional radiotherapy (Cavin
et al., 1990).

A very high incidence of pituitary tumors was found in 28 d old
Long-Evans rats irradiated with deuterons (Van Dyke et al., 1959).
All rats receiving doses of 13.6 Gy to the pituitary were found to
have tumors at 2 y, many with two or three microtumors per gland.
These rats have a high spontaneous incidence of pituitary tumors.
Brain tumor-induction by short range (2.5 cm in unit density mate-
rial) 55 MeV protons in Rhesus monkeys has also been reported
(Dalrymple et al., 1994; Haymaker et al., 1972; Wood et al., 1986).
In the Dalrymple study, 9 out of 72 monkeys who were adolescent at
the time of exposure to 55 MeV proton doses of 4 to 8 Gy, developed
grade IV astrocytoma or glioblastoma multiforme over a period of
14 months to 20 y after exposure. The monkeys were rotated during
exposure, with the doses possibly being three to four times greater
than the nominal surface dose of 4 to 8 Gy. The median latent period
was 5 y. In the earlier Haymaker study, 21 monkeys received proton
exposures (55 to 400 MeV), or x-ray exposures (2 MeV) ranging in
dose from 2 to 8 Gy with the incidence of malignant glioma being
14 % among the animals that died 2 to 7 y after the exposure.

The monkey studies triggered a follow-up study with Fischer-
344 rats irradiated with doses  of 0 to 8.5 Gy of 55 MeV protons
(Wood et al., 1994). A 2 y follow-up study revealed a linear dose-
response for total head and neck tumor incidence. The exposed rats
had a greater incidence of pituitary chromophobe adenomas and
epithelial and mesothelial cell tumors than the unexposed controls,
but the occurrence of malignant gliomas that was observed in the
monkeys was absent in the rats. Experiments such as these suggest
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that the induction of tumors by radiation is related to inherent sus-
ceptibility, and since the results are strain- and species-dependent,
such results may not be useful for extrapolation of risks to humans.

Recent analysis of the LSS of the atomic-bomb survivors
has demonstrated a significant dose-related excess of tumors of
the CNS and the pituitary gland (Yonehara et al., 2004). Most
of the individuals were estimated to have received brain doses of
<100 mSv, and a significant number had brain doses of <5 mSv.
Mengingoma was the most common tumor among clinically diag-
nosed tumors, followed by neuroepithelial tumor, schwannoma,
and pituitary tumor. The overall incidence of these tumors
increased initially with age, but declined among the elderly. For all
age groups and for both genders, incidence increased over time.
Meningiomas were more prevalent than neuroepithelial tumors in
this Japanese population, but the characteristics of the tumors
were consistent with being spontaneous. Yonehara et al. (2004)
concluded that the increased incidence of CNS and pituitary
tumors is likely attributable to the increased use of new diagnostic
imaging techniques.

Estimates of charged particle integral fluences at the center of
the human brain anticipated during space flight have been made
by Craven and Rycroft (1994). They estimated absorbed dose rates
for three scenarios: outside the magnetosphere without shielding,
in polar orbit, and in the ISS orbit to be: 3, 1 and 0.3 mGy y–1,
respectively, corresponding to dose equivalent rates of 80, 25 and
8 mSv y–1, and decreasing by roughly a factor of two behind
10 g cm–2 of aluminum. They concluded that behind 10 g cm–2 of
aluminum, 3.4, 1.3, and 0.5 % of cell nuclei at the center of the
brain will be traversed. In a similar approach, Curtis and col-
leagues (Curtis and Letaw, 1989; Curtis et al., 1998; 2000) made
estimates of particle fluences and cell-hit frequencies for travel
outside the magnetosphere during solar minimum as well as solar
maximum. They concluded that for a 3 y mission to Mars at solar
minimum (assuming the 1977 spectrum of GCR), 2 or 13 % of the
critical sites of cells in the CNS would be directly hit at least once,
by iron ions, depending on whether 60 m2 or 471 m2 is assumed as
the critical cross-sectional area. They estimated that roughly 6 mil-
lion out of some 43 million hippocampal cells and 55 thousand out
of 1.8 million thalamus cell nuclei would be directly hit by iron ions
at least once on such a mission for space travelers inside a simple
pressure vessel, and that roughly 20 million out of 43 million
hippocampal cells and 230 thousand out of 1.8 million thalamus
cell nuclei would be directly hit by one or more particles with Z > 15
on such a mission.
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6.2.2.5 Particle-Radiation-Induced Harderian Gland Tumors. For
a long time the murine Harderian gland model and the rat skin
(Burns and Albert, 1980) provided the only experimental animal
radiation-induced tumor data in vivo available allowing a compar-
ison of the effects of different particle beams. The Harderian gland
lies behind the murine eye, but is not present in humans. Fry et al.
(1983) reported RBE values of ~30 for induction of Harderian gland
tumors by argon and iron ion beams, and lower RBE values with
radiation beams of lower LET. Alpen et al. (1994) extended the
study to include protons, niobium and lanthanum ions, as well as
iron, neon and helium ions and 60Co photons, extending the LET
values up to 953 keV µm–1 (Figure 6.9). The results indicated that
the RBE-LET relationship did indeed reach a plateau at ~100 to
200 keV µm–1, and unlike the data for cell killing and mutations,
did not decrease steeply at higher-LET values. An analysis of
the Harderian tumor data using particle fluence rather than
dose allowed a calculation of a risk coefficient that is a monotonic
function of LET for the particles studied (Curtis et al., 1992). It was

Fig. 6.9. Harderian gland tumor prevalence expressed as proportion of
mice with tumors, plotted against the particle fluence. The abbreviation
for the name of the ion is adjacent to the appropriate curve and the energy
and LET of each ion are listed in the insert box (Alpen et al., 1993).
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suggested that fluence-based risk coefficients for estimating the
risk of cancer from exposure to radiations in space be used. This
concept of a risk cross section or risk per particle fluence was fur-
ther examined by Curtis who derived human cancer risk cross sec-
tions for low-LET radiation from the data with this approach from
the atomic-bomb survivors (Curtis et al., 1995) (Figure 6.10). Both
the fluence-based and microdosimetry event-based methodologies
provide a way of dealing with the major objection to the conven-
tional system: using LET alone as a universal physical descriptor
of the radiation field to determine the biological effect. The fluence-
based system allows for different values of the risk cross section for
different particle types that have the same LET. This work led to
NCRP Report No. 137 (NCRP, 2001a) which compared the conven-
tional method of estimating risk from a mixed radiation field of
low- and high-LET components with fluence- and event-related
methodologies using risk cross section and a specific quality func-
tion. The result of the analysis where each of the approaches was
applied to the same idealized shielding situation in space revealed
that under the specified conditions the differences in the risk cal-
culated by each method was less than a factor of two. In this NCRP
Report it was concluded that when more fluence-based data become
available and dosimetric techniques are refined, then the approach
should be revisited. However, at this time, radiation risk estimates

Fig. 6.10. The cancer risk cross sections for stomach (— — —), colon
and lung (– – –), bone marrow (— - —), bladder and esophagus (— ••• —),
breast (••••••), and total (———) as a function of LET (Curtis et al., 1995).
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and radiation protection for work in space should continue to
be based on the concepts of absorbed dose, quality factor, and
dose equivalent (NCRP, 2001a). For these purposes, the organ dose
equivalents should be estimated by averaging over the dose equiv-
alents at representative points throughout each of the organs of
interest and using Q(L) defined by ICRU (1993) and NCRP (1993).

6.2.2.6 Particle-Induced Skin Tumors. Particle beam induction of
rat skin tumors has been investigated (Burns and Albert, 1980;
Burns et al., 1978; 1999; 2001; Heimbach et al., 1969). Figure 6.11
is a composite plot of the dose response for malignant and benign
tumor induction at 1 y after exposure to 56Fe, 20Ne, or 40Ar showing
dose- and time-course differences in the yield depending on the
particle. The effect of the 250 ppm dietary vitamin-A acetate on
tumor induction was equivalent to lowering the 56Fe LET effect to
approximately that of neon ions. The antioxidant vitamins served
as a countermeasure to the tumor induction, and this result is
consistent with reports of vitamin mitigation of both11UV- (Ayala
and Soderberg, 2004) and ionizing radiation-induced cataract

11Burns, F.J. (2005). Personal communication (New York University
School of Medicine, Tuxedo, New York).

Fig. 6.11. Dose response for tumor induction for iron, argon and neon
ions.11
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(Karslioglu et al., 2004). The yield of skin fibromas as a function of
time for a single 3 Gy fraction of 56Fe ion radiation versus four frac-
tions of the same radiation. and total absorbed dose delivered over
a 10 d interval (a minimum of 2 d between fractions) has also
shown that there are no significant differences in the single or frac-
tionated dose regime. 

6.2.2.7 Particle-Induced Mammary Tumors. The risk of mammary
carcinomas in a Sprague-Dawley rat model irradiated whole-body
with energetic iron ions, photons, or iron ions and photons at 60 d
of age and followed to death in a series of three studies have been
investigated by Dicello et al. (2004). The animals were continu-
ously monitored for all disease and effects from the radiations
and major tissues and tumors were archived. In the second part of
the study reported separately, half of all animals were given
Tamoxifen® (Bristol Myers Squibb Company, Princeton, New Jer-
sey) to investigate the potential of this drug that is known to reduce
the risk of mammary carcinomas. Figure 6.12 from the first study
completed illustrates cumulative excess lifetime incidence of mam-
mary tumors (both adenocarcinomas and benign fibro-adenomas)
as a function of dose for photon-, proton- and iron-irradiated rats.
The data suggest that iron ions are more efficient in inducing mam-
mary tumors at lower doses in a nearly linear response up to 0.5 Gy
with decreasing effects at higher doses, and reaching a maximum
value nearly the same as that observed for animals irradiated with
photons or protons. The curves for all three irradiated populations
level at ~30 % excess incidence but in a different dose-dependent
manner. Because of the high natural incidence of breast cancer in
this animal model, the reduced slope of the data at higher doses for
iron-irradiated animals is associated with the reduced population
at risk and the increased risk of other lethal diseases was noted.
Protons (250 MeV) were also apparently more effective than 60Co-
gamma rays.

6.2.2.8 Cancer Countermeasures. Kerwin and Seddon (2002)
reported on eating in space from an astronaut’s perspective. The
goal of their work was to generate a diet that meets astronaut’s
nutrient requirements and satiates them. However, nutritional
intervention is potentially a way to reduce some radiation risks, as
well as the catabolic effects of prolonged inactivity and acute
hypercortisolemia in microgravity (Paddon- Jones et al., 2005), and
disruption of neurobehavioral functions (Rabin, 1982). Chemopre-
vention of cancers by antioxidant vitamins or Tamoxifen® has been
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mentioned above, but several other food or nutritional supplements
have been shown to partially prevent the dose-dependent decrease
in the serum or plasma levels of total antioxidants in animals
exposed to alpha rays, protons, or HZE particles (Guan et al., 2004)
and may affect cancer susceptibility (Weiss and Landauer, 2003).
Some of those included in a review by Turner et al. (2002), include
zinc (Leccia et al., 1999), selenomethionine (Kennedy et al., 2004),
polyphenols (Parshad et al., 1998), thiols (Machlin and Bendich,
1987), fatty acids (Chang et al., 1998), yellow-green vegetables or
fruits (Nagano et al., 2000), curcumin (Inano et al., 2000), restric-
ted intake (Frame et al., 1998), or niacin-NAD (nicoinamide adeno-
sine dinucleotide) (Gensler et al., 1999).

6.2.3 Central and Peripheral Nervous System

The possibility of radiation-induced effects on the CNS, espe-
cially by heavy ions is of concern. There are not sufficient data on
the threshold doses for effects on the functions of the CNS despite
a considerable number of relevant studies (Nelson and Tofilon,
2000), especially with regard to late radiation damage and its rela-
tionship to aging.

Fig. 6.12. Cumulative excess lifetime incidence of mammary tumors
as a function of dose for photon-, proton- and iron-irradiated rats (Dicello
et al., 2004).
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CNS consists of neurons differing markedly in size and number
per unit area. There are several nuclei or centers that consist of
closely packed neuron cell bodies (e.g., the respiratory and cardiac
centers in the floor of the fourth ventricle). In the cerebral cortex
the large neuron cell bodies, such as Betz cells, are separated by a
considerable distance. Of additional importance are the neuroglia,
which are the supporting cells and consist of astrocytes, oligoden-
droglia, and microglia. These cells permeate and support the ner-
vous tissue of the CNS, binding it together like a scaffold that also
supports the vasculature. The most numerous of the neuroglia are
Type I astrocytes, which make up about half the brain, greatly out-
numbering the neurons. Neuroglia retain the capability of cell divi-
sion in contrast to neurons and, therefore, the responses to
radiation differ between the cell types. A third type of tissue in the
brain is the vasculature which exhibits a comparable vulnerability
for radiation damage to that found elsewhere in the body (Reinhold
and Hopewell, 1980). Radiation-induced damage to oligodendro-
cytes and endothelial cells of the vasculature accounts for major
aspects of the pathogenesis of brain damage that can occur after
high doses of low-LET radiation.

6.2.3.1 Low Linear Energy Transfer Radiation Effects on the Brain
and Spinal Cord. The CNS was previously considered a relatively
radioresistant organ. The effects of high doses of low-LET radiation
on the CNS are known reasonably well. The tolerance dose
for early brain complications in adults usually does not develop if
daily fractions of 2 Gy or less are administered with a total of up to
50 Gy, depending primarily on the volume irradiated, and second-
arily on anatomical location in the human brain (Fabrikant
et al., 1989; Kramer et al., 1972; Schultheiss et al., 1995). Neu-
rocognitive effects are observed, however, at low doses (Schultheiss
et al., 1995). Detailed information on the radiation tolerance of
the human brain has been obtained from the localized use of pro-
tons and other charged particle beams for treatment of pituitary
tumors (Kjellberg and Kliman, 1979; Linfoot, 1979), hormone-
responsive metastatic mammary carcinoma (Tobias, 1979), brain
tumors (Castro et al., 1985; Suit et al., 1982a), and intracranial
arteriovenous malformations and other cerebrovascular diseases
(Fabrikant et al., 1984; 1985; 1989; Kjellberg et al., 1983; Levy
et al., 1989; Steinberg et al., 1990).

Mizumatsu et al. (2003) report extreme sensitivity of neurogen-
esis in adult mice to low doses of x rays. The pathogenesis of
long-recognized radiation-induced cognitive injury is unknown, but
may involve loss of neural precursor cells from the subgranular
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zone (SGZ) of the hippocampal dentate gyrus and alterations in
neurogenesis. Forty-eight hours after irradiation (2 to 10 Gy)
proliferating neural precursor cells from the SGZ of the hippocam-
pal dentate gyrus of the rat brain were reduced by 93 to 96 %
and immature neurons were decreased by 40 to 60 % in a dose-
dependent fashion (Figure 6.13). Not only is hippocampal neuro-
genesis ablated, but the remaining neural precursors adopt glial
fates and transplants of nonirradiated rat neural precursor cells
fail to differentiate into neurons in the irradiated hippocampus
(Monje and Palmer, 2003). The inhibition of neurogenesis is accom-
panied by marked alterations in the neurogenic microenvironment,
including disruption of the angiogenesis associated with adult
neurogenesis and a marked increase in the number and activation
status of microglia within the neurogenic zone. Cells in the dentate
SGZ undergo dose-dependent apoptosis after low to moderate doses
of x rays, and the production of new neurons in young adult male
mice is reported to be significantly reduced by relatively low doses
of x rays, with the change being dose dependent (Mizumatsu et al.,
2003) (Figure 6.14). In contrast there were no apparent effects
on the production of new astrocytes or oligodendrocytes. Measures
of activated microglia indicated that changes in neurogenesis

Fig. 6.13. Numbers of proliferating cells (left panel) and immature
neurons (right panel) in the dentate SGZ are significantly decreased 48 h
after irradiation. Antibodies against Ki-67 and Dcx were used to detect
proliferating cells and immature neurons, respectively. Doses from 2
to 10 Gy significantly (p < 0.05) reduced the numbers of proliferating
cells. Immature neurons were also reduced in a dose-dependent fashion
(p < 0.001). Each bar represents an average of four animals; error bars,
standard error (Mizumatsu et al., 2003).
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were associated with a significant dose-dependent inflammatory
response even two months after irradiation. Countermeasures for
these effects may involve replacement of the neural progenitor cell
population, as well as drug-based manipulation of microenviron-
mental factors regulating microglial inflammation (Monje et al.,
2003). Since there is a relationship emerging between hippocampal
neurogenesis and associated memory formation, these studies
suggest that precursor cell radiation response and altered neuro-
genesis may play a contributory if not causative role in radiation-
induced cognitive impairment. Adult rat neural precursor cells
from the hippocampus have demonstrated an acute dose-dependent
apoptosis accompanied by an increase in reactive oxygen species
(ROS) that persisted over a three to four week period (Limoli et al.,

Fig. 6.14. Cells in the dentate SGZ undergo dose-dependent apoptosis
after low to moderate doses of x rays. Apoptosis was quantified based on
TUNEL (terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labeling) labeling and morphological changes in
irradiated cells in the SGZ regardless of cell type 12 h after irradiation.
The steepest part of the response curve was dominated by loss of actively
proliferating cells, whereas the shallower slope, >2 Gy, largely represented
the response of immature neurons. Each datum point represents a mean
of four to seven mice; error bars, standard error (Mizumatsu et al., 2003).
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2004). Relative ROS levels were increased at nearly all doses (1 to
10 Gy) of Bragg-peak 250 MeV protons at postirradiation times
(6 to 24 h) compared to unirradiated controls (Giedzinski et al.,
2005). The increase in ROS after proton irradiation was more rapid
than that observed with x rays and showed a well-defined dose
response at 6 and 24 h, increasing ~10 and 3 % Gy–1, respectively.
However, by 48 h postirradiation, ROS levels fell below controls and
coincided with minor reductions in mitochondrial content. Use of
the antioxidant alpha-lipoic acid (before or after irradiation) was
shown to eliminate the radiation-induced rise in ROS levels. These
results corroborate the earlier studies using x rays and provide fur-
ther evidence that elevated ROS are integral to the radioresponse
of neural precursor cells. Similar studies on the effects of space
radiations on adult neurogenesis are needed. Studies of particle
beam effects on in vitro neurogenesis are in progress and may also
provide new information (Section 6.2.4.5).

6.2.3.2 High Linear Energy Transfer Radiation Effects on the
Spinal Cord and Brain. Rat spinal cord radiation tolerance studies
have also been completed with high doses of helium-, carbon-,
neon-, and silicon ion beams (Leith et al., 1975a; 1975b; 1977;
1982a; Okada et al., 1998; Rodriguez et al., 1987; 1991); cellular
changes, degeneration, paralysis and necrosis have been reported.
Figure 6.15 illustrates the dose-effect response of the rat spinal
cord to single and fractionated doses of helium ions, which
show dose-sparing similar to other low-LET radiations. This
implies that despite the sparseness of the fractionated data for
the helium beams, there appears to be a reduced sparing effect with
charged-particle radiation as the number of fractions was increased
and the dose per fraction decreased (Rodriguez et al., 1991). This
results in increased RBE values for the heavier charged particle
beams (Table 6.1). A recent study using high-precision proton irra-
diation of relatively high doses to 20 mm sections of cord reported
regional differences in radiosensitivity across the rat cervical spi-
nal cord (Bijl et al., 2005). The results indicated, based on histology,
that the lateral white matter is more radiosensitive than the cen-
tral part of the white matter. The gray matter is highly resistant to
radiation with no lesions observable in histology after 80 Gy.

 Biochemical assessment of charged-particle radiation damage
on rat spinal cord at 1 y after fractionated exposure to x rays,
carbon and neon ions (Leith et al., 1982a) showed no correlation
between the activity of alkaline phosphatase, an endothelial cell
marker, and dose or radiation modality; activities of cyclic nucle-
otide phosphatase (CNP), and gamma-glutamyl transpeptidase
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(GGTP), however both showed a dose- and LET-dependence (CNP
increased and GGTP decreased with dose). The GGTP data seemed
to correlate to the ED50 data more closely than did the CNP data.
The reduced GGTP data may reflect depletion of vascular endothe-
lium, whereas increased CNP activity may reflect compensating
increased myelin synthesis by oligodendrocytes (Rodriguez et al.,
1991). Radiation damage by these enzyme endpoints could not be
detected in the dose region below the threshold for paralysis.

Whereas the vasculature and the oligodendrocyte lineage have
traditionally been considered the primary radiation targets in the
CNS, recently it has been suggested that other phenotypes as
well as critical cellular interactions may also be involved in deter-
mining the radioresponse of the CNS (Tofilon and Fike, 2000).
These authors suggested that evidence is accumulating that
in addition to acute cell death, radiation induces an intrinsic
recovery/repair response in the form of specific cytokines and may
initiate secondary reactive processes that result in the generation
of persistent oxidative stress. These effects are discussed under
Section 6.3.10.2.2

To address the hypothesis that the pathogenesis of heavy-ion
particle radiations in space could impact the SGZ, a recent study
irradiated female mice whole body with 1 GeV n–1 iron ion beams
in a single dose of 0, 1, 2 or 3 Gy (Rola et al., 2004). Two months
later mice were injected with bromodeoxyuridine (BrdU) to label
proliferating cells. When the histology of the irradiated SGZ was

Fig. 6.15. Dose effect response of the rat spinal cord response to single
(SD) and fractionated (F) doses of helium ions (Rodriguez et al., 1991).
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TABLE 6.1—Summary of rat spinal cord response after charged particle irradiation (Rodriguez et al., 1991). 

Ion
Energy

(MeV n–1)
Position

LET
(keV µm–1)

Number of 
Fractions

ED50 (Gy) RBE

Heliuma 228 Plateau and distal peak 1.8 SDb 22.7 – 23.8 1.07

Peak (4 cm)

Heliumc 228 Plateau 1.8 SDb 21.5 0.97

2 FX 31.5 –

4 FX 45 –

8 FX 57 –

16 FX 75.9

Carbond 400 Plateau 10 SDb 17.9 1.45

4 FX 37.5 1.31

Mid-peak (4 cm) 70 SDb 17.5 1.48

4 FX 25.1 1.95

Neonb 670 Plateau 25 SDb 16.4 1.31

4 FX 32.6 1.38

8 FX 39.7 1.44

Distal peak (4 cm) 150 SDb 15.2 1.41

4 FX 23.1 1.95

8 FX <30.5 >1.95
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Neond 400 Plateau 35 SDb 17.5 1.46

4 FX 27.2 1.80

Mid-peak 130 SDb 13.8 1.86

4 FX 22.5 2.18

Neond 375 Plateau 33 SDb 17.8 1.30

Silicone 670 Plateau 50 SDb 11.3 1.90
aSteinberg et al. (1990).
bSD = single dose; FX = fractions.
cLeith et al. (1982b).
dLeith et al. (1975a; 1981a).
eRodriquez, A. Personal communication (Lawrence Berkeley Laboratory, University of California, Berkeley).
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compared to the unirradiated controls, irradiated mice showed pro-
gressively fewer BrdU-positive cells as a function of dose. The prog-
eny of the proliferating SGZ cells were visualized by doublecortin
staining and were significantly reduced by irradiation. Histopa-
thology indicated that the 56Fe ions induced a chronic and diffuse
astrocytosis and changes in pyramidal neurons in and around the
hippocampal formation. This is the first evidence that high-LET
radiation has deleterious effects on cells associated with hippocam-
pal neurogenesis, and the work has been confirmed by Casadesus
et al. (2005) who noted that these changes are consistent with those
found in aged subjects, indicating that heavy-particle irradiation is
a possible model for the study of aging.

This was followed up in 2005 with carbon ion studies (Rola
et al., 2005). Mice were irradiated with 1 to 3 Gy of 12C or 56Fe ions
and nine months later proliferating cells and immature neurons in
the dentate SGZ were quantified. The results showed that reduc-
tions in these cells were dependent on the dose and LET. When
compared with data for mice that were studied three months after
56Fe-particle irradiation, the second study suggested that these
changes are not only persistent but may worsen with time. Loss of
precursor cells was also associated with altered neurogenesis and
a robust inflammatory response. These results indicate that high-
LET radiation has a significant and long-lasting effect on the neu-
rogenic population in the hippocampus that involves cell loss and
changes in the microenvironment.

6.2.3.3 Radiation-Induced Neurocognitive Effects. Radiotherapy
applied to the CNS can cause neurological complications. These
effects generally follow from extremely high doses below the
threshold for necrosis, but also occasionally from relatively low
doses (Goldberg et al., 1982; Keime-Guibert et al., 1998). There
are three reports of loss of neurocognitive function in adulthood
following brain irradiation of pediatric patients for tinea capitis
(Ron et al., 1982; Yaar et al., 1982), or for cutaneous hemangioma
(Hall et al., 2004). All three reports indicated that compared to
unirradiated control subjects, low doses of ionizing radiation (25 to
130 cGy) to the brain in infancy or childhood influence cognitive
abilities in adulthood assessed by a number of different indicators
such as electroencephalogram tracings, scores on scholastic apti-
tude, intelligent quotients, psychologic tests, number of school
grades completed or their risk for mental hospital admissions for
certain disease categories. Over 11,000 irradiated children were
studied in the largest study and they were compared to two nonir-
radiated tinea-free comparison groups that included either ethnic-,
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sex- and age-matched individuals from the general population or
siblings. While not all differences were statistically significant,
there was a consistent trend for the irradiated subjects to exhibit
signs of CNS impairment more often than either comparison group.
Dementia has been reported following treatment of adult-brain
tumors with radiotherapy administered alone or in combination
with nitrosourea-based chemotherapy (Vigliani et al., 1999). In a
retrospective clinical and pathological study of four patients
who developed the syndrome of radiation-induced dementia, all
patients were screened for a history of supratentorial irradiation,
no evidence of symptomatic recurrent tumor, and no other cause of
progressive cerebral dysfunction and dementia. The clinical picture
after a course of cerebral conventional radiotherapy consisted of a
progressive subcortical dementia occurring 3 to 12 months after
a course of cerebral radiotherapy. Examination revealed early
bilateral corticospinal tract involvement in all patients and dopa-
resistant Parkinsonian syndrome in two. On computed tomography
(CT) scan and magnetic resonance image (MRI) of the brain, the
main features consisted of progressive enlargement of the ventri-
cles associated with a diffuse hypodensity on CT, or a hyperinten-
sity on MRI of the white matter best seen at T2-weighted images
on MRI. The course was progressive over 8 to 48 months in three
patients while one patient had stabilization of his condition for
~28 y. Treatment with corticosteroids or shunting did not produce
sustained improvement and all patients eventually died. Patholog-
ical examination revealed diffuse white matter pallor with sparing
of the arcuate fibers in all patients.

Despite a common pattern on gross examination, microscopic
studies revealed a variety of lesions that took two basic forms: (1) a
diffuse axonal and myelin loss in the white matter associated
with tissue necrosis, particularly multiple small foci of necrosis
disseminated in the white matter which appeared different from
the usual radionecrosis; and (2) diffuse spongiosis of the white mat-
ter characterized by the presence of vacuoles that displaced the
normally-stained myelin sheets and axons. Despite a rather stereo-
typed clinical and radiological course, the pathological substratum
of radiation-induced dementia is not uniform. Whether the differ-
ent types of white matter lesions represent the spectrum of a single
pathological process or indicate that the pathogenesis of this
syndrome is multifactorial with different target cells, remains to be
seen (Vigliani et al., 1999).

In another study on 12 patients who developed delayed compli-
cations of whole-brain radiotherapy, that was given as sole treat-
ment (four patients) or in combination with surgical resection
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(eight patients) (De Angelis et al., 1989), it was reported that
within 5 to 36 months (median, 14 months) all patients developed
progressive dementia, ataxia, and urinary incontinence causing
severe disability in all and leading to death in 7 of the 12. No
patient had tumor recurrence when neurologic symptoms began.
Cortical atrophy and hypodense white matter were identified by
CT in all. Contrast-enhancing lesions were seen in three patients;
two of the lesions yielded radionecrosis on biopsy. Autopsies on two
patients revealed diffuse chronic edema of the hemispheric white
matter in the absence of tumor recurrence. Corticosteroids and
ventriculoperitoneal shunt offered significant but incomplete
improvement in some patients. The total dose of whole-brain radio-
therapy was 25 to 39 Gy, with daily fractions of 3 to 6 Gy being
employed. It may be that these fractionation schedules, several of
which are used commonly, predispose to delayed neurologic toxicity,
and that more protracted schedules might lead to safer and effica-
cious treatment of good-risk patients with brain metastases. The
incidence of whole-brain-induced dementia was only 1.9 % when
radiotherapy was the sole treatment and was 5.1 % when given in
combination with surgical resection.

6.2.3.4 Radiation Effects on Retina. An important unanswered
question is whether neurons traversed by HZE particles and which
survive, will develop changes as a late consequence of the damage
they incurred. This question has been addressed using retinal pho-
toreceptors, rods, as a surrogate for neurons in the CNS. There are
several clinical reports of late retinal complications of conventional
and proton radiation therapy for cancer therapy (Boozalis et al.,
1987; Gordon et al.,1995; Takeda et al., 1999). The mechanisms
responsible for late radiation effects to most tissues are unknown,
but have long been thought to involve damage to the vessels, par-
ticularly to endothelial cells as a primary cause, since increased
radiation dose to the optic nerve correlates with smaller numbers
of endothelial cells (Levin et al., 2000). Retinal photoreceptor cell
loss has also been reported (Cibis et al., 1955; Gragoudas et al.,
1979), and the risk of neuropathy and maculopathy is reported
to be enhanced among those with underlying vascular disorders
(Gragoudas et al., 1999).

The retinas of primates exposed to 16O ion beams have been
examined by Bonney et al. (1974). Color photographs of the fundus
and fluorescein angiograms were taken of the retinas prior to irra-
diation and up to five weeks postexposure. Animals were sacrificed
at post-exposure intervals for histopathologic examination of the
retinas. A series of animals were exposed to 200 kVp x rays and
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examined on the same regime as the first series. The results indi-
cate that 16O ions had a higher quality factor than x rays, and a
marked compression of the latency between exposure and onset of
the retinal pathology. The early changes within the monkeys were
retinal hemorrhages and altered capillary permeability, indicating
that the oxygen nuclei irradiation, like other forms of irradiation,
produces changes first in the retinal vasculature. At 5.5 × 107 parti-
cles cm–2, and below, there was no evidence of changes in the angio-
grams. The histopathological evidence at 3.9 × 107 particles cm–2

indicates that some cellular alterations in the outer segments had
occurred. A longer postexposure following of these animals might
have revealed changes following a latent period. It would be useful
to have these kinds of studies completed with ion beams of higher
atomic number and at lower fluences, and to have longer follow-up
data. Prompt visual observations of light flashes associated
with exposure to radiations in space flight are described below in
Section 6.3.4.

Lett et al. (1987; Williams and Lett, 1994; 1996) found changes
in the DNA of retinal photoreceptor cells with time after irradia-
tion. After exposure to low-LET radiation or HZE particles, the
initial radiation-induced damage was repaired, but a subsequent
breakdown of DNA occurred with age. Exposure to HZE particles
resulted in secondary changes occurring at a younger age than
after exposure to low-LET radiation. Loss of rods from rabbit reti-
nas occurred with age but more markedly after exposure to irradi-
ation, especially iron ions. Dose-response data are not available.
This work should be repeated with more modern techniques and to
include a dose response.

Mao et al. (2003) reported quantitative architectural and popu-
lation changes in the rat retinal vasculature after high doses (8, 14,
20 or 28 Gy) of single or split doses of 100 MeV proton irradiation
to the whole eye. Uniform progressive retinal growth was observed
in the unirradiated, age-matched controls and in the retinas
irradiated with 8 and 14 Gy, but not after 20 or 28 Gy, where there
was a progressive time- and dose-dependent cell loss over 15 to 24
months.

While no reliable estimate of risk of important damage to the
CNS from heavier charged particles can yet be given, there are
enough data to indicate much more must be known before risk esti-
mates of the effects of exposures in deep space can be made with
any confidence. The accumulated evidence from the reported stud-
ies on DNA damage, loss of neurons, altered behavior, and motor
function is sufficient to require a careful assessment of the total
risk to the CNS from exposure to HZE particles.
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6.2.4 Behavioral Effects

The study of behavioral effects due to exposure to low doses or
low dose rates of radiation is complicated. The behavioral neuro-
sciences literature is replete with examples of major differences in
behavioral outcome depending on the animal species, strain or
measurement method. For example, compared to unirradiated con-
trols, x-irradiated mice show hippocampal-dependent spatial
learning and memory impairments in the Barnes maze, but not the
Morris water maze (Raber et al., 2004) which, however, can be used
to demonstrate deficits in rats (Shukitt-Hale et al., 2000; 2003).
Particle radiation studies of behavior have been accomplished with
rats and mice, but with some differences in the outcome depending
on the endpoint measured.

One human study of behavioral effects compared subclinical
mental disorders with psychiatric and psychometric evaluations
following either low doses of x rays (n = 109) or chemotherapy
(n = 68) to patients treated 10 to 29 y earlier for tinea capitis
(Omran et al., 1978), controlling for educational level and family
psychiatric disorders. Despite the fact that the irradiated group
manifested more psychiatric symptoms, had more deviant Minne-
sota Multiphasic Personality Inventory scores, were also judged
more maladjusted from their profiles, and more frequently had a
history of treated psychiatric disorders, the psychiatrist’s overall
rating of current psychiatric status showed only a borderline differ-
ence between the two groups among Caucasians and no differences
among African-Americans.

6.2.4.1 Iron Ion-Induced Sensorimotor Deficits. Behavioral and
brain neurochemical changes induced by exposure to 56Fe (100 mGy,
600 MeV) resemble those associated with the aging process (Joseph
et al., 1992; 1993). Low doses of 56Fe ions in the 0.1 to 1 Gy range
reduce performance as tested by the wire suspension test. This test,
which assesses the time a rodent will or can hang on to a wire, is
considered a measure of motor function. Enhancement of the
K+-evoked release of dopamine was significantly reduced in all irra-
diated groups, and paralleled the deficits observed in the wire
suspension test. Deficits in nerve signal transduction involve alter-
ations in the coupling/uncoupling of the ligand-receptor-G protein
interface on the membrane surface which degrades its participation
as part of the second messenger pathway (Joseph et al., 1994). It is
important to point out that oxidative damage may be the common
mechanism relating radiation effects to the aging process. Behav-
ioral deficits are observed as early as 3 d after radiation exposure
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and the neurochemical alterations (decreased dopamine release)
are still found at 80 d post-exposure (Hunt et al., 1990). In contrast
to the particle-induced deficits reported with rats on sensorimotor
skills, tests of C57BL/6 mice whole-body irradiated with 0, 0.1, 0.5,
or 2 Gy iron ions (1 GeV n–1) and evaluated with open-field (a
20 × 40 cm plastic shoebox cage, with LED photosensors to detect
activity), rotorad (rotating, textured nylon rod suspended 45 cm
above a foam floor), or acoustic startle (a chamber with a constant
white noise background with intermittent bursts of 120 dB sound)
showed few significant effects during a two to eight week period
immediately after radiation exposures (Pecaut et al., 2004). Mickley
et al. (1988) compared behavioral performance of rats exposed to
either electrons, bremsstrahlung, gamma rays, or fast neutrons and
found that complex and physically demanding tasks are some of the
most radiosensitive behavioral tasks. They also found that classic
radioprotectant compounds (e.g., WR-2721)12 proved effective as far
as reducing the lethal effects of radiation, but unfortunately, most
also potentiated the radiation’s behavioral toxicity. In contrast,
antihistamines under certain circumstances had the ability to
reverse the radiation-induced performance deficits.

Exposure to 56Fe particles may produce effects beyond that
attributable to its LET (Hunt et al., 1989; Rabin et al., 1989).
Learning that involves the dopaminergic nervous system [e.g., con-
ditioned taste aversion (CTA)] was disrupted by exposure to iron
while exposure to equal or higher doses of other types of radiation
(e.g., gamma or neutrons) do not show a similar effect (Rabin et al.,
1991). Subsequent work indicated that there was a high degree of
specificity in the effects of the 56Fe particles. Decrements were
observed in muscarinic-stimulated low-Km GTPase in striatum, but
not in hippocampus, and 56Fe particle irradiation did not affect
a1-adrenergic-stimulated low-Km GTPase activity in brain tissue
(Villalobos-Molina et al., 1994). Iron particles were also found to be
potent modulators of thermoregulation (Kandasamy et al., 1994).

6.2.4.2 Behavioral Deficits in Conditioned Taste Aversion Due to
Particle Exposures. It has been known for some time that changes
in behavior of rodents could be detected after low doses of heavy
ions (Hunt et al., 1989; Rabin et al., 1989; 1991; 1994; 2000). It has
been found that low doses of 56Fe ions can induce changes in dopam-
inergic function and that this, in turn, may alter a number of
dopamine-mediated behaviors as discussed above, but also affect

12From the U.S. Army’s drug development program (Walter Reed
Army Medical Center, Washington).
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CTA. The CTA test assesses the avoidance of normally acceptable
food as a result of exposure to some toxic agent such as radiation
(Riley and Tuck, 1985). The role of the dopaminergic system in
radiation-induced changes in CTA is suggested by the fact that
amphetamine-induced CTA, which depends on the dopaminergic
system, is affected by radiation, whereas lithium chloride-induced
CTA that does not involve the dopaminergic system is not affected
by radiation. Rabin et al. (1989; 1991) have established that the
degree of CTA due to radiation is LET-dependent (Figure 6.16) and
that 56Fe ions are the most effective of the various low- and high-
LET radiations that have been tested. Doses of ~0.2 Gy of  56Fe ions
appear to have an effect on CTA.

6.2.4.3 Iron Ion Effects on Operant Conditioning Task. Recent
studies by Rabin and colleagues (Rabin et al., 2003a) have exam-
ined the ability of rats to perform an operant order to obtain
food reinforcement. Once the response was learned, the rats were
placed on an ascending fixed-ratio (FR) schedule from FR-1 (every
lever press is rewarded with a food pellet) through FR-35 (35 lever
presses are required to produce one food pellet). In general, as
the ratio increased, the rats increased their rate of responding. The
rats exposed to 4 Gy of protons or 1 Gy of l GeV n–1 56Fe particles

Fig. 6.16. ED50 for CTA as a function of LET for the following
radiation sources: 40Ar = argon ions, 60Co = cobalt-60 gamma rays, e– =
electrons, 56Fe = iron ions, 4He = helium ions, n0 = neutrons, 20Ne = neon
ions (Rabin et al., 1991).
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responded similarly to controls, increasing their rate of responding
as the ratio increased. However, rats exposed to 2 Gy of 56Fe parti-
cles failed to increase their rate of responding at ratios greater than
FR-20. These results indicated that rats exposed to 2 Gy of 56Fe
particles cannot respond appropriately to increasing work require-
ments. Additional experiments are necessary to determine the
factors responsible for this deficit. A follow-up report by Rabin et al.
(2005) indicated irradiation with 2 Gy 56Fe particles produces a
disruption of operant response in rats tested five and eight months
after exposure, but maintaining the rats on a diet containing straw-
berry, but not blueberry, extract can prevent the disruption.
When tested 13 and 18 months after irradiation, there were no dif-
ferences in performance between the irradiated rats maintained
on control, strawberry or blueberry diets. These observations sug-
gest that the beneficial effects of antioxidant diets may be age
dependent.

6.2.4.4 Iron Ion Effects on Spatial Learning and Memory. Investi-
gations of the effects of exposure to 56Fe particle irradiation on
spatial learning and memory behavior and neuronal signaling have
been performed in an attempt to determine the mechanisms
involved in these deficits. Shukitt-Hale et al. (2000) used the
Morris water maze one month after whole-body irradiation with
1.5 Gy of 1 GeV n–1 56Fe ions. Irradiated rats demonstrated cogni-
tive impairment compared to the control group as seen in their
increased latencies to find the hidden platform, particularly on the
reversal day when the platform was moved to the opposite quad-
rant. The irradiated group used nonspatial strategies during
the probe trials (swim with no platform) (i.e., less time spent in the
platform quadrant, fewer crossings of and less time spent in
the previous platform location, and longer latencies to the previous
platform location). These findings are similar to those seen in aged
rats, suggesting that an increased release of ROS may be responsi-
ble for the induction of radiation- and age-related cognitive deficits.

Denisova et al. (2002) exposed rats to 1.5 Gy of 1 GeV n–1 56Fe
ions and tested their spatial memory in an eight-arm radial
maze. Radiation exposure impaired the rats’ cognitive behavior,
since they committed more errors than control rats in the radial
maze and were unable to adopt a spatial strategy to solve the maze.
To determine whether these findings related to brain-region-
specific alterations in sensitivity to oxidative stress, inflammation
or neuronal plasticity, three regions of the brain, the striatum, hip-
pocampus and frontal cortex that are linked to behavior, were iso-
lated and compared to controls. Those that were irradiated were
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adversely affected as reflected through the levels of dichlorofluores-
cein, heat shock, and synaptic proteins (e.g., synaptobrevin and
synaptophysin). Changes in these factors consequently altered cel-
lular signaling (e.g., calcium-dependent protein kinase C) and pro-
tein kinase A. These changes in brain responses significantly
correlated with working memory errors in the radial maze. The
results show differential brain-region-specific sensitivity induced
by 56Fe irradiation (Figure 6.17). These findings are similar to
those seen in aged rats, suggesting that increased oxidative stress
and inflammation may be responsible for the induction of both
radiation and age-related cognitive deficits. These experiments
warrant further evaluation of the behavioral and neurochemical
effects of high-LET particles, as well as the exploration of potential
nutritional modification (e.g., antioxidants or anti-inflammatories)
to offset the deleterious effects of heavy particles in space. Rabin
et al. (2002) studied rats maintained on diets containing either 2 %
blueberry or strawberry extract or a control diet for eight weeks
prior to being exposed to 1.5 Gy of 56Fe ions. Three days following
irradiation, the rats were tested for the effects of irradiation on the

Fig. 6.17. Brain-region-specific calcium-dependent protein kinase C
(α, β, γ) expression was assessed in control and irradiated rats using a
standard Western immunoblotting procedure. Values are means ± SEM
(Denisova et al., 2002).
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acquisition of an amphetamine- or lithium-chloride-induced CTA.
The rats maintained on the control diet failed to show the acquisi-
tion of a CTA following an injection of amphetamine. In contrast,
the rats maintained on antioxidant diets (strawberry or blueberry
extract) continued to show the development of an amphetamine-
induced CTA following exposure to 56Fe ions. Neither irradiation
nor diet had an effect on the acquisition of a lithium chloride-
induced conditioned taste aversion. The results are interpreted as
indicating that oxidative stress following exposure to 56Fe ions may
be responsible for the disruption of the dopamine-mediated
amphetamine-induced CTA in rats fed control diets, and that a
reduction in oxidative stress produced by the antioxidant diets
functions to reinstate the dopamine-mediated controlled taste
aversion. A recent extension of this work with testing 12 months
after exposure has been published (Rabin et al., 2005). The results
indicated that the performance of the irradiated animals given
blueberry extract did not differ from the irradiated animals fed the
control diet, however both groups performed significantly poorer
than the nonirradiated controls. There were no differences between
the nonirradiated animals fed the control diet and the irradiated
animals fed the strawberry diet, and their performance was signif-
icantly better compared to the irradiated rats fed the blueberry
diet. The results indicate that diets containing strawberry extract
provide significant radioprotection.

6.2.4.5 Particle Effects on Nerve Cells In Vitro. The effects of parti-
cle irradiation on retinal explants (Vazquez and Kirk, 2000) and
primary cultures of mouse (Nojima et al., 2000) and rat brain cells
in vitro (Mamoon, 1970) have been investigated in order to contrib-
ute further to understanding of fundamental mechanisms. Vazquez
and Kirk (2000) exposed retinal explants from chick embryos to
determine the dose response relationships for neurite outgrowth
with morphometric techniques. Iron particles produced a dose-
dependent reduction of the neurite outgrowth with a maximal
effect at a dose of 1 Gy (Figure 6.18). Doses of 100 to 500 mGy
induced reductions of the neurite outgrowth as compared to the
control group. Neurite generation is a more sensitive parameter
than neurite elongation, suggesting a different mechanism of radi-
ation damage in the model. These results show that low doses or
fluences of iron particles can impair retinal ganglion cells’ capacity
to generate neurites indicating the high neurotoxicity of iron ions.
Nojima et al. (2000) irradiated primary mixed cultures of astro-
cytes and microglia from neonatal mice with high-energy carbon
ions. Immunohistochemical staining showed that there was a
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greater survival of astrocytes than microglia. Tagged13with specific
antibodies, astrocytes and microglia surviving after irradiation
were counted by flow cytometry. Decreases in the number of micro-
glia and astrocytes were detected at a dose of 2 Gy when day five
cultures were irradiated with 13 keV µm–1 carbon ions. When the
cultures were irradiated on day 10, the dose-dependent decrease of
microglia was more prominent for 13 keV µm–1 compared to

Fig. 6.18. In vitro dose-dependent neurotoxic effects of 56Fe ions on
retinal explants (adapted from Vazquez and Kirk, 2000).13

13Vazquez, M.E. and Kirk, E. Personal communication (Brookhaven
National Laboratory, Upton, New York).
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70 keV µm–1 carbon ions. Astrocytes showed a marginal decrease at
days 10 and 14. It appears that embryonic microglia are more
sensitive than astrocytes to carbon ions and x rays, and that the
radiosensitivity of microglia depends on both differentiation or pro-
liferation status and radiation quality. The earlier histological
studies of Kraft et al. (1979) examined pocket mice irradiated in the
head region with 10, 1 or 0.1 Gy of Bragg-peak 400 MeV n–1 neon
ions and observed that neuroglia cells suffered acute necrotic dam-
age within a day of radiation exposure at doses of 10 and 1 Gy, but
not at 0.1 Gy. These necrotic cells were noted to persist at reduced
numbers by 3.5 d after the 0.1 Gy exposure, but were not noted 6 to
201 d after that dose.

To investigate effects of low dose heavy particle radiation on the
CNS, mouse neonatal brain cells in culture were exposed to various
heavy ions (Nojima et al., 2004). Doses varied from 0.05 Gy up to
2 Gy. The subsequent biological effects were evaluated by an induc-
tion of apoptosis and neuron survival focusing on comparing sev-
eral animal strains, SCID, B6, B6C3F1, C3H, used for the brain cell
culture. SCID was the most sensitive and C3H the least sensitive
to particle radiation as evaluated by a 10 % apoptotic criterion. The
LET dependency of SCID and B6 cells was compared by exposing
them to different ions (hydrogen, carbon, neon, silicon, argon, and
iron). No detectable LET dependency was observed in the high-
LET (55 to 200 keV µm–1) and low dose (<0.5 Gy) regions, however
the survivability profiles of the neurons were different in the mouse
strains for each ion. 

Mamoon (1970) incubated small explants of neonatal rat cere-
bellum and midbrain embedded in plasma clots as a model of myeli-
nation response to radiation. Freshly dissected explants were
irradiated with x rays (145 kV), deuteron (30 MeV), or helium ions
(36 and 54 MeV) and examined at 15 d for evidence of myelin
formation. At optimal growth conditions, 90 % of control explants
had abundant myelination by this time. All the radiation types pro-
duced observable effects at 4 Gy and inhibition at 40 Gy. The ED50

for all the experiments was 17.27 ± 1.15 Gy with no statistically
significant variation between different types of radiation.

The induction of apoptosis, TP53 expression, caspase activation
and cell toxicity have been investigated after exposure of cells of
the human neuronal progenitor cell line Ntera2 to low-LET radia-
tion (gamma and x rays) (Guida et al., 2005). The data indicated
that irradiation of Ntera2 cells quickly induced TP53 expression,
followed in time by an increase in caspase activity, and ultimately
resulted in the induction of apoptosis. Induction of apoptosis was
dependent on dose, and the highest levels were measured 48 h after
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exposure. For comparison, the level of apoptosis induced by high-
LET particle radiation (1 GeV n–1 iron ions) was also determined
and was found to be dependent on dose. RBE was estimated from
the slopes of the dose-response curves for the induction of apopto-
sis. The RBEmax for apoptosis 48 h after exposure was at least 3.4.
In short, exposure to high-LET radiation results in a more efficient
and greater induction of apoptosis in human neuronal progenitor
cells than low-LET radiation.

Radiation studies of the tolerance of rodent brains to particle
beams have been examined by Manley (1988), Richards and
Budinger (1988), and Rosander et al. (1987) who investigated the
cellular response and cell population kinetics of the subependymal
layer in the mouse with partial brain exposures of a single cortex
to helium or neon ions. Both the irradiated and the unirradiated
contralateral cortex showed similar disturbances of the cell and
tissue kinetics in the subependymal layers. The irradiated hemi-
sphere exhibited histological damage, whereas the unirradiated
side appeared normal histologically. The decrease in labeling indi-
ces one week after exposure was dose- and ion-dependent. Analysis
of cell kinetics one week after 10 Gy helium or neon suggests the
presence of a progenitor subpopulation that is proliferating with a
shorter cell-cycle time than normal. Comparison of the responses to
the different charged particle beams indicates that neon ions are
more effective in producing direct cellular damage than the helium
ions, but the surviving proliferating cells several divisions later
continue to maintain active cell renewal. In vivo surface coil proton
magnetic resonance spectroscopy demonstrated changes in lipid
and phosphatidylcholine peaks, and histology with Evans blue
injections revealed blood-brain barrier alterations as early as 4 d
after a high dose of 50 Gy. Using NMR imaging and spectroscopy,
Richards and Budinger (1988) found that at 4 to 14 d post in vivo
helium hemi-brain irradiation with 10, 20, 30 or 50 Gy, signal
intensity and T1 relaxation time decreased on the irradiated side
and increased on the nonirradiated side relative to nonirradiated
control animals.

6.2.4.6 Late-Appearing Brain Effects in Animals Irradiated with
Particle Beams. An early comparison was made of radiation necro-
sis and edema in canines, hemi-brain irradiated with either
225 MeV n–1 helium or 456 MeV n–1 neon ions using positron emis-
sion tomography (PET) and MRI (Brennan et al., 1993). The data
reported are of interest, although the small number of animals and
high doses (not relevant to spaceflight scenarios) limit the useful-
ness for extrapolation to humans. All of the dogs receiving 7.5 to
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11 Gy of neon ions showed no signs of radiation injury up to 3 y
after irradiation. Dogs receiving ≥13 Gy neon or helium ions suc-
cumbed to radiation necrosis and died 21 to 32 weeks after irradia-
tion. The findings of imaging studies for all dogs that succumbed to
radiation necrosis were normal until three to six weeks before
death. The earliest CNS changes were seen as decreased metabolic
activity in the cortex of the irradiated hemisphere with PET imag-
ing or an increase in signal intensity in the periventricular white
matter which are measures of the changes in the white matter.
Changes in the white matter were consistently greater than those
in the gray matter. The PET and MRI imaging and histopathologi-
cal evidence indicated that both cellular and vascular mechanisms
were involved in the radiation necrosis observed. MRI studies were
also reported by Karger et al. (2002a; 2002b) in normal rat brain
irradiated with carbon ions where similar results were found.

The understanding of late effects of particle irradiation of the
adult brain has also recently been advanced by the publication of
dose responses for late functional changes in the normal rat brain
after single carbon ion Bragg-peak doses between 15.2 and 29.2 Gy
evaluated by MRI (Karger et al., 2002b). Dose-response curves for
late changes in the normal brain were measured using T1- and T2-
weighted MRI. Tolerance doses were calculated at several effect
probability levels and times after irradiation. The work was com-
pared to earlier studies involving stereotactic irradiation of the
right frontal lobe of rats using a linear accelerator and single doses
between 26 and 50 Gy (Karger et al., 2002a). These doses are
significantly higher than would occur during space travel, however
no data are available at lower doses. The results of the carbon stud-
ies showed MRI changes were progressive in time up to 17 months
and remained stationary after that time. At 20 months the toler-
ance doses at the 50 % effect probability level were 20.3 ± 2 and
22.6 ± 2 Gy for changes in T1- and T2-weighted images, respec-
tively. RBE was calculated based on a previous animal study with
photons. Using tolerance doses at the 50 % effect probability level,
RBE values of 1.95 ± 0.20 and 1.88 ± 0.18 Gy were obtained for the
T1- and T2-weighted MRI. A comparison with data in the literature
for the spinal cord yielded good agreement, indicating that the RBE
values for single-dose irradiations of the brain and the spinal cord
are the same within the experimental uncertainty. However, it is
not possible to extrapolate the effects observed to the much smaller
particle doses expected in space in order to estimate risk. Unlike
the clinical situation, most traversals of human brain tissue by
heavy ions in space travel are expected to be composed of a distri-
bution of different particle types, to be at low fluences, and to
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involve very much smaller irradiated brain volumes. Further work
is necessary to expand ongoing investigations of clinically-relevant
effects from low fluences of the space radiation environment.

6.2.5 Cardiovascular Disease

6.2.5.1 Radiation-Induced Vascular Changes. Based on the experi-
ence of the atomic-bomb survivors’ cohort it has become increas-
ingly evident that this radiation-exposed population is susceptible,
in addition to cancer, to chronic multifactorial diseases including
coronary heart disease, essential hypertension and diabetes melli-
tus (Sankaranarayanan et al., 1999). These pathological effects can
lead to noncancer mortalities (Kodama et al., 1996; Preston et al.,
2003; Shimizu et al., 1999; Wong et al., 1999), and at radiation
doses below those directly causing increased mortality, simply a
reduced quality of life.

Vascular damage due to radiation exposure has been previously
reported. Yang and Tobias (1984) irradiated 1 d old neonatal rats
in the head region alone with either x rays or heavy ions to
doses ranging from 0.5 to 8 Gy. Distinct petechial hemorrhages
indicating vascular damage developed in the cerebral cortex within
a few hours after irradiation, reached a maximum ~13 to 24 h, and
decreased exponentially with time. No brain hemorrhage was
found in neonatal rats 12 d after irradiation. These results indi-
cated that a dose of a few gray of x rays can induce a significant
number of hemorrhages in the young brain, and the number of
lesions increased exponentially with dose. Heavy ions induced
more hemorrhages than x rays for a given dose, and RBE for
670 MeV n–1 neon particles ranged from about two for low doses to
about 1.4 for high doses. Histological examination of the hemor-
rhages revealed that a large number of red blood cells leaked from
the blood vessels, indicating that the radiation-induced hemor-
rhages may be a result of some capillary membrane damages or
reproductive death of blood vessel endothelial cells. The rapid onset
of hemorrhage after irradiation suggests that membrane damage
may be involved. Effects of negative pi mesons on vascular perme-
ability of brain vessels in neonatal rats had previously been
reported (Landolt et al., 1979). Dose-response relationships were
developed for effects on vascular permeability in neonatal rats.
The brains were removed and fixed in formalin 24 h after irradia-
tion, and scored from zero to five by number and size of petechial
hemorrhage. RBE was found to be 1.1 for peak and 0.6 for plateau
negative pi mesons (peak to plateau ratio of 1.8 compared with
200 kV x rays). Interestingly, Yang and Tobias (1984) found that
hesperetin, a compound of vitamin P, may reduce the formation of
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brain hemorrhages in x-ray-irradiated rats. Neonatal rats that
received a subcutaneous injection of 10 mg hesperetin (dissolved in
propylene glycol) ~20 to 30 min before x-ray irradiation showed
fewer hemorrhages in the brain than those rats that were only irra-
diated. Control animals receiving the same volume of propylene
solution that was injected into rats but were not treated with hes-
peretin did not show the protection. Late effects of heavy charged
particles or neutrons on the fine structure of the mouse coronary
artery have been evaluated by Yang and Ainsworth (1982) and
Yang et al. (1978), and revealed significantly altered tissue mor-
phologies and damage compared to low-LET radiations. A single
dose of only 0.2 Gy of 20Ne ions produced significant damage to the
smooth muscle cells in the coronary arteries. The major changes
included medial smooth muscle degeneration, fibrosis, accumula-
tion of debris, and extracellular matrix.

The development of late somatic lesions in most normal tissues
of irradiated mammals has been suggested to be a result of vascular
damage, although the true importance of vascular versus parenchy-
mal cell changes is still not well understood (Hopewell, 1980). The
heart muscle itself is very radioresistant, with anatomical changes
not observed <100 Gy. In contrast, the capillaries have been found
to be very sensitive to radiation with increased capillary permeabil-
ity in human skin noted after 1 Gy (Neumayr and Thurnher, 1952). 

Since 1899 radiation injury to blood vessels was recognized as
one of the most common effects of therapeutic radiation on normal
human tissues (Fajardo and Berthrong, 1988). Alterations in capil-
laries and arterioles are pathologic hallmarks of delayed damage in
many mammalian tissues, primarily thought to be due to ischemia
resulting from microvascular damage. The narrowest (and most
prevalent element) of the vasculature is the most radiosensitive due
to endothelial radiosensitivity and the fact that endothelial cells
constitute the major component of the walls of the smallest vessels.

Vascular effects have also been evaluated at lower particle flu-
ences. Dimitrievich et al. (1984) and Griem (1989; Griem et al.,
1994) developed a tandem scanning confocal microscope to image
the capillary network and the surrounding collagen architecture
in the papillary dermis of the rabbit ear in vivo after exposure to
single x-ray doses of 0.5 to 4 Gy. Serial observations of the
micro-vasculature volume and vascular width have been digitally
analyzed over a several week period after exposure. The 0.5 Gy
dose shows transient increases in the width of the response that
reach a maximum at 20 d postexposure, and persist out to 50 d. At
4 Gy the vessel width shrinks by 2 d after exposure. Particle beam
effects on this endpoint are unknown.
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6.2.5.2 Radiation-Induced Atherosclerotic Effects. Atherosclerosis
is a multistep process involving injury to the endothelial lining of
the arteries, infiltration of arterial intima with plasma lipopro-
teins, migration of smooth muscle cells from the media into the
intima, proliferation of smooth muscle cells, and synthesis of con-
nective tissue components. Monocytes in the peripheral blood
become fat-filled foam cells through the uptake of low-density lipo-
proteins (LDL), and high LDL cholesterol is an important risk fac-
tor. Radiation-induced coronary disease in humans results in
luminal narrowing (Stewart et al., 1995; Virmani et al., 1999). The
morphological changes are different from typical atherosclerosis
with more frequent medial destruction and greater adventitial
fibrosis and thickening produced postradiation. These pathological
findings are similar to the late radiation-induced tissue changes
such as areas of necrosis, foam cell deposition, adventitial thicken-
ing and medial thinning and calcification, which were only
observed in porcine arteries with a stent coated with a radionuclide.

Ionizing radiation is reported to accelerate aortic lesion forma-
tion in fat-fed mice via superoxide dismutase-inhibitable processes
(Tribble et al., 1999) in a dose-dependent manner (Figure 6.19).
The atherogenic effects of radiation appear to be particularly pro-
nounced when the high-fat diet was introduced within 7 d after
exposure to radiation. The mean lesion area was the same as that
in the control, nonirradiated, high-fat-fed group if the high-fat diet
was introduced 14 d after exposure. The primary mechanisms by
which radiation promotes atherosclerosis have not been identified,
but based on the premise that atherogenic effects of radiation may
involve ROS-mediated promotion of lipoprotein oxidation and
vascular inflammation, Tribble et al. (1999) demonstrated that
overexpression of the anti-oxidant enzyme copper-zinc superoxide
dismutase reduced radiation-induced atherosclerotic lesions, and
aortic oxygen concentrations. Tribble et al. (2000) found evidence
that ionizing radiation promotes changes in the artery wall that
enhance the deposition of lipoprotein lipids. Using a trapped ligand
methodology, they showed that LDL is degraded more readily in
the irradiated aorta and that the enhanced degradation is affected
by antioxidants, including alpha-tocopherol. These results show
that LDL degradation products accumulate in the irradiated aorta,
but the effect is inhibited by antioxidants which reduce the poten-
tial for LDL oxidation. The radiation used for these studies was
60Co gamma rays at doses 2, 4 or 8 Gy. No data are available at
lower photon doses, or for protons or HZE particles. Additional
research is needed on the late radiation effects of low doses of radi-
ation types prevalent in space on the pathophysiology of coronary
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artery disease, and the potential inhibition of these effects by anti-
oxidants and low-fat diets.

Radiation induces several types of damage to the cardiovascular
system (Basavaraju and Easterly, 2002). X rays induced changes in
gene expression and distribution of atrial natiuretic peptide (ANP)
in different anatomical regions of the heart after acute high doses
(15 or 20 Gy) (Kruse et al., 2002). The ANP peptide is associated
with a variety of morphological changes in the atria and venticles,
eventually leading to impairment of cardiac function. 

Circulating levels of ANP in the plasma may provide indications
of early cardiac changes. No data exist on the effects of exposure to
radiations in space on ANP plasma levels.

6.2.5.3 Cardiovascular Disease in Radiotherapy Patients and Radi-
ation Workers. Several groups of radiation-exposed human popula-
tions have shown evidence of increased cardiovascular disease
(CVD) after relatively high doses (5 to 50 Gy) of low-LET radiations,
including radiotherapy patients with breast cancer (Seddon et al.,
2002), head and neck cancer (Cheng et al., 1999; McGuirt et al.,
1992), Hodgkin’s disease (Thomson and Wallace, 2002), and testic-
ular cancer (van den Belt-Dusebout et al., 2006). There is also an
observable ERR for CVD among the atomic-bomb survivors (Wong
et al., 1999) and Chernobyl workers (Ivanov et al., 2001). The effects
of radiation on the long-term trends of the total serum cholesterol

Fig. 6.19. Dose-dependent effects of ionizing radiation on aortic lesion
formation in fat-fed mice (repeated-measures analysis of variance: p = 0.02)
(Tribble et al., 1999).
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levels of the Hiroshima and Nagasaki atomic- bomb survivors were
examined using data collected in the adult Health Study over a 28 y
period (1958 to 1986). The growth-curve method was used to model
the longitudinal age-dependent changes. The mean growth curve of
cholesterol levels for the irradiated subjects was significantly
higher than for the unirradiated subjects, and that increase was
greater for women than for men. No difference in dose response
was detected between Hiroshima and Nagasaki. The maximum pre-
dicted increase at 1 Gy for women occurred at age 52 y for the 1930
cohort. The corresponding increase for men occurred at age 29 y for
the 1940 cohort. The dose range of exposure for the Chernobyl work-
ers and liquidators was 0.005 to 0.3 Sv. It has been estimated that
the liquidators have an excess relative risk per unit dose (ERR Sv–1)
for CVDs of arteries, arterioles and capillaries of 0.54 (0.18, 0.91,
95 % CI) derived using an external control based on the mortality in
the general population in Russia).

Newly discovered is the statistically significant dose risk of
ischemic heart disease [ERR Gy–1 = 0.41, 95 % CI = (0.05; 0.78)]
(Ivanov et al., 2006). Confirmation is provided for the existence of
significant dose risks for essential hypertension [ERR Gy–1 = 0.36,
95 % CI = (0.005; 0.71)] and cerebrovascular diseases [ERR Gy–1 =
0.45, 95 % CI = (0.11; 0.80)]. In 1996 to 2000, the assessed
ERR Gy–1 for cerebrovascular diseases was 0.22 with 95 % CI =
(–0.15; 0.58). Special consideration is given to cerebrovascular
diseases in the cohort of 29,003 emergency workers who arrived in
the Chernobyl zone during the first year after the accident. The sta-
tistically significant heterogeneity of the dose risk of cerebrovascu-
lar diseases is shown as a function of the duration of stay in the
Chernobyl zone: ERR Gy–1 = 0.89 for durations of less than six
weeks, and ERR Gy–1 = 0.39 on average. The at-risk group with
respect to cerebrovascular diseases are those who received external
radiation doses >150 mGy in less than six weeks [RR = 1.18, 95 %
CI = (1; 1.40)]. For doses >150 mGy, the statistically significant risk
of cerebrovascular diseases as a function of averaged dose rate
(mean daily dose) was observed: ERR per 100 mGy d–1 = 2.17 with
95 % CI = (0.64; 3.69). The duration of stay within the Chernobyl
zone itself, regardless of the dose factor, had little influence on
cerebrovascular disease morbidity: ERR week–1 = –0.002, with
95 % CI = (–0.004; –0.001). The radiation risks in this large-scale
cohort study were not adjusted for recognized risk factors such
as excessive weight, hypercholesterolemia, smoking, alcohol con-
sumption, and others. A systematic review of the 26 published
epidemiological data <5 Sv however, has concluded that other than
the atomic-bomb survivors, the U.S. radiological technologists, the
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Three Countries Study, and the Study of Chernobyl emergency
workers, no other published work has the statistical power to con-
clude a risk of circulatory diseases from ionizing radiations <4 Sv
(McGale and Darby, 2005).

6.2.5.4 Enhanced Long-Term Cardiovascular Disease-Related
Inflammatory Responses in Atomic-Bomb Survivors. Recent evi-
dence points to significant increases in inflammatory activity
demonstrable in long-term atomic-bomb survivors which may lead
to increased risk of CVD and other noncancer diseases (Hayashi
et al., 2003). The inflammatory markers C-reactive protein and
interleukin-6 (IL-6) were increased 28 % in the plasma of atomic-
bomb survivors after a 1 Gy exposure for C-reactive protein and
9.8 % for IL-6, after adjustments for other causative factors such as
age, body mass index and history of myocardial infarction. The ele-
vated levels of these proteins were associated with decreases in the
percentages of CD4 (glycoprotein T-lymphocyte cell number) plus
helper T-cells in peripheral blood lymphocyte populations, where
CD4 is a T-lymphocyte cell marker. The association with increased
CVD risk in this cohort is not proven, but appears likely. Clearly,
information about the long-term effects of ionizing radiation on
CVD in humans is needed.

6.2.5.5 Countermeasures to Radiation-Induced Cardiovascular
Disease. Radioprotection of normal vascular endothelium with syn-
thetic aminothiols (such as WR-2721 and WR-1065) has been
reported (Mooteri et al., 1996; Warfield et al., 1990). Presumably
the aminothiols are scavenging free radicals and aiding the repair
of damaged macromolecules. Mooteri et al. (1996) have also sug-
gested that endothelial cell division and morphology are affected by
WR-1065. Drab-Weiss et al. (1998) have shown that WR-1065
attenuates the inhibition of DNA synthesis caused by lipopolysac-
charide exposure by promoting DNA synthesis and lowering apop-
tosis in the endothelium. Vitamins E and C are also thought to be
radioprotectors of the endothelium (Fajardo and Stewart, 1973).
Treatment with certain growth factors such as fibroblast growth
factor-2 can significantly decrease radiation-induced blood vessel
stenosis (Fuks et al., 1994).

6.2.6 Hereditary Effects

6.2.6.1 General Information. There is considerable uncertainty in
the estimate of radiation induced genetic effects in humans. No sig-
nificant increase in genetic effects has been detected in the
off-spring of the atomic-bomb survivors. Based on animal studies,
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primarily mice, ICRP (1991) and NCRP (1993) estimate overall
hereditary radiation induced effects to be 1 × 10–2 Sv–1.

Hereditary effects connote those inherited from parent lines,
and thus really reflect late effects on offspring due to irradiation of
parental germ cells. Of concern for crew members who receive radi-
ation doses during space flight is the risk of birth defects or
increased incidence of disease in offspring that may result from
damage to female or male germ cells. NCRP Report No. 98 (NCRP,
1989) recommends that counseling of crew members of hereditary
risks in consideration of subsequent procreation be provided. A
more detailed discussion of hereditary effects directed towards
individuals engaged in space activities is provided in NCRP Report
No. 132 (NCRP, 2000).

6.2.6.2 Particle Studies on Germ Cells. Little information exists on
germ-cell mutations irradiated with the dose rates and types of
radiation prevalent in space (Grahn, 1983). Wiley et al. (1994) ana-
lyzed embryonic effects transmitted by male mouse germ cells
(sperm and sperm progenitor cells) surviving irradiation with low
acute doses of high-energy iron ions. Previous low-LET radiation
studies have determined a detection limit of sperm-transmitted
effects of between 0.005 and 0.01 Gy, with a significant decrease in
proliferation ratios occurring during postirradiation weeks four, six
and seven. Figure 6.20 shows the number of type B spermatogonia
as a function of dose of 56Fe nuclei irradiation (Wiley et al., 1994).
This was the first published account of highly radioresistant,
mature sperm transmitting to the embryo an effect resulting from
0.01 to 0.05 Gy of irradiation. Since mature sperm are no longer
connected by cytoplasmic bridges, sperm cells must be responding
independently to the irradiation from 56Fe nuclei. In the study as
many as 10 times more elongated spermatids and mature sperm
sustaining direct hits were observed to transmit lower proliferation
ratios to their progeny embryos than was expected based on aver-
age cross-sectional area and particle fluence. However, without
cytoplasmic bridges their responses could not be mediated by
shared RNA and proteins. Epigenetic mechanisms cannot be ruled
out. The authors concluded that amplification from secondary radi-
ation produced in the mouse and/or from diffusible chemical
products arising from hit sperm and adjacent cells contributed to
the high incidence of transmitted effects on proliferation of embry-
onic cells. Cellular reprogramming appears to have occurred in F3

mice with paternal F0 low-LET radiation history, causing offspring
with this radiation history to have altered responses to acute
alpha-particle irradiation of somatic cells (Vance et al., 2002).
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6.2.7 Mutagenic Effects

The enhanced mutagenic potential of charged particles com-
pared to low-LET radiations has been recognized for many years
(Chen et al., 1994b; Hei et al., 1988; Kronenberg, 1994). Belli et al.

Fig. 6.20. The number of type B spermatogonia as a function of dose of
56Fe nuclei irradiation (Wiley et al., 1994). The data show a highly
significant dose-dependent killing of the type B spermatogonia (p < 0.001)
with a D0 value of 0.282 ± 0.075 Gy. The type B spermatogonia are the
most radiosensitive stage of spermatogenesis, but more cells exhibited a
biological response than the number of cells sustaining direct hits. The
inactivation cross section is ~2 to 2.5 times the actual area that a single
type B spermatogonium presents to the beam. The authors concluded that
amplification from secondary radiation produced in the mouse and/or
from diffusible chemical products arising from hit sperm and adjacent
cells contributed to the high incidence of transmitted effects on
proliferation of embryonic cells.
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(1989; 1991; 1993; 1998) however have pointed out that there is a
LET range where low-LET protons are more effective than alpha
particles. The broad range of hypoxanthine-guanine phosphoribo-
syl transferase (HPRT) mutation frequencies induced in primary
human fibroblasts at various LET values by an assortment of
particle beams is illustrated in Figures 6.21 and 6.22. It is also
evident that the LET-RBE relationship may be different for indi-
vidual genetic loci in human cells (Kronenberg and Little, 1989;
Kronenberg et al., 1995). Using a novel nonessential human chro-
mosome in a hamster background, complex multilocus deletions of
several million base pairs within a single gene have been observed
after exposure to a low-fluence of nitrogen ions or moderate doses
of protons (Kraemer et al., 2000; Kronenberg et al., 1995; Waldren
et al., 1998). Tables 6.2 and 6.3 summarize HPRT mutant spectra
and the classification of partial deletion mutations in the HPRT
locus after 1 Gy of iron ions (Wiese et al., 2001). Loss of heterozy-
gosity mutations contribute markedly to the incidence of mutations
at autosomal loci and can be up to 64 cM length at a model locus,
TK1 (Wiese et al., 2001). In addition to the locus examined, the inci-
dence of radiation-induced mutations is dependent on the genetic
background of the cell at risk and on the mechanisms for mutation
available at the locus of interest (Wiese et al., 2001). Loss of het-
erozygosity at an autosomal locus is one outcome of the repair of
DNA double-strand breaks and can occur by deletion, mitotic
recombination, or by chromosome loss followed by chromosome
duplication. Wiese et al. (2001) reported that expression of mutant
TP53 was associated with a small increase in mutation frequencies
at a hemizygous locus, but the mutation spectra were unaffected at
this locus. In contrast mutant-TP53-expressing human lymphoid
cells were 30-fold more susceptible than the parent line that
expressed wild-type TP53 to radiation-induced mutagenesis at the
TK1 locus. Gene dosage analysis combined with microsatellite
marker analysis showed that the increase in mutagenesis could be
attributed in part to mitotic recombination. In general, longer loss
of heterozygosity tracts were observed in mutants from the mutant
TP53-expressing cells, than in mutants from the wild-type TP53-
expressing cells.

HZE particle irradiation can induce dose-specific, tissue-
specific, and p53-dependent mutagenesis in transgenic animals
(Chang et al., 2001) as shown for mutant frequencies in mouse
brain in Figure 6.23 at different times after a 1 Gy dose of 56Fe ions.
The delayed appearance of complex mutations is a hallmark of
exposure to high-energy (1 GeV n–1) iron ions reflecting persistent
genomic instability (Evans et al., 2001). 
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Masumura et al. (2002) studied heavy-ion induced mutations
in the gpt delta transgenic mouse, comparing mutation spectra
by carbon ions, x- and gamma-ray radiation, and also found
tissue-dependencies of mutation frequencies for all three radiation
types. DNA sequence analysis revealed that carbon particles
induced deletions that were mainly more than 1,000 base pairs in
size, whereas gamma rays induced deletions of <100 base pairs,
and base substitutions. X rays induced various-sized deletions and
base substitutions. Masumura et al. (2002) concluded that carbon-
ion beam irradiation is effective at inducing deletions via DNA
double-strand breaks, but less effective than x- and gamma-ray
irradiation at producing oxidative DNA damage by free radicals.

The effect of the radioprotector WR-1065 on the cytotoxic and
mutagenic effects of 56Fe ions has been investigated on both
radioresistant and radiosensitive cells (Evans et al., 2002). WR-
1065 provided no protection against the cytotoxic effects of expo-
sure of either cell line to 56Fe ions whether it was present during
the exposure or when added after the exposure. In contrast,
WR-1065 did provide protection against the cytotoxic effects of
x rays when present during but not after the exposure (Evans
et al., 1999). The activity of WR-1065 when added after exposure in
certain types of cells (Evans et al., 2002; Grdina et al., 1985; 1991),

Fig. 6.21. Survival fractions (percent) of noted particle-irradiated
human fibroblast cell lines as a function of dose for gamma rays and
various heavy ions (Chen et al., 1994b).
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Fig. 6.22. HPRT mutation induction in primary human fibroblasts as
a function of LET in accelerator studies with protons, deuterons or
helium-3 ions (Hei et al., 1988).

TABLE 6.2—Summary of HPRT mutant spectra 
(Kronenberg et al., 1995).

Mutant Type
Iron Ions

(1 Gy)

Spontaneous Mutants

Kronenberg 
et al. (1995)

Combined 
TK6 Data

Total deletion 19 2 13

Partial deletion or 
rearrangement

13 6 48

No detectable 
alteration

 7 22 99

Total 39 30a 160b

aSpontaneous HPRT mutants from parallel control cultures.
bSpontaneous HPRT mutants from this series and other published TK6 (cell

line derived from human lymphoblastoid tissue) data (Gennett and Thilly, 1988;
Skopek et al., 1978; Whaley and Little, 1990).
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as well as its protection when administered in the phosphorylated
form (WR-2721) to normal but not tumor cells in humans (Yuhas,
1979; 1980) indicates its value when used for treatment after acci-
dental exposures or as an adjuvant to radiation therapy or chemo-
therapy. Further research may prove useful. Two additional
radioprotectors against charged particle induced mutations in
human-hybrid cells have been reported; Rib-Cys (Lenarczyk et al.,
2003) and ascorbate (Ueno et al., 2002; Waldren et al., 2004) which
even could be effective when added after irradiation.

Mutational spectra in T-lymphocytes from Soviet cosmonauts
who have completed spaceflights of 7 to 365 d have been analyzed
using the clonal HPRT assay (Khaidakov et al., 1997). The doses
received in space by the cosmonauts ranged from 4 to 127 mGy.
Mutant frequencies were 2.4- to 5-fold higher than age-corrected
values for healthy, unexposed subjects in western countries and
exhibited an increased incidence of splicing errors, frameshifts,
and complex mutations. Higher frequencies of contribution of ade-
nine and thymine to guanine and cytosine transitions and guanine
and cytosine to thymine and adenine transversions were also
observed. It was concluded that the increased mutant frequencies
and observed shifts in mutational spectra likely indicated a combi-
nation of potential influences, including environment, lifestyle, and
occupational exposures. Further work that included comparisons
with an unexposed cohort of Russian twins (Khaidakov et al., 1999)
revealed that the distribution of mutations by class in the Russian
twins data set was essentially similar to the background Western
control, whereas cosmonaut samples demonstrated a significant
excess of splice errors and complex mutations. The distribution of
base substitutions showed similar trends in both the cosmonaut
and Russian twin samples, which are quite distinct compared to

TABLE 6.3—Classification of partial deletion mutations HPRT 
locus (Kronenberg et al., 1995).

Iron-Induced
Mutants

Spontaneous
Mutants

5' terminal deletions 4 1

3' terminal deletions 6 3

Deletions with both termini within the 
locus

3 None

Complex rearrangement on Southern 
blotting

0 2

Total 13 6



180  /  6. S
P

A
C

E
 R

A
D

IA
T

IO
N

 B
IO

L
O

G
Y

Fig. 6.23. Iron irradiation induced changes in lacZ mutant frequencies in the brain as a function of p53 genetic
background after a single acute 1 Gy dose of 56Fe ions (Chang et al., 2001).
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those seen in the Western control. In a recent follow-up study ~100
mutants collected from Russian twins reported in a previous study
were sequenced and compared to an aged-matched Western
mutant data set (Curry et al., 2000). The mutational spectrum of
the Russian subjects was significantly different. Curiously, the
younger Russian spectrum resembled that found in older individu-
als in the West. Specifically, adenine and thymine to guanine and
cytosine transversions are significantly over-represented in the
Russian twin spectrum as compared to the Western spectrum.
Notably 42 % (23/55) of the base substitutions, almost double the
expected value, have not been previously reported. The origin of
this difference, whether related to genotoxic challenge, repair or
avoidance, cannot be distinguished, but diet and other lifestyle fac-
tors clearly may be responsible. No correlations can be made with
radiation exposure in space.

6.2.8 Genomic Instability

Another level of inheritance of radiation effects relates to
genomic instability (Little, 1998; 2003a, 2003b; Morgan et al.,
2002). Genomic instability is persistent, and transmissible genomic
changes in the progeny of low- or high-LET-irradiated cells, as well
as unirradiated, neighboring cells. Genomic instability is detected
as an increased rate of acquisition of alterations in the mammalian
genome, and includes such diverse biological endpoints as chromo-
somal destabilization, aneuploidy, micronucleus formation, sister
chromatid exchange, gene mutation and amplifications, variations
in colony size, reduced plating efficiency, and cellular transforma-
tion (Limoli et al., 2000a; 2000b). The major interest in genomic
instability is the concern it may contribute to an increased risk of
induced malignancies. This is not known at present, and more
research is needed to clarify the mechanisms underlying this and
other recent phenomena that may represent a paradigm shift in
radiation biology away from the basic tenet that deposition of
energy in irradiated targets is responsible for radiation’s deleteri-
ous biological effects. It now appears that cellular exposure to
radiation can initiate a process or processes that perpetuate the
phenotypes of genomic instability indirectly via separate and dis-
tinct biochemical and molecular mechanisms.

Initial work to establish a clear dose response for the induction
of genomic instability by low-LET radiations yielded conflicting
results (Little et al., 1997). However, one study by Limoli et al.
(1999) of the induction of chromosomal instability in clonal popula-
tions of human-hamster hybrid cells derived from single surviving
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progenitors 20 generations after exposure has been completed with
a range of low-LET radiation doses (0.1 to 10 Gy) and dose rates
(0.092 to 17.45 Gy min–1). In cells unsubstituted with BrdU, a dose
response was found, where the probability of observing delayed
chromosomal instability in any given clone was 3 % Gy–1 of x rays.
For cells substituted with 25 to 66 % BrdU, a dose response was
observed only at low doses (<1 Gy); at higher doses (>1 Gy) the inci-
dence of chromosomal instability leveled off. There was an increase
in the frequency and complexity of chromosomal instability per
unit dose compared to cells unsubstituted with BrdU which sug-
gests that DNA comprises at least one of the critical targets impor-
tant for the induction of genomic instability. The frequency of
chromosomal instability appeared to saturate around ~30 %, an
effect that occurred at much lower doses in the presence of BrdU.
Changing the alpha dose rate by a factor of 190 produced no signif-
icant differences in the frequency of chromosomal instability. Most
other studies have not been able to demonstrate a dose response for
ionizing radiation-induced chromosomal instability in other model
systems.

This work has been extended to examine the induction of chro-
mosomal instability by high-LET radiations using high-energy iron
ions (1 GeV n–1) and gold ions (11 GeV n–1) (Limoli et al., 2000a).
Dose-response data, with a particular emphasis at low doses
(<1 Gy), indicated a frequency of 4 % Gy–1 for the induction of chro-
mosomal instability in clones derived from single progenitor cells
surviving exposure to iron ions. The induction of chromosomal
instability by gold ions was less responsive, since the observed inci-
dence of this phenotype varied from 0 to 10 % over 1 to 8 Gy (Fig-
ure 6.24). At the first mitosis after irradiation both iron and gold
ions gave dose-dependent increases in the yield of chromosomal
aberrations of both the chromosome- and chromatid-type, as well
as shoulderless survival curves having D0 = 0.87 and 1.1 Gy, respec-
tively. Based on the present dose-response data, RBE of iron ions is
1.3 for the induction of chromosomal instability, and this indicates
that heavy ions are only slightly more efficient than x rays at elic-
iting this delayed phenotype.

Even the traversal of a cell by a single charged particle has been
shown to significantly increase its genomic instability. Using
microbeam technology and an approach for immobilizing human
T-lymphocytes, Kadhim et al. (2001) measured the effects of single
alpha-particle traversals on the surviving progeny of cells. A signif-
icant increase in the proportion of aberrant cells was observed
12 to 13 population doublings after exposure, with a high level of
chromatid-type aberrations, indicative of an unstable phenotype.
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These data have important implications for likely risk associated
with low fluence exposure in vivo. They suggest that a cell that has
received only a single charged-particle traversal and survives may
have a significantly increased probability of producing chromo-
somal changes in subsequent generations. Radioprotection of
transgenerational genomic instability in murine oocytes irradiated

Fig. 6.24. Dose response for the induction of chromosomal instability
by high-energy heavy ions: (top) GM10115 cells after exposures to 1 GeV
n–1 iron (•) and 13 GeV n–1 gold ( ), and (bottom) comparison between high
1 GeV n–1 iron (•) and low-LET x rays ( ) radiation-induced chromosomal
instability (Limoli et al., 2000a).

°
°
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with 0.1 Gy of low-LET radiation has been demonstrated with pre-
treatment with the ceramide metabolite sphingosine 1-phosphate
which mediates apoptosis (Morita et al., 2000).

6.2.8.1 Genomic Instability in Humans. There have been few
human studies that specifically have looked for genomic instability
in an exposed human population, and they have failed conclusively
to find any excess levels of chromosome instability. Littlefield et al.,
(1997) observed transmissible chromosome complexes in lympho-
cytes of a Thorotrast® (van Heyden Company, Dresden-Radebeul,
Germany) patient and concluded that they were the progeny of
irradiated stem cells, and that the highly complex aberrations
could be indicative of exposure to densely ionizing radiations.

Anderson et al. (2005) demonstrated a high proportion of com-
plex aberrations with in vivo studies, many of which were non-
transmissible in individuals with high-plutonium body burdens
evaluated using meta-fluorescence in situ hybridization (mFISH),
in addition to stable translocations. A second study, using single
color fluorescence in situ hybridization (FISH) painting, also noted
an increase in stable translocation (Tawn et al., 2006). This study
failed to observe an elevation in stable complex aberrations, dicen-
trics or unstable complex aberrations in the plutonium-exposed
groups. Differences between this study and the Anderson study
may be due to differences in exposure profile and the sensitivity of
the techniques employed to detect complex events. 

Kodama et al. (2005) estimated cytogenetic instability in vivo
using chromosomally marked clonal T-cell populations in atomic-
bomb survivors >40 y postirradiation. The basic idea tested was
that clonal translocations were derived from single progenitor cells
that acquired an aberration, most likely after a radiation exposure,
and then multiplied extensively in vivo, resulting in a large num-
ber of progeny cells that eventually comprise several percent of the
total lymphocyte population. Therefore, if chromosome instability
began to operate soon after a radiation exposure, an elevated
frequency of additional but solitary chromosome aberrations in
clonal cell populations would be expected. Instead, six additional
translocations were found among 936 clonal cells examined with
the G-band method (0.6 %); the corresponding value with multi-
color FISH analysis was 1.2 % (4/333). Since these frequencies
were no higher than 1.2 % (219/17,878 cells), the mean transloca-
tion frequency observed in control subjects using the G-band
method, it was concluded that chromosome instabilities that could
give rise to an increased frequency of persisting, exchange-type
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aberrations were not commonly generated by radiation exposure.
There are also limitations in the relevance of comparing pro-
tracted, mixed radiation-quality exposures during spaceflight to
the acute, largely low-LET exposure of atomic-bomb survivors.

6.2.8.2 Links of Genomic Instability with Other Phenomena.
Recent reviews of the radiation-induced genomic instability litera-
ture indicate that it may be linked or may have an early role in
carcinogenesis (Huang et al., 2003), bystander effects and other
nontargeted effects (Kadhim et al., 2004; Morgan, 2003; Nagar
et al., 2003). A biological-based model that links genomic instabil-
ity, bystander effects, and adaptive response has also been devel-
oped (Scott, 2004). The most convincing laboratory evidence is from
Ponnaiya et al. (1997a) who have tested the hypothesis that indi-
viduals highly susceptible to induction of tumors by radiation
should exhibit enhanced radiation-induced instability. BALB/c
white mice are considerably more sensitive to radiation-induced
mammary cancer than C57BL/6 black mice. In their study, primary
mammary epithelial cell cultures from these two strains were
examined for the delayed appearance of chromosomal aberrations
after exposure to 137Cs gamma radiation, as a measure of radia-
tion-induced genomic instability. As expected, actively dividing cul-
tures from both strains showed a rapid decline of initial
asymmetrical aberrations with time postirradiation. However,
after 16 population doublings, cells from BALB/c mice exhibited a
marked increase in the frequency of chromatid-type breaks and
gaps which remained elevated throughout the time course of the
experiment (28 doublings). No such effect was observed for the cells
of C57BL/6 mice; after the rapid clearance of initial aberrations,
the frequency of chromatid-type aberrations in the irradiated
population remained at or near those of nonirradiated controls.
These results demonstrate a correlation between the latent expres-
sion of chromosomal damage in vitro and susceptibility for mam-
mary tumors, and provide further support for the central role of
radiation-induced instability in the process of tumorigenesis.
Although the underlying mechanism of action still remains to be
elucidated, these findings are pointing to a transmissible factor
that could explain the high frequency of these effects, as well as the
general lack of a well-defined dose response for nontargeted effects.

The radiation induction of genomic instability depends on the
dose and radiation quality. There appears to be a low dose of low-
LET radiation below which no additional genomic instability is
induced. Low doses of both low- and high-LET radiation can induce
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genomic instability and dose-rate effects of each are reported
(Nagar et al., 2003) that may have significance in the estimation
of radiation risk in space travel. Ponnaiya et al. (1997b) have stud-
ied progeny of either gamma- or neutron-irradiated human epithe-
lial MCF-10A cells for chromosomal aberrations between 5 and
40 population doublings postirradiation. Exposure to either type of
radiation resulted in an increase in chromatid-type gaps and
breaks several doublings after the irradiation; no such effect was
observed for chromosome-type aberrations. Neutron-irradiated
cells showed consistently elevated frequencies of aberrations com-
pared to nonirradiated controls at all times examined. Aberration
frequencies for gamma-irradiated cells were not significantly dif-
ferent from controls until 20 to 35 population doublings postirradi-
ation, where they increased twofold above background before
returning to near control levels. These data represented the first
evidence of chromosomal instability caused by neutron exposure,
and have been confirmed by Kadhim et al. (1998). Results show
that while either gamma rays or neutrons are capable of inducing
similar types of delayed aberrations, the time course of their
appearance can differ markedly.

On the other hand, Dugan and Bedford (2003) report that nei-
ther low- nor high-LET radiations induce chromosomal instability
in low passage normal diploid human fibroblasts. This undermines
the suggestion that instability is an initiating step in carcinogene-
sis if radiation cannot trigger chromosome instability in normal
cells. A lack of a detectable transmissible chromosomal instability
has also been reported after in vivo or in vitro exposure of mouse
bone-marrow cells to 224Ra alpha particles (Bouffler et al., 2001).
In addition, there is no evidence that irradiation of the bone mar-
row in childhood cancer survivors resulted in instability being
transmitted to their offspring (Tawn et al., 2005). However, con-
trasting results have been reported by others in normal human
bone-marrow cells (Kadhim et al., 1995; 1992), normal human lym-
phocytes (Kadhim et al., 2001), and normal fibroblasts irradiated
with HZE particles (Kadhim et al., 1998). In addition, Pirzio et al.
(2004) have shown the karyotypic stability of human fibroblasts
immortalized by expression of hTERT. The ectopic overexpression
of telomerase however is associated with unusual spontaneous as
well as radiation-induced chromosome stability. Long-term studies
illustrated that human fibroblasts immortalized by telomerase
show an unusual stability for chromosomes, both with and without
exposure to ionizing radiation. These results confirm a role for
telomerase in genome stabilization by a telomere-independent
mechanism.
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6.3 Early Radiation Effects

Early radiation effects include changes in gene activity, the
induction of DNA damage and the initiation of the processing of
the DNA damage. The damage may be repaired, rapidly in the case
of exposure to low-LET radiation and largely without error, but
slowly and with significant probability of misrepair after high-LET
radiation. If the initial damage is sufficiently severe, cell death may
occur. If cell loss exceeds a threshold, the level of which varies
among tissues, the affected tissue may exhibit loss of function.

6.3.1 Homeostasis

Homeostasis is a concept based on the idea that numerous phys-
iological systems within the body are controlled by direct and
feedback regulation to maintain a normal, integrated state. Expo-
sure to low levels of toxic chemicals can modify homeostasis, and
in some cases has beneficial effects, such as increased resistance
to related chemicals or stimulation of growth or development
(Calabrese and Baldwin, 2002). It is known that ionizing radiations
can disturb homeostatic regulation. Although the biological effects
of ionizing radiation are predominantly harmful, low-to-intermedi-
ate doses have been observed in a number of species from plants to
mammals to enhance growth and survival, augment the immune
response, and increase resistance to the mutagenic and clastogenic
effects of further radiation exposure (Upton, 2001). On the other
hand, cancer cells are known to have defects in regulatory circuits
in the extracellular matrix that govern normal cell proliferation
and homeostasis (Hanahan and Weinberg, 2000).

High-LET radiations found in space are known to have greater
effects compared to low-LET reference radiation and have demon-
strated dependence on the quality of the radiation with maxima in
the curves for each particle type often called hooks (Wulf et al.,
1985). The RBE values for a number of biological endpoints (most
of which are derived from in vitro or in vivo cell survival, molecular
damage or mutation data in the laboratory) are widely accepted to
demonstrate a maximum for many atomic nuclei in the LET range
near 100 to 200 keV µm–1 (Blakely et al., 1984). There are notable
exceptions such as a lower LET maximum near 80 keV µm–1 for
some tissue-specific endpoints, such as those derived from lym-
phoid material, and a maximum of near 30 keV µm–1 for the effects
of low-energy protons (Belli et al., 1989). Most of these RBE-LET
experiments involved relatively high doses in the >2 to 20 Gy
range. This work is reviewed in NCRP Report No. 132 (NCRP,
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2000). Summarized below is an evaluation of early radiation effects
that may be pertinent to space radiation exposures. This is followed
by a description of some of the biological effects that can impact dif-
ferent kinds of homeostasis after exposure to relatively low doses of
ionizing radiations for which further research is needed before the
importance of its significance can be evaluated.

Although there are some forms of high-LET radiation damage
that are qualitatively unique, for many biological indices, low- and
high-LET radiation cause qualitatively identical changes in genetic
and membrane cell targets, with differences only in the quantita-
tive level of the effects. It is now recognized that biological targets
and mechanisms of radiation damage and repair, as well as path-
ways underlying the effects of exposure to radiation of any quality
can be different at low or high doses. There is an increased impor-
tance of membrane damage in the total damage after exposure to
low doses of either low- or high-LET radiations compared to higher
doses. This fact has changed the focus of radiation risk assessment
to an understanding of the impact of relevant biology (Fry et al.,
1998). 

6.3.2 Prodromal Effects of Radiation Exposure

The term prodromal effect describes a transient period of anor-
exia, nausea and vomiting that generally develops within a few
hours of radiation exposure and rarely exceeds 24 h with low-
LET radiations (Fajardo et al., 2001). The time of onset, and both
the severity and duration of symptoms are dose dependent and,
therefore, can provide a rough indication of the dose. Figure 6.25
illustrates cumulative probability graphs for these prodromal
symptoms. This work was performed at Oak Ridge Associated
Universities from 1964 to 1975 (n = 502 patients, including therapy
and accident situations). From these graphs the ED50 = 1.08 Gy for
anorexia, ED50 = 1.58 Gy for nausea, and ED50 =2.40 Gy for emesis
(Ricks and Lushbaugh, 1975). Useful information regarding the
prodromal syndrome is also available in a software application
(called Biodosimetry Assessment Tool) for management of radia-
tion accidents that has been developed for post-exposure biodosim-
etry (Sine et al., 2001). Prodromal effects are not noted below
low-LET radiation doses of 0.5 Gy (Mettler and Upton, 1995).

Until relatively recently little information has been available
regarding prodromal effects of other radiation types. Rabin and col-
leagues (Rabin et al., 1992; 1994) have studied the dose response of
600 MeV n–1 56Fe-induced emesis in ferrets and compared it with
the dose response from other radiation types. Over the dose range
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of 0.2 to 5 Gy, fission spectrum neutrons and high-energy iron ions
were each more effective than 60Co gamma rays in inducing emesis,
and the effects of iron ions and fission neutrons could not be distin-
guished from each other. 60Co gamma rays were significantly more
effective in producing emesis than high-energy electrons or
200 MeV protons. Dose rates ranged from 0.1 to 1 Gy min–1. The
relative effectiveness of different types of radiation in producing
emesis as a function of LET is presented in Figure 6.26. It was
noted that the results were consistent with other behavioral toxic-
ity in showing that LET was not a good predictor of the effect. The
relatively large difference in LET between 56Fe particles at
~190 keV µm–1, and fission spectrum neutrons at ~65 keV µm–1

was not associated with any difference in the effectiveness
with which the two types of radiation produced emesis. In contrast,
the small differences in LET between 60Co gamma rays at
~0.3 keV µm–1, high-energy electrons at 0.2 keV µm–1, and protons
at ~0.3 keV µm–1 are associated with significant differences in the
effectiveness with which these types of radiation cause vomiting in
the ferret. Obviously the avoidance of vomiting is a high priority
but little is known about the influence of proton dose rate. There is

Fig. 6.25. Dose dependence of the probability of prodromal symptoms
in humans based on data from radiation theory and accident patients
(Ricks and Lushbaugh, 1975). 
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no information about radiation-induced emesis in mixed radiation
fields as would be found in deep space.

It is known from clinical radiotherapy that early symptoms
including headache, nausea and vomiting and deterioration of pre-
existing neurological signs following human brain treatment with
relatively large dose fractions of conventional low-LET radiation
can occur within hours after exposure. Experimental studies with
animals have examined the initial response of the brain to whole-
body or head-only gamma irradiation (Hong et al., 1995; Raju et al.,
2000). Inflammatory gene products (which are probably responsible
for clinically observed early symptoms of brain radiotherapy) are
increased reaching a peak within 4 to 8 h after exposure. This effect
was dose-dependent, however, and was not found <7 Gy, except for
intercellular adhesion molecule-1, which was increased by doses as
low as 2 Gy (Hong et al., 1995). The effects can be reduced by the
use of steroids. Transcription factors associated with injury such as
the DNA-binding activities of AP-1 (heterodimer formed by c-jun
and c-fos), Sp-1 (an inhibitor of beta-like globin gene transcription
during erythroid differentiation), p53 and nuclear factor kappa B
are also increased in a time- and dose-dependent manner after
exposure to asymptomatic doses (Raju et al., 2000). The ultimate
consequences of these transient changes in gene expression are not
known. Cytokines have been associated, however, with several
pathologic conditions of the nervous system. Cytokine changes can
also influence the proliferative characteristics of stem cells and

Fig. 6.26. LET dependence of relative behavioral effectiveness of
radiation in producing emesis and or retching in ferrets; B = brems-
strahlung, P = protons, e– = electrons, 60Co = cobalt gamma rays, n0 =
neutrons, 56Fe = iron ions.
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may be important to memory loss in other neurodegenerative
disease. There is no published information on the effects of space
radiations on gene expression of inflammatory gene products or
DNA-binding transcription factors in the brain.

6.3.3 Motor-Neural Effects

There is biochemical evidence for LET-dependent premature
aging and CNS degeneration (Joseph et al., 1992; 1993; 1994) and
unique enhanced behavioral toxicity from particle radiation expo-
sures (De Angelis et al., 1989; Hunt et al., 1989; 1990; Kastan et al.,
1991) as discussed in Section 6.2.3. However, exposure to ordinarily
available sources of penetrating radiations usually do not indicate
sensory perception of irradiation. The retina is very sensitive to
x and gamma rays (Section 6.3.4), and exposure to <1 R can cause
an alteration in the absolute threshold to light sensation
(Kameyama et al., 1956; Lipetz, 1955). Single millisecond pulses
in excess of 400 Gy or pulse trains of <1 s duration elicited
the corneal blinking reflex when delivered to the cornea of unanes-
thetized rabbits (Tobias, 1962). Radiation-induced stimulation of
motility on exteriorized intestines of rats, rabbits and guinea pigs
has been reported (Conard, 1951; 1956). In contrast, dose rates of
10 Gy min–1 of high-energy alpha particles failed to stimulate frog
sciatic nerves, and persistent alterations of ionic balance in periph-
eral mammalian nerves follows only after irradiation by many
thousands of gray (Bachofer and Gautereaux, 1959; Gaffey, 1962).
Early performance decrement after radiation exposure is often pro-
duced by exposure to rapid, supra-lethal doses of ionizing radiation
(Bogo, 1988). However, this appears to be species-dependent since
nonhuman primates show more radiosensitivity to this endpoint
than rodents (Bogo et al., 1987; Bruner, 1977); and dependent on
the radiation quality (Bogo et al., 1989). Gauger et al. (1986)
reported that movies of neurons exposed to particle radiation fields
show a dendritic retraction phenomena in real time. All of this
work has led to the conclusion that there are widely varying limits
of excitability of nerve or of muscle action, that different radiation
qualities are not equally effective at disrupting performance, and
the data suggest that high-energy electrons potentially possible in
space during solar events could disrupt behavior at lower doses
than other radiations, regardless of the doses needed to produce
early performance decrement. Fission neutrons were the least
effective, and the work of Joseph et al. (1992) indicate high effec-
tiveness for very low doses (<1 Gy) of iron ions. This work needs
further research into dose-rate effects of the most effective beams
for more nerve and muscle endpoints.
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6.3.4 Light Flashes

Phosphene, the visual perception of flickering light, is consid-
ered a subjective sensation of light, since it can be caused simply by
applying pressure on the eyeball. Phosphenes have also been
reported by volunteers exposed to extremely low-frequency mag-
netic fields (internal induced fields ~1 to 1,000 mV m–1) (Saunders,
2003). Phosphenes can be induced by transcranial magnetic stimu-
lation to the human occipital cortex in the brain, or to the retina
(Tenforde, 1996). X-ray exposures to the eye can induce phosphenes
(Doly et al., 1978; 1980). The electrophysiological response of
isolated albino rat retinas induced by x rays was found to be iden-
tical to the electrophysiological response produced by a visible light
stimulation. To obtain the same electrophysiological response
amplitude, the incident energy on the retina had to be ~5 × 106

times larger for x rays (E = 40 keV) than for visible light (Doly et al.,
1980). The dose threshold for the detection of radiation by the
dark-adapted human eye is a few thousandths of a milligray (Pape
and Zakovsky, 1954). This is equivalent to an energy deposition of
~1010 ergs per cell, which implies that a single charged particle
with sufficient range to traverse a sufficient number of rods and
cones would be capable of causing a light flash (Todd et al., 1974). 

Tobias (1952) predicted that space travelers whose retinas were
traversed by a heavy cosmic-ray primary particle track would have
several rods and cones activated producing a visual phenomenon of
streaks or flashes of light. A number of astronauts who flew orbital
missions in near-equatorial orbits below the Van Allen radiation
zones failed to observe light flashes. But astronauts on Apollo
missions IX through XV observed a series of light flashes and
streaks when the interior of their spaceship was dark and regard-
less whether their eyes were open or closed. Fremlin (1970) sug-
gested that the observed flashes were due to cosmic radiation or its
Cerenkov radiation. However, Cerenkov radiation cannot be the
only mechanism since slow particles also induce light (McNulty
et al., 1978). Experiments to test a variety of radiations in produc-
ing visible phenomena have been carried out in the laboratory
using accelerators (Budinger et al., 1972; 1976; 1977; Charman
et al., 1971; Hoffman et al., 1977; McNulty, 1971; Osborne et al.,
1975; Pinsky et al., 1974; Tobias et al., 1971). Several conclusions
can be drawn from these studies: 

• The diffuse ionization caused by 80 kV x rays does not pro-
duce discrete flashes but a dull glow, and the dose threshold
for the x-ray phosphene is higher than that for high-energy
neutrons.
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• A fluence rate of 1.4 × 104 neutrons cm–2 s–1 produced 25 to
50 flashes in the subjects’ view, probably due to 400 proton
recoils per second in the vitreous fluid and ~40 spallation
products per second in the eye.

• 1.5 GeV pi mesons to a total dose of 1,200 pions cm–2 or
0.02 mGy did not produce a visual effect, probably due to
the fact that mesons do not ionize densely enough to cause
flashes to be seen, and that Cerenkov radiation probably
does not play a role in the production of flashes, however
extremely relativistic muons did produce light flashes.

• High-energy helium ions produce streaks.
• The color of the light observed by the subjects was difficult to

identify, but was considered to be gray, bluish or white light,
consistent with the effects being due to direct interaction of
the incoming radiation with the retinal photoreceptor cells. 

As discussed above, loss of retinal photoreceptors has been
reported to occur prematurely after heavy particle irradiation in
rabbits (Williams and Lett, 1994).

There was an international effort spearheaded by Italian and
Russian scientists to investigate the light flash phenomenon fur-
ther, correlating measurements of the radiation environment and
the nuclear abundance inside the ISS with the study of astronaut
brain activity in space when subjected to cosmic rays as detected
with light-excluding helmet equipment with particle detection
equipment and recorded as a function of background fluence rate
and orbit position. This study was called the Sileye-3/Alteino
Experiment (Bidoli et al., 2002) and was completed on the Mir
Space Station. The rates of occurrence of light flashes measured
onboard the Mir Space Station as a function of particle rate for all
particles and for relativistic nuclei inside and outside of the South
Atlantic Anomaly have been reported by Bidoli et al. (2002).

The Anomalous Long-Term Effects in Astronauts (ALTEA)
Alteino experiment has set the experimental baseline for providing
information on the radiation environment onboard the ISS and on
astronauts’ brain electrophysiology during orbital flights (Narici
et al., 2003; 2004). The concurrent acquisition of particle and
electroencephalogram data will detect the number of particles trav-
eling through each different region of the brain per unit time, per-
form nuclear discrimination, and calculate the amount of energy
delivered to neural tissues. A parallel study called ALTEA-MICE
will also be launched in the ISS to investigate the effects of heavy
ions on the visual system of normal and mutant mice with visual
defects (Sannita et al., 2004).
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6.3.5 Hematological Changes

6.3.5.1 Effects on Blood Cell Compartments. Studies on the effects
of whole-body proton irradiation on bone-marrow-derived cell types
and the highly immunosuppressive cytokine transforming growth
factor-β1 (TGF-β1) have been reported by Kajioka et al. (2000a).
C57BL/6 female mice were irradiated with a single 3 Gy dose of
either 250 MeV or mid-peak stopping protons of 149 MeV. Control
animals were irradiated with 3 Gy 60Co gamma rays. Animals were
euthanized in a time course of 0.5, 4, 7, 10, 14, and 17 d after expo-
sure. Highly significant decreases in white blood cell counts were
noted as early as 12 h post-exposure in all irradiated groups, with
means being only 32 to 35 % of those for nonirradiated controls
(Figure 6.27). At this same point in time, significantly low numbers
of lymphocytes (11 to 17 % of control), and monocytes (32 to 36 % of
control) were present. The depression generally persisted until
the end of the study. Collectively, the data show that dramatic and
persistent changes occurred in all irradiated groups compared to
the unirradiated controls, but that all irradiated groups gave simi-
lar results regardless of the radiation type.

In contrast, neutrophil levels tended to be erratic, and signifi-
cant differences were observed among the irradiated groups on
days four and seven. Eosinophils and basophils were noted only
rarely in all four groups. Red blood cells counts, hematocrit and
hemoglobin content were significantly decreased very early at 12 h
only in the 60Co irradiated mice but not the proton-irradiated
animals. On days 4 to 17, however, these parameters were signifi-
cantly decreased in all irradiated groups (both gamma and proton),
with the lowest values observed on day four. Anemia is a common
problem associated with irradiation of large body areas that
include the bone marrow, and astronauts returning to Earth after
even a few days in space often present with low red cell mass and
symptomatic anemia (Alfrey et al., 1996). Thrombocyte counts fluc-
tuated showing significant depression for all radiation groups on
days 4 and 10 through 17, but normal levels on days 0.5 and 7.
TGF-β1 levels in plasma were significantly elevated at 7 d post-
exposure in mice irradiated with 60Co gamma rays when compared
to nonirradiated controls or to either of the proton-irradiated
groups. However, by day 17 all irradiated groups had significantly
lower levels of the cytokine than did the control animals.

An evaluation of the functional characteristics of leukocytes
and circulating blood cell parameters after whole-body proton irra-
diation at varying doses and at low (0.01 Gy min–1) and high
(0.8 Gy min–1) dose rates has been made by Pecaut et al. (2002).
C57BL/6 mice were irradiated and euthanized at 4 d post-exposure



6.3 EARLY RADIATION EFFECTS   /   195

for assay. Significant radiation dose-dependent decreases were
observed in splenocyte responses to T and B cell mitogens when
compared to sham-irradiated controls (p < 0.001). No sparing
was observed when the dose rate was reduced to 0.01 Gy min–1

spontaneous blastogenesis, also significantly dose dependent, was
increased in both blood and spleen (p < 0.001).

Early human lymphocyte depletion kinetics after acute high
doses (>3 Gy) follow a single exponential, L(t) = L0 e–K(D)t, where
K(D) is a rate constant, dependent primarily on the mean absorbed
dose (D) (Goans et al., 1997). Within the first 8 h postaccident, K(D)

Fig. 6.27. Leukocytes in the blood with time after irradiation. Each
bar represents the mean ± SEM. The dotted horizontal lines represent the
means for nonirradiated controls; SEM values were ±0.55 (white blood
cells), ±0.44 (lymphocytes), ±0.17 (neutrophils), and ±0.10 (monocytes).
(a) p < 0.05 versus all irradiated groups at all time points except p + [E
(entrance plateau of the Bragg curve)] on day four; (b) p < 0.05 versus
p + [SOBP (spread-out Bragg peak)]; (c) p < 0.05 versus control; and
(d) p < 0.05 versus 60Co (Kajioka et al., 2000a).
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may be calculated using serial lymphocyte counts and used as a
first approximation to guide initial medical management. Data are
needed at protracted dose rates of protons. 

 Red blood cell counts, hemoglobin concentration, and hemat-
ocrit were decreased in a dose-dependent manner (p < 0.05),
whereas thrombocyte numbers were only slightly affected. Com-
parison of proton- and gamma-irradiated groups (both receiving
3 Gy at high dose rate) showed a higher level of spontaneous blas-
togenesis in blood leukocytes and a lower splenocyte response to
concanavalin A, following proton irradiation (p < 0.05). There were
no dose-rate effects noted. Overall, the data demonstrate that the
measurements in blood and spleen were largely dependent upon
the total dose of proton radiation and that an 80-fold difference in
the dose rate was not a significant factor. Some differences were
found, however, between protons and gamma rays in the degree of
change induced in some of the measurements.

The effects of single small doses of x rays upon murine hemato-
poietic stem cells have been studied to obtain a better estimate of
the quasithreshold dose of the survival curve (Cronkite et al.,
1987). The quasithreshold dose is small, of the order of 20 cGy. A
dose fractionation schedule that does not kill or perturb the kinet-
ics of hematopoietic cell proliferation was sought in order to inves-
tigate the leukemogenic potential of low-level radiation upon an
unperturbed hematopoietic system. Doses used by others in past
radiation leukemogenesis studies clearly perturbed hematopoiesis
and killed a detectable fraction of stem cells. In contrast, Cronkite
et al. (1987) reported that 1.25 cGy every day decreased the CFU-S
content of bone marrow by the time 80 cGy were accumulated.
Higher daily doses as used in published studies on radiation leuke-
mogenesis produced greater effects; 2 cGy three times per week
produced a modest decrease in the CFU-S content of bone marrow
after an accumulation of 68 cGy. With 3 cGy three times per week
an accumulation of 102 cGy produced a significant decrease in the
CFU-S content of bone marrow. Dose fractionation at 0.5 and 1 cGy
three times per week did not produce a CFU-S depression after
accumulation of 17 and 34 cGy. Previous radiation leukemogenesis
publications utilized single doses and chronic exposure schedules
that probably significantly perturbed the kinetics of the hematopoi-
etic stem cells. Whether radiation will produce leukemia in animal
models with dose schedules that do not perturb kinetics of hemato-
poietic stem cells is still unknown.

Near-term effects of chronic, low daily-dose gamma-irradiation
(3 to 128 mGy d–1) on the blood-forming system of canines have been
reported (Seed et al., 2002a). Change in hematopoietic capacity was
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monitored along with time of exposure and cumulative radiation
dose. The rate, magnitude and timing of suppression and accommo-
dation were determined. The ability of periodic treatment with a
lipopolysaccharide immunomodulator to alleviate the suppressive
hematopoietic effects of chronic exposure was tested and the effects
of other pharmacologics (amifostine, granulocyte colony-stimulat-
ing factor, cytokine) were evaluated based on evidence with rodent
models.

Results indicated that low but significant suppression of blood
leukocyte and platelet levels occurred at 3 mGy d–1. As the dose
rate increased from 3 to 128 mGy d–1, the rate of suppression
increased approximately eightfold, whereas the time to accommo-
date declined from 2,000 to ~150 d. Within the time frame required
to reach the upper limit of 700 mGy, none of the dose rates exam-
ined elicited blood cell decrements large enough to severely
compromise near-term immune function. Pharmacological inter-
vention with lipopolysaccharide minimized hematopoietic suppres-
sion in only a small fraction of the treated animals that displayed
distinctive long-term survival and pathology patterns. 

Additional data (Seed et al., 2002b) suggest that the daily
dose rate of 7.5 cGy d–1 represents a threshold below which the
hematopoietic system can retain either partial or full trilineal cell-
producing capacity (erythropoiesis, myelopoiesis and megakary-
opoiesis) for extended periods of exposure (>1 y). Trilineal capacity
was fully retained for several years of exposure at the lowest dose
rate tested (0.3 cGy d–1) but was completely lost within several hun-
dred days at the highest dose rate (26.3 cGy d–1). Retention of
hematopoietic capacity under chronic exposure has been demon-
strated to be mediated by hematopoietic progenitors with acquired
radioresistance and repair functions, altered cytogenetics, and
cell-cycle characteristics.

6.3.5.2  Chromosome Aberrations in Lymphocytes

6.3.5.2.1 Technical issues with scoring radiation-induced aberra-
tions. A significant finding from work involving irradiation of indi-
vidual cells is that radiation damage to DNA from ionizing
radiations is clustered (Goodhead, 1994; Sutherland et al., 2000;
2002; Ward, 1994). There is a gradient of clustering that increases
with increasing ionization density, and includes a large number of
small DNA segments (Goodwin et al., 1994; Holley and Chatterjee,
1996; Lobrich et al., 1996; Newman et al., 1997; Rydberg, 1996).

DNA damage response proteins such as CDKN1A (p21Cip1)
have been found to immediately localize to damage produced by
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heavy-ion tracks (Jakob et al., 2002). CDKN1A foci arise rapidly at
sites of localized DNA damage induced by heavy ions and are asso-
ciated with the chromatin. The localization to the foci is not depen-
dent on functional TP53, and occurs independently of the formation
of the hMre11-rad50-NBS1 complex (Jakob et al., 2002).

Difficulty in correctly rejoining the breaks in damaged clusters
may contribute to the high-RBE of high-LET radiation, and perhaps
results in novel DNA lesions. This has been revealed at the genetic
and chromosomal level by a number of recent technical advances
in the identification of rearrangements between lesions (Boei
and Natarajan, 1998; Grigorova et al., 1998; Knehr et al., 1999;
Oberheitmann, 1997; Prasanna et al., 1997). As an example,
Figure 6.28 presents the frequency of human fibroblast cells with
damage to chromosome 4 by gamma rays, protons and iron particles
(Yang, 1999). RBE for protons is close to one, while RBE for iron ions
is 3.5 at low dose (<0.5 Gy) and 3.1 at higher doses.

Numerous cytogenetic assays have been proposed to measure
individual doses, including conventional dicentric scoring, the
conventional micronucleus scoring, the centromere micronucleus
assay using p82H and an alpha AllCen-pancentromeric probe, and
tricolor FISH with chromosome two, four and eight probes for the
scoring of translocations. Thierens et al. (1999) evaluated these
assays in the dose range from 0.1 to 2 Gy with 60Co gamma rays and
found that only the centromere micronucleus assay can combine
high sensitivity with a reasonable scoring time for performing bio-
dosimetry of relatively large populations. The induction of gene

Fig. 6.28. Frequency of human fibroblast cells with damage to
chromosome 4 by 60Co gamma rays, 250 MeV protons, and 1 GeV n–1 iron
particles (Yang, 1999). More complete data sets can be found in Wu et al.
(1997).
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expression as a monitor of exposure to ionizing radiation has also
been proposed (Amundson et al., 2000; 2001a; 2001b). The com-
bined use of multiple bioassay biodosimetric methods including
cytogenetic, hematological and molecular markers has also been
proposed (Blakely et al., 2001; 2003). Horneck (1998a) suggested
monitoring of ionizing radiation exposure using in situ biomarkers
for genetic (e.g., chromosomal aberrations in human lymphocytes,
germ line minisatellite mutation rates) or metabolic changes in
serum, plasma and blood (e.g., serum lipids, lipoproteins, lipid
peroxides, melatonin, antibody titer) for individuals located in radi-
ation environments including ISS. Based on methods and end-
points, biomarkers have been classified in a number of ways as
either biomarkers of exposure, sensitivity or disease (Brooks, 1999).
Durante (2005) in a recent review also distinguishes between biom-
arkers that are dose indicators versus those that are risk indica-
tors. Chromosomal aberrations in peripheral blood lymphocytes are
the only biomarker that can provide simultaneous information on
absorbed dose and risk, and have been measured extensively in
astronauts and cosmonauts during the past 10 y.

A major technical issue to using chromosomal aberrations
for biodosimetry relates to selection of the optimal time course for
examination of the maximum chromosomal damage after
high-LET radiation exposure, which is different from the optimal
post-exposure time after low-LET radiation exposure. Ritter et al.
(1996) were the first to point out that after high-LET radiation
(>100 keV µm–1) aberration yields are higher in cells arriving late
at the first mitosis (delayed by the enhanced high-LET radiation
damage) than the yields measured in cells collected earlier. The
differential time course of this phenomenon was further docu-
mented in hamster fibroblasts (Gudowska-Nowak et al., 2005;
Ritter et al., 2002), human fibroblasts (Berger, 2001; Nasonova
et al., 2004), and in human lymphocytes (Anderson et al., 2000;
George et al., 2001b; Nasonova and Ritter, 2004). An illustration of
how this effect impacts the estimated total yield of chromosomal
damage induced in the first post-exposure cycle of V79 cells is sum-
marized in Table 6.4. The enhanced cell-cycle progression delay of
heavily-damaged cells after high-LET radiation is also evident
when the aberration yields are scored by the premature chromo-
some condensation (PCC) technique in G2-cells and compared to
the yields found in metaphase (e.g., aberration yields in G0 after
repair) are much higher than in metaphase cells collected at 48 h
(Durante et al., 1998). In summary it is recommended not to use a
single sample time to quantify high-LET induced chromosome
damage in metaphase cells.
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TABLE 6.4—Estimated total yield of chromosomal damage induced in the first cycle of V79 cells 
(Ritter et al., 2002).

Radiation
Type

Fluence
(ions cm–2)

Absorbed
Dose
(Gy)

Aberrant
Cells
(%)

Undamaged
Cells
(%)

Lost
Cells
(%)

Aberrations in 100 Cells Exposeda

ctb csb dmin dic r cte
Total

Aberration

 Ne ionsb 1 × 106 0.62 12 39 49  7  7  4  6 1  5  30

 Ne ionsb 2 × 106 1.24 26 18 56  13  17 14 16 3  9  72

 Ne ionsb 4 × 106 2.48 34 13 53  32  43 27 26 8 20 156

 Kr ionsc  1 × 106 6.37 27 18 55  40  46 21 11 2 18 138

 Kr ionsc 2.5 × 106 15.93 34 10 56  68  72 41 15 7 28 231

 Kr ionsc 4 × 106 25.48 39  4 57 113 119 64 20 8 38 362

 X rays

 X rays – 2 30 54 16  11  13  6  7 2  3  42

 X rays – 4 47 35 18  13  26 17 24 6  2  88

 X rays – 7 66 10 24  19  41 53 52 11  6 182
aAbbreviated terms are: ctb = chromatid break; csb = chromosome break; dmin = double minute; dic = dicentric chromosome; r = ring chro-

mosome; cte = chromatid exchange.
b10.6 MeV n–1

c11.1 MeV n–1
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6.3.5.2.2 Chromosome aberration studies in astronauts and cosmo-
nauts. Several types of chromosomal analyses have been used
in published reports of radiation-induced chromosome damage in
astronauts’ lymphocytes from the Apollo missions (Kimzey et al.,
1975), Gemini missions (Bender et al., 1967; 1968; Gooch and
Berry, 1969), Skylab (Lockhart, 1977), and from Mir (Fedorenko
et al., 2000; 2001; Obe et al., 1997; Sabatier et al., 1995; Testard
et al., 1996; Yang et al., 1997). Lymphocytes from 17 astronauts
with mission experience ranging from 0.5 to 18 months (8.4 months
average) were examined by three of the groups of investigators,
using either R-banding/Giemsa staining, fluorescence plus Giemsa
staining, or FISH plus Giemsa staining. Results can be grouped
into an analysis of lymphocytes from crew members who flew short
missions lasting two to three weeks, or longer missions of 6 to 18
months duration. The observations from all three publications indi-
cate that the short-duration missions resulted in no significant
detectable differences in the aberrations measured after the flight,
compared to the control blood samples. The number of breaks per
aberrant metaphase was less than three, and no complex chromo-
somal rearrangements were detected from the short missions.

On longer missions, significant heterogeneity was observed
among individuals. After six months in space, some damaged
metaphases exhibited up to 19 breaks, and were described as rogue
cells, after the definition of Awa and Neel (1986). Chromosome-
type, but not chromatid-type, aberrations were significantly ele-
vated after space flights when compared to preflight value. Sister
chromatid exchanges were similar in pre- and post-flight measure-
ments. The significance of these data is unknown. The restricted
nature of these limited studies warrants further investigation.
Analysis of physical dosimetry onboard Mir revealed considerable
variation across the core module, but showed that the crew skin
exposure rate was ~1.13 mSv d–1 (Badhwar, 2000; Badhwar et al.,
1998). In separate studies, the incidence of cytogenetically abnor-
mal rogue cells in peripheral blood did not correlate with exposure
to low-LET ionizing radiations (Mustonen et al., 1998). Viral infec-
tions can also lead to chromosomal rearrangements and may be a
confounder (Duensing and Munger, 2002; Fortunato and Spector,
2003; Fortunato et al., 2000; Neel, 1998).

Most pertinent to estimating the level of radiation exposure in
space are the biodosimetric estimates that have been made of
effects during airflight and in LEO. Cytogenetic investigations have
been made on flight personnel (Heimers et al., 1995; Romano et al.,
1997; Scheid et al., 1993). Many of these studies demonstrated
increased dicentric and ring levels in peripheral blood lymphocytes,
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but the studies suffered from the limitations of inadequate statis-
tics, and inadequate dosimetric information on individual radiation
exposures. A more comprehensive set of studies has been conducted
on female cabin attendants with age- matched controls with desk
jobs (Wolf et al., 1999a; 1999b). The results of measurements of the
mean frequencies of dicentrics and ring chromosomes per 1,000
cells, as well as sister chromatid exchanges (SCEs) on the volun-
teers studied indicated that when compared with controls, cabin
attendants have no elevation of the frequencies of dicentric and ring
chromosomes and SCEs (Wolf et al., 1999a). However, an unex-
plained high frequency of multi-aberrant rogue cells was reported
in both flight personnel and in controls. This inhomogeneous group
was considered inadequate to make any conclusions regarding pos-
sible biological effects of radiation exposure during long-distance
flights. The challenges of measuring biological dosimetry for astro-
nauts have been reviewed by Testard and Sabatier (1999). Notably,
they concluded that the scoring of dicentric chromosomes for biolog-
ical dosimetry is suitable when samples could be obtained soon
after acute exposure to nearly uniform whole-body irradiation, and
in addition it provides the easiest, most sensitive and least expen-
sive method of estimating radiation dose. However, this kind of bio-
dosimetry on space missions lasting several months or more may
not be reliable because of the large variability observed among indi-
viduals in the rate of loss of cells with dicentrics as pointed out by
Straume and Bender (1997). On the other hand the frequency of
reciprocal translocations is known to be relatively constant for up
to 30 y after exposure (Awa et al., 1978). However, laboratory work
on the lifetime persistence and clonality of chromosome aberrations
in the peripheral blood of mice acutely exposed to ionizing radiation
has indicated that the persistence of translocations is complicated
by aging and clonal expansion, and that these factors must be con-
sidered when quantifying translocations at long times after expo-
sure since there can be a loss of nonpersistent locations with time,
and a gain of translocations by clonal expansion or aging
(Fedorenko et al., 1999; Spruill et al., 2000).

Chromosome exchanges have been measured in the blood lym-
phocytes of eight crew members after their respective space mis-
sions using FISH with chromosome painting probes (George et al.,
2001c) (Table 6.5). In agreement with the previous reports by Obe
et al. (1997) and Testard et al. (1996), significant increases in chro-
mosome aberrations were observed after the long-duration mis-
sions. The frequencies of exchanges were similar for a crew
member whose samples were collected 9 and 114 d after a long-
duration mission, and for another crew member whose values were
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measured on the day of return and were compared to values mea-
sured 240 d after flight, indicating that the clearance of aberrations
from the blood lymphocytes is insignificant over these periods. No
increase in the frequency of simple reciprocal translocations was
detected in a crew member after a flight lasting over four months,
although the frequency of total and complex-type aberrations had
increased significantly. Only one rogue cell was found among the
analysis of 26,931 metaphase postflight samples from six astro-
nauts after long-duration missions where the analysis involved
only a fraction of the genome. Obe et al. (1997) and Testard et al.
(1996) detected only two and five rogue cells in 5,317 and 9,984
metaphases, respectively, after long-duration missions, using tech-
niques that involved assessment of the whole genome. The in vivo
dose was derived from the frequencies of translocations and total
exchanges using calibration curves. RBE was estimated by compar-
ison with individually measured physical absorbed doses. The val-
ues for mean RBE were compared to the mean quality factor from
direct measurements of the lineal energy spectra using a TEPC
and radiation transport codes. The ratio of aberrations identified as
complex was slightly higher after flight, which is thought to be an
indication of exposure to high-LET radiation. The effects of the
enhanced cell-cycle delay after high-LET radiation were evaluated
by analyzing chromosome damage in PCC samples collected from
two crew members before and after a short-duration mission. The
yield of chromosome exchanges was slightly higher in PCC samples
than in metaphase samples for one crew member after a 10 d mis-
sion. It is possible that the expression of complex chromosome dam-
age after flight could be influenced by a complicated pattern of
mitotic delay after exposure to the mixed radiation field in space
and that the damage is, therefore, underestimated in metaphase
analysis.

Recent chromosome aberration dosimetry on 39 cosmonauts
after no missions, single or multiple space flights points to changes
in the immune system under microgravity and/or adaptive
response to space radiation, since there appears to be an increased
radioresistance to chromosome aberrations after multiple space
flights (Durante et al., 2003). Dicentrics measured in lymphocytes
taken pre- (no missions in space) and postflight were compared
for short-duration versus long-term flights. There were no statisti-
cally significant differences between the preflight background fre-
quency in the short- and the long-term mission crew members. In
cosmonauts returning from short-term flights, there was a slight
increase in dicentrics that was just at the margin of significance
(p = 0.04), presumably at the detection limit of the technique.
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Table 6.5—Frequencies of chromosome aberrations measured before and after space flight (George et al., 2001c).

Crew
Member

Sample
Collection

Cells
Scored

Chromosomes
Analyzed

Apparent Simple
Translocations

Complex 
Exchanges

No.

Total
Exchanges

Frequencies
± SD

(× 10–3)

Total 
Exchanges 

Extrapolated to 
the Whole 
Genome

(frequencies 
× 10–3)

Translocations
Extrapolated
to the Whole

Genome
(frequencies

× 10-3)
No.

Frequencies
± SD

(× 10–3)
No.

Frequencies
± SD

(× 10–3)

1 Before flight 4,404 1 + 2 19 4.3 ± 1 1 0.2 ± 0.2 24 5.4 ± 1.1 18.9 ± 3.8 15 + 3.5

10 d after 
flight

6,556 1 + 2 27 4.1 ± 0.8 7 1.1 ± 0.4 42 6.4 ± 1 22.4 ± 3.5 14.9 + 2.8

2 Before flight 1,892 1, 2 + 4 5 2.6 ± 1.2 1 0.5 ± 0.5 6 3.2 ± 13 7.6 ± 3.2  6.3 + 2.8

12 d after 
flight

4,677 2 + 1 20 4.3 ± 1 2 0.4 ± 0.4 23 4.9 ± 1 17.1 ± 3.5 15 + 3.5

3 Before flight 3,995 2 + 4 4 1 ± 0.5 0 0 4 1 ± 0.5  3.8 ± 1.9 3.8 + 1.9

Day of 
return

4,056 2 + 4 9 2.2 ± 0.7 2 0.5 ± 0.3 11 2.7 ± 0.8 10.3 ± 2.7 8.4 + 2.7

240 d after 
flight

4,745 2 + 1 14 2.9 ± 0.8 2 0.4 ± 0.3 18 3.8 ± 0.9 13.3 ± 3.1 10.1 + 2.8

4 Before flight 3,792 2 + 4 12 3.2 ± 0.9 3 0.8 ± 0.5 17 4.5 ± 1.1 17.1 ± 4.2 12.2 + 3.4

9 d after 
flight

4,843 2 + 4 30 6.2 ± 1.1 3 0.6 ± 0.4 38 7.8 ± 1.3 29.6 ± 4.9 23.6 + 4.2
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114 d after
flight

3,604 2 + 4 20 5.5 ± 1.2 0 0 23 6.4 ± 1.3 24.3 ± 4.9 20.9 + 4.6

5 Before flight 742 2 + 4 3 4 ± 2.3 2 2.7 ± 1.9 5 6.7 ± 3 25.5 ± 11.4 15.2 + 8.7

9 d after 
flight

2,630 2 + 4 19 7.2 ± 1.7 0 0 21 8 ± 1.7 30.4 ± 6.5 27.4 + 6.5

6 Before flight 2,852 2 + 4 7 2.4 ± 0.9 1 0.4 ± 0.4 8 2.8 ± 1 10.6 ± 3.8 9.1 + 3.4

Day of 
return

4,672 2 + 4 26 5.6 ± 1.1 1 0.2 ± 0.2 30 6.4 ± 1.2 24.3 ± 4.6 21.3 + 4.2

9 d after 
flight

3,147 2 + 4 13 4.1 ± 1.1 1 0.3 ± 0.3 19 6 ± 1.4 22.8 ± 5.3 15.6 + 4.2

7 Before flight 2,962 1, 2 + 5 5 1.7 ± 0.7 1 0.3 ± 0.3 7 2.4 ± 0.9 6.2 ± 2.3 4.4 + 1.8

Day of 
return

4,287 1, 2 + 5 7 1.6 ± 0.6 1 0.2 ± 0.2 10 2.3 ± 0.7 6 ± 1.8 4.2 + 1.6

8 Before flight 712 1, 2 + 5 1 1.4 ± 1.4 0 0 1 1.4 ± 1.4 3.6 ± 3.6 3.6 + 3.6

Day of 
return

2,529 1, 2 + 5 4 1.6 ± 0.8 0 0 4 1.6 ± 0.8 4.1 ± 2.1 4.1 + 2.1
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In contrast, a highly statistically significant increase (p < 0.001)
was measured in the pooled sample from 15 crew members return-
ing from their first long-term flight. The mean absorbed dose in
crew members of short- and long-term space flights was ~4.3 and
78 mGy, respectively. Using in vitro dose-response curves and in
comparison to the published literature, the observed increase of
dicentrics after long-term missions would correspond to a dose
equivalent of ~0.2 Sv.

Analysis of the 12 cosmonauts involved in numerous long space
missions, two of whom also participated in short missions over a
period of 15 y provided a unique opportunity to evaluate the risk of
dicentrics. The average time between two consecutive missions was
~2.5 y. The concept of cumulative absorbed dose is difficult to inter-
pret with the measurement of dicentrics, since it is known that the
yield of radiation-induced aberrations in lymphocytes declines after
an acute exposure. Obe et al. (1999) estimated that assuming a
half-life of 3 y for dicentrics in lymphocytes, ~50 % of the dicentrics
from the first flight would be lost in the cosmonauts. Figure 6.29
presents detailed dicentric data from cosmonauts involved in mul-
tiple flights and indicates that the yield of dicentrics increases
during the first mission, and declines with time after the first mis-
sion, but subsequent missions lead to less aberrations than the first
mission. The time-course data in Figure 6.29 suggest a faster
decline in the yield of dicentrics during the time interval between
two missions than was estimated by Obe et al. (1999). It is also
apparent that postflight samples after repeated flights present a
smaller increase in aberrations than the first flight, and that the
yield of stable translocations after repeated missions is similar to
background levels, despite the increased total absorbed dose from
multiple flights. The interpretation of these data is complex, and
could relate to a number of factors, including the effects of micro-
gravity on lymphocyte pools, declining survival of lymphocytes with
chronic exposure, or adaptive responses related to a hormetic mech-
anism. When the yield of dicentrics in cosmonauts involved in mul-
tiple space flights is plotted versus the time in LEO, there is a
pronounced inter-cosmonaut variability in the response after
repeated space flight, and only a weak negative correlation of dicen-
trics with time in space that is not statistically significant. It is
obvious that biodosimetry of this type in space travel will require
much more basic research to clarify the combined mechanisms of
action of the multiple stressors in space.

6.3.5.2.3 Laboratory studies of particle-induced aberrations. To
clarify some of these ambiguities, comprehensive chromosome
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aberration studies using human lymphocytes irradiated in vitro
with a wide assortment of particle beams (protons to gold) and LET
values (0.4 to 1,393 keV µm–1) in the dose range of 0.075 to 3 Gy
have been completed (George et al., 2003). 

Comparisons were made for dose response curves for chromo-
some exchanges induced by 250 MeV n–1 protons at high (0.2 to
0.7 Gy min–1) or low dose (0.075 Gy h–1) rates and measured by PCC
technique or in metaphase samples. Dose response curves for chro-
mosome exchanges, measured at first mitosis postirradiation using
FISH with whole chromosome probes, were fitted with linear or
linear-quadratic functions (Figure 6.30). RBE was calculated from
the initial slope of the dose response curve for chromosomal dam-
age with respect to low dose-rate alpha particles. The RBE values,
which ranged from ~1 to 26 for total exchanges, increased with
LET, reaching a maximum at ~150 keV µm–1, and decreased
with further increases in LET. Complex-type exchanges for doses
up to 1.5 Gy were only observed after exposure with carbon, argon
and iron at 500 MeV n–1 and 1 GeV n–1. No significant increase in
complex damage was detected below ~200 mGy for metaphase
analysis, indicating the possibility of a threshold for the induction

Fig. 6.29. Time course of dicentric yields in lymphocytes from four
cosmonauts involved in multiple space flights (Durante et al., 2003).
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of complex type exchanges. RBE values for complex aberrations are
undefined due to the lack of an initial slope for alpha particles.
However, comparisons can be made of damage induced by 1 Gy of
each particle studied. The effect of mitotic delay on RBE values was
investigated by measuring chromosome aberrations in interphase
after chemically-induced PCC, and values were threefold higher
than metaphase analysis at the peak region of the curve, but
frequencies of complex exchanges are similar in PCC and meta-
phase at LET values of 13 keV µm–1 and lower. However, the dose
response for complex exchanges is linear quadratic with no appar-
ent threshold when measured with the PCC technique. This result
implicates a significant G2-M phase cell-cycle delay that hinders
progression of many cells. These comprehensive studies confirm
many previous investigations suggesting underestimation of chro-
mosomal effects by high-LET radiations.

Separate in vitro studies have analyzed the true complexity of
exchanges by analysis of chromosomes irradiated with either alpha
particles or iron ions and compared then to low-LET radiation
sources using mFISH (Anderson et al., 2002; Durante et al.,
2002a). Both papers report that the high-LET radiations produced

Fig. 6.30. Dose-response curves for whole genome equivalent yields of
chromosome exchanges per 100 cells induced by 250 MeV n–1 protons
delivered at high (0.7 Gy min–1) or low (0.075 Gy h–1) absorbed-dose rates
and measured in interphase by PCC or metaphase at first division after
in vitro exposure of human lymphocytes (George et al., 2003).
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more complex chromosome aberrations than the low-LET radia-
tions. In the example of the mFISH analysis of iron ion irradiated
cells, the data indicate that iron ions are more efficient than
gamma rays per unit absorbed dose in the induction of chromo-
somal aberrations; they produce a high fraction of complex-type
exchanges and aberrations. In vitro irradiation of human periph-
eral blood lymphocytes with accelerated iron ions (l GeV n–1,
140 keV µm–1) (Durante et al., 2002a) clearly shows (Figure 6.31)
that a much higher fraction of cells have multiple aberrations after
exposure to heavy ions, while more of the aberrant cells have only
one aberration after exposure to low dose of gamma rays.

Alpha coefficients of the dose-response curves for total and sim-
ple exchanges measured in PCC or metaphase samples collected at
one time after exposure, plotted as a function of LET, are shown in
Figure 6.32 (George et al. 2003). Chromosome aberrations were
investigated in human lymphocytes after in vitro exposure to 1H-,
3He-, 12C-, 40Ar-, 28Si-, 56Fe-, or 197Au ion beams, with LET ranging
from ~0.4 to 1,393 keV µm–1 in the dose range of 0.075 to 3 Gy.
Dose-response curves for chromosome exchanges, measured at the

Fig. 6.31. mFISH chromosome analysis after heavy-ion exposure
(Durante et al., 2002a).
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first mitosis postirradiation using FISH with whole-chromosome
probes, were fitted with linear or linear-quadratic functions. RBE
was estimated from the initial slope of the dose-response curve for
chromosomal damage with respect to low  or high dose-rate gamma
rays. Estimates of RBEmax values for mitotic spreads, which ranged
from near 0.7 to 11.1 for total exchanges, increased with LET,
reaching a maximum at ~150 keV µm–1, and decreased with
further increase in LET. RBEs for complex aberrations were
undefined due to the lack of an initial slope for gamma rays.

Fig. 6.32. Alpha coefficients of the dose-response curves for total and
simple exchanges measured in PCC or metaphase samples that were
collected at one time after in vitro exposure of human lymphocytes and
plotted as a function of LET (George et al., 2003).
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Additionally, the effect of mitotic delay on RBE values was investi-
gated by measuring chromosome aberrations in interphase after
chemically-induced PCC, and values were up to threefold higher
than for metaphase analysis.

Chromosome aberrations after 1 GeV n–1 iron ion exposures
measured in bone marrow, in the trachea, and in lung of Wistar
rats have been shown to be induced by as low a dose as 0.5 Gy
(Brooks et al., 2001). The frequency of chromosome aberrations
induced by HZE particles was ~3.2 times higher than that observed
after exposure to 60Co gamma rays, but less than expected
from radon alpha-particle studies. Microdosimetric calculations
indicated that at least part of the cytogenetic damage measured
was caused by the delta rays from the primary iron ions.

There is a major need to investigate the effects of exposure to
low-LET radiations at lower doses, and dose rates, and over longer
time scales.

6.3.5.2.4 Potential link between chromosome aberrations and can-
cer risk. The ultimate consequences to an individual who shows
evidence of chromosomal rearrangements measured with biodosi-
metric assays is unknown. Recently, the presence of a correlative
association between the frequency of chromosomal aberrations in
peripheral blood lymphocytes and the risk of cancer has been
suggested by epidemiological studies (Hagmar et al., 1998). This
study involved a group of 3,541 healthy subjects from five Euro-
pean countries who were screened for chromosomal aberrations
over a period of three decades. The subjects were divided into three
categories (low, medium or high) based on percentiles of chromo-
somal aberration frequencies and were followed over time for
cancer incidence or mortality. Both outcomes were significantly
increased for the high-frequency group, in which the occurrence of
cancer was more than double that of the subjects in the low-
frequency group. Figure 6.33 shows the impact of the frequency of
chromosomal aberrations on the survival analysis of incidence (in
Nordic countries), and of mortality (in Italy). A linear relationship
between stable chromosome translocations and cancer risk has also
been demonstrated for the atomic-bomb survivors (Stram et al.,
1993). The results suggest that the yield of chromosomal aberra-
tions in lymphocytes is a relevant biomarker for cancer risk in
humans, reflecting both the genotoxic effects of carcinogens and the
individual cancer susceptibility. Chromosomal aberrations are
early events in the pathway linking exposure to cancer. Therefore,
intervention based on this biomarker offers a possible potential for
prevention, especially for those at high risk. Anderson et al. (2003)
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have proposed a profile of damage that relies on the presence of
insertions, a low frequency of stable simple reciprocal transloca-
tions of the type called 2B,14 and significantly, the complexity of the
damage initially induced. They suggest that the complexity of first-
and second-division alpha-particle-induced nontransmissible com-
plex aberrations reflects the structure of the alpha-particle track

Fig. 6.33. Cohort study results of survival analyses of incidence (time
from chromosomal aberration test to the first diagnosis of cancer) (Nordic
countries) and mortality (time from chromosomal aberration test to
death) (Italy) in the European Study Group on Cytogenetic Biomarkers
and Health (Durante et al., 2001). Note that “time since test” refers to
when the blood was drawn for the measurement of the chromosomal
rearrangements. The three curves correspond to subjects classified as low
chromosomal aberrations (1 to 33rd percentile), medium chromosomal
aberrations (33 to 66th percentile), and high chromosomal aberrations (66
to 100th percentile).

14As originally defined by Gopinath and Burnham (1956).



6.3 EARLY RADIATION EFFECTS   /   213

and as a consequence adds radiation-quality specificity to the biom-
arker, increasing the signal:noise ratio of the characteristic 2B:
insertion ratio.

Durante et al. (2001) have collected literature on space missions
for information on the frequency of total chromosomal aberrations
before and after flight (Fedorenko et al., 2001; George et al., 2001c;
Obe et al., 1997; Testard et al., 1996; Yang et al., 1997) in order to
estimate cancer risk. The data are summarized in Table 6.6. The
algorithm of Schatzkin et al. (1990) was used to calculate the pro-
portion of cases of a disease that is attributable to the intermediate
endpoint, namely the attributable proportion. Evaluation of
the attributable proportion considers the sensitivity of the assay
and the relative risk. Durante et al. (2001) used this approach to
estimate that the observed increase in chromosomal aberrations
due to exposure to cosmic radiation is likely to increase the risk
of cancer for astronauts 1.25 times (25 % increase). There are
numerous uncertainties regarding this rough estimate of risk of
cancer due to chromosomal aberrations. Peterson et al. (1993) have
reported no increase in cancer risk in the small population of
exposed astronauts.

6.3.6 Other Tissue Effects

6.3.6.1  Skin Changes. There are several issues regarding early
skin changes due to radiation exposures in space. It is anticipated
that shielding will prevent erythema and desquamation, however
subclinical changes could predispose an individual to delayed
wound healing. Recent studies with full-thickness human skin
biopsy specimens obtained from cosmetic surgery have irradiated
specimens with low doses of x rays down to 10 mGy (Goldberg et al.,
2004). Gene expression changes in five core regulatory genes were
assessed by real-time polymerase chain reaction, and results
showed that low doses of radiation can produce changes in gene
expression, though time- and dose-response relationships may be
complex.

Mouse skin studies with low doses of iron ion beams investigat-
ing effects on laminin immunoreactivity have shown (Costes et al.,
2000) that 1 h after exposure to 1 GeV n–1 iron ions over the dose
range of 0.03 to 1.6 Gy, neither the visual appearance nor the mean
pixel intensity of laminin in the basement membrane was altered
compared to sham-irradiated tissue. However, the mean pixel
intensity of laminin immmunoreactivity using several different
antibodies was significantly decreased in epidermal basement
membrane at 48 and 96 h after exposure to 0.8 Gy of iron ions. In
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TABLE 6.6—Results of cytogenetic analyses from different space missions (Durante et al., 2001).

Space Mission
Number of

Crew
Members

Flight
Duration

(d)

Percentage of 
Aberrant Cellsa

Frequency
Ratio

Absorbed
Dose

(mGy)Before 
Flight

After 
Flight

Mir 18 
(Yang et al., 1997)

2 115 4.4 8.9 2 42

ANTARES/ALTAIR 
(Testard et al., 1996)

3 180 1.1 2 1.9 90

Mir/EUROMIR 
(Obe et al., 1997)

6 120 – 198 0.6 2 3.5 61 – 101

Mir 
(Fedorenko et al., 2001)

22 100 – 250 1.7 2.4 1.4 30 – 58

Shuttle/Mir 
(George et al., 1999)

6 115 – 144 1.4 2.3 1.6 36 – 67

Total 39 100 – 250 1.8 3.5 2.1 30 – 101
aPercentages of aberrant cells, which include all types of aberrations, are evaluated as average values for the number of crew members

specified in Column 2. Data from  Yang et al. (1997) and George et al. (1999) were obtained using FISH with a combination of whole-
chromosome probes specific for chromosomes 1, 2, 4 or 5, and then scaled to the whole genome. Data from Testard et al. (1996), Obe et al.
(1997), and Fedorenko et al. (2001) were obtained from Giemsa-stained specimens. For after flight data (Column 5), sampling time after
returning to Earth was between 0 and 180 d. The ratios of the fractions of aberrant cells (before and after flight) reported in Columns 4 and
5 are given in Column 6. Absorbed doses reported in Column 7 were measured by TLDs. In this column, dose ranges are reported when
measured doses differed for the crew members studied.



6.3 EARLY RADIATION EFFECTS   /   215

contrast, collagen type IV, another component of the basement
membrane, was unaffected. These studies demonstrate quantita-
tively that densely ionizing radiation elicits changes in skin
microenvironments distinct from those induced by sparsely ioniz-
ing radiation. 

There is a significant amount of literature on the early skin
reactions of rodents to single and fractionated doses of various indi-
vidual charged particle beams due to its significance in preclinical
studies for heavy charged particle radiotherapy (Leith et al., 1975c;
1976; 1977; 1981b; 1982b). Skin RBE values for single dose frac-
tions were 1.3 for helium peak ions, 1.5 for carbon peak ions, 1.7 for
neon peak ions, and 1.9 for argon ions (Leith et al., 1975a). Human
skin reactions were also scored in pilot studies with helium, carbon
or neon ions (Blakely and Castro, 1994) and compared to an earlier
analysis of RBE relative to dose per fraction by Field et al. (1976).
The results indicated that skin reactions to stopping 400 MeV n–1

neon ions were comparable to fission neutron skin reactions for
human, rat, pig and mouse skin.

6.3.6.2 Endocrine/Hypothalamus. The effects of radiation on
endocrine function have been known for some time. Radiation-
induced injury of the hypothalamic-hypophyseal axis can result in
changes in endocrine homeostasis, as well as alteration of the mor-
phologic integrity of most of the peripheral endocrine glands (Wigg
et al., 1982). For example, therapeutic radiation doses as low as
0.4 Gy have led to adenomas or hyperplasias in the parathyroid
gland that has a major role in calcium metabolism (Tezelman et al.,
1995, Tisell et al., 1976; 1985). The exposure of atomic-bomb survi-
vors who developed chief cell adenoma ranged from 0.01 to 5.6 Gy,
with a mean absorbed dose of 0.4 Gy (Fujiwara et al., 1992).

Woodruff et al. (1984) reported pathologic changes in 15 autop-
sies performed on patients who had received highly-focused doses
(56 to 116 Gy) of helium ion irradiation of the hypophysis for
diabetic retinopathy or anterior lobe adenomas in six dose frac-
tions. The autopsies performed 2.5 to 15 y after irradiation found
fibrosis in all patients. In two patients the pituitary cells of the
anterior lobe were processed with antibodies against TSH, ACTH,
and growth hormone using the immunoperoxidase technique.
The TSH-containing cells were more reduced in number than the
ACTH- or growth hormone-containing cells. The endocrine organs
under pituitary control showed varying degrees of atrophy, and
clinical tests revealed progressive hypofunction. Hypothalamic-
pituitary dysfunction following external beam irradiation is com-
mon but the reported incidence varies greatly, and patients must be
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observed indefinitely for this possibility (Halberg, 1998). No infor-
mation exists regarding endocrine function and homeostasis after
chronic low dose-rate exposure to radiations found in space.

6.3.7 Immune Deficiencies

The immune system is affected by a number of stressors includ-
ing exposure to radiation and microgravity. A brief description
of the effects of radiation alone is provided.

The study of the effects of a total dose of 1.5 or 2 Gy of fraction-
ated low-LET radiation at dose rates of 0.1 to 0.25 Gy administered
over one week’s time on the immune system is important, but its
therapeutic value in inducing long-term remissions of tumors by
stimulating the immune system has been controversial (Safwat,
2000). Numerous signs of immune system dysfunction in radiation-
exposed populations have been reported. Since an impaired
immune system promotes disease progression and initiation, both
early and late effects of radiation on the immune system have been
investigated. Kusunoki et al. (2001) found that the reduction in the
phytohemagglutin response in heavily irradiated atomic-bomb sur-
vivors is dependent on a decrease in interleukin-2 (IL-2) producing
CD4 T cells. When exogenous IL-2 was added to the peripheral
blood lymphocytes of the heavily exposed individuals, the prolifer-
ative response to the mitogen was restored. In a follow-up study,
the T cells of atomic-bomb survivors who received doses between
<0.005 and 1 Gy were found to respond poorly to stimulation by
Staphylococcus aureus toxins in vitro. The results clearly indicated
that atomic-bomb irradiation led to an impairment of the ability of
exposed individuals to maintain their native T-cell pools (Hayashi
et al., 2003; Kusunoki et al., 2002a; 2002b).

Immunophenotyping of phytohemagglutin-activated mononu-
clear cells in Chernobyl liquidators who received between 150 to
500 mGy 13 y showed impaired T-cell function. Suppression of
CD8+ T-cell propagation and augmentation of CD8+ T-cell propa-
gation in vitro were both noted compared to control individuals
(Kuzmenok et al., 2003). DNA synthesis in the mononuclear
cells was markedly inhibited after activation for 3 d with subopti-
mal concentrations of phytohemagglutin, pokeweed mitogen and
PMA. In contrast to control individuals, the monocytes of cleanup
workers were able to stimulate the proliferation of T cells of
healthy individuals but did not stimulate the proliferation of
T cells of cleanup workers. Two recent papers have examined the
acute effects of iron-particle radiation on immunity in population
distributions (Pecaut et al., 2006), and with regard to leukocyte
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activation, cytokines and adhesion (Gridley et al., 2006). Both
papers indicate significant dose-dependent changes in cell-based
immunity 4 d following single doses of 2 or 3 Gy, with fewer effects
observed at 0.5 Gy

Kajioka et al. (1999) compared the effects of protons and 60Co
gamma radiation on cell-mediated and humoral immunological
parameters. C57BL/6 mice were exposed to a single dose of 3 Gy
protons (mid-peak of 3 cm 149 MeV protons) or gamma rays and
intraperitoneally injected 1 d later with sheep red blood cells
(sRBC). Subsets from each group were euthanized (along with non-
irradiated controls with and without the sRBC injection) in a time
course of 4, 10, 15 and 29 d after exposure. Body and relative spleen
weights, leukocyte counts, spontaneous blastogenesis, lymphocyte
populations, and anti-sRBC titers were evaluated. The data showed
that whole-body irradiation with protons, or gamma rays at this rel-
atively high dose resulted in marked, but transient immunosup-
pression in nearly all assays involving leukocyte populations as well
as the spleen. On days 4 and 10 after irradiation B lymphocytes
(CD19+) were the most radiosensitive, although reconstitution back
to normal levels was observed by day 15. T cell (CD3+) and T helper
cell (CD4+) recovery was evident by day 29, whereas the T cytotoxic
cell (CD8+) count remained significantly below normal. Natural
killer cells (NK1.1+) were relatively radioresistant. Anti-sRBC
antibody production was slow and low titers were obtained after
irradiation compared to the unirradiated controls. However, overall
no significant differences were noted between the two types of
radiation. Kajioka et al. (2000a) reported little differences with
higher-energy protons at the entrance of the 250 MeV proton beam,
compared to the mid 3 cm peak 149 MeV proton energy.  Gridley
et al. (2002a) reported on the dose and dose-rate effects of
whole-body proton irradiation on leukocyte populations and lym-
phoid organs. C57BL/6 mice were exposed to the entry region of the
proton Bragg curve to total doses of 0.5, 1.5, and 3 Gy, each deliv-
ered at a low dose rate of 1 cGy min–1 and high dose rate of 80 cGy
min–1. Nonirradiated and 3 Gy high dose rate gamma-irradiated
groups were included as controls. At 4 d post-irradiation, highly sig-
nificant radiation dose-dependent reductions were observed in the
mass of both lymphoid organs and the numbers of leukocytes and
T (CD3+), T helper (CD3+/CD4+), T cytotoxic (CD3+/CD8+), and
B (CD19+) cells in both blood and spleen. A less pronounced dose
effect was noted for natural killer (NK1.1+ NK) cells in spleen.
Monocyte, but not granulocyte, counts in blood were highly
dose-dependent. The numbers for each population generally tended
to be lower with high dose rate than with low dose rate radiation; a
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significant dose-rate effect was found in the percentages of T and
B cells, monocytes, and granulocytes and in CD4+:CD8+ ratios.
These data indicate that mononuclear cell response to the entry
region of the proton Bragg curve is highly dependent upon the total
dose and that dose-rate effects are evident with some cell types.
Results from gamma- and proton-irradiated groups (both at 3 Gy
high dose rate) were similar, although proton-irradiation gave con-
sistently lower values in some measurements.

Gridley et al. (2002b), however, reported the effects of 0.1, 0.5,
and 2 Gy iron ions on lymphoid cells and organs of C57B/6 mice at
days 4 and 113 after whole-body exposure. The data collectively
show that lymphoid cells and tissues are markedly affected by
high-LET radiation at relatively low doses, that some changes per-
sist long after exposure, and that different consequences may be
induced by various densely-ionizing particles. The authors con-
cluded that simultaneous exposure to multiple radiation sources
could lead to a broader spectrum of immune dysfunction than cur-
rently anticipated.

There is a major need to investigate the effects of exposure to
low-LET radiations at lower doses and dose rates. Few reports
could be found on the effects of exposure to heavy particle beams on
the immune system. This is a serious deficiency.

6.3.8 Germ-Cell Sterility

The literature (see review in NCRP, 2000) has indicated that
human male germ cells are more sensitive to radiation-induced
sterility than female germ cells. The recommended yearly and
career limits provide protection from infertility in LEOs. Although
there are protracted low dose data for low-LET radiations used in
pediatric radiotherapy for cancer showing no significant increase
in germ-line mutations or inherited genetic disease in their off-
spring (Boice et al., 2003; Rees et al., 2006), little information exists
on the responses due to exposure of human germ cells to protracted
doses of high-LET radiations expected for lunar and missions
beyond LEO.

6.3.9 Combined Stressors

6.3.9.1 Microgravity. Without the effects of gravity, the human
body experiences numerous physiological consequences that must
be analyzed with the confounding additional stressors of launch
and landing, as well as radiation exposure, and other environmen-
tal factors in space travel. Microgravity in space is known to affect
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biological systems at a variety of levels (Vunjak-Novakovic et al.,
2002), including loss of bone mass, muscle strength, and cardiovas-
cular fitness in astronauts, even when they exercise regularly
(Churchill, 1997; Hughes-Fulford and Lewis, 1996; Nicogossian
et al., 1994). Microgravity also causes changes in plant cell growth
and metabolism and in the swimming behavior of aquatic organ-
isms (De Jong et al., 1996; Krikorian et al., 1992; Tripathy et al.,
1996).

There are reports of changes in immune function of astronauts
during space flight. In a review article Sonnenfeld and Shearer
(2002) summarized information gleaned from both in vitro and
in vivo studies. Early human studies have indicated that space
flight changes human cell culture activities, such as leukocyte blas-
togenesis (Bechler et al., 1992; Cogoli, 1993; Cogoli et al., 1980;
1984), production of cytokines (Bechler et al., 1992; Talas et al.,
1983), and signal transduction in leukocytes (Limouse et al., 1991;
Schmitt et al., 1996). Studies on animal cell cultures have shown
alterations in cytokine production (Chapes et al., 1992), and mac-
rophage hematopoiesis and function (Armstrong et al., 1995).
There is also a recent report of changes in neutrophil functions in
astronauts (Kaur et al., 2004). The study indicated that neutrophil
phagocytosis and oxidative functions are affected by factors associ-
ated with space flight and this relationship may depend on mission
duration. Decreased nonMHC-restricted (CD56+) killer cell cyto-
toxicity has also been reported in astronauts after spaceflight
(Mehta et al., 2001).

The effects of microgravity on leukocyte blastogenesis are very
intriguing. Leukocytes from astronauts were placed in culture dur-
ing a Space Shuttle mission and challenged with a mitogen to
induce cell division (or blastogenesis). Blastogenesis of leukocytes is
a requirement for a functional immune response. The leukocyte
blastogenesis in flight was dramatically decreased compared to
ground controls, or 1 g controls centrifuged in space flight. This was
among the first demonstrations that microgravity could affect cell
culture in space flight. However, when the cells were immobilized
on beads, allowing lymphocytes undergoing division during blasto-
genesis to interact with accessory macrophages required for
blastogenesis, the blastogenesis proceeded in a normal fashion.
This led to the observation that factors that occur in space flight
conditions other than microgravity, such as changes in shear stress
and fluid dynamics that would interfere with interactions between
cells, also play a role in the effects of space flight on leukocyte blas-
togenesis (see Sadhal, 2002 for an overview).
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In space, a rotating bioreactor containing engineered cartilage
was studied onboard Mir for a period of four months and an identi-
cal bioreactor was operated as a ground control (Freed et al., 1997).
Constructs from the two groups had markedly different structure
and function, and the observed differences were consistent with
previous reports that musculoskeletal tissues remodel in response
to physical forces and are adversely affected by space flight. Con-
structs grown on Mir (which floated freely in the bioreactor) tended
to become more spherical whereas those grown on Earth settled,
tumbled and collided with the vessel walls and maintained their
discoid shape). A major limitation of this work was the lack of a 1 g
control in space that would allow the separation of the effect of
microgravity from other factors present during space flight. A fully
automated cell culture unit for cell and tissue culture in micrograv-
ity at 1 g in space has been developed to overcome this issue
(De Luis et al., 2002). The cell culture unit can accommodate
diverse biological specimens in up to 24 individual culture cham-
bers, each operated within a recirculation loop containing a gas
exchanger, supply of medium and additives, a set of sensors, online
sampling, and video microscopy. Ground testing in single-loop and
single-event upsets prototype hardware have shown that diverse
cell types can be cultured in the cell culture unit in a wide range of
experimental conditions. There are commercial hardware choices
from a NASA contractor for the study of biotechnology and biopro-
cessing in space (SHOT, 2006). These options should improve the
acquisition of in vitro data on immune function as well as other bio-
logical endpoints.

In vivo studies of effects of microgravity on the immune system
have not always yielded results similar to those data obtained
in vitro. Talas et al. (1983) had cosmonauts in space flight obtain
and culture leukocytes, and then challenge the cultures to produce
interferon-α/β. The interferon production was greatly enhanced
compared with controls. However, when the same cosmonauts who
had donated the cells used for cultures in space had leukocyte sam-
ples challenged after they returned from space, interferon-α/β pro-
duction was dramatically decreased compared with controls. The
lymphocytes in culture would have experienced different fluid
shear forces as well as a lack of neuroendocrine signals compared to
the lymphocytes in vivo (Sonnenfeld and Shearer, 2002).

Early ground studies on immune function in mice maintained
in an environment in which barometric pressure was altered in a
similar way to space flight, revealed greater susceptibility to men-
govirus infection than did mice maintained under normal baromet-
ric pressure conditions (Giron et al., 1967). Hind-limb unloading
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(antiorthostatic 15 to 20 degree head-down tilt, with hypokinetic,
and hypodynamic no-load suspension by raising the tail, or suspen-
sion with a harness) has been an effective model for some condi-
tions that occur during space flight (Morey et al., 1979). With this
model, muscle and bone changes occur that are similar to those
after exposure to microgravity in the space flight environment.
Involution of the thymus also occurs, but does not appear to have
an effect on antibody production (Caren et al., 1980; Steffen and
Musacchia, 1986).

Rats and mice have been used to investigate the effects of
hind-limb unloading on cell-mediated immunity (Steffen et al.,
1984). Interferon-α/β production was severely inhibited in rats
and mice subjected to hind-limb unloading (Rose et al., 1984;
Sonnenfeld et al., 1982). The mice required the head-down tilt for
the inhibition effect to be seen, whereas the rats did not. The mice
and rats regained the ability to produce interferon when they were
allowed to recover in normal caging conditions. Interferon-γ pro-
duction by spleen cells of hind-limb unloaded rats also was inhib-
ited (Berry et al., 1991). Numerous studies have investigated how
the hind-limb unloading model of microgravity affects the ability to
combat infection. Evidence such as decreased production of super-
oxide and impaired killing of phagocytosed bacteria (Fleming et al.,
1990), susceptibility to encephalomyocarditis virus D variant
which correlated with the loss of interferon, and other pathogens
(Belay et al., 2002; Gould and Sonnenfeld, 1987; Miller and
Sonnenfeld, 1993; 1994) led to the conclusion that the hind-limb
unloading model correlated to actual alterations in resistance to
infection in space travel and can even lead to mortality. This is
potentially a serious issue since threats to health normally com-
bated by the immune system are enhanced in space flight due to a
combination of enclosed environment and low gravity which can
promote the growth of bacteria (Todd et al., 1999).

Sonnenfeld and Shearer have summarized effects of space flight
on the immune system that have been observed from both studies
in vitro and in vivo (Table 6.7) that followed the hind-limb unload-
ing ground-based studies. The results of human studies are lim-
ited, but the data are also included in Table 6.7. Human ground-
based models of space flight can mimic some of the conditions that
occur during space flight, but none can re-create all space flight
conditions. Delayed hypersensitivity skin test responses to com-
mon recall antigens which are a measure of cellular immune
system function were determined during space flight and were
found to be inhibited during short- and long-term space flights
(Gmunder et al., 1994; Taylor and Janney, 1992). Recent studies in
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humans have investigated the effects of space flight on herpes virus
and Epstein-Barr virus reactivation and have shown increases in
urinary catecholamine excretion, an indicator of stress (Stowe
et al., 2001a; 2001b). Persistent viruses have been associated with
non-Hodgkin’s lymphoma tumors (Vilchez et al., 2002) and raise
concerns with regard to susceptibility of crew members to cancer. A
short-term space flight study on the Space Shuttle showed no
change in total immunoglobulin levels of astronauts compared with
ground-based controls (Voss, 1984), but long-term space flight on a
Soviet mission has indicated small increases in total immunoglob-
ulin levels (Konstantinova and Fuchs, 1991). Significant levels of
research on the effects of space flight on the antibody response to
specific antigens have not yet been done, and are definitely needed
to determine the true sensitivity of antibody responses to space
flight conditions.

The combined stress of space flight and radiation exposure com-
pound the complexities involved in the analysis of risk. Tables 6.8
and 6.9 from Horneck (1999) summarize the approaches that have
been used to study the impact of microgravity on radiobiological
processes by use of a 1 g centrifuge plus Biostack method, and the
approaches that have been taken to study the impact of micro-
gravity on radiobiological processes by use of a 1 g centrifuge plus
additional radiation, respectively. Kiefer and Pross (1999) updated
Horneck’s (1988; 1992) comprehensive reviews of the results of
these various approaches in an attempt to ascertain whether or not

TABLE 6.7—Effects of space flight on the immune system 
(Sonnenfeld and Shearer, 2002).

Effect In Vivo or In Vitro

Leukocyte blastogenesis inhibited Both

Thymic hypoplasia In vivo

Cytokine production altered Both

Leukocyte subset distribution altered In vivo

Response to colony-stimulating factors 
inhibited

In vivo

Natural killer cell activity inhibited In vivo

Delayed-type hypersensitivity inhibited In vivo

Herpes viruses reactivated In vivo

Immune responses of offspring of flown 
pregnant mice unaffected

In vivo
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TABLE 6.8—Approach to study the impact of microgravity on radiobiological processes by use of a 1 × g centrifuge 
plus Biostack method (Horneck, 1999).

Treatment Space Parameter
Effects Caused By

Radiation Microgravity Interaction

Flight static Microgravity, cosmic radiation + + + + + +

Flight static + Biostack HZE particles, microgravity, 
cosmic radiation

+ + + + + + + + +

Flight reference centrifuge 1 × g, cosmic radiation + – –

Flight reference centrifuge + 
Biostack

HZE particles, 1 × g, cosmic 
radiation

+ + – –

Ground control 1 × g – – –
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TABLE 6.9—Approaches to study the impact of microgravity on radiobiological processes using 1 × g centrifuge 
plus additional radiation (Horneck, 1999).

Treatment Space Parameter
Effects Caused By

Radiation Microgravity Interaction

Flight static Microgravity, cosmic radiation ± + + + + +

Flight static and 
additional radiation

High-radiation dose, 
microgravity, cosmic radiation

+ + + + + + + + +

Flight reference 
centrifuge

1 × g, cosmic radiation ± – –

Flight reference 
centrifuge and additional 
radiation

High-radiation dose, 1 × g, cosmic 
radiation

+ + – –

Ground control 1 × g – – –

Ground control and 
additional radiation

High-radiation dose, 1 × g + + – –
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radiation effects are modified by microgravity (Table 6.10). This is
an important aspect to estimating combined risks in space. In
most cases, the biological samples were irradiated on the ground
before the flight but in a few cases onboard radiation sources were
used which mimic the real situation. The interactions were classi-
fied as additive (neither sensitization nor protection), synergistic
(increased radiation effect under microgravity), or antagonistic
(reduced radiation effect). Table 6.10 shows that the data are mixed
in outcome, many merely additive effects, and some cases of syner-
gistic actions were reported, and a few antagonistic situations. Most
of the data in Table 6.10 have not been replicated, except for a few
cases, namely, the induction of chromosomal aberrations in human
lymphocytes (Bender et al., 1967), double-strand repair in yeast
(Pross et al., 1994) and repair in bacteria and human fibroblasts
(Horneck et al., 1996; 1997) in which a potentiation of radiation
damage had originally been reported which could not be confirmed.
It should be stated, however, that the techniques used to measure
repair in these studies do not measure repair fidelity. Microgravity
actually enhanced DNA repair for radiation-induced damage in the
radioresistant bacterium D. radiodurans (Kobayashi et al., 1996).
The first report of synergistic effects that was replicated was evi-
dence for the developmental anomalies in the stick insect C. morsus
(Bucker et al., 1986; Reitz et al., 1989; 1992). The development of
the insect embryo is impaired by the action of particle radiation,
and this effect is enhanced by microgravity. Separate studies not
involving radiation exposure have confirmed that microgravity
alone can interfere with fruit fly embryonic development (Vernos
et al., 1989). Radiation combined with microgravity during space
flight increased the frequency of developmental malformations in
D. melanogaster after exposure to 85Sr gamma rays (up to 14.32 Gy
during space flight) (Browning, 1971). The anomalies included
lethal mutations, visible mutations at specific loci, chromosome
translocations and chromosome nondisjunctions. Synergism of
space flight factors and radiation was observed in chromosome
translocations and thorax deformations. Although the mechanism
underlying the enhanced effects is unknown, it definitely appears
that embryonic systems are susceptible to a synergistic inter-
action of radiation and microgravity. Except for the known
enhanced effects of HZE radiations (Nagaoka et al., 1999), there is
no evidence that microgravity in space flight enhances radiation-
induced cell death, DNA replication or mutation frequency in E. coli
(Harada et al., 1997; 1998a; 1998b), B. subtilis (Yatagai et al.,
2000), S. cerevisiae (Fukuda et al., 2000), D. Discoideum (Harada
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TABLE 6.10—Radiation biology experiments in space (Kiefer and Pross, 1999).

Test System, Year Endpoint Studied Mission, Duration Irradiation Effect

Human leukocytes, 
1967

Chromosome deletion Gemini 3, 5 h 32P, 1.8 Gy in-flight Synergistic

Human leukocytes, 
1968

Chromosome deletion Gemini 11, 72 h 32P, 2.8 Gy in-flight Additive

E. coli, 1971 Phage induction Biosatellite II, 45 h 85Sr, 17 Gy in-flight Additive

Lettuce seeds, 1972 Chromosome 
aberration

Cosmos 368, 6 d γ rays 100 Gy 
preflight

Additive

Hydrogenomonas 
eutrphia, 1972

Inactivation Cosmos 368, 6 d γ rays 60 Gy preflight Additive

Saccharomyces 
ellipsoids, 1972

Inactivation Cosmos 368, 6 d γ rays 1.6 kGy 
preflight

Additive

Drosophila, 1974 Larvae mortality Biosatellite II, 45 h 85Sr, 8 Gy in-flight Synergistic

Drosophila, 1974 Genetic effects in 
sperm

Biosatellite II, 45 h 85Sr, 1.4 Gy in-flight Synergistic

Neurospora, 1974 Inactivation 
mutagenesis

Biosatellite II, 45 h 85Sr, 90 Gy in-flight Antagonistic/additive

Rat, 1978 Hematopoetic system Cosmos 690, 22 d 137Cs, 8 Gy in-flight Additive

Lettuce seeds, up to 
1982

Chromosome 
aberration

Cosmos 782, 19 d γ rays 150 Gy 
preflight

Synergistic
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Lettuce seeds, up to 
1982

Mutagenesis Salyut 7, 72 d γ rays 100 Gy 
preflight

Additive

Arabidopsis seeds, up 
to 1982

Mutagenesis Soyuz/Salyut γ rays 300 Gy pre 
postflight

Additive/synergistic

Carausius morosus, 
1986

Development 
anomalies

Spacelab D1, 7 d Cosmic HZE particles 
in-flight

Synergistic

S. cerevisiae rad 54–3, 
1994

DSB repair IML-1, 9 d 80 kV x rays, up to 
140 Gy preflight

Synergistic

Deinococcus 
radiodurans, 1996

DNA repair IML-2, 14 d γ rays, up to 12 kGy 
preflight

Antagonistic

Bacillus subtilis HA 
101, 1996

Survival/CFA IML-2, Repair, 
14 d

UV 254 nm, up to 335 
J m–2 preflight

Additive

E. coli B/r, 1996 DSB repair IML-2, Kinetics, 
14 d

X rays 150 kV, 120 Gy 
preflight

Additive

E. coli PQ37, 1996 SOS-system IML-2, Kinetics,
14 d

60Co rays, 300 Gy 
preflight

Additive

Human fibroblasts, 
1996

Single-strand break 
repair

IML-2, Kinetics, 
14 d

X rays 300 kV, 5 and 
10 Gy preflight

Additive

S. cerevisiae rad 54–3, 
1998

DSB repair X ray 80 kV x rays, up to 
140 Gy preflight

Additive

S. cerevisiae rad 54–3, 
1998

DSB repair Beta ray 63Ni  particles, up to 
160 Gy in-flight

Additive
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et al., 1997; Takahashi et al., 1997), C. elegans (Nelson et al., 1994),
or human cells (Horneck et al., 1995; Ishizaki et al., 2001).

Rats have been irradiated with doses of up to 8 Gy of 137Cs
gamma rays on day 10 of the 20 d space flight on the biosatellite
Cosmos 690 to investigate combined effects of radiation and space
flight. Endpoints investigated were mortality, mobility, weight,
behavior, the hematopoietic system, metabolism, muscles, and tis-
sue histologies. For the majority of endpoints the radiation effects
were the same in microgravity as on Earth at 1 g (Gurovsky and
Ilyin, 1978). However, after irradiation in-flight, the regeneration
of the hematopoietic system was remarkably delayed compared to
the animals irradiated on the ground (Gazenko et al., 1978). A
recent report found impaired spatial learning in rats exposed to
hypergravity in ground based studies (Mitani et al., 2004).

Several mechanisms have been proposed to explain the syner-
gistic action of microgravity and radiation. Todd (1993) proposed
involvement of the convection-free environment in space affecting
molecular processes. Horneck (1999) suggested that at the cellular
level there might be an impact on signal transduction, receptors,
metabolic-physiological state, chromatin, or membrane structure.
She also suggested that at the tissue and organ level, there is
potential modification of self-assembly, intercellular communica-
tion, cell migration, pattern formation or differentiation. Further
well-controlled studies are necessary to resolve specific mecha-
nisms of action. Disruption of nutritional balance and intake
during space flight could also play a role in space-flight-induced
alterations of immunity (Sonnenfeld and Shearer, 2002) and
may be a potential approach to countermeasures for adverse
immune effects (Table 6.1). There are several recent reports of
stress hormone related reactivation of latent viruses in astronauts
including Epstein-Barr virus (Stowe et al., 2001a), herpes (Stowe
et al., 2001b), and varicella zoster (Mehta et al., 2004). More
research with adequate controls and high levels of reproducibility
for significance testing is needed on the ground and in space flight
to confirm that altered nutrition in space can boost the immune
system against the rigors of radiation and other stressors encoun-
tered in space flight (Durante and Kronenberg, 2004).

6.3.9.2 Ultraviolet Light. Solar UV radiation has beneficial
(e.g., stimulating vitamin D synthesis in human skin), as well as
deleterious effects on the human body, including suppression of the
immune system (Aubin, 2003; Schwarz, 2002), activation of viruses
(Rooney et al., 1992; Zmudzka et al., 1996), induction of premature
aging of the skin (Yin et al., 2001), and the induction of cataracts
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(West et al., 1998) and cancer. Exposure to UV light in the range of
280 to 315 nm is a recognized causative agent for skin cancer.
The potential carcinogenic effects of both long (>340 nm) and short
(315 to 340 nm) wavelength UVA have been reported to induce
squamous cell carcinoma in mice (Kelfkens et al., 1991; Sterenborg
and van der Leun, 1990). Since DNA absorbs only very weakly in
the UVA region where oxidative lesions would be formed, it is
assumed that UVA produces effects on DNA via indirect mecha-
nisms (Setlow et al., 1993). 

The complete mechanisms underlying UV effects are not well
understood, but it is known that UV radiation moderates the
expression of cell adhesion proteins (Meineke et al., 2002) and
many different genes (Cridland et al., 2001; Kaina et al., 1999;
Libertin et al., 1994; Paunesku et al., 2000; Wang et al., 1999).

The highly mutagenic short-wavelength UVC and far-UVB
(<295 nm) radiation are filtered out by the dissociation of ozone in
the stratosphere and do not reach Earth’s surface, so that the ter-
restrial sunlight UV spectrum consists of UVB (295 to 320 nm) and
UVA (320 to 400 nm). High-UV fluence rates of both UVC radiation
(<280 nm) and higher doses of UVB are estimated on the Martian
surface in comparison to the surface of Earth (Cockell and Andrady,
1999; Cockell et al., 2000; Ronto et al., 2003).

Several types of countermeasures have been investigated for
UV photohazards, beyond the protection that can be offered by
shelters, including topical applications of vitamin E (Moison et al.,
2002), and a-tocopherol, L-ascorbic acid, a-lipoic acid, glutathione
ethylester, and N-acetylcysteine (Rijnkels et al., 2003), the ethanol
extract of the flowers of the Prunus persica (Heo et al., 2001), and
the sun protection offered by fabrics (Laperre and Gambichler,
2003).

6.3.9.3 Electromagnetic Fields. Electric and magnetic fields are
created around any electrical device whenever electricity flows.
The energy expended can range from microwaves emitted by cell
phones, to radiowaves from radar aircraft tracking systems, to very
low-frequency wavelengths from video displays on computers, to
extremely low-frequency wavelengths from transmission and dis-
tribution power lines. Mobile phone use in the microwave range
between 400 to 2,000 MHz has undergone extensive scrutiny.
Recent reviews of epidemiological studies on cell phone users and
other evidence have shown no direct relationship between the
fields from wireless communication systems and cancer risk (Boice
and McLaughlin, 2002; Moulder et al., 1999; Tenforde, 1998).
Other effects of mobile phone radiofrequencies have been reported
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on human brain activity and sleep variables (Hamblin and Wood,
2002), melatonin metabolite excretion (Burch et al., 2002; Preece
et al., 1999), and visual memory (Lass et al., 2002). 

The scientific evidence suggesting that electromagnetic expo-
sures at frequencies <100 kHz or 60 mT pose any health risk is
weak but further study is warranted (Ahlbom et al., 2001; Bailey,
2002). The strongest evidence comes from the association observed
in human populations with two forms of cancer, childhood leukemia
and chronic lymphocytic leukemia in occupationally exposed
adults. There is no consistent in vitro or animal laboratory data to
prove a cause and effect relationship of these cancers with electro-
magnetic exposures, despite the fact that DNA damage by such
exposures have been reported to occur in a dose-dependent way
in vitro in some studies (Ivancsits et al., 2002; 2003). A review of
the available literature by the National Institute of Environmental
Health Sciences (NIEHS, 2002) and the International Commission
for Nonionizing Radiation Protection Standing Committee on Epi-
demiology (Ahlbom et al., 2001) concluded that electromagnetic
exposure cannot be recognized at this time as entirely safe, because
of weak scientific evidence that exposure may pose a leukemia haz-
ard, but there is insufficient rationale to warrant aggressive regu-
latory setting of limits. Recent research in cognitive impairment (Li
et al., 2002) and in neurodegenerative diseases (such as amyo-
trophic lateral sclerosis and Alzheimer’s disease) (Feychting et al.,
2003; Graves et al., 1999; Li and Sung, 2003) and cardiac diseases
associated with heart rate variability and myocardial infarction
(Bortkiewicz et al., 1996; Repacholi, 1998) have identified some
interesting and novel findings that need further research. Studies
in transformed breast cancer cells exposed to electromagnetic fields
(EMFs) can overcome effects of melatonin and Tamoxifen® in regu-
lating cell growth (Brainard et al., 1999; Kliukiene et al., 2003).
Adverse reproductive outcomes have also been reported to show
some correlation with electromagnetic exposure (Shaw, 2001).
Radiofrequency fields can affect some cellular physiological func-
tions, but the significance of such effects for human health is uncer-
tain. Two recent monographs on the biological effects of EMFs
(ICNIRP, 2003; McKinlay, 2004) may be consulted for additional
information.

Of some concern is the complete lack of information in the public
literature regarding nonionizing EMF exposures onboard space-
craft during space flight. Without this information there is no
way to judge whether space travel entails a greater exposure to
EMFs than one would experience occupationally on Earth, or
whether it exceeds recommended exposure guidelines. Complex



6.3 EARLY RADIATION EFFECTS   /   231

EMFs onboard a space craft will likely be created by the large num-
ber of electrically-powered instruments and equipment required to
maintain a viable environment in space. Although the health haz-
ards of EMFs are still not fully evaluated, it would be prudent to
devise methods to reduce exposures. It is recommended that area
EMF monitors be used to evaluate these exposures and shielding
methods be sought for crew members. Research is needed to inves-
tigate interactive effects between EMFs of varying levels, and other
stressors in the space-craft environment. 

6.3.9.4 Space Environmental Toxins and Other Factors. Astro-
nauts living in habitats outside Earth’s gravitational field and
protective atmosphere may be exposed to potentially toxic contam-
inants possibly accumulating in their small living space. These
contaminants may cause chronic low-level exposures, or higher
accidental exposures. The response of the human to chemical con-
taminants and toxicants in gas, liquid or solid phase may be quite
different with the altered physiological status caused by adapta-
tions to microgravity. These concerns have spawned a new spe-
cialty called space toxicology which is concerned with investigating
such effects with the ultimate goal of protecting the astronauts’
health and well-being (Oberdorster et al., 1994). No literature
could be found that reported on the investigation of combined radi-
ation and chemical contaminant toxicity under microgravity, or on
radiation in combination with increased vibration or noise.

6.3.10 Low Dose Effects Needing Further Research

6.3.10.1 Hormesis and Low Dose Adaptive Effects. Radiobiological
evidence for hormesis [i.e., a biological phenomenon characterized
by biphasic dose-response relationships displaying low-dose stimu-
lation and high dose inhibition (Calabrese and Baldwin, 2002)] is
based on radioadaptive response which has been convincingly dem-
onstrated in cells in vitro in human lymphocytes from some but not
all donors (Wolff, 1998). Questions remain as to how it affects
humans (Johansson, 2003). Several reviews of radiation hormesis
(Ducoff, 2002; Prekeges, 2003; Rozman and Doull, 2003; Sugahara
et al., 2002) suggest that radiation stress is just one type of
homeostatic exercise that makes organisms more fit for future bio-
chemical-physiological-immunological-radiation challenges. More
significantly, hormesis has suggested a reappraisal of the way risks
are assessed (Calabrese and Baldwin, 2003b). Since there are
examples indicating that some individuals may lack the capacity to
produce the low dose stimulatory response to either chemical or
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physical agents such as ionizing radiation (Calabrese and Baldwin,
2003a) there must also be an accounting for the differential suscep-
tibility in high-risk groups in the hazard assessment process,
whether it be due to developmental processes, aging, genetic back-
ground, gender, nutrition, disease, or health status. Recent under-
standing of the mechanisms of radiation damage and repair, and
discoveries of induction of gene expression by radiation and other
genotoxic agents by adaptive effects make it seem inevitable that
under certain suitable conditions, irradiation can potentially pro-
duce beneficial effects (Ducoff, 2002). Since manifestation of these
responses is highly variable, they cannot be incorporated into risk
estimates at this time. Risk assessment of occupational radiation
exposure in space will not be complete, however, without more
basic research to define the impact of low dose exposures on several
endpoints such as cancer induction and immune response.

6.3.10.2 Bystander Effect and Low Dose Hypersensitivity. After
more than three decades of investigations, insight into the produc-
tion of molecular lesions by energy absorption from ionizing radia-
tions is available, as well as a somewhat limited understanding of
how molecular lesions are expressed and modified biologically. The
identification of the biological target of radiation damage has been
dominated by the concept that it is the DNA of the genome. How-
ever, notable exceptions provide evidence for nonDNA targets (e.g.,
Cramp and Walker, 1974) the most prominent of which is the cell
membrane. Oxygen sensitizing processes have been found to be
associated with damage to cell membranes independent of DNA
damage. Some of these radiation-induced membrane changes have
later been linked to apoptotic cell death (Radford, 1999). Implicit in
the generalizations for both of these targets, however, has been the
assumption that biological effects of radiation would occur only in
cells actually exposed in the radiation field. It still appears to be
true that for radiation protection purposes, radiation risks are
based on organ doses and, therefore, any contributions from
bystander effects do not alter risks estimates.

The relatively recent increase in the interest of the bystander
effect, that is effects on unirradiated cells from radiation-exposed
neighbors, has confounded and challenged radiation researchers. It
has been difficult to understand fully how unirradiated cells could
be affected. The bystander effect was first noted as the induction of
SCE by extremely low doses of alpha particles (Nagasawa and
Little, 1992). Sister chromatid exchanges were observed in ~30 %
of the cells, even though <1 % of the cells’ nuclei received a direct
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nuclear hit by an alpha particle. Several other bystander endpoints
have been reported including confirmation of increased SCEs
(Deshpande et al., 1996), increased chromosomal instability
(Lorimore et al., 1998), increased mutations (Nagasawa and Little,
1999; Zhou et al., 2000), increased number of micronuclei (Prise
et al., 1998b), increased cell killing (Bishayee et al., 1999),
increased in vitro neoplastic transformation (Sawant et al., 2001),
and increased accumulations of DNA damage-inducible proteins
(Azzam et al., 1998; 2001; Hickman et al., 1994). Bystander effects
have been reported both in systems where irradiated cells are in
obvious direct contact with one another, and also when cells
are considerable distances apart from one another (Prise et al.,
1998a). Bystander effects have been reported after cells were sub-
jected to high-LET alpha-particle irradiation (Azzam et al., 1998;
Belyakov et al., 2002; Deshpande et al., 1996; Lorimore et al.,
1998; Nagasawa and Little, 1992; Prise et al., 1998a), as well as in
low-LET alpha-irradiation studies (Mothersill and Seymour, 1998;
Seymour and Mothersill, 2000). Most bystander studies have used
a variety of cell types, but primarily established cell lines. The
alpha-irradiation studies of Mothersill and Seymour (2000) also
included immortalized human keratinocytes, as did the alpha-
particle work of Hickman et al. (1994) with immortalized rat lung
epithelial cells. Few epithelial cell studies of bystander effect could
be found in the literature (Belyakov et al., 2002; 2005; 2006). 

Several mechanisms by which damage signals may be transmit-
ted from irradiated to nonirradiated bystander cells have been
proposed involving reactive oxygen (Narayanan et al., 1997), extra-
nuclear originating signaling (Deshpande et al., 1996), and
secreted diffusible factors and gap junction-mediated intercellular
communication. The role of cell communication in the mechanism
has been controversial (Azzam et al., 1998; 2001; Mothersill and
Seymour, 1997a; 1998). A recent review by Ballarini et al. (2002) of
pertinent literature clearly implicates cellular communication in
bystander effects, but notes features of the bystander effect are
strongly dependent on different factors. These include: 

• the way in which the radiation is delivered (conventional
irradiation with low doses, irradiation with microbeams,
or treatment with irradiated conditioned medium. Medium
taken from irradiated epithelial cells reduced survival of
unexposed fibroblasts, whereas medium from irradiated
fibroblasts had no effect on unexposed epithelial cells
(Mothersill and Seymour, 1997a). This latter observation
implicates a second difference, namely;
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• differences in the cell type (normal or cancerous, human or
animal, epithelial or fibroblastic), and the cell-cycle stage;

• degree of cell-to-cell contact;
• in the case of irradiated conditioned medium, the number of

irradiated cells and possibly the medium constituents affect
bystander effects; and

• the particular endpoint being studied.

Cells are equipped with several systems that allow them to send
or to respond to signals from other cells. These systems include
molecular receptors, kinases, phosphatases, GTP-binding proteins,
and several other molecules. Secreted factors can affect cells of the
same type (autocrine signalling), or act on neighboring cells (para-
crine signalling), or travel via the blood supply to affect distant tar-
get cells (endocrine signalling). Available in vitro data on bystander
effects are thought to be associated mainly with paracrine and/or
autocrine signaling (Ballarini et al., 2002). If cells are in close con-
tact, gap-junctions seem to have a major role, whereas if the degree
of contact is poor, the culture medium can be important. Inhibition
of gap-junction activity in cells irradiated in close contact resulted
in decreased levels of cell death (Mothersill and Seymour, 1997b),
p53/p21 induction (Azzam et al., 1998), and gene mutations (Zhou
et al., 2000). In contrast, a microbeam experiment performed with
minimal cell-to-cell contact resulted in a random distribution of
damaged cells over the entire surface of the culture dish (Belyakov
et al., 2001), suggesting a major role of an extracellular factor
released in the medium, rather than gap-junctions.

Information on radiation-induced bystander effects comes
primarily from in vitro tissue culture experiments. It is not
known what types of bystander effects might be observed in three-
dimensional tissues or intact organisms, or how these effects might
be modulated at doses <100 mGy. It is reported that a similar phe-
nomenon, namely the production of clastogenic factors by irradia-
tion of cells, can occur either in vitro or in vivo (Faguet et al., 1984).
Lymphocytes cultured in medium containing plasma from irradi-
ated individuals can result in significantly more chromosomal
aberrations than in lymphocytes cultured with plasma from nonir-
radiated individuals. These effects can be extremely persistent in
irradiated individuals with clastogenic activity persisting for sev-
eral decades. Others have failed to find such effects (Leonard et al.,
1998). It has been recently suggested that extracellular signaling
through the microenvironment may link bystander effects, genomic
instability, and carcinogenesis (Barcellos-Hoff and Brooks, 2001).
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A significant hypersensitivity of V79 Chinese hamster cell sur-
vival at low doses (0.1 Gy) of high-energy (100 MeV n–1) carbon ions
at a LET of 27.5 keV µm–1 has been reported using a semi-
automated cell detection system (Bohrnsen et al., 2002). This result
is in contrast to the report of Marples et al. (1996) that showed
a barely detectable hypersensitivity in the irradiation of V79
Chinese hamster cells with peak pions at an approximately equiv-
alent LET of 35 keV µm–1. Bohrnsen et al. (2002) speculate that the
much more pronounced effect of carbon ions could possibly be due
to the wider microscopic pattern of energy deposition from carbon
particle tracks compared to pi mesons. Increased sensitivity at low
doses of neutron irradiation at very low dose rates has also been
reported (Dionet et al., 2000). The phenomenon of hypersensitivity
occurs in most cell lines tested, and it is attractive to suggest that
it is due to the bystander factor being produced at low doses in
these cells. However, the data do not support this hypothesis and
in fact suggest that hypersensitivity and bystander mechanisms
are actually mutually exclusive (Mothersill et al., 2002). Most of
the cells producing a bystander effect do not produce a hyper-
sensitivity effect. Hypersensitivity is not found in normal epithelial
cells having survival curves with small shoulders but, rather, is
predominately found in radioresistant tumor cells having survival
curves with large shoulders.

In summary, it is not always valid to extrapolate experimental
results to low doses from studies at high doses. Biological responses
vary with dose and LET, and have variable time-dependent effects
after exposure (Skov, 1999). Unfortunately, as has been pointed out
by Skov (1999), because of the scant knowledge of all of the relevant
aspects at low doses, such as inducible-protective mechanisms,
threshold, priming, dose-rate effects, and LET-dependent vari-
ables, it is not possible currently to draw conclusions for radiation
protection. More basic research optimized technically to study
effects of radiations found in space is needed on individual cells.

6.3.10.2.1 Epigenetic effects. Epigenetics is defined as the study of
heritable changes of DNA that can regulate gene expression but do
not involve changes in DNA sequence (Baylin and Herman, 2000).
The genetic information provides the blueprint for the manufac-
ture of all the proteins necessary to create living things, while
the epigenetic information provides additional instructions on how,
where, and when the genetic information should be used (Dunn
et al., 2003). With the recent completion of the human genome
sequencing project, the challenge now is to understand the regula-
tion of gene function, which to a large extent is dependent on
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epigenetic controls. Epigenetic changes which are often deregu-
lated in cancer cells include modulation of chromatin structure,
repression of transcription, genomic imprinting, inactivation of the
X chromosome, and suppression of detrimental effects of repetitive
and parasitic DNA sequences on genome integrity (Dunn et al.,
2003). Modulators of DNA methylation and chromatin structure
have a dramatic effect on gene expression, cellular proliferation,
differentiation, and apoptosis, and these molecular pathways of
epigenetic events are being exploited for therapeutic inventions
(Kalebic, 2003). Aberrations in epigenetic machinery, either by
genetic mutations, or by somatic changes such as viral infections,
are associated with early alterations in chronic diseases such as
immunodeficiency (Muegge et al., 2003).

6.3.10.2.2 Cytokine activation leads to remodeling of the extracel-
lular matrix. The nonuniform ionization patterns associated with
the signature track structure of each kind of charged particle
results in differences in the induction of gene expression for low-
and high-LET radiations (Woloschak and Chang-Liu, 1990) and
differences in the activation of proteins in tissues and in the sup-
porting microenvironment. This is exemplified by transforming
growth factor beta 1 (TGFβ1), the activation of which is dependent
on both radiation quality and dose (Barcellos-Hoff, 1993; 1998).
TGFβ is the founding member of a large family of polypeptide
growth factors that are abundant extracellularly in a latent form,
and is one of the important regulators of the extracellular matrix.
Latent TGF consists of a complex of TGF noncovalently associated
with its processed N-terminal prosegment, called the latency-asso-
ciated peptide (LAP). Release from the LAP is required for TGF to
bind to its cell surface receptors. Activation releases TGF which
then acts as the switch to initiate the response of tissue to damage
in several physiological processes, such as inflammation, wounding
and healing (Barcellos-Hoff, 1998). Using an immunostaining pro-
tocol to discriminate between latent and active TGF and neutraliz-
ing antibodies to confirm functional significance, Barcellos-Hoff
et al. (1994) found that within 1 h after exposure to 5 Gy of sparsely
ionizing radiation, there was increased TGF reactivity in the
epithelium and stroma concomitant with decreased LAP immu-
noreactivity. This reciprocal shift in immunoreactivity is consistent
with a process in which LAP is degraded after release of TGF, as
would occur with activation. This activation persisted for >7 d after
irradiation and included changes in Collagen III, a known target of
TGF, suggesting there is a chronic stimulus for activation of TGF.
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Administration of TGF neutralizing antibodies shortly before irra-
diation specifically inhibited the Collagen III changes. Ionizing
radiation is the first exogenous stimulus known to cause activation
of latent TGF in situ (Barcellos-Hoff et al., 1994). Several studies
have now reported increased expression of TGF in irradiated
tissues that develop fibrosis leading to the suggestion that TGF is
an early radiation response that mediates late tissue reaction
(Anscher et al., 1990; Canney and Dean, 1990). The mechanism of
TGF activation by radiation is under investigation, but there is
significant evidence that TGF may itself signal certain events
through the generation of reactive oxygen (Shibanuma et al., 1991;
Thannickal and Fanburg, 1995). It has been suggested that persis-
tent disruption of the microenvironment in irradiated tissue com-
promises its ability to suppress carcinogenesis (Barcellos-Hoff,
2001). The fact that normal cells can exert epigenetic control on
neoplastic behavior, and that by re-establishing appropriate inter-
actions of normal cells with their microenvironment can reverse
neoplastic behavior even in the presence of grossly abnormal
genetic damage, can provide new strategies to prevent cancer
(Weaver et al., 1997; Zutter et al., 1995).

Significant for space travel is the fact that stromal remodeling
can be triggered by doses of HZE particles as low as 0.8 Gy
(Ehrhart et al., 1997). In BALB/c mice receiving whole-body irradi-
ation with 0.8 Gy of 600 MeV n–1 iron ions, Collagen III was
induced in the adipose stroma within 1 d, continued to increase
through day nine and was resolved by day 14. Immunoreactive ten-
ascin was induced in the epithelium by day one, was evident at the
epithelial-stromal interface by day five to nine and persisted as a
condensed layer beneath the basement membrane through day 14.
These findings parallel similar changes induced by alpha irradia-
tion but demonstrate different onset and chronicity. In contrast, the
integrity of the epithelial basement membrane, which was unaf-
fected by sparsely ionizing radiation, was disrupted by iron-
particle irradiation. Laminin immunoreactivity was mildly irregu-
lar at 1 h postirradiation and showed discontinuities and thicken-
ing from days one to nine with continuity being restored by day 14.
High-LET radiation, like sparsely ionizing radiation, induces rapid
remodeling of the stromal extracellular basement membrane, but
also appears to alter the integrity of the epithelial basement mem-
brane, which is an important regulator of epithelial cell
proliferation and differentiation. The significance of these changes
for cancer risk from iron ions remains to be determined, however
nonmalignant human-mammary epithelial cells irradiated with as
low as 0.25 Gy of gamma rays, reportedly gave rise to colonies
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exhibiting decreased localization of E-cadherin, beta-catenin, and
connexin-43, proteins necessary for the establishment of cellular
polarity and communication (Park et al., 2003). Disrupted cell-cell
communication, aberrant cell-extracellular matrix interactions,
and loss of tissue-specific architecture observed in the daughters of
irradiated nonmalignant human-mammary epithelial cells are
characteristic of neoplastic progression. This illustrates a herita-
ble, nonmutational mechanism whereby ionizing radiation compro-
mises cell polarity and multicellular organization. 

6.4 Summary of Current Space Radiation Biology

The probabilities of health effects due to radiation exposures of
humans during and after exploration missions beyond LEO are not
completely known presently. Research is needed to complete the
estimation of these risks. This Section summarizes the biological
and medical information that are available from flight and acceler-
ator-based studies for radiations prevalent in space. In addition,
brief summaries of radiation health effects from investigations
with conventional radiations, but not yet completed with space
radiations, have also been reviewed. New facts have emerged from
the study of radiation-exposed populations that have added to
understanding. The goal is to identify research needs for activities
beyond LEO that could lead to recommendations for radiation dose
limits that will prevent the risk of serious and persistent radiation
effects from occupational radiation exposure in space.

As is the case for radiation workers on Earth, the aim is to
prevent deterministic effects, and limit the risk of cancer to accept-
able levels (NCRP, 1993). It is hoped that adequate shielding can
do so, however not enough is known. For example, it is not known
what special risks are posed by protracted exposures to heavy ions,
neutrons and protons. Similarly, there is a need for better esti-
mates of the risk of cataracts. The focus, therefore, has been on esti-
mating the risk of late-appearing radiation effects such as
cancer-induction, or radiation-induced cataract. An increased inci-
dence of cataracts has been reported among astronauts, but more
research is needed to understand which radiation type(s) is respon-
sible, the dose-response relationship, and what can be done to pre-
vent cataracts.

This Section broadens the problem of the estimation of both
early and late radiation effects. The possibility of unexpected solar
flares, and the potential of a rapid and progressive exposure to
charged particles representing a wide array of atomic numbers,
energies and fluences (and any resulting secondary radiation
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cascades) is a daunting issue that requires extensive further study.
Microgravity in space is well known to be associated with nausea
in some individuals after short-duration spaceflight, and most indi-
viduals after long-duration spaceflight (Meck et al., 2001; Ziegler
and Meck, 2001). With what is known today, however, there are no
reported concerns among space-flight crew members regarding
space radiation-induced early effects on the brain and peripheral
nervous system, such as nausea or emesis. However, there are
effects that have been reported in experimental animals on behav-
ioral endpoints that are mediated by the peripheral nervous system
that show increasing RBE with increasing LET. In contrast, behav-
ioral effects mediated by the CNS, such as learning (CTA), that
involve the dopaminergic nervous system are disrupted by expo-
sure to iron ions, while exposure to equal or higher doses of other
types of radiation (e.g., gamma rays or neutrons) do not show a sim-
ilar effect. These adverse behavioral and neuronal effects are simi-
lar to those seen in aged animals, and the cognitive deficits
are dependent on the individual dose response or age at exposure,
and are unique to radiations found in space. The dependency of
susceptibility for cancer induction on age at exposure is known for
some types of cancer such as breast and thyroid. The concern here
is that with increasing age there may also be more vulnerability to
deficits in neural function from space radiation damage. 

Convincing evidence also is emerging for concern regarding the
risk of CVD, and defects in immunological function from protracted
exposures to radiation that may contribute to life-shortening or
diminished quality of life. Significant changes in the human cardio-
vascular (D’Aunno et al., 2003) and immune systems (Mills et al.,
2001) correlate with time in space flight, presumably due to the
stress of microgravity, but radiation exposure cannot be excluded
and should be analyzed as a variable.

Biomarkers for identification of individuals at enhanced risk
due to genetic predisposition, as well as radiation biodosimetry to
estimate cumulative radiation exposures may provide guidance for
future individual mission worthiness. However, links between the
appearance and abatement of some of the early biodosimetric
markers and the risk of later medical consequences are uncertain.
An association of cancer incidence to persistent chromosome aber-
rations in peripheral lymphocytes has been reported.

The study of space radiation effects on various tissues of the
body has revealed a previously unappreciated role for low dose
tissue remodeling involving stromal cell populations as well as
cytoskeletal rearrangements in individual cells. These epigenetic
effects involve changes in protein expression independent of the
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rapidly expanding work on direct radiation effects on gene expres-
sion. What is clear is that a different complement of genes and
phosphorylated proteins is activated by exposure to low doses of
conventional radiations, compared to the complement activated
by higher doses of radiation (Coleman et al., 2005; Ding et al., 2005;
Yang et al, 2006; Yin et al., 2003). The ultimate medical con-
sequences of perturbations in both genetic and epigenetic end-
points, however, is completely unknown. The radiosensitivity of
tissue-specific stem cells and endothelial cells remains a concern.

Extensive research exists on radiation effects of both male and
female gametes with conventional radiations. The effects of expo-
sure to high-energy iron ions has revealed a novel radiosensitivity
for one stage of individual male gametes traversed by the iron ions,
as well as significant effects to surrounding unirradiated cells.
Hereditary effects from gametes irradiated with space radiations
are completely unknown.

Physiological effects of space radiations on endocrine function
have been known for some time. Radiation-induced injury of the
hypothalamic-hypophyseal axis can result in changes in endocrine
homeostasis, as well as alteration of the morphologic integrity of
most of the peripheral endocrine glands. For example, therapeutic
radiation doses of photons as low as 0.4 Gy have led to adenomas
or hyperplasias in the parathyroid gland which has a major role in
calcium metabolism. No information exists regarding endocrine
function and homeostatis after chronic low dose-rate exposure to
radiations found in space.

Some noninvasive biological countermeasures for an assort-
ment of radiation effects hold promise for some diminution of
specific kinds of radiation risk. Most notably, these include nutri-
tional and biochemical neutralization of the oxidative conse-
quences of radiation damage. Consumption of a low-fat diet rich in
natural antioxidants may contribute to minimizing radiation
effects for long space missions.

The combined effects of radiation exposure with other biophysi-
cal stressors, such as microgravity, exposure to UV light, or to
microwaves are poorly understood. The data that exist indicate
synergistic effects may well occur. Recent evidence on the biological
significance of UVA exposure to skin and lens warrants further
investigation.

Epidemiological data from atomic-bomb survivors indicate that
there is an increased risk of breast cancer in women exposed to
1 Gy (Tokunaga et al., 1991; 1994). The radiosensitivity of the
human breast also limits the total acceptable radiation exposure of
female astronauts (NCRP, 2000), but as more epidemiological data
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become available from irradiated cohorts, there may be other tis-
sues of the body vulnerable to radiation-induced cancer that may
also limit future career limits (Land, 1988).

6.5 Summary of Needed Space Radiation 
Biology Information

6.5.1 Late Radiation Effects

6.5.1.1 Cancer Risk from Space Radiations. A considerable num-
ber of questions and a significant degree of uncertainty remain
regarding the risk of cancer and, in particular, the risk of solid
tumors in humans from exposures to space radiations. Specific
recommendations for research include obtaining experimental
data to determine the carcinogenic effect of protracted exposures of
relevant energies of protons, heavy ions, and neutrons. Animal
studies should not be carried out without some confidence in how
to extrapolate the risk data to humans (NCRP, 2005). Pilot studies
using chromosome aberrations or other appropriate endpoints
induced at low dose rates could provide a guide to the experimental
design. A dual approach is suggested for providing risk estimates.
First, the determination of equivalent doses for protons, neutrons
and heavy ions, and their application to the most appropriate risk
estimates for the effects of exposure of humans to gamma rays is
needed, and secondly, the development of a risk model based on the
mechanisms of radiation-induced cancer and the data with various
components of the space radiation environment.

It is recommended that experiments be conducted to:

• determine the carcinogenic effects of space radiations in
animals with a sufficient number of suitable heavy ions to
provide data for determining an appropriate quality factor
value for each;

• develop an alternative method for obtaining equivalent dose
for neutrons in the 2 to 50 MeV range;

• determine the basis for the different initial slopes of the
dose response curves for induction of cancer or surrogate
markers for cancer by HZE particles and fragments;

• determine the number of cells at risk traversed by HZE par-
ticles and fragments and the resulting survival, and how
these influence carcinogenic risk for particles of different
energies;

• determine the influence of repair as well as damage process-
ing on the probability of tumorigenesis by HZE particles;
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• determine the role of delta rays in the induction of cancer by
heavy ions;

• assess the importance of dose rate on the initial slope for
cancer related endpoints for proton or HZE exposures; and

• develop methods using surrogate markers for cancer to extra-
polate risk from experimental animal models to humans.

6.5.1.2 Noncancer Risk from Space Radiations. No excess inci-
dence of late radiation effects has been revealed in studying life-
time space radiation exposures to date, except for cataract.
However, there is significant need for more work.

It is recommended that experiments be conducted to:

• determine the effects of protracted exposures to low dose
rates (<50 mSv y–1) of protons, HZE particles, and neutrons
of relevant energies in the 0.5 to 1.5 Sv range on the CNS,
lens of the eye, vascular system throughout the body,
hematopoietic and immune systems, gastrointestinal tract,
gonadal cell populations, and fertility.

6.5.2 Early Radiation Effects

6.5.2.1 Thresholds for Neurovestibular, Cardiac, Prodromal and
Other CNS Effects. It is recommended that:

• all available data from therapeutic uses of radiation be reex-
amined to estimate threshold doses for loss of balance, car-
diac arrthymias, nausea, vomiting, and other CNS effects;
and

• all radiation accident data be analyzed to determine if any
behavioral changes can be expected from exposure to the
highest doses likely to occur as a result of deep-space
activities.

6.5.2.2 Hematological, Dermal and Immune Issues. It is recom-
mended that experiments be conducted to:

• determine how to maintain the proliferative integrity of the
hematopoietic, dermal and immune systems when exposed
to low dose rates of protons, heavy ions and neutrons.
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6.5.3 Other Information Needed

6.5.3.1 Dose-Rate Issues. It is recommended that experiments be
conducted to:

• derive estimates of the dose, and in particular the dose rate
over each hourly period for the worst-case SPE scenario that
can be anticipated; and

• study the effects of the dose rate of protons and neutrons of
relevant energies up to several hundred megaelectron volts.
For initial estimates of risk and required shielding, these
dose-rate studies could be carried out on cells in vitro, by
determining cell survival and chromosome aberrations and
mutation incidence for the purpose of establishing animal
protocols.

6.5.3.2 Combined Exposures/Stressors. It is recommended that
experiments be conducted to:

• evaluate the effects of combined exposures to protons and
HZE particles; and

• acquire data and model effects from multiple stressors,
including microgravity, UV, microwaves and hormonal
stress cascades.

6.5.3.3 Biomarkers. It is recommended that experiments be con-
ducted to:

• evaluate biomarkers for identification of individuals at
increased risk due to genetic predisposition; and

• evaluate biomarkers to estimate cumulative doses.

6.5.3.4 Countermeasures. It is recommended that countermea-
sures be assessed for their efficacy in preventing adverse effects.

•
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7. Space Radiation Risk 
Assessment Methodology

7.1 Introduction

On long-term missions outside Earth’s magnetic field, three
specific areas of radiation health risks can be identified as being of
primary concern: (1) late effects (e.g., cancer); (2) early (noncancer)
effects due to acute, or at least short-term, exposures from large
SPEs; and (3) possible effects (still to be identified) to the CNS from
the HZE component of GCR. Risk assessment models play the
important role of integration of experimental and theoretical
knowledge of physics and biology into quantitative models to be
used to project risks and assess risk mitigation concepts. New com-
putational approaches to risk assessment that integrate molecular
biology and genetics hold prospects for the future, however these
have not replaced the traditional approaches that use epidemiolog-
ical data and survival analysis for projecting long-term late effects.
Each of these three areas of radiation health risk is discussed
below. In addition, it is now recognized that point estimates of risk
are inadequate and that uncertainty bounds in risk estimates are
needed.

7.2 Late Radiation Effects

For projecting risks in LEO, NASA uses the model recom-
mended by NCRP Report No. 132 (NCRP, 2000) for evaluating
cancer risks. A review of the model is useful for discussing uncer-
tainties of the point estimates and for discussing alternative
approaches. The double detriment life-table is used to follow the
age-specific mortality of a population over an entire lifespan and it
allows for the description of competing risks between radiation and
other causes of death (Bunger et al., 1981). For a homogeneous pop-
ulation receiving an effective dose E, at age aE, the probability of
dying in the age-interval from a to a + 1 is described by the back-
ground mortality-rate for all causes of death except radia-
tion-induced death M(a), and the radiation cancer mortality rate
m(E,aE,a), as:
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(7.1)

The survival probability to live to age a, following an exposure
E at age aE, is: 

(7.2)

The risk of radiation exposure-induced death (REID) is the life-
time risk that an individual in the population will die from a cancer
caused by his or her radiation exposure, defined by (Vaeth and
Pierce, 1990):

(7.3)

 A minimum latency time of 10 y is often used for low-LET
radiation, however alternative assumptions for high-LET radiation
need to be considered. The loss of life expectancy among radia-
tion exposure-induced deaths (LLEREID) is: 

(7.4)

where the average loss of life expectancy in the population is
defined by:

(7.5)

where S(a) is the survival probability to age a in the absence of
exposure. The life-table and background cancer rates often
employed are for the gender-specific average U.S. population. For
projecting cancer risks in a healthy population such as the astro-
nauts, other methods should be investigated.

The primary quantity in the model is the radiation-induced
mortality rate (m), which should contain dependencies on radiation
quality, dose rate, gender, age at exposure, and time since exposure.
NCRP Report No. 132 (NCRP, 2000) used estimates from the LSS
study (Pierce et al., 1996; Thompson et al., 1994) and applied a dose
and dose-rate effectiveness factor (DDREF) and a LET-dependent
quality factor [Q(L)], to consider other radiation types and dose
rates. A mixture model is introduced for transferring risks from the
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Japanese to the U.S. population under the assumption of a frac-
tional likelihood, represented by the uncertain (i.e., random) quan-
tity ν, that the multiplicative risk model or additive risk model is
the appropriate transfer model, such that the radiation mortality
rate is (Cucinotta et al., 2005; 2006):

(7.6)

where ERR and EAR are the excess relative risk and excess addi-
tive risk per sievert, respectively, Mc(a) is the gender and age-
specific cancer mortality rate in the U.S. population, and FLQ [the
product of the tissue-weighted fluence (F), LET (L), and quality
factor (Q)] is the organ dose equivalent. Equation 7.6 expresses the
uncertain fractional division between the assumption of the multi-
plicative and additive risk models. For solid cancer it is assumed ν
is uniformly distributed over the unit interval and for leukemia
ν = 0. Other weightings have been considered for several tissue
sites including thyroid, breast and skin (Land et al., 1980; Ron
et al., 1995). Equation 7.6 is a multiplicative model for the mortal-
ity rate, consisting of a product of several factors: the ERR or EAR,
Mc, and the organ dose equivalent, which includes the quality
factor dependence. The limiting behavior of the addition of many
random variables is well known as the normal distribution. In con-
trast, the limiting behavior of the multiplication of many random
factors will be a log-normal distribution. Equation 7.6 assumes
each multiplicative factor is independent. This assumption may not
be strictly valid because of the possibility of correlations between
factors or nonadditivity of different radiation components since
cells will be traversed by multiple particles and delta rays produced
by ions passing through adjacent cells (Cucinotta et al., 1999). 

Estimating the uncertainties in the conventional model
requires an evaluation of each set of coefficients that enter into the
model. These include the uncertainties in the LSS data, transfer
model, quality factors, DDREF, and physical models used to esti-
mate organ doses and LET spectra. The baseline life-table and
background cancer rates also introduce uncertainties into the cal-
culation, especially for the astronaut population. Uncertainties in
many of these coefficients have been evaluated and are described
next. Monte-Carlo sampling can be used to propagate the overall
uncertainty to form a statistical distribution of the risk calculation
(NCRP, 1997). The uncertainties due to the basic assumptions of
the model, such as the use of the linear-additivity model, and scal-
ing of the effects of HZE ions to the LSS data including possible
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differences in minimal latency times or plateau effects at longer
times between gamma rays and HZE ions, have not been
addressed. Also, for higher risk missions, such as a Mars mission,
competing risks from nonradiation effects may constrain the upper
bounds of a statistical distribution of radiation risks.

7.2.1 Organ Dose Equivalents and Equivalent Doses 
for Late Effects

As discussed in NCRP Reports No. 132, No. 137, and No. 142
(NCRP, 2000; 2001a; 2002), the organ dose equivalent may be used
as a surrogate for the equivalent dose for the LEO space radiation
environment. It is defined (ICRU, 1993) for a given organ or tissue
as:

(7.7)

Here L is the linear energy transfer and D(L) is the distribution in
LET from the radiation environment in question between L and
L + dL. DT is the mean tissue absorbed dose. The integration over
the mass (m) of the organ can be approximated by averaging over a
representative number of points within the organ. For example, for
bone marrow, the mean has typically been obtained from 33 repre-
sentative points in the marrow within a computerized male or
female model. The calculated value is considered an acceptable
approximation of the equivalent dose in the organ in question.

The function Q(L) is given as follows: 

(7.8)

7.2.2 Procedure for Estimating Risk for Late Effects in 
Individual Organs

The recommended procedure to estimate risk requires informa-
tion in three distinct areas: (1) the spectral and time dependence
of the radiation environment, (2) detailed solid-angle dependence
of the available shielding (both spacecraft shielding as well as
body self-shielding), and (3) the tissue or organ risk coefficients to
be used. To calculate risk of cancers in specific organs, the shielding
distributions for representative points within the organs must be

HT QDT
1

 m 
-------   Q L( )D L( )dLdm.∫

m
∫= =

Q L( ) 1 for L 10 keV µm 1–<=

0.32 L 2.2 for 10–= L 100 keV µm 1–≤ ≤

300 L  1/2–  for L 100 keV µm 1– .>=
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available for an appropriate averaging. The risk is calculated by
multiplying the equivalent dose (as approximated in Equation 7.7)
by the appropriate tissue-specific risk coefficient from the second
column of Table 3.1 of NCRP Report No. 137 (NCRP, 2001a). If the
incident spectra vary over time during the mission, the risk rates
can be calculated at specific times and integrated over time to yield
the risk for the total mission.

The total excess lifetime risk of mortality from all cancers can
be determined by summing over all organs and is expressed:15

(7.9)

where:

(7.10)

and the summation is over all the organs where radiation risk of
cancer exists.

The effective dose (E) can be calculated by summing the products
of the equivalent dose for each organ and the appropriate wT from
column three of Table 3.1 of NCRP Report No. 137 (NCRP, 2001a).

If the ages and genders of the individual crew members are
known, age- and gender-specific risk coefficients, kT, A, G, can be
used. Also, see appropriate approximations suggested for kT,i in
Section 7.2.3.1.

7.2.3 Uncertainties in the Risk from Late Effects

Uncertainties exist for the three factors, kT,i, Q(L), and D(L) in
Equation 7.10.

7.2.3.1 Uncertainties in the Low Linear Energy Transfer Risk Coef-
ficients. Risk of radiation-induced cancer has been extensively
studied in a number of medically-, occupationally- and environ-
mentally-irradiated populations, and in a large cohort of survivors
of the atomic bombings of Hiroshima and Nagasaki. Because of
these studies, and because it is often possible to estimate organ-
and tissue-specific radiation dose with some precision, radiation-
related cancer risk can be quantified. It is also estimated in consid-
erable detail with respect to sex, age at exposure, attained age, and

15Strictly speaking, the risk of death from all cancers is: R = 1 – Π
(1 – Ri) but for small risk values (Ri « 1), R is very close to the sum of the
individual risks ΣRi.

R ΣiRi,=

Ri
 kT,i 
 m 

------------   Q L( )D L( )dLdm,∫
m
∫=
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cancer site. For example, the Radiation Effects Research Founda-
tion (RERF) tumor registry report (Thompson et al., 1994) provided
estimates of radiation-related cancer incidence risk in the atomic-
bomb survivors for a total of 32 solid cancer sites and groups of
sites. A companion report based on the RERF Leukemia Registry
(Preston et al., 1994) gave estimates for subtypes of leukemia and
lymphoma. For both solid and hematopoietic cancers, details of
modification of dose response by sex, exposure age, attained age,
and time since exposure were provided. An update of radiation-
induced mortality in the RERF cohort has been published (Preston
et al., 2003).

The site-specific data are available over the internet from the
RERF (2006) website and can be used to calculate risk estimates,
and the statistical uncertainties of these estimates, in the form of
statistical likelihood distributions. A working group of the National
Cancer Institute and the Centers for Disease Control and Preven-
tion, charged with revising a 1985 report of the National Institutes
of Health to provide radioepidemiological tables, has published
tables of statistical uncertainty distributions for a total of 27 cancer
sites and groups of sites, and an interactive computer program for
estimating attributable risk, or probability of causation for individ-
uals (Land et al., 2003b).

For most cancer sites, there is little evidence of variation in esti-
mated ERR by exposure age >30 and by attained age >50 (i.e., age
at observation for risk). This somewhat simplifies computation for
many applications related to space flight in that, while separate
estimates may be required for different cancer sites or groups
of sites, a single site-specific estimate of ERR per unit dose of
low-LET radiation is all that is required for estimation of excess
lifetime risk for most sites, when exposure occurs at ages 30 or 40
and older. Tabular presentations of site-specific statistical uncer-
tainty distributions (Land et al., 2003b) are given in Tables 7.1
through 7.9.

However, it is not only statistical uncertainty that is of concern.
Site-specific cancer rates for the U.S. population are not identical to
those in Japan and, for some sites, can vary between countries by
as much as an order of magnitude. With the exceptions of female
breast cancer and (to some extent) gastric cancer, little information
on how best to transfer estimates of radiation-related cancer risk
between populations with markedly different baseline rates is
available. Because some rule must be used, there is considerable
added uncertainty associated with transfer (Land, 2002; Land and
Sinclair, 1991). Because there are few relevant data, quantification
of this uncertainty is mainly subjective (Land et al., 2003b).
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TABLE 7.1—Computation of uncertainty distribution for ERR at 1 Sv. Sites for which lognormal theory could be 
used with confidence to approximate the likelihood profile distribution for log (α ), and for which default values of 

γ and δ were not used (Land et al., 2003b).a

Cancer Site Log (α) γ δ Var
(Log α)

Cov
(Log α, γ)

(correlation)

Cov
(Log α, δ)

(correlation)
Var (γ) × 10–3 Cov 

(γ, δ) × 10–3
Var
 (δ)

All digestive
Males

–1.590 –0.0477 –1.622 0.10621 0.001868
(0.314)

–0.020011
(–0.082)

0.3332 –7.395 0.56236

All digestive
Females

–0.8614 –0.0477 –1.622 0.05018 0.001403
(0.343)

–0.001882
(–0.011)

0.3332 –7.395 0.56236

 Stomach
Females

–0.7998 –0.04723 –1.781 0.07512 0.001380
(0.279)

0.006263
(0.031)

0.3252 –7.185 0.54764

Liver
Both sexes

–1.049 –0.05204 –1.579 0.17108 0.002291
(0.307)

–0.03610
(–0.115)

0.3255 –7.347 0.57368

Breast
Females

0.02109 –0.03722 –2.006 0.05456 0.002586
(0.589)

–0.01907
(–0.107)

0.3530 –7.934 0.58018

aFor exposure age e ≤ 30 and attained age a < 50, log (ERR Sv–1) is assumed to be normally distributed with mean log (α) and variance Var
[log (α)]. For other values of e and a, the log scale mean and variance are:

Mean = log (α) + γ min [max (–15, e – 30), 0] + δ min [ln (a/50), 0];
Variance = var (log α) + 2 cov (log α, γ) min [max (–15, e – 30), 0] + 2 cov [log (α, δ)] min [ln (a/50), 0] + var (γ) min [max (–15, e – 30), 0]2 + 2

cov (γ, δ) min [max (–15, e – 30), 0] min [ln (a/50), 0] + var (δ) min [ln (a/50), 0]2.
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TABLE 7.2—Computation of uncertainty distribution for ERR at 1 Sv. Likelihood profile distributions for α, for 
exposure age e ≥ 30 and attained age a ≥ 50: Sites for which a lognormal approximation was not appropriate, and 

for which default values of γ and δ were used (Land et al., 2003b).a

Profile 
Quantiles

Oral Cavity 
and Pharynx

Esophagus Stomach Colon Rectum Gall Bladder Pancreas

Males Females Males Females Males Males Females Males Females Males Females Males Females

0.9975
0.995
0.9875
0.975
0.95
0.875
0.8413
0.5
0.1587
0.125
0.05
0.025
0.0125
0.005
0.0025

0.8004
0.7321
0.6404
0.5694
0.4962
0.3935
0.3651
0.2055
0.0907
0.0739
0.0308
0.0082
<0
<0
<0

1.765
1.619
1.423
1.271
1.113
0.8909
0.8288
0.4755
0.2136
0.1736
0.0724
0.0190
<0
<0
<0

1.216
1.117
0.9820
0.8755
0.7634
0.6025
0.5563
0.2905
0.0784
0.0545
<0
<0
<0
<0
<0

3.253
2.919
2.492
2.179
1.869
1.450
1.324
0.6759
0.1779
0.1229
<0
<0
<0
<0
<0

0.3802
0.3516
0.3137
0.2846
0.2545
0.2112
0.1967
0.1184
0.0497
0.0369
0.0051
<0
<0
<0
<0

1.531
1.429
1.289
1.177
1.058
0.8852
0.8357
0.5405
0.3020
0.2672
0.1694
0.1134
0.0671
0.0176
<0

1.671
1.567
1.423
1.308
1.185
1.005
0.9537
0.6430
0.3857
0.3523
0.2463
0.1849
0.1336
0.0772
0.0409

0.4946
0.4675
0.3946
0.3413
0.2888
0.2178
0.1951
0.0812
<0
<0
<0
<0
<0
<0
<0

1.078
1.022
0.8701
0.7581
0.6467
0.4917
0.4396
0.1875
<0
<0
<0
<0
<0
<0
<0

0.5258
0.4725
0.4013
0.3465
0.2905
0.2128
0.1921
0.0756
<0
<0
<0
<0
<0
<0
<0

1.114
1.013
0.8761
0.7677
0.6538
0.4893
0.4442
0.1805
<0
<0
<0
<0
<0
<0
<0

0.7062
0.6401
0.5509
0.4815
0.4095
0.3083
0.2802
0.1227
<0
<0
<0
<0
<0
<0
<0

1.510
1.379
1.201
1.060
0.9117
0.6984
0.6378
0.2871
<0
<0
<0
<0
<0
<0
<0
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TABLE 7.2—(continued).

Profile 
Quantiles

Respiratory,
Nonlung

Urinary Tract Bladder
Ovary

Male 
Genital

CNS
Residual Solid 

Cancers
Lymphomaa

Males Females Males Females Males Females Males Females Males Females Both Sexes

0.9975
0.995
0.9875
0.975
0.95
0.875
0.8413
0.5
0.1587
0.125
0.05
0.025
0.0125
0.005
0.0025

0.7400
0.7009
0.5725
0.4810
0.3930
0.2755
0.2344
0.0606
<0
<0
<0
<0
<0
<0
<0

1.716
1.619
1.319
1.105
0.9008
0.6291
0.5366
0.1377
<0
<0
<0
<0
<0
<0
<0

1.480
1.396
1.281
1.189
1.092
0.9489
0.9080
0.6635
0.4650
0.4380
0.3571
0.3102
0.2712
0.2285
0.2011

3.561
3.354
3.071
2.848
2.613
2.273
2.176
1.601
1.137
1.073
0.8820
0.7698
0.6759
0.5716
0.5038

1.561
1.474
1.312
1.188
1.062
0.8843
0.8311
0.5388
0.3091
0.2778
0.1869
0.1352
0.0925
0.0457
0.0173

3.887
3.577
3.172
2.864
2.551
2.115
1.987
1.282
0.7337
0.6587
0.4414
0.3176
0.2159
0.1057
0.0393

2.02
1.86
1.65
1.48
1.30
1.05
0.982
0.576
0.267
0.230
0.117
0.0569
<0
<0
<0

1.51
1.44
1.23
1.08
0.939
0.733
0.667
0.3348
0.0670
0.0389
<0
<0
<0
<0
<0

0.9370
0.8744
0.7444
0.6491
0.5553
0.4295
0.3925
0.2057
0.0759
0.0600
0.0189
0.00440
<0
<0
<0

2.006
1.880
1.618
1.424
1.230
0.9661
0.8862
0.4755
0.1772
0.1403
0.0444
0.0101
<0
<0
<0

1.504
1.403
1.267
1.160
1.048
0.8887
0.8440
0.5859
0.3883
0.3626
0.2871
0.2445
0.2099
0.1726
0.1492

2.989
2.814
2.575
2.385
2.185
1.893
1.810
1.315
0.9148
0.8592
0.6946
0.5986
0.5187
0.4305
0.3738

1.600
1.394
1.134
0.9465
0.7651
0.5321
0.4742
0.1780
0.0142
0.0032
>0
>0
>0
>0
>0

aFor exposure age e < 30 and/or attained age a < 50, α is multiplied by the uncertain age factor f(e,a), which is assumed to be independent of α
and lognormally distributed. The mean and variance of ln {[f(e,a)]}, which is assumed to be normally distributed, are as follows: 

Mean = –0.05255 min [max (–15, e – 30), 0] –1.626 min [ln (a/50), 0], 
Variance = 0.0003261 min [max (–15, e – 30), 0]2 –2 × 0.007297 min [max (–15, e – 30), 0] min [ln (a/50), 0] + 0.5648 {min [ln (a/50), 0]}2.
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TABLE 7.3—Computation of uncertainty distribution for ERR at 
1 Sv. Likelihood profile distributions for α, for all exposure ages 

and attained ages: Sites for which a lognormal approximation was 
not appropriate for the statistical uncertainty distribution for α, 
and for which γ = 0 and δ = 0 were assumed (Land et al., 2003b).

Profile
Quantiles

Lung Female Genital 
Less OvaryMales Females

0.9975
0.995
0.9875
0.975
0.95
0.875
0.8413
0.5
0.1587
0.125
0.05
0.025
0.0125
0.005
0.0025

1.114
1.053
0.9680
0.8987
0.8237
0.7112
0.6783
0.4740
0.2953
0.2681
0.1885
0.1408
0.1000
0.0537
0.0239

3.449
3.307
3.109
2.948
2.775
2.516
2.441
1.973
1.563
1.504
1.323
1.214
1.119
1.012
0.9406

0.172
0.136
0.0866
0.0791
0.0607
0.0463
0.0030

–0.189
–0.278
–0.289
>0
>0
>0
>0
>0
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TABLE 7.4—Computation of uncertainty distribution for ERR at 1 Sv. Leukemia other than chronic lymphocytic, 
combined sexes: Likelihood profile distributions, by representative values for exposure age and time since exposure 

(Land et al., 2003b).

Profile 
Quantiles

Exposure Age 20 Exposure Age 30

Time Since Exposure (y) Time Since Exposure (y)

5 10 15 25 35 45 5 10 15 25 35 45

0.9975
0.995
0.9875
0.975
0.95
0.875
0.8413
0.5
0.1587
0.125
0.05
0.025
0.0125
0.005
0.0025

72.69
65.99
57.46
51.20
45.05
36.94
34.80
23.55
16.10
15.21
12.65
11.25
10.14

8.959
8.227

29.87
27.68
24.83
22.68
20.51
17.57
16.76
12.35

9.173
8.776
7.592
6.925
6.380
5.788
5.412

13.54
12.71
11.62
10.78

9.922
8.719
8.385
6.481
5.015
4.824
4.244
3.907
3.627
3.315
3.113

3.967
3.744
3.438
3.194
2.934
2.554
2.445
1.784
1.239
1.168
0.9509
0.8277
0.7271
0.6185
0.5503

1.671
1.538
1.358
1.217
1.071
0.8658
0.8091
0.4911
0.2730
0.2480
0.1783
0.1428
0.1161
0.0898
0.0745

0.8029
0.7102
0.5913
0.5038
0.4180
0.3065
0.2778
0.1352
0.0585
0.0511
0.0320
0.0234
0.0175
0.0123
0.0095

37.55
34.69
30.97
28.16
25.33
21.47
20.42
14.65
10.52
10.01

8.481
7.627
6.933
6.184
5.709

18.19
17.09
15.62
14.49
13.33
11.70
11.25

8.662
6.674
6.416
5.633
5.180
4.804
4.389
4.120

9.412
8.944
8.311
7.816
7.299
6.559
6.350
5.121
4.124
3.991
3.580
3.338
3.134
2.905
2.754

3.361
3.206
2.991
2.818
2.633
2.358
2.278
1.789
1.366
1.308
1.127
1.019
0.9281
0.8259
0.7591

1.672
1.556
1.400
1.277
1.149
0.9676
0.9168
0.6253
0.4060
0.3786
0.2979
0.2535
0.2181
0.1809
0.1581

 0.9342
 0.8387
 0.7154
 0.6239
 0.5334
 0.4137
 0.3820
 0.2185
 0.1173
 0.1062
 0.0755
 0.0601
 0.0486
 0.0374
 0.0310
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TABLE 7.5—Computation of uncertainty distribution for ERR at 1 Sv. Acute lymphocytic leukemia, combined sexes: 
Likelihood profile distributions, by exposure age and time since exposure (Land et al., 2003b).

Profile 
Quantiles

Exposure Age <20
Exposure
Age ≥20

Time Since Exposure (y)
Time Since 

Exposure (y)

5 10 15 20 25 30 35 40 45 50 >5

0.9975
0.995
0.9875
0.975
0.95
0.875
0.8413
0.5
0.1587
0.125
0.05
0.025
0.0125
0.005
0.0025

823.6
682.2
521.1
416.5
324.9
221.3
197.1

92.5
44.1
39.5
27.4
21.8
17.7
13.8
11.6

206.9
176.6
140.8
116.7

94.87
68.87
62.56
33.4
18.11
16.53
12.24
10.1

8.49
6.90
5.96

68.13
58.92
47.85
40.23
33.16
24.52
22.38
12.07

6.22
5.59
3.83
2.93
2.25
1.57
1.19

28.42
24.6
19.97
16.73
13.69

9.91
8.96
4.36
1.83
1.57
0.910
0.610
0.409
0.236
0.153

14.33
12.29

9.787
8.037
6.399
4.382
3.88
1.574
0.503
0.4105
0.1975
0.1155
0.0673
0.0323
0.0180

8.308
6.972
5.358
4.25
3.236
2.041
1.757
0.5685
0.1345
0.104
0.0413
0.0210
0.0107
0.0042
0.0020

5.277
4.291
3.138
2.377
1.711
0.9778
0.8142
0.2053
0.0355
0.0260
0.0085
0.0038
0.0017
0.0005
0.0002

3.54
2.771
1.91
1.372
0.9272
0.4755
0.3822
0.0742
0.0093
0.0064
0.0017
0.0007
0.0003
0.0000
0.0000

2.452
1.84
1.189
0.8066
0.5096
0.2333
0.1807
0.0268
0.0024
0.0016
0.0003
0.0001
0.0000
0.0000
0.0000

1.732
1.242
0.7503
0.4795
0.2825
0.1151
0.0859
0.0097
0.0006
0.0004
0.0000
0.0000
0.0000
0.0000
0.0000

11.32
9.956
8.266
7.058
5.900
4.419
4.037
2.114
0.9570
0.8278
0.4797
0.3068
0.1800
0.0601
0.0000
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TABLE 7.6—Computation of uncertainty distribution for ERR at 1 Sv. Acute myelogenous leukemia, combined 
sexes: Likelihood profile distributions, by time since exposure (Land et al., 2003b).

Profile
Quantiles

Time Since Exposure (y)

5 10 15 20 25 30 35 40 45 50

0.9975
0.995
0.9875
0.975
0.95
0.875
0.8413
0.5
0.1587
0.125
0.05
0.025
0.0125
0.005
0.0025

28.57
25.57
21.79
19.05
16.40
12.96
12.06

7.453
4.548
4.215
3.267
2.765
2.374
1.972
1.728

16.54
15.12
13.28
11.91
10.55

8.719
8.229
5.579
3.742
3.518
2.860
2.497
2.206
1.895
1.700

10.10
9.385
8.443
7.727
7.001
5.997
5.722
4.176
3.024
2.877
2.435
2.183
1.976
1.749
1.603

6.666
6.266
5.729
5.314
4.884
4.277
4.108
3.126
2.356
2.255
1.947
1.768
1.618
1.453
1.345

4.903
4.627
4.253
3.959
3.651
3.208
3.082
2.340
1.734
1.653
1.401
1.252
1.126
0.9829
0.8885

4.071
3.819
3.478
3.210
2.931
2.530
2.416
1.752
1.217
1.147
0.9314
0.8064
0.7024
0.5880
0.5146

3.707
3.428
3.057
2.771
2.477
2.067
1.953
1.311
0.8329
0.7734
0.5961
0.4978
0.4188
0.3354
0.2839

3.563
3.232
2.802
2.479
2.157
1.722
1.605
0.9810
0.5627
0.5140
0.3745
0.3010
0.2443
0.1870
0.1531

3.527
3.129
2.626
2.261
1.907
1.450
1.331
0.7346
0.3776
0.3390
0.2329
0.1800
0.1408
0.1029
0.0815

3.550
3.075
2.493
2.085
1.701
1.228
1.110
0.5499
0.2523
0.2226
0.1440
0.1069
0.0806
0.0562
0.0430
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TABLE 7.7.—Computation of uncertainty distribution for ERR at 1 Sv. Chronic myelogenous leukemia: Likelihood 
profile distributions, by sex and time since exposure (Land et al., 2003b).

Profile
Quantiles

Time Since Exposure (y)

5 10 15 20 25 30 35 40 45 50

Males
0.9975
0.995
0.9875
0.975
0.95
0.875
0.8413
0.5
0.1587
0.125
0.05
0.025
0.0125
0.005
0.0025

 
134.6
120.7
103

90.12
77.60
61.29
57.03
35.09
21.24
19.66
15.18
12.81
10.98

9.105
7.972

 
34.15
30.82
26.62
23.56
20.58
16.67
15.64
10.19

6.515
6.071
4.764
4.038
3.450
2.814
2.412

14.49
12.86
10.82

9.337
7.899
6.021
5.528
2.960
1.354
1.182
0.7191
0.5020
0.3518
0.2193
0.1523

7.474
6.480
5.242
4.355
3.506
2.428
2.155
0.8598
0.2548
0.2057
0.0938
0.0532
0.0303
0.0144
0.0081

4.262
3.588
2.762
2.187
1.655
1.020
0.8702
0.2497
0.0470
0.0350
0.0119
0.0055
0.0025
0.0009
0.0004

2.573
2.091
1.519
1.138
0.8031
0.4363
0.3565
0.0725
0.0086
0.0059
0.0015
0.0006
0.0002
0.0001
0.0000

1.606
1.254
0.8548
0.6030
0.3954
0.1881
0.1470
0.0211
0.0016
0.0010
0.0002
0.0001
0.0000
0.0000
0.0000

1.023
0.7654
0.4875
0.3230
0.1962
0.0815
0.0609
0.0061
0.0003
0.0002
0.0000
0.0000
0.0000
0
0

0.6598
0.4720
0.2803
0.1742
0.0978
0.0354
0.0253
0.0018
0.0001
0.0000
0.0000
0
0
0
0

0.4290
0.2931
0.1620
0.0943
0.0489
0.0154
0.0105
0.0005
0.0000
0.0000
0
0
0
0
0
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TABLE 7.7.—(continued).

Profile
Quantiles

Time Since Exposure (y)

5 10 15 20 25 30 35 40 45 50

Females
0.9975
0.995
0.9875
0.975
0.95
0.875
0.8413
0.5
0.1587
0.125
0.05
0.025
0.0125
0.005
0.0025

46.16
40.32
33.14
28.06
23.24
17.18
15.64

8.040
3.697
3.239
2.005
1.410
0.9859
0.5983
0.3972

31.20
27.45
22.87
19.63
16.55
12.64
11.63

6.543
3.385
3.027
2.020
1.501
1.109
0.7262
0.5123

23.24
20.49
17.14
14.79
12.55

9.728
9.003
5.325
3.000
2.729
1.948
1.526
1.192
0.8444
0.6350

18.77
16.54
13.83
11.92
10.12

7.851
7.269
4.334
2.500
2.289
1.686
1.366
1.115
0.8553
0.6968

16.29
14.31
11.91
10.22

8.630
6.625
6.112
3.527
1.919
1.736
1.212
0.9354
0.7207
0.5006
0.3686

15.08
13.18
10.87

9.259
7.733
5.813
5.323
2.871
1.393
1.231
0.7861
0.5658
0.4049
0.2530
0.1702

14.83
12.87
10.48

8.804
7.231
5.265
4.768
2.336
0.9830
0.8466
0.4901
0.3280
0.2181
0.1229
0.0759

15.44
13.24
10.58

8.728
7.003
4.886
4.361
1.901
0.6838
0.5729
0.2998
0.1865
0.1151
0.0586
0.0333

16.95
14.30
11.13

8.957
6.973
4.614
4.048
1.547
0.4718
0.3843
0.1815
0.1048
0.0601
0.0277
0.0144

19.56
16.12
12.10

9.443
7.086
4.411
3.796
1.259
0.3239
0.2563
0.1092
0.0585
0.0312
0.0130
0.0062
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TABLE 7.8—Computation of uncertainty distribution for ERR at 
1 Sv. Thyroid cancer, combined sexes: Lognormal theory geometric 

mean and geometric standard deviation by exposure age 
(Land et al., 2003b).

Exposure Age Geometric Mean
Geometric Standard 

Deviation

0
5

10
15
20
25
30
35
40
45
50

9.463
6.262
4.136
2.732
1.804
1.192
0.788
0.521
0.345
0.228
0.151

2.183
1.924
1.976
2.160
2.301
2.367
2.365
2.379
2.732
3.140
3.611
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TABLE 7.9—Computation of uncertainty distribution for ERR at 1 Sv. Likelihood profile distributions for non-
melanoma skin cancer, both sexes combined. Basal cell carcinoma: exposure ages 0 to 10, 20, 30, and 40 or older,
and all attained ages; for intermediate ages at exposure, logarithms of specific quantiles are to be interpolated by
age. Other nonmelanoma skin cancers: Combined sexes, all exposure ages and all attained ages (Land et al., 2003b).

Profile
Quantiles

Basal Cell Skin Cancer (by age at exposure) Other Nonmelanoma 
Skin Cancer0 – 10 20 30 ≥40

0.9975
0.995
0.9875
0.975
0.95
0.875
0.8413
0.5
0.1587
0.125
0.05
0.025
0.0125
0.005
0.0025

149.7
129.1
104.3
87.30
71.53
52.35
47.61
25.22
13.14
11.88
8.467
6.778
5.524
4.295
3.584

23.79
21.34
18.26
16.02
13.84
11.01
10.27
6.441
3.970
3.677
2.837
2.376
1.998
1.576
1.301

5.872
5.360
4.687
4.175
3.655
2.938
2.742
1.645
0.8365
0.7399
0.4556
0.3132
0.2125
0.1245
0.0814

2.342
2.095
1.773
1.531
1.288
0.9613
0.8744
0.4200
0.1495
0.1235
0.0579
0.0323
0.0178
0.0078
0.0041

0.8243
0.7156
0.5715
0.4613
0.3489
0.1940
0.1519

–0.0807
<0
<0
<0
<0
<0
<0
<0
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Another source of uncertainty associated with transfer of esti-
mated risk from one population to another has to do with random
and biased errors of dose reconstruction for the members of the
population providing the dose-response data. For atomic-bomb sur-
vivor data, there is also uncertainty associated with the neutron
weighting factor used for the mixed gamma neutron dose from the
Hiroshima and Nagasaki bombs. The identical errors cannot be
expected to apply to the second population, and some adjustment
must be made. Some additional uncertainty, mainly subjective in
nature, accrues to the transferred risk estimates (NCRP, 1997).

Most of the dose-response data on which radiation-related risk
estimates depend come from populations, like the atomic-bomb
survivors, exposed to acute radiation doses, and the greatest part
of the information pertains to radiation doses of ~0.5 Sv and more.
Most applications, on the other hand, are to populations exposed
chronically, or to acute doses of 0.05 Sv or less. Experimental radi-
ation studies generally suggest that, at least for cumulative doses
exceeding 1 Sv, a reduction in estimated risk is appropriate for
applications to chronic exposure. The epidemiological evidence, on
the other hand, does not suggest a decrease in ERR Sv–1 at low
acute doses for solid cancers generally, while a linear-quadratic
model with a twofold reduction in ERR Sv–1 between acute doses of
1 and 0.1 Sv is suggested for leukemia. The curvilinearity of the
leukemia dose response is the main epidemiological evidence in
support of a reduced risk per unit dose at low and very low doses as
suggested by experimental observations (NCRP, 1980), and radia-
tion protection organizations such as the ICRP, NCRP and
UNSCEAR have recommended that extrapolated dose-specific risk
estimates be divided by a DDREF of two for chronic exposures and
for acute doses <200 mSv (ICRP, 1991; NCRP, 1993; UNSCEAR,
1993). The recommended DDREF is no greater than two because a
higher DDREF, in the context of a linear-quadratic dose response,
would be statistically inconsistent with the LSS solid cancer data
(Pierce and Preston, 2000). Accordingly, a DDREF would not neces-
sarily be applied to the estimated linear-quadratic dose response
for leukemia.

Implementation of a DDREF for chronic exposures can modify
radiation-related risk estimates significantly, and there is much
controversy and uncertainty about the DDREF value. Recent
expressions of the uncertainty have assigned substantial probabil-
ities to values near one, and to values greater than three or four
(NAS/NRC, 2006; NCRP, 1997) and even some probability to values
less than one (Grogan et al., 2001; Land et al., 2003b).
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The possibility of a low dose or low dose-rate threshold, below
which there is no radiation-related risk, cannot be ruled out on
the basis of current knowledge. However, for the LSS a threshold
>0.06 Sv can be ruled out (Pierce and Preston, 2000). There is
ample evidence from radiation biology, and even epidemiology, sug-
gesting that excess risk is proportional to radiation dose at nontriv-
ial doses and dose rates. It is commonly thought that a mechanism
by which ionizing radiation exposure contributes to radiation car-
cinogenesis is the induction of double-strand DNA breaks and more
complex clustered DNA damage. Such events have been demon-
strated by calculation (Brenner and Ward, 1992; Goodhead, 1994)
and by experiment (Boudaiffa, 2000a; 2000b) to result from a single
low-energy electron track produced by a photon interaction. At low
doses and low dose rates, the occurrence of such events is propor-
tional to radiation dose and to the number of cells irradiated.

Complete efficiency of repair of DSB and complex lesions at
low doses and low dose rates would provide a strong argument
for the existence of thresholds. However, in mammals, one of the
mechanisms for repair of such lesions is nonhomologous end join-
ing, which is known to be inefficient (Jeggo, 1998; Jeggo and
Concannon, 2001). Somatic mutations resulting from mis-repaired
DSB and complex lesions are thought to be contributors to the car-
cinogenic process (NCRP, 2001b).

Thus, while it is not possible to rule out the existence of a
threshold dose below which radiation exposure does not contribute
to carcinogenesis, the threshold hypothesis is at most a possibility,
and not a particularly strong one, on the basis of current knowl-
edge. Perhaps surprisingly, while the effect of a known threshold on
radiation protection would be revolutionary, the influence on risk
and uncertainty calculations of the uncertain possibility of a
threshold at nontrivial doses and dose rates is minimal, consider-
ably less than that of an assumed DDREF (Land, 2002). Therefore,
in uncertainty calculations for the present Report, a threshold pos-
sibility will be ignored.

7.2.3.2 Uncertainties in D(L). It has been estimated that the
uncertainty in the charged particle spectrum outside the spacecraft
is ~10 % and increases at ~1 % per g cm–2 of material traversed
(Cucinotta et al., 2001a). For neutrons, the uncertainty was esti-
mated at 25 % and increased at 2 % per g cm–2 of material tra-
versed (Cucinotta et al., 2001a). It is clear that for typical
spacecraft shielding and body self-shielding thicknesses of <20 to
30 g cm–2, the uncertainties in the physical parameters remain sig-
nificantly less than a factor of two.
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7.2.3.3 Uncertainties in Q(L). It has long been recognized that Q(L)
is only an approximation of the manner in which radiation risk is
expected to vary with radiation quality. This subject has been dis-
cussed in some detail as it relates to space radiation risks in NCRP
Report No. 137 (NCRP, 2001a). In that report a comparison was
made between risks calculated by the conventional manner
described above and two alternative methods, one based on particle
fluences and one based on microdosimetric considerations. Calcula-
tions based on amorphous or stochastic track structure models
(Cucinotta et al., 1999) were not considered in NCRP Report
No. 137 (NCRP, 2001a). An example of a year’s exposure to GCR
was chosen behind shielding typical of a spacecraft flying outside
the geomagnetosphere, and the cancer risk was calculated and
compared using the three methodologies. Since it is convenient
here to use the same formulation to explore the uncertainty, a brief
review of the example follows.

The 1977 solar minimum differential fluence-energy spectra of
GCR were assumed to be isotropically incident on a spherical alu-
minum shell of thickness 10 g cm–2. This thickness is typical of that
to be expected on a rather well-shielded spacecraft outside the
magnetosphere. Placed at the center of the shell is a sphere of red
bone marrow of radius 2.5 g cm–2. This thickness was chosen so that
secondary nuclear particles (including neutrons) would be roughly
in equilibrium within a hydrogenous organic material as will be the
case inside a human body. Spectra of all the primary and secondary
charged particles found at the point at the center of the concentric
spheres were used in the analysis. The spectra of all particles
from protons to nickel were calculated with the computer code
BRYNTRN/HZETRN (Shinn et al., 1992). From these spectra, var-
ious quantities of interest were calculated, such as the total yearly
absorbed dose (0.19 Gy) and dose equivalent (0.67 Sv). The goal was
to arrive at an excess risk of all cancers assuming a year’s exposure
from this highly idealized spherically symmetric environment. The
result was an increased risk of cancer mortality of 2.7 % for a 1 y
exposure and an mean quality factor of 3.5.

Uncertainty in the variation of risk with radiation quality is
studied here by varying the quality factor as a function of LET.
Equation 7.8 was modified to account for a reasonable upper and
lower limit to the uncertainty. The factors chosen to multiply the
quality factor to provide these limits were determined rather arbi-
trarily and are:
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(7.11)

The quality factors, along with the curves multiplied by each of
these two limiting factors, are shown in Figure 7.1. The results
of the sensitivity calculations are that the upper limit risk is 8 %
with an mean quality factor of 10.4, and the lower limit risk is
1.2 % with an mean quality factor of 1.5. Comparing this with the
nominal value of 2.7 % and an mean quality factor of 3.5 leads to
the conclusion that reasonable uncertainty in the variation of risk
with radiation quality results in an uncertainty factor of 3 on the
high side and 2.3 on the low side. That is, it is unlikely that the true
risk is higher than the nominal risk by a factor of more than 3 or
lower by a factor of >2.3 because of errors in the variation of risk
with radiation quality [i.e., the variation of Q(L) with LET]. An
alternative upper limit for Q was chosen such that it would be con-
stant at a value of 60 above 100 keV µm–1. This yielded a risk of
5.4 % and an mean quality factor of 7. Thus, this choice implies an
uncertainty factor of two on the high side.

An alternative assessment of quality factor uncertainties was
given by Cucinotta et al. (2001a) based on available radiation biol-
ogy data for HZE ions. More recently, Cucinotta et al. (2006) have
considered correlations in the uncertainties for quality factors
when folded with LET-spectra by sampling over trial Q(L) func-
tions. In this approach each trial in the Monte-Carlo sampling
chooses a new Q(L) function, which is folded with model distribu-
tions for LET spectra. As in the above analysis, this approach rec-
ognizes that errors in the assignments of Q values are correlated by
the nature of biophysical processes that determine biological effec-
tiveness as a function of LET. The trial function used has a shape
guided both by experimental data and biophysical models, and
sample from distributions of parameters that enter into the func-
tional form:

(7.12)

Fupper 1.5 0.5 log10L for L 10 keV µm 1–<+=

2 log10L for L = 10 keV µm 1– ,=

Flower 0.9 0.1–  log10L for L 10 keV µm 1–<=

0.8 log10L( ) 3–  for 10 keV µm 1– L<= 100 keV µm 1–≤

0.1 L for L 100 keV µm 1– .>=

Qtrial L( )

1 L L0<

AL B– L0 L Lm<≤

C
Lp
----- L Lm≥

.

⎩
⎪
⎪
⎨
⎪
⎪
⎧

=
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Once the parameters of the model, L0, Lp, and Lm, along with the
maximum value Qm at Lm are defined, Equation 7.12 is used to
solve for the values of the constants A, B and C. Note that the ICRP
Publication 60 (ICRP, 1991) definition of Q(L) corresponds to L0 =
10 keV µm–1, Lm = 100 keV µm–1, p = ½, and Qm = 30 leading to
A = 0.32, B = 2.2, C = 300. In the earlier ICRP Publication 26 defi-
nition of Q(L), L0 = 3.5 keV µm–1, Lm = 172.5 keV µm–1, p = 0, and
Qm = 20. Often discussed issues in defining radiation quality depen-
dence on LET are the value of the slope p that controls the decrease
in Q(L) above the maximum, the maximum value of Q(L), the value
of LET where the maximum occurs, Lm, and the minimum LET
value where Q(L) rises above unity, L0. Track structure models sug-
gest that each charge group would have distinct curves of similar
shape to Equation 7.12 with hydrogen peaking at a much lower
value of LET than for example iron ions. Based on track structure
models it is expected that data sets that consider only a small
number of ions would not be able to unfold a precise Q(L) relation-
ship. Another prediction of the track structure models of radiation

Fig. 7.1. Quality factors, along with the curves multiplied by each of
the limiting factors described in Equation 7.11.
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sensitivity is that the peak and maximum values of RBE will vary
across tissues corresponding to the target size (e.g., gene or chromo-
some region) causative of initiation or progression, and the related
gamma-ray sensitivity. The parameter samplings are based on the
following assumptions for probability distribution functions for
parameters that enter in the function of Equation 7.12:

• L0: the distribution has a peak of equal probability between
5 and 10 keV µm–1, and falls to zero <1 keV µm–1, and
>15 keV µm–1.

• Lp: distribution with equal probability for LET values
between 75 and 150 keV µm–1, and decreases to zero
<50 keV µm–1 and >250 keV µm–1.

• p: distribution with equal probability between p = 1/2 and 1,
and a probability that decreases to zero at p = 0 and p = 2.

• Qm: log-normal distribution with mean value of 30 and geo-
metric standard deviation of 1.75.

The risk per 10 mGy versus LET that results from the model is
shown in Figure 7.2. For chronic exposures, protraction effects
including a so-called inverse dose-rate effect have been noted for
high-LET radiation. Such effects have been studied in long-term
exposures with neutrons in the mouse (NCRP, 1990), and in radon
exposures to miners (NAS/NRC, 1999). The duration of a human
mission to Mars would suggest that protraction effects would only
contribute a minor uncertainty to the overall cancer risk projection.

7.2.3.4 Overall Uncertainty in Risk Estimations. Although no
attempt is made here to perform a calculation in combining the
uncertainties outlined above, it is clear that most of the uncer-
tainty lies in the low-LET coefficients (kT) and the LET-dependence
of the quality factor [Q(L)] with the latter providing the major
contribution. Thus, it can be concluded that the uncertainty in the
biological parameters exceeds that in the physical parameters by a
considerable margin. This conclusion is similar to that of Cucinotta
et al. (2001a), who attributed roughly 5 % of the uncertainty to
physics, 18 % to risk coefficient (i.e., at low-LET), and 77 % to the
quality factor for an aluminum shielding thickness of 20 g cm–2.

7.3 Early Radiation Effects

Discussion of early radiation effects is based on the premise that
cell killing is the central, if not the singular cause of the detectable
noncancer effects in tissues and organs. Therefore, the response of
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a tissue is determined by the characteristics of the survival of cells
in the specific tissue. Because it requires sufficient cell killing for a
change in the function or the morphology of an organ to be detected,
a threshold dose must be exceeded after which the severity of the
effect increases with increasing dose. Noncancer effects may occur
early in tissues with a rapid cell turnover or later in tissues in
which cell turnover is slower or the effect is complex.

Two factors are important in influencing the probability of non-
cancer effects occurring as a result of exposure to radiation in deep
space. These are dose rate and radiation quality. The importance of
these factors is different between ambient GCR radiation and radi-
ation from SPEs.

7.3.1 Dose Protraction and Dose Rate

The radiation from GCR is continuous and varies in dose rate by
perhaps a factor of two to three during a solar cycle, but does not
reach a value considered to be a high dose rate. Organizations
concerned with risk estimates and radiation protection differ in
their definitions of a low dose rate. UNSCEAR (1993) suggested

Fig. 7.2. Estimates of percent risk of REID per 10 mGy for males
exposed (at low dose rates) at age 40 y as a function of LET (diamonds),
95 % confidence intervals, and the fold-uncertainty (squares) calculated
as the ratio of the REID at the 97.5 to 50 % probability. 
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0.1 mGy min–1 (144 mGy d–1), ICRP (1991) suggested 0.1 Gy h–1

(2.4 × 103 mGy d–1), and NCRP (1980) suggested 0.05 Gy y–1

(~0.1 mGy d–1). In most biological test systems, lowering the dose
rate decreases the biological effect (for the same dose) over a large
range of dose rates, down to a limiting low dose rate, below which
the biologic effect per unit dose does not change. The limiting dose
rate is 5.2 Gy d–1 for cell inactivation (Bedford and Mitchell, 1973)
and ~0.2 Gy d–1 for life shortening in mice (Sacher and Grahn,
1964). The dose rate of GCRs varies between 0.14 and 0.4 mGy d–1

over the solar cycle. The one tissue for which reduction in the dose
rate does not reduce the effect is the testes where exposures to the
same dose but a lower dose rate can be more effective in reducing
sperm count or producing sterility than if the dose is delivered at a
higher-dose rate (Meistrich and Samuels, 1985).

The highest dose rates in space occur during large SPEs. The
dose rate and the total dose of radiation depend on a number of
factors that include the intensity of the disturbance on the sun,
the longitude of the disturbance on the sun’s disk relative to the
position of the spacecraft, the condition of the interplanetary mag-
netic field between the sun and the spacecraft, and the amount
of shielding provided by the spacecraft. In addition, the intensity of
individual SPEs varies greatly and it is not possible to predict the
dose rate that might occur in the most intense event that might be
encountered during a given mission to Mars. However, the analysis
by Simonsen et al. (1993) based on the large SPE of October 1989
suggested that with 10 g cm–2 shielding, the dose rate would not
exceed 400 mSv d–1. More recently, Kim et al. (2006) have consid-
ered the dose rates for a large number of SPEs and found that when
realistic spacecraft and tissue shielding are considered, dose rates
for all SPEs over the last 60 y are <50 mGy h–1. Typical examples
of the dose rates of SPEs as a function of shielding and time are
shown in Figure 7.3. An exception is during extravehicular activi-
ties in space or on the surface of the moon where higher-dose rates
could occur. Risk assessment criteria necessary for mission design
for a worse-case SPE must consider particle fluence rates, as well
as total particle fluence and spectral characteristics.

7.3.2 Radiation Quality

The spectra of energies and LETs of protons, heavy ions, and
neutrons have been discussed earlier and must be taken into
account in the estimation of the risk of noncancer effects in deep
space. The RBE values of neutrons, protons, carbon, neon and argon
ions for the induction of noncancer effects have been examined
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Fig. 7.3. Typical examples of the dose rate of SPEs under thicknesses
of aluminum of 0 to 30 g cm–2 as a function of time in hours. (Top panel is
November 1960 SPE, middle panel is August of 1972 SPE, and lower
panel is October of 2003 SPE.)
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by ICRP (1989). In the case of neutrons, ranging in energy from 5.6
to 22 MeV, the RBE values for early responses were between 1 and
6.6 and for late effects between 2.3 and 10. The limited data for
protons and helium ions with energies >50 MeV  n–1 indicated
RBE values in the range of 1 to 1.5. The measured RBE values for
heavy ions depend not only on the tissue exposed but also whether
the exposure is in the plateau or peak region of the beam. For most
tissues exposed in the plateau region, RBE ranged from one to three
and in the extended peak region between six and eight. In these
studies, various reference radiations were used. However, the
choice of the reference radiation for studies of noncancer effects
is not considered as important as for late effects. ICRU (1986)
reported that at absorbed doses of ~1 Gy, the biological effectiveness
of x and gamma rays does not change by >20 % over an energy
range of 10 keV to 100 MeV. Unfortunately, most of the data for
noncancer effects have been obtained after exposure to acute high
dose irradiation and there is no information about effects in
humans of whole-body doses of ~1 Gy protracted over 1 to 2 y. The
evidence, however, suggests that in most tissues, repair and recov-
ery from noncancer effects are efficient in reducing or eliminating
the damage caused by radiation at the dose rates experienced in
space. 

For noncancer effects, RBE values will depend on the biological
effect under consideration and the severity of the effect. Based on
available data it is difficult to distinguish RBE values for blood-
forming organs and skin damage, however for cataract higher RBE
values occur, especially for cataract induced after longer latency
times. Because the definition of a clinically significant cataract is
obscured by the unidirectional nature of cataracts, this endpoint
should be modeled distinctly from other noncancer effects. NCRP
Report No. 132 (NCRP, 2000) noted that RBEs for noncancer effects
should be determined at dose levels corresponding to the threshold
for inducing the effect. At such doses, it is clear that RBEs for non-
cancer effects are lower than RBEs for late effects. Because of this,
the dose equivalent, measured in sievert (Sv) and obtained using
quality factors based on RBEs for stochastic effects, is not appropri-
ate to be used for describing the risk of noncancer effects. A new
quantity, the gray equivalent has been introduced and NCRP
(2000) can be consulted for a further discussion of this subject. Sev-
eral future considerations for improving noncancer risk assess-
ments are warranted. These include expanding the database for
RBEs as a function of radiation quality and dose rate. Also, models
that include possible synergistic effects of microgravity and stress
on early responses are needed.
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7.4 Risk to the Central Nervous System

Since early in the history of spaceflight, it has been suggested
that, for long flights outside the geomagnetosphere, the high-
energy heavy-ion component of GCR, sometimes known as HZE
particles (high-Z and energy), might cause a specific hazard to the
CNS that has no counterpart from low-LET radiation (e.g., NAS/
NRC, 1973). However, the extent of any long-term damage from
this source is still unknown. Calculations have been made of the
probabilities that sensitive sites within the eye and brain would be
hit by HZE particles during solar minimum (i.e., when GCR inten-
sities are maximum). For instance, the probability that an average
neural cell (471 µm2 area) would be hit by particles with charge
Z > 10 during a 3 y mission was found to be 0.4 inside a typically
shielded spacecraft and 0.1 that it would be hit by an iron ion
(charge = 26) (Curtis et al., 1998). An important task still remains
to determine whether and to what extent such particle traversals
contribute to functional degradation within the CNS. Section 6
reviews experimental behavioral data in animals placed in high-
energy heavy-ion beams.

7.5 Alternative Cancer Projection Models

A fundamental problem in research for estimating radiation
risks is the development of approaches to utilize data from cellular
and animal models where studies as a function of radiation quality
and dose rates are possible in order to estimate risk in humans, in
whom data are not available. The models described above make use
of quality factors and DDREFs to implement this requirement and,
as noted above, no other considerations are made. Alternative
approaches have been considered using more descriptive models of
carcinogenesis in animals and humans. Carnes et al. (2003) studied
the role of intrinsic and extrinsic causes of mortality and their vari-
ation across animal species as an approach to translate radiation
data to humans. Issues related to extrapolating risks from non-
human experimental systems to humans have been extensively
discussed in NCRP Report No. 150 (NCRP, 2005). Survival theory
and the Cox proportional hazard model were used. Estimates of the
mean lifespan for intrinsic and extrinsic causes of death including
solid tumors were used to scale life loss from radiation in mice and
beagles, to life lost in humans. Figure 7.4 shows an example of the
Carnes model (Carnes et al., 2003) where data from B6CF1 mice
are used to predict survival after irradiation in the Japanese
atomic-bomb survivors at several dose levels. The success of this
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approach for gamma-ray exposures where the model is tested
against the Japanese lifespan data provides confidence for other
radiation types where animal data are available. More recently the
model is being applied to animal carcinogenesis data for neutron
irradiation. Data sets are not available for mice or other species fol-
lowing proton and HZE ions irradiation, and at this time consider-
ation of radiation quality has not been implemented into the model
other than fitting to neutron data sets. 

The multi-stage models of carcinogenesis have had a long
history in fitting carcinogenesis data among populations and
for carcinogens such as radiation. Multi-stage models consider the
processes of cancer initiation, promotion and progression in their
application. These include models where the number of stages in
carcinogenesis is treated as a free parameter in fits to data
(Armitage and Doll, 1954; 2004), two-stage models where premalig-
nant cells that have suffered one mutational event are given a
growth advantage (Moolgavkar, 1991), and several variants of
these approaches. As molecular biology and genetics approaches
have made progress on the nature and number of steps in the for-
mation of cancers, multi-stage models have been developed to
incorporate such knowledge. Most recently models that investigate
the relative roles of chromosomal instability relative to initiating
mutational events have been developed (Nowak et al., 2002). For
treating radiation induction of cancer, assumptions must be made
on which stages are modified by radiation.

Although a complex task, it is believed that such knowledge will
be useful in improving risk projections for radiation exposures in
humans.

7.6 Computational Biology and Risk Assessment

Radiation biology has evolved in recent years with many exper-
iments now describing cellular and tissue responses in terms of
molecular interactions and genetics. To be fully utilized in risk
assessment, mathematical or computational models of these
approaches are needed to support the interpretation of results,
and the extrapolation of data across radiation quality, dose, and
dose rates. Over the course of several decades of research, the
development of computation models for providing a comprehensive
description of space radiation risks is a worthy goal. The modeling
of surrogate endpoints such as gene mutation, chromosomal
changes, or instability for cancer or other risks (Schatzkin et al.,
1990; 1996) would be of particular value in improving the accuracy
of risk assessments. 
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The modeling of DNA structures has been used in describing the
ionization and excitation of DNA and local environment, and
the early radiation chemistry of these processes (Nikjoo et al.,
1999). More recently, stochastic track-structure models of DNA
damage have been combined with computer descriptions of
large-scale structures of chromosomes using random walk models,
models of large-scale DNA loops, and treatment confinement of
each human chromosome into the nuclear volume (Sachs et al.,
1995). These models are used in stochastic Monte-Carlo simula-
tions of the distribution of DNA fragments and form the basis for
models of DNA damage processing or geometrical model of the
formation of chromosomal aberrations (Ballarini and Ottolenghi,
2004; Holley et al., 2002). These models have not treated DNA
damage repair and the subsequent biological events in any sub-
stantive manner.

Biochemical kinetics approaches are needed to extend physical
models of DNA damage and structures to the description of radia-
tion biology experiments that describe DNA repair and signal
transduction pathways by radiation. In the application of mathe-
matical descriptions of the metabolic pathways, radiation acts as a
perturbation of these systems leading to protective signal trans-
duction processes, and also potentially aberrant events. In this
approach, DNA damage serves as a substrate for modulation of pro-
tein levels, interactions, and signaling processes. Because a funda-
mental theoretical description of complex cellular control systems
does not exist, the use of biochemical kinetics can be described as
phenomenological. However, biochemical kinetics models of molec-
ular radiation biology will allow the results of these experiments to
be extrapolated to other dose, dose rate, and radiation quality
regimes and for testable predictions to be developed. Two early
seminal works on metabolic control systems are those of Koshland
et al. (1966) and Monod et al. (1963), which highlighted the role of
the specificity of enzymatic binding. This is especially important
because of the large number of molecular species within cells,
which operate under nonequilibrium modes. The specificity of
enzyme binding is due, in part, to their unique molecular struc-
tures and is also favored by the compartmental structure of cells.
This specificity allows phenomenological models to work with
much success, which is surprising because of the complex heteroge-
neous processes occurring within cells and since a fundamental
theoretical description of such phenomena has not been developed.
The work of Monod et al. (1963) developed the description of allos-
teric regulation (regulation through conformational changes in
proteins) of the metabolic controls of many cellular responses.
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Goldbeter and Koshland (1981) developed mathematical descrip-
tions of protein regulation by covalent modification. These works
predicted the important role of kinases in cellular controls includ-
ing their potential to act as switches, positive or negative feedback
controls, and in molecular cascades and, in fact, anticipated the
importance of the dysfunction of kinase pathways in human
diseases. New approaches in systems biology are of interest for
integrating biology data into models of health risks (Alberghina
and Westerhoff, 2005).
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8. Summary of Information 
Needed

Listed below is a summary of the information needed by major
subject area. Additional details are provided in each section. The
major information needed is also summarized in Section 1, and
included here for completeness.

8.1 Space Radiation Environment

• Develop SPE forecasting and prediction capabilities that are
able to observe or account for interplanetary shocks and
CMEs. These capabilities should include the ability to reli-
ably predict the fluence spectra and time evolution of an
SPE.
- Prediction of SPEs in support of manned space flight

should be changed from the current criterion of predict-
ing events having a peak proton fluence rate of
≥10 (cm2 s sr)–1 at energies ≥10 MeV towards a method
of predicting events for which the free-space dose would
exceed some biological threshold. Since the radiation
dose is also a function of the energetic particle spectral
parameters as well as the particle fluence, there needs to
be sufficient spectral information so that a reasonable
dose estimate can be made. For example, predictions of
≥30 MeV proton events with fluences >3 × 106 protons
cm–2 (an energy content equivalent to ~10 mGy absorbed
dose) would be more useful than the current >10 MeV
peak fluence-rate predictions. 

- Identify and model the agents responsible for the accel-
eration of large fluences of energetic particles at biologi-
cally significant energies in space. There should also be
research directed toward identifying precursors and
unique signatures of fast CMEs and useful CME proxies.
These would include techniques to improve the predic-
tion and detection of fast CMEs and associated inter-
planetary shock, the shock-Mach number (particularly at
about five solar radii), and the shock shape and heliolon-
gitudinal extent. Research directed toward a capability
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of remote sensing of fast interplanetary shocks and their
speed and position in space with respect to a spacecraft
will aid the prediction of solar-particle fluence rate
expected from a specific interplanetary shock. A capabil-
ity of modeling the connection from the observer to the
shock front will improve the prediction capability. There
is also a definite need to model the acceleration of parti-
cles at the location of the shock front including prediction
of fluence rates and fluence changes as the shock
approaches and passes Earth (or spacecraft).

• Develop realistic models of the largest expected SPE fluence
rates, which may be encountered on exploratory missions.
Assessments of their potential biological effects and shield-
ing requirements need to be carried out.
- As a complement to the development of worst-case

fluence-rate models, research directed toward identifying
quiet periods, when very reliable predictions of no signif-
icant SPEs can be made, should also be carried out.
Developing this capability would be very useful for plan-
ning extravehicular activities or surface exploration on
the moon or Mars.

• Continue to improve the accuracy and extend the range of
energies and elemental species included in the GCR envi-
ronmental models.

8.2 Space Radiation Physics and Transport

• Develop and validate space radiation transport codes and
nuclear cross-section models that treat all components of
the primary and secondary spectra of the space radiation
environment including protons, neutrons, light ions, heavy
ions, mesons, and electromagnetic cascades. It is unlikely
that space radiation problems can be handled with a one-
size fits all approach and the specific application will drive
the method to be used.
- Develop methods of incorporating angle and energy dis-

tributions of neutrons and light ions, especially for appli-
cations on the surfaces of the moon and Mars.

- Add methods to treat meson and electromagnetic cas-
cades coupled to GCR primaries to space radiation trans-
port codes that also include heavy ions.

- Conduct intercomparisons of space radiation transport
code predictions from applicable deterministic and
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Monte-Carlo transport codes for a variety of relevant
space radiation protection scenarios.

- Perform assessments of the accuracy of space radiation
transport codes for prediction of energy spectra of
charged particles and neutrons by comparisons to labora-
tory experiments with proton and heavy-ion beams and
from spaceflight measurements. Tests of radiation trans-
port codes with monoenergetic beams can be used to
evaluate the accuracy of these codes. Laboratory beam
validation is advantageous for validating radiation
transport computer codes and associated database mod-
els and to provide tests for studying material properties
for reducing biological doses. Spaceflight measurements
provide important tests of predictive capability of several
factors and are needed for final validation of the trans-
port codes.

• Improve existing nuclear interaction databases for properly
assessing risk and concomitant shielding requirements,
especially for neutrons and light ions. For describing projec-
tile fragmentation, cross sections for fragmentation of the
more abundant GCR nuclei are needed at several energies
and for an array of targets of interest for spacecraft shield-
ing and for transport in tissues.
- Develop models to accurately predict neutron and light

ion (hydrogen and helium isotopes) spectra from
nucleon-nucleus and nucleus-nucleus collisions of GCR
ions on relevant target atoms.

- Develop models or databases for meson production and
meson-nucleus interactions.

- Develop high-energy heavy-ion (HZE particle) event gen-
erators that properly treat all secondary particle types,
energies and directions of travel from nuclear collisions
for use in the Monte-Carlo transport codes.

There is a shortage or absence of data for several of the major
GCR components such as helium, nitrogen, calcium, chromium and
titanium. There are a reasonable number of projectile fragmenta-
tion data sets now available with the above noted exceptions, how-
ever the projectile energy coverage of the data are lacking with
more data needed in the 0.1 to 0.4 GeV n–1 region and >1 GeV n–1.
Although several data sets exist for iron beams, there is a paucity
of data for iron at energies >2 GeV n–1. Also cross-section data
and multiplicities extending to lower fragment charges and masses
are needed. Many of the earlier cross-section measurements only
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extend down to approximately half of the incident beam charge or
mass numbers. Based on existing measurements of interaction
cross sections for major contributors of GCR and the wide range of
materials to be characterized for missions beyond LEO, physics
measurements recommended for improving radiation transport
codes are:

• light particle spectra (Z = 1, 2) from proton interactions on a
variety of targets typical of shielding materials (e.g., carbon,
oxygen, aluminum, calcium, iron). This should include dou-
ble differential cross sections over energies up to the beam
energy at several beam energies (0.25 to 2 GeV);

• fragmentation parameters for all secondary ions from a
variety of GCR projectiles over a full range of targets (e.g.,
hydrogen, carbon, aluminum, copper, and lead);

• measurements of thick target yields of ions and neutrons for
a variety of GCR projectiles (e.g., helium, oxygen, iron). Tar-
gets should include single elements (e.g., carbon, alumi-
num), H2O, multi-layered materials, and composites such as
in situ materials similar to lunar regolith and Martian soil;
and

• spaceflight measurements using composite materials of
varying composition using particle spectrometers or propor-
tional counters.

8.3 Space Dosimetry

Additional research and development are needed in a number of
specific areas of space radiation dosimetry and instrumentation.
These include:

• Develop radiation spectrometers which can accurately
measure fluence of indirectly ionizing particles (neutrons)
in the presence of much higher fluence of directly ionizing
particles.

• Experimentally validate radiation transport and dosimetry
models.

• Evaluate the energy deposition in microscopic volumes in a
uniform medium, and of the effect of the wall on measure-
ments made with TEPC.

• Study the effects of numerical and physical phantom config-
urations on the calculation and measurement of organ dose.
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• Improve data on neutron production in fragmentation pro-
cesses and on neutron interaction cross sections for the pur-
pose of dose calculation and detector design.

• In order to provide the data needed to effectively evaluate
risk of radiation exposures outside Earth’s magnetosphere,
future biological response studies should specify lineal
energy as well as dose, fluence and spectrum for the radia-
tion exposures leading to observed effects.

8.4 Space Radiation Biology

8.4.1 Late Radiation Effects

• Cancer. It is recommended that experiments be conducted
to:
- determine the carcinogenic effects of space radiations in

animals with a sufficient number of suitable heavy ions
to provide data for determining an appropriate quality
factor value for each;

- develop an alternative method for obtaining an equiva-
lent dose for neutrons in the 2 to 50 MeV range;

- determine the basis for the different initial slopes of the
dose response curves for induction of cancer or surrogate
markers for cancer by HZE particles and fragments;

- determine the number of cells at risk traversed by HZE
particles and fragments and the resulting survival, and
how these influence carcinogenic risk for particles of dif-
ferent energies;

- determine the influence of repair as well as damage pro-
cessing on the probability of tumorigenesis by HZE parti-
cles;

- determine the role of delta rays in the induction of cancer
by heavy ions;

- assess the importance of dose rate on the initial slope for
cancer related endpoints for proton or HZE exposures;
and

- develop methods using surrogate markers for cancer
to extrapolate risk from experimental animal models to
humans.

• Noncancer. It is recommended that experiments be con-
ducted to:
- determine the effects of protracted exposures to low dose

rates (<50 mSv y–1) of protons, HZE particles, and neu-
trons of relevant energies in the 0.5 to 1.5 Sv range on
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the CNS, lens of the eye, vascular system throughout the
body, hematopoietic and immune systems, gastrointesti-
nal tract, gonadal cell populations, and fertility.

8.4.2 Early Radiation Effects

• Thresholds for Neurovestibular, Cardiac, Prodromal and
Other CNS Effects. It is recommended that:
- all available data from therapeutic uses of radiation be

reexamined to estimate threshold doses for loss of bal-
ance, cardiac arythmias, nausea, vomiting, and other
CNS effects; and

- all radiation accident data be analyzed to determine if
any behavioral changes can be expected from exposure to
the highest doses likely to occur as a result of deep-space
activities.

• Hematological, Dermal and Immune Issues. It is recom-
mended that experiments be conducted to:
- determine how to maintain the proliferative integrity of

the hematopoietic, dermal and immune systems when
exposed to low dose rates of protons, heavy ions and neu-
trons.

8.4.3 Other Information Needed

• Dose-Rate Issues. It is recommended that experiments be
conducted to:
- derive estimates of the dose, and in particular the dose

rate over each hourly period for the worst-case SPE sce-
nario that can be anticipated; and

- study the effects of the dose rate of protons and neutrons
of relevant energies up to several hundred megaelectron
volts. For initial estimates of risk and required shielding,
these dose-rate studies could be carried out on cells
in vitro, by determining cell survival and chromosome
aberrations and mutation incidence for the purpose of
establishing animal protocols.

• Combined Exposures/Stressors. It is recommended that
experiments be conducted to:
- evaluate the effects of combined exposures to protons

and HZE particles; and
- acquire data and model effects from multiple stressors,

including microgravity, UV, microwaves and hormonal
stress cascades.
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• Biomarkers. It is recommended that experiments be con-
ducted to:
- evaluate biomarkers for identification of individuals at

increased risk due to genetic predisposition; and
- evaluate biomarkers to estimate cumulative doses.

• Countermeasures. It is recommended that countermeasures
be assessed for their efficacy in preventing adverse effects.

8.5 Space Radiation Risk Assessment Methodology

• Several future considerations for improving noncancer risk
assessments are warranted. These include expanding the
database for RBEs as a function of radiation quality and
dose rate, and developing models that include possible
synergistic effects of microgravity and stress on early
responses.

• To be fully utilized in risk assessment, mathematical mod-
els of molecular interactions and genetics are needed to
support the interpretation of results, and the extrapolation
of data across radiation quality, dose, and dose rates. The
modeling of surrogate endpoints for cancer or other risks
will be of particular value in improving the accuracy of
risk assessments.
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Appendix A

Summary Tables of Literature by 
Radiation Type  10

16

TABLE A.1—Neutron irradiation experiments.

16This listing does not include all relevant publications but is included to inform the reader of representative work.

Discipline Biological Models
Radiation Type
and Energies

Selected References

Cytogenetic damage In vitro Human diploid 
fibroblast

2.2 MeV Kadhim et al. (1998)

In vitro Murine spleen cells 1 MeV Bouffler et al. (1996)

Genomic instability In vitro Mammalian cells 2.3 MeV Trott et al. (1998)

Gene expression MCF-7 Fission neutrons Balcer-Kubiczek et al. (1995)

In vitro Syrian hamster 
embryo cells

Fission neutrons Woloschak and Chang-Liu (1990)

16
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TABLE A.1—(continued).

Discipline Biological Models
Radiation Type
and Energies

Selected References

Mutation frequency 
and spectrum

In vitro Human 
lymphoblastoid cells

4.2 MeV Kronenberg (1991)

In vitro Murine hematopoietic 
cells

4.2 MeV Harper et al. (1997)

Behavior 
cataractogenesis

In vivo Mice, rats, guinea pigs, 
and rabbits

Fast neutrons Abrosimova et al. (2000)
Ainsworth (1986)
Bateman and Bond (1967)
Christenberry et al. (1956)
Laporte and Delaye (1987)
Medvedovsky and Worgul (1991)
Mickley et al. (1988)
Riley et al. (1991)
Ross et al. (1990)
Worgul (1986)
Worgul et al. (1996)

Hypersensitivity In vitro Human melanoma 
cells

14 MeV Dionet et al. (2000)
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Multi-organ 
pathogenesis

In vivo Mice Fission neutrons Carnes et al. (2002)

Reproduction In vivo Mice 7 MeV fast neutrons Pampfer and Streffer (1988)
Pampfer et al. (1992)

Prodromal effects In vivo Ferrets Fission neutrons Rabin et al. (1992)
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TABLE A.2—Proton and alpha particle irradiation experiments.

Discipline Biological Models
Radiation Type
and Energies

Selected References

Cytogenetic damage In vitro CHO cells 238Pu alpha Little et al. (1997)

In vitro 250 MeV protons George et al. (2003)
Yang (1999)

In vitro Human lymphocytes 238Pu alpha Anderson et al. (2000; 2002; 2003)

In vitro
/in vivo

Mouse/human bone 
marrow

3.3 MeV alpha Kadhim et al. (1992; 1994; 1995; 
1998; 2001)
Lorimore et al. (1998)

In vitro Human lymphocytes 
(dose, dose rate, and 
shielding effects)

250 MeV protons Durante et al. (1998)
George et al. (2002)

In vitro Human diploid 
fibroblast

3.3 MeV alpha Kadhim et al. (1998)

Bystander effects – 
cytogenetic

In vitro Cultured fibroblasts 238Pu alpha Deshpande et al. (1996)
Nagasawa and Little (1992; 1999)
Narayanan et al. (1997)

Bystander effects – 
mutation induction

In vitro CHO cells 238Pu alpha Nagasawa and Little (1999)
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In vitro Human hamster 
hybrid

Microbeam alpha Zhou et al. (2000; 2004)

Bystander effects – 
micronucleus

In vitro Human fibroblasts X ray or alpha Belyakov et al. (1999)
Prise et al. (1998a)

Bystander effects – 
cell killing

Three-dimensional 
tissue cultures

Beta from tritium 3H Bishayee et al. (1999)

Bystander effects – 
transformation

In vitro Hamster cells Microbeam alpha Sawant et al. (2001)

Bystander-ROS In vitro Fibroblasts Alpha Narayanan et al. (1997)

Bystander effects – 
inducible proteins

In vitro Immortalized Alpha Azzam et al. (1998; 2001)
Hickman et al. (1994)

Incomplete 
chromosome 
exchanges (FISH)

In vitro Normal human 
lymphocytes and 
fibroblasts

250 MeV protons Wu et al. (1997)

Genomic instability In vitro Human and murine 
Hematopoietic stem 
cells

Alpha Kadhim et al. (1998)
Wright (1998)

In vitro Human lymphoid cells Alpha Kadhim et al. (2001)

Metastatic potential In vivo Mouse osteosarcomas 190 MeV protons Ogata et al. (2005)



288  /  A
P

P
E

N
D

IX
 A

TABLE A.2—(continued).

Discipline Biological Models
Radiation Type
and Energies

Selected References

In vitro Hamsters Alpha Little et al. (1997)

In vitro Hamster and V79 Alpha Manti et al. (1997)

In vitro Mammalian cells Alpha Deshpande et al. (1996)

In vitro Human bronchial 
epithelial cells

238Pu alpha Kennedy et al. (1996)

In vitro Human mammary 
epithelial cells

Alpha Durante et al. (1996)

Cataractogenesis In vitro Human lens epithelial 
cells

55 MeV protons Chang et al. (2005)

Immune response and 
cytokine production

In vivo C57Bl6 250 MeV protons Gridley et al. (2002a)
Kajioka et al. (1999; 2000a; 2000b)
Pecaut et al. (2001; 2002)

Immune responses 
with or without 
aluminum shielding

In vivo C57Bl6 250 MeV protons Pecaut et al. (2003a)
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Hematological 
response

In vivo C57Bl6 250 MeV protons Gridley et al. (2001)

Mutation frequency 
and spectrum

In vitro Human lymphoid cell 
line

55 MeV protons Gauny et al. (2001)
Nagasawa and Little (1999)
Zhou et al. (2000)

Transformation In vitro Mammalian cells 3.7 MeV alpha Yang et al. (2000)

Behavior In vivo Rats 155 MeV protons Rabin et al. (1991)

Neuronal/CNS effects In vivo Rhesus monkeys 55 MeV protons Wood et al. (1986)

Cataractogenesis In vivo Rhesus monkeys 32 – 2,300 MeV protons Lett et al. (1991)

In vitro Human lens epithelial 
cells

55 MeV protons Chang et al. (2000a)
McNamara et al. (2001)

Carcinogenesis In vivo Harderian gland in 
mice

55 MeV protons Alpen et al. (1994)

In vivo Mammary 
tumorigenesis in 
Sprague-Dawley rats

250 MeV protons Dicello et al. (2004)

In vivo Skin Protons Burns et al. (1978)
Heimbach et al. (1969)



290  /  A
P

P
E

N
D

IX
 A

TABLE A.3—Helium, neon and carbon ion irradiation experiments.

Discipline Biological Models
Radiation Type
and Energies

Selected References

Cytogenetic damage In vitro Human fibroblasts Helium, neon 
(120 keV µm–1)

Goodwin et al. (1994; 1996)
Holley and Chatterjee (1996)
Lobrich et al. (1996)
Newman et al. (1997)
Rydberg (1996)

In vitro Human skin 
fibroblasts

X rays or 
195 MeV n–1 carbon

Nasonova et al. (2004)

In vitro Human skin 
fibroblasts

10.7 MeV n–1 neon Martins et al. (1993)

In vitro V79 100 MeV n–1 carbon Bohrnsen et al. (2002)

Human lymphocytes Carbon, neon 
(0.3 – 140 keV µm–1)

Durante et al. (1998)

Helium, carbon, silicon, 
iron, gold 
(0.4 – 1,393 keV µm–1)

George et al. (2003)

Chromosome 
instability-Hprt 
mutations

In vitro Chinese hamster cells Helium, carbon, 
nitrogen 
(20 – 360 keV µm–1)

Govorun et al. (2002)
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Incomplete 
chromosome 
exchanges (FISH)

290 MeV n–1 carbon Wu et al. (1997)

Vascular effects In vivo Neonatal rats 670 MeV n–1 neon Yang and Tobias (1984)

In vivo Rats 290 MeV n–1 carbon Okada et al. (1998)

Transformation In vitro Hamster 10T1/2 474 MeV n–1 carbon, 
425 MeV n–1 neon

Yang et al. (1980; 1985)

Behavior In vivo Rats 165 MeV n–1 helium, 
522 MeV n–1 neon

Rabin et al. (1991)

In vivo Rats – 
thermoregulation

522 MeV n–1 neon
(~28 keV µm–1),
165 MeV n–1 helium
(~2 keV µm–1)

Kandasamy et al. (1994)

CNS/neuronal effects In vivo Rabbits 230 MeV n–1 helium Lo et al. (1989; 1991a)

In vivo Rabbits, mice Neon (35 keV µm–1) Cox and Kraft (1984)

In vivo/
in vitro

Mouse brains 230 MeV n–1 helium, 
425 MeV n–1 neon

Manley (1988)
Richards and Budinger (1988)
Rosander et al. (1987)
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TABLE A.3—(continued).

Discipline Biological Models
Radiation Type
and Energies

Selected References

In vivo Rat brains 205 MeV n–1 carbon Karger et al. (2002a; 2002b)

In vivo Dog hemibrains 456 MeV n–1 neon,
225 MeV n–1 helium

Brennan et al. (1993) 

In vitro Neonatal rat explants 36 MeV n–1, 
54 MeV n–1 helium

Mamoon (1970)

In vivo Mouse brains Helium (6 keV µm–1), 
carbon (80 keV µm–1), 
neon (150 keV µm–1)

Kraft and Cox (1986)

In vivo Rat spinal cords 400 MeV n–1 neon, 
carbon,
225 MeV n–1 helium,
230 kV n–1 x rays

Leith et al. (1975a; 1975b; 1982a)
Okada et al. (1998)
Rodriguez et al. (1987; 1991)

In vitro Mouse brain cells 290 MeV n–1 carbon Nojima et al. (2000)

In vivo Mice 400 MeV n–1 neon Kraft et al. (1979)
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In vitro Mouse astrocytes and 
microglia

Carbon Nojima et al. (2000)

Cataractogenesis 300 MeV n–1, 
137Cs helium, carbon

Abrosimova et al. (2000)

In vivo Rabbits 400 MeV n–1 neon Abrosimova et al. (2000)
Lett et al. (1980)

In vitro Human lens epithelial 
cells

32 MeV n–1 helium Chang et al. (2000a)

Carcinogenic potential In vivo Rat skins Neon (25 keV µm–1) Burns et al. (1991; 1994)
Felber et al. (1994)

In vivo Mouse fibrosarcoma 290 MeV n–1 carbon Ando et al. (1999)

In vivo Harderian gland in 
mice

228 MeV n–1 helium Alpen et al. (1993)

Metastatic potential In vivo Mouse osteosarcomas 290 MeV n–1 carbon Ogata et al. (2005)

Vascular/cardiovascul
ar effects

In vivo Neonatal rats 670 MeV n–1 neon Yang and Tobias (1984)

Hypersensitivity In vitro V79 100 MeV n–1 carbon Bohrnsen et al. (2002)
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TABLE A.4—Silicon, argon and gold ion irradiation experiments.

Discipline Biological Models
Radiation Type
and Energies

Selected References

Cytogenetic damage In vitro Human fibroblasts 400 MeV n–1 argon 
(120 keV µm–1)

Goodwin et al. (1996)

In vitro Hamster fibroblasts 11.4 MeV n–1 argon Nasonova et al. (2001)
Ritter et al. (1992; 1996)

In vitro Hamster fibroblasts 
V79

550 MeV n–1 argon, 
100 MeV n–1 silicon

Furusawa et al. (2002)

In vitro Human skin 
fibroblasts

10.5 MeV argon Martins et al. (1993)

In vitro V79 Argon (1,233 keV µm–1) Nasonova et al. (2001)

Human lymphocytes 10 GeV n–1, 
550 MeV n–1 argon

George et al. (2003)

Genomic instability In vitro 11 GeV n–1 gold  
(1,450 keV µm–1)

Limoli et al. (2000a; 2000b)

Mutation frequency 
and spectrum

In vitro Human skin 
fibroblasts

330 MeV n–1 argon 
(150 keV µm–1)
600 MeV n–1 lanthanum 
(920 keV µm–1)

Tsuboi et al. (1992)
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In vitro Human 
lymphoblastoid cells

470 MeV n–1 argon 
(95 – 97 keV µm–1)
456 MeV n–1 silicon 
(61 keV µm–1)

Kronenberg and Little (1989a; 
1989b)

Transformation In vitro Mammalian cells 670 MeV n–1 silicon
320 MeV n–1 silicon
330 MeV n–1 argon

Yang et al. (1985)

Behavior In vivo Rats 670 MeV n–1 argon Rabin et al. (1991; 1994)

In vivo Rats – 
thermoregulation

670 MeV n–1 argon
(~85 keV µm–1)

Kandasamy et al. (1994)

CNS/neuronal effects In vivo Mice 570 MeV n–1 argon Philpott et al. (1985)

In vivo Mouse brains Argon (650 keV µm–1) Kraft and Cox (1986)

In vivo Rabbit retinas 530 MeV n–1 argon Williams and Lett (1994)

In vivo Rabbits, mice 570 MeV n–1 argon 
(90 keV µm–1)

Cox and Kraft (1984)

Retinal effects In vivo Rabbits 530 MeV n–1 argon Williams and Lett (1994)
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TABLE A.4—(continued).

Discipline Biological Models
Radiation Type
and Energies

Selected References

Cataractogenesis In vivo Rabbits, mice 570 MeV n–1 argon Abrosimova et al. (2000)
Brenner et al. (1991)
Lett et al. (1980)
Merriam et al. (1984)
Worgul (1986)

Carcinogenesis In vivo Rat skins Argon (125 keV µm–1) Burns et al. (1991; 1994)

In vivo Harderian gland 570 MeV n–1 argon Fry et al. (1983)

Immune responses In vivo C57Bl.6 1.2 GeV n–1 silicon 
(42 keV µm–1)

Gridley et al. (2002b)
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TABLE A.5—Iron, lead and chromium ion irradiation experiments.

Discipline Biological Models
Radiation Type
and Energies

Selected References

DNA damage and 
repair

In vitro Human fibroblasts 250 – 600 MeV n–1 iron Rydberg et al. (1994)
Rydberg (1996)

Mammalian 
fibroblasts 

600 MeV n–1 iron Metting et al. (1988)

Cytogenetic damage In vitro Rat tissues (lung, 
trachea, bone marrow)

1 GeV n–1 iron Brooks et al. (2001)

In vitro Hamster fibroblasts 
V79

115 MeV n–1 iron Furusawa et al. (2002)

In vitro Human lymphocytes 1 GeV n–1,
100 MeV n–1,
200 MeV n–1 iron

Durante et al. (1998; 2002a)
George et al. (2003)
Horstmann et al. (2004)

In vitro Human lymphocytes 0.5 GeV n–1, 
5 GeV n–1 iron

Loucas et al. (2004)

In vivo Mouse lymphocytes 1 GeV n–1 iron Tucker et al. (2004)
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TABLE A.5—(continued).

Discipline Biological Models
Radiation Type
and Energies

Selected References

In vivo Micronucleus 1 GeV n–1 iron Chang et al. (2000a)

Chromosome 
aberrations and 
shielding 

In vitro Human fibroblasts 1 GeV n–1 iron Antonelli et al. (2004)

In vitro Human lymphocytes 200 MeV n–1, 
500 MeV n–1 iron

Durante et al. (2002b; 2004)
Grossi et al. (2004)

Incomplete 
chromosome 
exchanges (FISH)

In vitro Human cells 1 GeV n–1 iron George et al. (2001b)
Wu et al. (1997; 2003)

Genomic instability In vitro Human lymphoid cell 
lines

1 GeV n–1 iron Evans et al. (2001; 2002; 2003)

Immortalized human 
bronchial epithelial 
cells

1 GeV n–1 iron Hei et al. (1998)
Suzuki et al. (2001)
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In vitro Human lymphoid cells 1 GeV n–1 iron Grosovsky et al. (2001)

Mutation frequency 
and spectrum

In vitro Human 
lymphoblastoid cell 
lines

600 MeV n–1 iron Kronenberg et al. (1995)

In vitro Human skin 
fibroblasts

300  MeV n–1 iron 
(500 keV µm–1),
400 MeV n–1 iron 

(300 keV µm–1),
600 MeV n–1 iron 

(200 keV µm–1)

Tsuboi et al. (1992)

In vitro Mammalian hybrid 
cells

1 GeV n–1 iron Kronenberg et al. (1995)
Waldren et al. (1998)

In vitro Human–hamster 
hybrid cells

1 GeV n–1 iron Lenarczyk et al. (2003)

In vitro Human 
lymphoblastoid TK6 
and WTK1 cell lines

1 GeV n–1 iron Wiese et al. (2001)

In vivo LacZ transgenics 1 GeV n–1 iron Chang et al. (2001)
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TABLE A.5—(continued).

Discipline Biological Models
Radiation Type
and Energies

Selected References

Transformation In vitro Mammalian cells 600 MeV n–1, 
400 MeV n–1, 
300 MeV n–1 iron

Yang et al. (1985; 1996)

Immortalized human 
bronchial epithelial 
cells

1 GeV n–1 iron Hei et al. (1998)
Suzuki et al. (2001)

DNA damage 
responsive proteins

In vitro 3.1 MeV n–1 lead 
(12,600 keV µm–1), 
3.7 MeV n–1 chromium 
(3,270 keV µm–1)

Jakob et al. (2002)

Behavior In vivo Rats 600 MeV n–1, 
1 GeV n–1 iron

Denisova et al. (2002)
Joseph et al. (1992; 1993; 1994)
Rabin et al. (2000; 2003b) 
Shukitt-Hale et al. (2000)

In vivo Rats – 
thermoregulation

600 MeV n–1 iron
(~190 keV µm–1) 

Kandasamy et al. (1994)
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In vivo Rats – GTPase in 
striatum

600 MeV n–1 iron Villalobos-Molina et al. (1994)

In vivo Rat dopaminergic 
systems

600 MeV n–1, 
1 GeV n–1 iron

Hunt et al. (1989; 1990)
Rabin et al. (1989)
Riley and Tuck (1985)

In vivo Rat amphetamine – 
induced taste aversion

1 GeV n–1 iron Rabin et al. (2003b)

In vivo Cognition 1 GeV n–1 iron Shukitt-Hale et al. (2003)

In vivo Rat – age and diet 
countermeasures

1 GeV n–1 iron Rabin et al. (2005)

In vivo C57Bl6 mice 1 GeV n–1 iron Pecaut et al. (2004)

CNS/neuronal effects In vivo Rabbit retinas 465 MeV n–1 iron Williams and Lett (1994; 1996)

In vivo Mouse brains 600 MeV n–1 iron 
(180 keV µm–1) 

Kraft and Cox (1986)

In vivo Hippocampal 
neurogenesis

1 GeV n–1 iron Rola et al. (2004)
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TABLE A.5—(continued).

Discipline Biological Models
Radiation Type
and Energies

Selected References

In vitro Neurite retraction/ 
outgrowth

1 GeV n–1 iron Vazquez and Kirk (2000)

Cataractogenesis In vivo Rats 450 MeV n–1 iron Worgul et al. (1993)

In vivo Mice 600 MeV n–1 iron Medvedovsky et al. (1994)
Tao et al. (1994)

In vivo Rats 600 MeV n–1 iron Brenner et al. (1993)

In vivo Rats 460 MeV n–1 iron 
(460 keV µm–1) 

Wu et al. (1994)

In vivo Monkeys 460 MeV n–1 iron Lett et al. (1991)

In vivo New Zealand rabbits 460 MeV n–1 iron Riley et al. (1991)
Worgul (1986)
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In vitro Human lens epithelial 
cells

1 GeV n–1 iron Chang et al. (2005)

Retinal effects In vivo Rabbits 465 MeV n–1 iron Williams and Lett (1994; 1996)

Carcinogenesis In vivo Harderian gland in 
rodents

350 MeV n–1, 
600 MeV n–1 iron

Alpen et al. (1994)
Fry et al. (1983)

In vivo Mammary 
tumorigenesis in 
Sprague-Dawley rats

1 GeV n–1 iron Dicello et al. (2004)

In vivo Rat skins 1 GeV n–1 iron Burns et al. (2001)

Immune responses In vivo C57Bl.6 1 GeV n–1 iron Gridley et al. (2002b)

Vascular/ 
cardiovascular effects

In vivo Neonatal rats 600 MeV n–1 iron Yang and Tobias (1984)

Epigenetic effects In vivo Mice mammary/skin 
tissue

1 GeV n–1, 
600 MeV n–1 iron

Costes and Barcellos-Hoff (2002)
Costes et al. (2000; 2004)

Prodromal effects In vivo Ferrets 600 MeV n–1 iron Rabin et al. (1992)

Oxidative stress and 
dietary supplement

In vivo Sprague-Dawley rats 1 GeV n–1, 
5 GeV n–1 iron

Guan et al. (2004)
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TABLE A.6a—Human studies. 

Biological Endpoint Radiation Source Selected References

Cataractogenesis Radiotherapy – x rays Nutting et al. (1999)

Radiotherapy – protons Gragoudas et al. (1995)

Radiotherapy – helium Meecham et al. (1994)

Hiroshima/Nagasaki Medvedovsky and Worgul (1991)
Otake and Schull (1990)

Environmental contamination Junk et al. (1999)

Cyclotron and reactor experience ICRP (1969)

Space exposure Cucinotta et al. (2002)
Mader et al. (1999)
Rastegar et al. (2002)

Carcinogenic potential Fast neutrons from Atomic-Bomb 
Survivor Study

Kellerer and Walsh (2001; 2002)
Tokunaga et al. (1994)

Atomic-Bomb Survivor Study Preston et al. (2004)

Neutron therapy patients Sigurdson et al. (2002)

Airline cabin attendants in Europe Zeeb et al. (2003)
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Protons/photons Schneider et al. (2002)

Neuronal/CNS effects Radiotherapy – helium Castro et al. (1985)

Radiotherapy – protons Kjellberg and Kliman (1979)
Kjellberg et al. (1983)
Linfoot (1979) 
Suit et al. (1982a; 1982b)
Tobias (1979)

Cerebral vascular effects Radiotherapy – protons and helium Fabrikant et al. (1984; 1985; 1989)
Kjellberg et al. (1983)
Levy et al. (1989; 1990; 1992)
Lo and Fabrikant (1991)
Lo et al. (1989; 1991a; 1991b; 1992)
Rodriguez et al. (1991)
Steinberg et al. (1990)

Cytogenetic effects Flight crew De Angelis et al. (2001)
Heimers et al. (1995)
Romano et al. (1997)
Scheid et al. (1993)
Wolf et al. (1999a; 1999b)

Atomic-Bomb Survivor Study Awa et al. (1978)
Stram et al. (1993)
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TABLE A.6a—(continued).

Biological Endpoint Radiation Source Selected References

Astronauts after long-term low-Earth 
missions, carbon-treated cancer 
patients, and patients before and after 
radiotherapy

Durante et al. (2004)

Astronauts Fedorenko et al. (2000; 2001)
George et al. (2001c; 2004)
Obe et al. (1997)
Sabatier et al. (1995)
Testard and Sabatier (1999)
Testard et al. (1996)
Yang et al. (1997)

Light flashes Apollo astronauts Tobias et al. (1971)

Accelerator studies – nitrogen and 
neutrons

Budinger et al. (1972)

Mutation in T-lymphocytes Soviet cosmonauts Curry et al. (2000)
Khaidakov et al. (1997; 1999)

Hereditary effects Atomic-Bomb Survivor Study Neel (1998)

Space exposure Jennings and Santy (1990)
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CVD Atomic-Bomb Survivor Study cohort Sankaranarayanan et al. (1999)
Wong et al. (1999)

Chernobyl workers Ivanov et al. (2001)

Three Mile Island Talbott et al. (2000)

Oak Ridge Laboratory (1943 – 1972) Richardson and Wing (1999)

Medical radiation exposure Gofman (1999)

Noncancer effects Atomic-Bomb Survivor Study cohort Shimizu et al. (1999)

Astronauts – fluid balance and kidney 
function

Drummer et al. (2004)

Immune deficiencies Atomic-Bomb Survivor Study Hayashi et al. (2003)
Kusunoki et al. (2001; 2002a; 2002b)

Space flight Sonnenfeld (1998; 2001)
Sonnenfeld and Shearer (2002)
Stowe et al. (200la; 2001b; 2003)

Chernobyl Kuzmenok et al. (2003)

Second cancers/genomic instability Radiotherapy – x rays Sigurdson et al. (2003)
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TABLE A.6b—Flight experiments.

Discipline Biological Model Mission (duration) Dates Selected References

Immune responses In vivo C57BL/6 Space Shuttle 
Explorer – 12 d

December 5, 2001 Gridley et al. (2003)
Pecaut et al. (2003b)
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Glossary

absorbed dose (D): The quotient of  by dm, where  is the mean
energy imparted to matter of mass dm (i.e., D = /dm). The unit for
D is joule per kilogram (J kg–1) with the special name gray (Gy).

albedo neutrons: Secondary neutrons produced by interactions of galac-
tic cosmic radiation and the atmosphere, and reflected back into space.

alpha particles: Nuclei of helium atoms consisting of two protons and
two neutrons in close association. They have a net charge of +2
and can therefore be accelerated in large electrical devices similar to
those used for protons, and they are also emitted during the decay of
some radioactive isotopes.

anisotropy: The ratio of the maximum to the average particle fluence
rate distribution as a function of angle.

anomalous cosmic ray: Component perhaps of a different origin than
that of the high-energy cosmic rays. The peak in the energy spectrum
at solar maximum is ~10 MeV m–1.

ansatz: An assumed form for a mathematical statement that is not based
on any underlying theory or principle.

Archimedean spiral: A mathematical curve resulting from a linear
angular rotation with increasing distance.

as low as reasonably achievable (ALARA): A principle of radiation
protection philosophy that requires that exposures to ionizing radia-
tion should be kept as low as reasonably achievable, economic and
social factors being taken into consideration. The protection from
radiation exposure is ALARA when the expenditure of further
resources would be unwarranted by the reduction in exposure that
would be achieved. In the case of space activities, ALARA applies to
actions taken to keep all doses to the astronauts as low as reasonably
achievable, balancing the mission objectives with practical dose reduc-
tion steps. 

astronomical unit (AU): The average distance from the sun to Earth,
150 × 106 km.

bremsstrahlung: Secondary photon radiation produced by deceleration
of charged particles.

bystander effect: The effect detected in cells not traversed by a particle.
chromosphere: The portion of the solar atmosphere between the photo-

sphere and the corona. The portion of the solar atmosphere in which
color can be distinguished.

cornea: The transparent epithelial structure forming the anterior part of
the external covering of the eye.

corona: The portion of the solar atmosphere above the chromosphere.

dε dε
dε
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coronal mass ejection (CME): A transient outflow of plasma from or
through the solar corona which may be associated with the generation
of solar-particle events.

cosmic-ray modulation: The variation of the observed cosmic-ray inten-
sity as a function of the solar cycle. The cosmic-ray intensity is
observed to vary approximately inversely with the solar activity cycle.

delta ray: Electrons stripped from atoms as a charged particle passes
through matter.

deterministic effects: Effects for which the severity varies with dose
and for which a threshold usually exists (e.g., cataracts and skin
burns).

detriment: Health detriment is the sum of the probabilities of all the
components of health effects. These include in addition to fatal cancer
the probability of heritable effects and the probability of morbidity
from nonfatal cancer.

dose: A general term used when the context is not specific to a particular
dose quantity. When the context is specific, the name or symbol for the
quantity is used [i.e., absorbed dose (D), mean absorbed dose (DT),
dose equivalent (H), effective dose (E), equivalent dose (HT), or organ
dose equivalent ].

dose equivalent (H): The product of the absorbed dose (D) at a point and
the quality factor (Q) at that point for the radiation type (i.e., H = DQ).
The unit of H is J kg–1 with the special name sievert (Sv).

dose limit: A limit on radiation dose that is applied for exposure to indi-
viduals or groups of individuals in order to prevent the occurrence
of radiation-induced deterministic effects or to limit the probability of
radiation related stochastic effects to an acceptable level. For astro-
nauts working in low-Earth orbit, unique dose limits for deterministic
and stochastic effects have been recommended by NCRP. 

dose rate: Dose delivered per unit time. Can refer to any dose quantity
(e.g., absorbed dose, dose equivalent).

dose-response model: A mathematical formulation of the way in which
the effect, or response, depends on dose.

dosimeter: A radiation detection device worn or carried by an individual
to monitor the individual's radiation exposure. For space activities, a
device worn or carried by an astronaut in-flight.

effective dose (E): The sum over specified tissues of the products of the
equivalent dose in a tissue (HT) and the tissue weighting factor for

that tissue or organ (wT) (i.e., E = wTHT). Effective dose (E) applies

only to stochastic effects. The unit is the joule per kilogram (J kg–1)
with the special name sievert (Sv).

electrons: Small negatively charged particles that can be accelerated to
high energy and velocity close to the speed of light.

electron volt (eV): A unit of energy = 1.6 × 10–12 ergs = 1.6 × 10–19 J;
1 eV is equivalent to the energy gained by an electron in passing

HT

 

T
∑
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through a potential difference of 1 V; 1 keV = 1,000 eV; 1 MeV =
1,000,000 eV.

equivalent dose (HT): The product of the mean absorbed dose in an
organ or tissue and the radiation weighting factor (wR) of the radiation
type of interest. For external exposure wR applies to the radiation type
incident on the body.

erythema: A redness of the skin.
excess relative risk (ERR): An expression of excess risk relative to the

underlying (baseline) risk; if the excess equals the baseline the rela-
tive risk is two.

exposure: A measure of the ionization produced in air by x or gamma
radiation. Exposure is the sum of electric charges on all ions of one
sign produced in air when all electrons liberated by photons in a vol-
ume of air are completely stopped, divided by the mass of the air in the
volume. The unit of exposure in air is the roentgen (R) or in SI units it
is expressed in coulombs (C), 1 R = 2.58 × 10–4 C kg–1.
acute exposure: Radiation exposure of short duration.
chronic exposure: Radiation exposure of long duration, because of
fractionation or protraction.

extravehicular activity: Any activity undertaken by the crew outside a
space vehicle.

favorable propagation path: A concept suggesting that the
Archimedean spiral path from the earth to the sun would connect to a
specific solar longitude. It is based on the concept that charged parti-
cles travel along the interplanetary magnetic field which is trans-
ported out from the sun. For an idealized constant speed solar wind
flow, if the interplanetary magnetic field is frozen in the plasma, then
the result would form an Archimedean spiral.

first ionization potential: The energy required to remove the first elec-
tron from an electrically neutral atom. (The ionization potential is
usually given in electron volts.)

fluence (Φ): The quotient of dN by da, where dN is the number of parti-
cles incident on a sphere of cross-sectional area da (i.e., Φ = dN/da).
The unit for fluence is m–2, commonly given in cm–2. In this Report,
distributions of fluence are also noted variously as a function of one or
more other variables [e.g., Φ (L,t), the distribution of fluence as a func-
tion of linear energy transfer (L) and time (t)].

fluence rate: The quotient of dΦ by dt, where dΦ is the increment of the
fluence in the time interval dt. The unit for fluence rate is m–2 s–1.

fractionation: The delivery of a given total dose of radiation as several
smaller doses, separated by intervals of time.

galactic cosmic radiation (GCR): The charged-particle radiation out-
side the magnetosphere comprised of 2 % electrons and positrons, and
98 % nuclei, the latter component consisting (by fluence) of 87 % pro-
tons, 12 % helium ions, and 1 % high atomic number, high-energy
(HZE) particles.
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gamma rays: Short-wavelength electromagnetic radiation of nuclear ori-
gin (approximate range of energy: 10 keV to 9 MeV).

Geostationary Operational Environmental Satellite (GOES): A
satellite in geosynchronous orbit used for monitoring protons. The sat-
ellite travel at the same angular speed above the equator as Earth’s
rotation and therefore appears stationary when observed from
Earth’s surface.

gray (Gy): The International System (SI) unit of absorbed dose of radia-
tion, 1 Gy = 1 J kg–1.

gray equivalent (GT): The product of DT and Ri, where DT is the mean
absorbed dose in an organ or tissue and Ri is a recommended value for
relative biological effectiveness for deterministic effects for a given
particle type i (i.e., GT = Ri × DT). An Ri value applies to the particle
type incident on the body.

gray equivalent (Gy-Eq): The name for the unit of the quantity gray
equivalent (GT) (NCRP, 2000), 1 Gy-Eq = 1 J kg–1.

heavy charged particles: Atomic and subatomic charged particles with
masses substantially heavier than that of an electron.

heavy ions: Nuclei of elements heavier than helium such as nitrogen,
carbon, boron, neon, argon or iron which are positively charged due to
some or all of the planetary electrons having been stripped from them.

heliocentric: A measurement system with its origin at the center of
the sun.

heliolongitude: Imaginary lines of longitude on the sun measured east
(left) or west (right) of the central meridian (imaginary north-south
line through the middle of the visible solar disk) as viewed from Earth.
The left edge of the solar disk is 90°E and the right edge is 90°W.

heliosphere: The immense negative bubble containing the solar system,
solar wind, and entire solar magnetic field. It extends beyond the orbit
the Pluto.

high atomic number, high-energy (HZE) particles: Heavy ions hav-
ing an atomic number greater than that of helium (such as nitrogen,
carbon, boron, neon, argon or iron ions that are positively charged)
and having high kinetic energy. 

incidence: The rate of occurrence of a disease, usually expressed in num-
ber of cases per million.

interplanetary magnetic field: The magnetic field in interplanetary
space. The interplanetary magnetic field is transported out from the
sun via the solar wind.

interplanetary shocks: An abrupt change in velocity or density that is
moving faster than the wave propagation speed in interplanetary
space.

ionization: The process by which a neutral atom or molecule acquires
a positive or negative charge through the loss or gain of an orbital
electron.
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latent period: Period or state of seeming inactivity between time of expo-
sure of tissue to an injurious agent and an observed response (also
time to response or induction period).

lifetime risk: The lifetime probability of dying of a specific disease.
light ions: Nuclei of hydrogen and helium which are positively charged

due to some or all of the planetary electrons having been stripped from
them.

lineal energy (y): The quotient of ε by , where ε is the energy imparted
to the matter in a given volume by a single (energy deposition) event
and is the mean chord length of that volume (i.e., y = ε / ). The
unit for lineal energy is J m–1, commonly given in keV µm–1. 

linear energy transfer (LET): Average amount of energy lost per unit of
particle track length and expressed in keV µm–1.
low-LET: Radiation having a low-linear energy transfer; for example,
electrons, x rays, and gamma rays.
high-LET: Radiation having a high-linear energy transfer; for exam-
ple, protons, alpha particles, heavy ions, and interaction products of
fast neutrons.

linear-quadratic model (also linear-quadratic dose-response rela-
tionship): expresses the incidence of (e.g., mutation or cancer) as
partly directly proportional to the dose (linear term) and partly pro-
portional to the square of the dose (quadratic term). The linear term
will predominate at lower doses, the quadratic term at higher doses.

lognormal: If the logarithms of a set of values are distributed according
to a normal distribution the values are said to have a lognormal distri-
bution, or be distributed log normally.

mass stopping power: (see stopping power).
mean absorbed dose (DT): The mean absorbed dose in an organ or

tissue, obtained by integrating or averaging absorbed doses at points
in the organ or tissue.

mean-free path: The average distance between scattering events in
interplanetary particle propagation. Also, the average distance
between particle collisions with nuclei, atoms or molecules in a
material. 

Mir: The Russian (previously Soviet) orbital space station.
neutrons: Particles with a mass similar to that of a proton, but with no

electrical charge. Because they are electrically neutral, they cannot be
accelerated in an electrical field.

noncancer: Health effects other than cancer (e.g., cataracts, cardovascu-
lar disease) that occur in the exposed individual.

organ dose equivalent ( ): The mean dose equivalent for an organ or
tissue, obtained by integrating or averaging dose equivalents at points
in the organ or tissue. It is the practice in the space radiation protec-
tion community to obtain point values of absorbed dose (D) and dose
equivalent (H) using the accepted quality factor-LET relationship
[Q(L)], and then to average the point quantities over the organ or tis-
sue of interest by means of computational models to obtain the organ

l 

l l 

HT
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dose equivalent ( ). For space radiations, NCRP adopted the
organ dose equivalent as an acceptable approximation for equivalent
dose (HT) for stochastic effects.

photosphere: The portion of the sun visible in white light. Also the limit
of seeing down through the solar atmosphere in white light.

prevalence: The number of cases of a disease in existence at a given time
per unit of population, usually per 100,000 persons.

protons: The nucleus of the hydrogen atom. Protons are positively
charged.

protraction: Extending the length of exposure, for example, the continu-
ous delivery of a radiation dose over a longer period of time.

quality factor (Q): The factor by which absorbed dose (D) at a point is
modified to obtain the dose equivalent (H) at the point (i.e., H = Q D),
in order to express the effectiveness of an absorbed dose (in inducing
stochastic effects) on a common scale for all types of ionizing radiation.
There is a specified dependence [Q(L)] of the quality factor (Q) as a
function of the unrestricted linear energy transfer (L) in water at the
point of interest.

quasithreshold dose: The dose at which the extrapolated straight por-
tion of the dose-response curve intercepts the dose axis at unity sur-
vival fraction.

radiation: 
1. The emission and propagation of energy through space or through

matter in the form of waves, such as electromagnetic, sound, or
elastic waves.

2. The energy propagated through space or through matter as waves;
radiation or radiant energy, when unqualified, usually refers to
electromagnetic radiation; commonly classified by frequency—
Hertzian, infrared, visible, ultraviolet, x and gamma rays.

3. Corpuscular emission, such as alpha and beta particles, or rays of
mixed or unknown type, such as cosmic radiation.

background radiation: The amount of radiation to which a member
of the population is exposed from natural sources, such as terrestrial
radiation from naturally-occurring radionuclides in the soil, cosmic
radiation originating in outer space, and naturally-occurring radionu-
clides in the soil, cosmic radiation originating in outer space, and
naturally-occurring radionuclides deposited in the human body. The
natural background radiation received by an individual depends on
geographic location and living habits. In the United States, the back-
ground radiation is on the order of 1 mSv y–1, excluding indoor radon
which amounts to ~2 mSv y–1 on average.
ionizing radiation: Any electromagnetic or particulate radiation
capable of producing ions, directly or indirectly, in its passage through
matter.

radiation quality: A general term referring to the spatial distribution of
absorbed dose. For example, an exposure to neutron radiation may be
quantitatively the same as an exposure to gamma rays, in the sense

HT
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that, for large volumes of tissue on the order of 1 cm3, the absorbed
energy is the same, yet at resolutions of a few micrometers the ioniz-
ing events will be more uniformly dispersed for the gamma-ray radia-
tion than for the neutron radiation, producing quantitatively different
biological effects (see relative biological effectiveness).

radiation weighting factor (wR): A factor used to allow for differences
in the biological effectiveness between different radiations when calcu-
lating equivalent dose (HT) (see equivalent dose). These factors are
independent of the tissue or organ irradiated.

regolith: A layer of loose, heterogeneous material covering solid rock.
relative biological effectiveness (RBE): A factor used to compare

the biological effectiveness of absorbed doses from different types of
ionizing radiation, determined experimentally. RBE is the ratio of the
absorbed dose of a reference radiation (usually taken as 250 kVp
x rays) to the absorbed dose of the radiation in question required to
produce an identical biological effect in a particular experimental
organism or tissue. 

rigidity: The momentum of a charged particle per unit charge. Deter-
mines the curvature of the particle’s trajectory in a magnetic field.
Two particles with different charge but the same rigidity will travel
along a path having the same curvature in a given magnetic field.

risk: The probability of a specified effect or response occurring.
absolute risk: Expression of excess risk due to exposure as the arith-
metic difference between the risk among those exposed and that
obtaining in the absence of exposure.
annual risk: The risk in a given year from an earlier exposure. The
annual risk (average) from an exposure is the lifetime risk divided by
the number of years of expression.
lifetime risk: The total risk in a lifetime resulting from an expo-
sure(s). It is equal to the average annual risk times the period of
expression.
relative risk: An expression of excess risk relative to the underlying
(baseline) risk; if the excess equals the baseline risk the relative risk is
two.

risk coefficient: The increase in the annual incidence or mortality rate
per unit dose: (1) absolute risk coefficient is the observed minus the
expected number of cases per person year at risk for a unit dose;
(2) the relative risk coefficient is the fractional increase in the baseline
incidence or mortality rate for a unit dose.

risk cross section: The probability of a particular excess cancer mortal-
ity per particle fluence (excluding delta rays).

risk estimate: The number of cases (or deaths) that are projected to
occur in a specified exposed population per unit dose for a defined
exposure regime and expression period; number of cases per per-
son-gray or, for radon, the number of cases per person cumulative
working level month.
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roentgen: A unit of radiation exposure. Exposure in SI units is expressed
in C kg–1 of air.

secondary radiation: Radiation resulting from absorption of other radi-
ation in matter; may be either electromagnetic or particulate.

sievert (Sv): The special name for the unit of effective dose (E), equiva-
lent dose (HT), dose equivalent (H), and organ dose equivalent ( ),
1 Sv = 1 J kg–1. 

solar cycle: The solar-activity cyclic behavior, usually represented by the
number of sunspots visible on the solar photosphere. The average
length of solar cycles since 1900 is 11.4 y.

solar flare: The name given to the sudden release of energy (often
>1032 ergs) in a relatively small volume of the solar atmosphere.
Historically, an optical brightening in the chromosphere, now
expanded to cover almost all impulsive radiation from the sun.

solar maximum: The period of the 11 y solar cycle during which the
solar wind is at its most intense resulting in lower levels of galactic
cosmic radiation about Earth.

solar minimum: The portion of the 11 y solar cycle during which the
solar wind is at its least intense resulting in higher levels of galactic
cosmic radiation about Earth.

solar-particle event (SPE): An eruption at the sun that releases a large
number of particles (primarily protons) over the course of hours or
days.

solar wind: The plasma flowing into space from the solar corona. The
ionized gas carrying magnetic fields can alter the intensity of the
interplanetary radiation.

spallation: A nuclear reaction in which light particles are ejected as a
result of bombardment, for example, by high-energy protons.

stochastic effects: Effects, the probability of occurrence which, rather
than their severity, is a function of radiation dose without threshold
(e.g., cancer).

stopping power (lineal stopping power): The quotient of the energy
lost (dE) by a charged particle in traversing a distance (dx) in a mate-
rial. Can also be expressed as mass stopping power by dividing the lin-
eal stopping power by the density (ρ) of the material.

tissue weighting factor (wT): A factor representing the ratio of risk of
stochastic effects attributable to irradiation of a given organ or tissue
to the total risk when the whole body is irradiated uniformly. The fac-
tor is independent of the type of radiation or energy of the radiation.

vitreous: The semifluid, transparent substance which lies between the
retina and the lens of the eye.

HT
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Symbols, Abbreviations and 
Acronyms

ACE Advanced Composition Explorer
ALTEA Anomalous Long-Term Effects in Astronauts study
ANP atrial natiuretic peptide
ATM ataxia telangiectasia mutated
AU astronomical unit
BrdU bromodeoxyuridine
CME coronal mass ejection
CNP cyclic nucleotide phosphatase
CNS central nervous system
CREME-85 cosmic-ray effects of microelectronics code
CREME-96 update of CREME-85
CT computed tomography
CTA conditioned taste aversion
CVD cardiovascular disease
DDREF dose and dose-rate effectiveness factor
DNA deoxyribonucleic acid
DSB double-strand break
E energy
E effective dose
EAR excess additive risk
ED50 dose to cause 50 % of the population to have the effect

(e.g., nausea)
ELF extremely-low frequency
EMF electromagnetic field
ERR excess relative risk
FISH fluorescence in situ hybridization
FLUKA Monte-Carlo computer code
FR fixed-ratio
GCR galactic cosmic radiation
GGTP gamma-glutamyl transpeptidase
GOES Geostationary Operational Environment Satellites
GT gray equivalent
HMF heliospheric magnetic field
HPRT hypoxanthine-guanine phosphoribosyl transferase
HT equivalent dose

organ dose equivalent
HZE high atomic number, high energy
HZETRN HZE transport computer code

ΗT
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IL-2 interleukin-2
IL-6 interleukin-6
ISS International Space Station
LAP latency-associated peptide
LDL low-density lipoproteins
LEO low-Earth orbit
LET linear energy transfer
LIS local interstellar energy spectrum
LSS Life Span Study
mFISH meta-fluorescence in situ hybridization
MRI magnetic resonance imaging
n nucleon
PCC premature chromosome condensation
PET positron emission tomography
RBE relative biological effectiveness
REID radiation exposure-induced death
ROS reactive oxygen species
SCE sister chromatid exchange
SD single dose
SEC Space Environment Center (NOAA)
SGZ subgranular zone
SPE solar-particle event
sRBC sheep red blood cells
STS Space Transport Shuttle
TEPC tissue equivalent proportional counter
TGF transforming growth factor
TLD thermoluminescent dosimeter
UV ultraviolet
wR radiation weighting factor
wT tissue weighting factor
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The NCRP

The National Council on Radiation Protection and Measurements is a non-
profit corporation chartered by Congress in 1964 to:

1. Collect, analyze, develop and disseminate in the public interest information
and recommendations about (a) protection against radiation and (b) radia-
tion measurements, quantities and units, particularly those concerned
with radiation protection.

2. Provide a means by which organizations concerned with the scientific and
related aspects of radiation protection and of radiation quantities, units
and measurements may cooperate for effective utilization of their combined
resources, and to stimulate the work of such organizations.

3. Develop basic concepts about radiation quantities, units and mea-
surements, about the application of these concepts, and about radiation
protection.

4. Cooperate with the International Commission on Radiological Protection,
the International Commission on Radiation Units and Measurements, and
other national and international organizations, governmental and private,
concerned with radiation quantities, units and measurements and with
radiation protection.

The Council is the successor to the unincorporated association of scientists
known as the National Committee on Radiation Protection and Measurements
and was formed to carry on the work begun by the Committee in 1929.

The participants in the Council’s work are the Council members and mem-
bers of scientific and administrative committees. Council members are selected
solely on the basis of their scientific expertise and serve as individuals, not as
representatives of any particular organization. The scientific committees, com-
posed of experts having detailed knowledge and competence in the particular
area of the committee's interest, draft proposed recommendations. These are
then submitted to the full membership of the Council for careful review and
approval before being published.

The following comprise the current officers and membership of the Council:

Officers

President
Senior Vice President
Secretary and Treasurer
Assistant Secretary

Thomas S. Tenforde
Kenneth R. Kase
David A. Schauer
Michael F. McBride



THE NCRP   /   399

Members
John F. Ahearne
Sally A. Amundson
Benjamin R. Archer
Mary M. Austin-Seymour
Steven M. Becker
Joel S. Bedford
Eleanor A. Blakely
William F. Blakely
John D. Boice, Jr.
Wesley E. Bolch
Thomas B. Borak
Andre Bouville
Leslie A. Braby
David J. Brenner
James A. Brink
Antone L. Brooks
Jerrold T. Bushberg
John F. Cardella
Stephanie K. Carlson
Polly Y. Chang
S.Y. Chen
Kelly L. Classic
Mary E. Clark
Michael L. Corradini
J. Donald Cossairt
Allen G. Croff
Francis A. Cucinotta
Paul M. DeLuca
David A. Eastmond
Stephen A. Feig
John R. Frazier
Donald P. Frush
Thomas F. Gesell

Robert L. Goldberg
Andrew J. Grosovsky
Raymond A. Guilmette
Roger W. Harms
Kathryn Held
John W. Hirshfeld, Jr.
F. Owen Hoffman
Roger W. Howell
Kenneth R. Kase
Ann R. Kennedy
William E. Kennedy, Jr.
David C. Kocher
Ritsuko Komaki
Amy Kronenberg
Susan M. Langhorst
Edwin M. Leidholdt
Howard L. Liber
James C. Lin
Jill A. Lipoti
John B. Little
Paul A. Locke
Jay H. Lubin
C. Douglas Maynard
Debra McBaugh
Cynthia H. McCollough
Barbara J. McNeil
Fred A. Mettler, Jr.
Charles W. Miller
Donald L. Miller
Jack Miller
Kenneth L. Miller
William H. Miller
William F. Morgan
David S. Myers

Bruce A. Napier
Gregory A. Nelson
Carl J. Paperiello
R. Julian Preston
Jerome C. Puskin
Allan C.B. Richardson
Henry D. Royal
Michael T. Ryan
Jonathan M. Samet
Thomas M. Seed
Stephen M. Seltzer
Roy E. Shore
Edward A. Sickles
Steven L. Simon
Paul Slovic
Christopher G. Soares
Daniel J. Strom
Thomas S. Tenforde
Julie E.K. Timins
Richard E. Toohey
Lawrence W. Townsend
Lois B. Travis
Fong Y. Tsai
Richard J. Vetter
Chris G. Whipple
Stuart C. White
J. Frank Wilson
Susan D. Wiltshire
Gayle E. Woloschak
Shiao Y. Woo
Andrew J. Wyrobek
Marco A. Zaider
Pasquale D. Zanzonico

Honorary Members
 Warren K. Sinclair, President Emeritus; Charles B. Meinhold, President Emeritus

S. James Adelstein, Honorary Vice President
W. Roger Ney, Executive Director Emeritus

William M. Beckner, Executive Director Emeritus
Seymour Abrahamson
Lynn R. Anspaugh
John A. Auxier
William J. Bair
Harold L. Beck
Bruce B. Boecker
Victor P. Bond
Robert L. Brent
Reynold F. Brown
Melvin C. Carter
Randall S. Caswell
Frederick P. Cowan
James F. Crow
Gerald D. Dodd
Sarah S. Donaldson
William P. Dornsife

Patricia W. Durbin
Keith F. Eckerman
Thomas S. Ely
Richard F. Foster
R.J. Michael Fry
Ethel S. Gilbert
Joel E. Gray
Robert O. Gorson
Arthur W. Guy
Eric J. Hall
Naomi H. Harley
William R. Hendee
Donald G. Jacobs
Bernd Kahn
Charles E. Land

Roger O. McClellan
Dade W. Moeller
A. Alan Moghissi
Wesley L. Nyborg
John W. Poston, Sr.
Andrew K. Poznanski
Genevieve S. Roessler
Marvin Rosenstein
Lawrence N. Rothenberg
Eugene L. Saenger
William J. Schull
John E. Till
Robert L. Ullrich
Arthur C. Upton
F. Ward Whicker
Marvin C. Ziskin
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Lauriston S. Taylor Lecturers

Robert L. Brent (2006) Fifty Years of Scientific Investigation: The Importance of
Scholarship and the Influence of Politics and Controversy

John B. Little (2005) Nontargeted Effects of Radiation: Implications for
Low-Dose Exposures

Abel J. Gonzalez (2004) Radiation Protection in the Aftermath of a Terrorist
Attack Involving Exposure to Ionizing Radiation

Charles B. Meinhold (2003) The Evolution of Radiation Protection: From
Erythema to Genetic Risks to Risks of Cancer to ?

R. Julian Preston (2002) Developing Mechanistic Data for Incorporation into
Cancer Risk Assessment: Old Problems and New Approaches

Wesley L. Nyborg (2001) Assuring the Safety of Medical Diagnostic Ultrasound
S. James Adelstein (2000) Administered Radioactivity: Unde Venimus Quoque

Imus
Naomi H. Harley (1999) Back to Background
Eric J. Hall (1998) From Chimney Sweeps to Astronauts: Cancer Risks in the

Workplace
William J. Bair (1997) Radionuclides in the Body: Meeting the Challenge!
Seymour Abrahamson (1996) 70 Years of Radiation Genetics: Fruit Flies, Mice

and Humans
Albrecht Kellerer (1995) Certainty and Uncertainty in Radiation Protection
R.J. Michael Fry (1994) Mice, Myths and Men
Warren K. Sinclair (1993) Science, Radiation Protection and the NCRP 
Edward W. Webster (1992) Dose and Risk in Diagnostic Radiology: How Big?

How Little? 
Victor P. Bond (1991) When is a Dose Not a Dose? 
J. Newell Stannard (1990) Radiation Protection and the Internal Emitter Saga 
Arthur C. Upton (1989) Radiobiology and Radiation Protection: The Past Cen-

tury and Prospects for the Future
Bo Lindell (1988) How Safe is Safe Enough? 
Seymour Jablon (1987) How to be Quantitative about Radiation Risk Estimates 
Herman P. Schwan (1986) Biological Effects of Non-ionizing Radiations: Cellu-

lar Properties and Interactions 
John H. Harley (1985) Truth (and Beauty) in Radiation Measurement 
Harald H. Rossi (1984) Limitation and Assessment in Radiation Protection
Merril Eisenbud (1983) The Human Environment—Past, Present and Future
Eugene L. Saenger (1982) Ethics, Trade-Offs and Medical Radiation 
James F. Crow (1981) How Well Can We Assess Genetic Risk? Not Very 
Harold O. Wyckoff (1980) From “Quantity of Radiation” and “Dose” to “Expo-

sure” and “Absorbed Dose”—An Historical Review 
Hymer L. Friedell (1979) Radiation Protection—Concepts and Trade Offs 
Sir Edward Pochin (1978) Why be Quantitative about Radiation Risk

Estimates? 
Herbert M. Parker (1977) The Squares of the Natural Numbers in Radiation

Protection

Currently, the following committees are actively engaged in formulating
recommendations:
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Program Area Committee 1: Basic Criteria, Epidemiology,
Radiobiology, and Risk

SC 1-8 Risk to Thyroid from Ionizing Radiation
SC 1-13 Impact of Individual Susceptibility and Previous Radiation

Exposure on Radiation Risk for Astronauts
SC 1-15 Radiation Safety in NASA Lunar Missions
SC 85 Risk of Lung Cancer from Radon

Program Area Committee 2: Operational Radiation Safety
SC 46-17 Radiation Protection in Educational Institutions

Program Area Committee 3: Nonionizing Radiation
SC 89-5 Study and Critical Evaluation of Radiofrequency Exposure

Guidelines
Program Area Committee 4: Radiation Protection in Medicine

SC 4-1 Management of Persons Contaminated with Radionuclides
SC 4-2 Population Monitoring and Decontamination Following a Nuclear/

Radiological Incident
SC 91-1 Precautions in the Management of Patients Who Have

Received Therapeutic Amounts of Radionuclides
Program Area Committee 5: Environmental Radiation and
Radioactive Waste Issues

SC 64-22 Design of Effective Effluent and Environmental Monitoring
Programs

SC 64-23 Cesium in the Environment
Program Area Committee 6: Radiation Measurements and
Dosimetry

SC 6-1 Uncertainties in the Measurement and Dosimetry of External
Radiation Sources

SC 6-2 Radiation Exposure of the U.S. Population
SC 6-3 Uncertainties in Internal Radiation Dosimetry
SC 6-4 Fundamental Principles of Dose Reconstruction
SC 57-17 Radionuclide Dosimetry Models for Wounds

Advisory Committee 1: Public Policy and Risk Communication

In recognition of its responsibility to facilitate and stimulate cooperation
among organizations concerned with the scientific and related aspects of radi-
ation protection and measurement, the Council has created a category of NCRP
Collaborating Organizations. Organizations or groups of organizations that are
national or international in scope and are concerned with scientific problems
involving radiation quantities, units, measurements and effects, or radiation
protection may be admitted to collaborating status by the Council. Collaborat-
ing Organizations provide a means by which NCRP can gain input into its
activities from a wider segment of society. At the same time, the relationships
with the Collaborating Organizations facilitate wider dissemination of infor-
mation about the Council's activities, interests and concerns. Collaborating
Organizations have the opportunity to comment on draft reports (at the time
that these are submitted to the members of the Council). This is intended to
capitalize on the fact that Collaborating Organizations are in an excellent posi-
tion to both contribute to the identification of what needs to be treated in NCRP
reports and to identify problems that might result from proposed recommenda-
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tions. The present Collaborating Organizations with which NCRP maintains
liaison are as follows:

American Academy of Dermatology
American Academy of Environmental Engineers
American Academy of Health Physics
American Association of Physicists in Medicine
American College of Medical Physics
American College of Nuclear Physicians
American College of Occupational and Environmental Medicine
American College of Radiology
American Conference of Governmental Industrial Hygienists
American Dental Association
American Industrial Hygiene Association
American Institute of Ultrasound in Medicine
American Medical Association
American Nuclear Society
American Pharmaceutical Association
American Podiatric Medical Association
American Public Health Association
American Radium Society
American Roentgen Ray Society
American Society for Therapeutic Radiology and Oncology
American Society of Emergency Radiology
American Society of Health-System Pharmacists
American Society of Radiologic Technologists
Association of Educators in Radiological Sciences, Inc.
Association of University Radiologists
Bioelectromagnetics Society
Campus Radiation Safety Officers
College of American Pathologists
Conference of Radiation Control Program Directors, Inc.
Council on Radionuclides and Radiopharmaceuticals
Defense Threat Reduction Agency
Electric Power Research Institute
Federal Communications Commission
Federal Emergency Management Agency
Genetics Society of America
Health Physics Society
Institute of Electrical and Electronics Engineers, Inc.
Institute of Nuclear Power Operations
International Brotherhood of Electrical Workers
National Aeronautics and Space Administration
National Association of Environmental Professionals
National Center for Environmental Health/Agency for Toxic Substances
National Electrical Manufacturers Association
National Institute for Occupational Safety and Health
National Institute of Standards and Technology
Nuclear Energy Institute
Office of Science and Technology Policy
Paper, Allied-Industrial, Chemical and Energy Workers

International Union
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Product Stewardship Institute
Radiation Research Society
Radiological Society of North America
Society for Risk Analysis
Society of Chairmen of Academic Radiology Departments
Society of Nuclear Medicine
Society of Radiologists in Ultrasound
Society of Skeletal Radiology
U.S. Air Force
U.S. Army
U.S. Coast Guard
U.S. Department of Energy
U.S. Department of Housing and Urban Development
U.S. Department of Labor
U.S. Department of Transportation
U.S. Environmental Protection Agency
U.S. Navy
U.S. Nuclear Regulatory Commission
U.S. Public Health Service
Utility Workers Union of America

NCRP has found its relationships with these organizations to be extremely
valuable to continued progress in its program.

Another aspect of the cooperative efforts of NCRP relates to the Special
Liaison relationships established with various governmental organizations
that have an interest in radiation protection and measurements. This liaison
relationship provides: (1) an opportunity for participating organizations to des-
ignate an individual to provide liaison between the organization and NCRP;
(2) that the individual designated will receive copies of draft NCRP reports (at
the time that these are submitted to the members of the Council) with an invi-
tation to comment, but not vote; and (3) that new NCRP efforts might be dis-
cussed with liaison individuals as appropriate, so that they might have an
opportunity to make suggestions on new studies and related matters. The fol-
lowing organizations participate in the Special Liaison Program:

Australian Radiation Laboratory
Bundesamt fur Strahlenschutz (Germany)
Canadian Nuclear Safety Commission
Central Laboratory for Radiological Protection (Poland)
China Institute for Radiation Protection
Commonwealth Scientific Instrumentation Research Organization

(Australia)
European Commission
Health Council of the Netherlands
Institut de Radioprotection et de Surete Nucleaire
International Commission on Non-ionizing Radiation Protection
International Commission on Radiation Units and Measurements
Japan Radiation Council
Korea Institute of Nuclear Safety
National Radiological Protection Board (United Kingdom)
Russian Scientific Commission on Radiation Protection
South African Forum for Radiation Protection
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World Association of Nuclear Operations
World Health Organization, Radiation and Environmental Health

NCRP values highly the participation of these organizations in the Special
Liaison Program.

The Council also benefits significantly from the relationships established
pursuant to the Corporate Sponsor's Program. The program facilitates the
interchange of information and ideas and corporate sponsors provide valuable
fiscal support for the Council's program. This developing program currently
includes the following Corporate Sponsors:

Duke Energy Corporation
GE Healthcare
Global Dosimetry Solutions, Inc.
Landauer, Inc.
Nuclear Energy Institute

The Council's activities have been made possible by the voluntary contribu-
tion of time and effort by its members and participants and the generous
support of the following organizations:

3M Health Physics Services
Agfa Corporation
Alfred P. Sloan Foundation
Alliance of American Insurers
American Academy of Dermatology
American Academy of Health Physics
American Academy of Oral and Maxillofacial Radiology
American Association of Physicists in Medicine
American Cancer Society
American College of Medical Physics
American College of Nuclear Physicians
American College of Occupational and Environmental Medicine
American College of Radiology
American College of Radiology Foundation
American Dental Association
American Healthcare Radiology Administrators
American Industrial Hygiene Association
American Insurance Services Group
American Medical Association
American Nuclear Society
American Osteopathic College of Radiology
American Podiatric Medical Association
American Public Health Association
American Radium Society
American Roentgen Ray Society
American Society of Radiologic Technologists
American Society for Therapeutic Radiology and Oncology
American Veterinary Medical Association
American Veterinary Radiology Society
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Association of Educators in Radiological Sciences, Inc.
Association of University Radiologists
Battelle Memorial Institute
Canberra Industries, Inc.
Chem Nuclear Systems
Center for Devices and Radiological Health
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NCRP seeks to promulgate information and recommendations based on
leading scientific judgment on matters of radiation protection and measure-
ment and to foster cooperation among organizations concerned with these mat-
ters. These efforts are intended to serve the public interest and the Council
welcomes comments and suggestions on its reports or activities.
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NCRP Publications

NCRP publications can be obtained online in both hard- and soft-copy
(downloadable PDF) formats at http://NCRPpublications.org. Professional soci-
eties can arrange for discounts for their members by contacting NCRP. Addi-
tional information on NCRP publications may be obtained from the NCRP
website (http://NCRPonline.org) or by telephone (800-229-2652, ext. 25) and
fax (301-907-8768). The mailing address is:

NCRP Publications

7910 Woodmont Avenue

Suite 400

Bethesda, MD 20814-3095

Abstracts of NCRP reports published since 1980, abstracts of all NCRP
commentaries, and the text of all NCRP statements are available at the
NCRP website. Currently available publications are listed below.

NCRP Reports

No. Title

8 Control and Removal of Radioactive Contamination in Laboratories 
(1951)

 22 Maximum Permissible Body Burdens and Maximum Permissible 
Concentrations of Radionuclides in Air and in Water for Occupational 
Exposure (1959) [includes Addendum 1 issued in August 1963]

 25 Measurement of Absorbed Dose of Neutrons, and of Mixtures of 
Neutrons and Gamma Rays (1961)

 27 Stopping Powers for Use with Cavity Chambers (1961)
 30 Safe Handling of Radioactive Materials (1964)
 32 Radiation Protection in Educational Institutions (1966)
 35 Dental X-Ray Protection (1970)
 36 Radiation Protection in Veterinary Medicine (1970)
 37 Precautions in the Management of Patients Who Have Received 

Therapeutic Amounts of Radionuclides (1970)
 38 Protection Against Neutron Radiation (1971)
 40 Protection Against Radiation from Brachytherapy Sources (1972)
 41 Specification of Gamma-Ray Brachytherapy Sources (1974)
 42 Radiological Factors Affecting Decision-Making in a Nuclear Attack 

(1974)
 44 Krypton-85 in the Atmosphere—Accumulation, Biological 

Significance, and Control Technology (1975)
 46 Alpha-Emitting Particles in Lungs (1975)
 47 Tritium Measurement Techniques (1976)
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 49 Structural Shielding Design and Evaluation for Medical Use of 
X Rays and Gamma Rays of Energies Up to 10 MeV (1976)

 50 Environmental Radiation Measurements (1976)
 52 Cesium-137 from the Environment to Man: Metabolism and Dose 

(1977)
 54 Medical Radiation Exposure of Pregnant and Potentially Pregnant 

Women (1977)
 55 Protection of the Thyroid Gland in the Event of Releases of 

Radioiodine (1977)
 57 Instrumentation and Monitoring Methods for Radiation Protection 

(1978)
 58 A Handbook of Radioactivity Measurements Procedures, 2nd ed. 

(1985)
 60 Physical, Chemical, and Biological Properties of Radiocerium 

Relevant to Radiation Protection Guidelines (1978)
 61 Radiation Safety Training Criteria for Industrial Radiography (1978)
 62 Tritium in the Environment (1979)
 63 Tritium and Other Radionuclide Labeled Organic Compounds 

Incorporated in Genetic Material (1979)
 64 Influence of Dose and Its Distribution in Time on Dose-Response 

Relationships for Low-LET Radiations (1980)
 65 Management of Persons Accidentally Contaminated with 

Radionuclides (1980)
 67 Radiofrequency Electromagnetic Fields—Properties, Quantities and 

Units, Biophysical Interaction, and Measurements (1981)
 68 Radiation Protection in Pediatric Radiology (1981)
 69 Dosimetry of X-Ray and Gamma-Ray Beams for Radiation Therapy in 

the Energy Range 10 keV to 50 MeV (1981)
 70 Nuclear Medicine—Factors Influencing the Choice and Use of 

Radionuclides in Diagnosis and Therapy (1982)
 72 Radiation Protection and Measurement for Low-Voltage Neutron 

Generators (1983)
 73 Protection in Nuclear Medicine and Ultrasound Diagnostic 

Procedures in Children (1983)
 74 Biological Effects of Ultrasound: Mechanisms and Clinical 

Implications (1983)
 75 Iodine-129: Evaluation of Releases from Nuclear Power Generation 

(1983)
 76 Radiological Assessment: Predicting the Transport, Bioaccumulation, 

and Uptake by Man of Radionuclides Released to the Environment 
(1984)

77 Exposures from the Uranium Series with Emphasis on Radon and Its 
Daughters (1984)

78 Evaluation of Occupational and Environmental Exposures to Radon 
and Radon Daughters in the United States (1984)

79 Neutron Contamination from Medical Electron Accelerators (1984)
80 Induction of Thyroid Cancer by Ionizing Radiation (1985)
81 Carbon-14 in the Environment (1985)
82 SI Units in Radiation Protection and Measurements (1985)
83 The Experimental Basis for Absorbed-Dose Calculations in Medical 

Uses of Radionuclides (1985)
84 General Concepts for the Dosimetry of Internally Deposited 

Radionuclides (1985)
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86 Biological Effects and Exposure Criteria for Radiofrequency 
Electromagnetic Fields (1986)

87 Use of Bioassay Procedures for Assessment of Internal Radionuclide 
Deposition (1987)

88 Radiation Alarms and Access Control Systems (1986)
89 Genetic Effects from Internally Deposited Radionuclides (1987)
90 Neptunium: Radiation Protection Guidelines (1988)
92 Public Radiation Exposure from Nuclear Power Generation in the 

United States (1987)
93 Ionizing Radiation Exposure of the Population of the United States 

(1987)
94 Exposure of the Population in the United States and Canada from 

Natural Background Radiation (1987)
95 Radiation Exposure of the U.S. Population from Consumer Products 

and Miscellaneous Sources (1987)
96 Comparative Carcinogenicity of Ionizing Radiation and Chemicals 

(1989)
97 Measurement of Radon and Radon Daughters in Air (1988)
99 Quality Assurance for Diagnostic Imaging (1988)

100 Exposure of the U.S. Population from Diagnostic Medical Radiation 
(1989)

101 Exposure of the U.S. Population from Occupational Radiation (1989)
102 Medical X-Ray, Electron Beam and Gamma-Ray Protection for 

Energies Up to 50 MeV (Equipment Design, Performance and Use) 
(1989)

103 Control of Radon in Houses (1989)
104 The Relative Biological Effectiveness of Radiations of Different 

Quality (1990)
105 Radiation Protection for Medical and Allied Health Personnel (1989)
106 Limit for Exposure to “Hot Particles” on the Skin (1989)
107 Implementation of the Principle of As Low As Reasonably Achievable 

(ALARA) for Medical and Dental Personnel (1990)
108 Conceptual Basis for Calculations of Absorbed-Dose Distributions 

(1991)
109 Effects of Ionizing Radiation on Aquatic Organisms (1991)
110 Some Aspects of Strontium Radiobiology (1991)
111 Developing Radiation Emergency Plans for Academic, Medical or 

Industrial Facilities (1991)
112 Calibration of Survey Instruments Used in Radiation Protection for 

the Assessment of Ionizing Radiation Fields and Radioactive Surface 
Contamination (1991)

113 Exposure Criteria for Medical Diagnostic Ultrasound: I. Criteria 
Based on Thermal Mechanisms (1992)

114 Maintaining Radiation Protection Records (1992)
115 Risk Estimates for Radiation Protection (1993)
116 Limitation of Exposure to Ionizing Radiation (1993)
117 Research Needs for Radiation Protection (1993)
118 Radiation Protection in the Mineral Extraction Industry (1993)
119 A Practical Guide to the Determination of Human Exposure to 

Radiofrequency Fields (1993)
120 Dose Control at Nuclear Power Plants (1994)
121 Principles and Application of Collective Dose in Radiation Protection 

(1995)
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122 Use of Personal Monitors to Estimate Effective Dose Equivalent and 
Effective Dose to Workers for External Exposure to Low-LET 
Radiation (1995)

123 Screening Models for Releases of Radionuclides to Atmosphere, 
Surface Water, and Ground (1996)

124 Sources and Magnitude of Occupational and Public Exposures from 
Nuclear Medicine Procedures (1996)

125 Deposition, Retention and Dosimetry of Inhaled Radioactive 
Substances (1997)

126 Uncertainties in Fatal Cancer Risk Estimates Used in Radiation 
Protection (1997)

127 Operational Radiation Safety Program (1998)
128 Radionuclide Exposure of the Embryo/Fetus (1998)
129 Recommended Screening Limits for Contaminated Surface Soil and 

Review of Factors Relevant to Site-Specific Studies (1999)
130 Biological Effects and Exposure Limits for “Hot Particles” (1999)
131 Scientific Basis for Evaluating the Risks to Populations from Space 

Applications of Plutonium (2001)
132 Radiation Protection Guidance for Activities in Low-Earth Orbit 

(2000)
133 Radiation Protection for Procedures Performed Outside the Radiology 

Department (2000)
134 Operational Radiation Safety Training (2000)
135 Liver Cancer Risk from Internally-Deposited Radionuclides (2001)
136 Evaluation of the Linear-Nonthreshold Dose-Response Model for 

Ionizing Radiation (2001)
137 Fluence-Based and Microdosimetric Event-Based Methods for 

Radiation Protection in Space (2001)
138 Management of Terrorist Events Involving Radioactive Material 

(2001)
139 Risk-Based Classification of Radioactive and Hazardous Chemical 

Wastes (2002)
140 Exposure Criteria for Medical Diagnostic Ultrasound: II. Criteria 

Based on all Known Mechanisms (2002)
141 Managing Potentially Radioactive Scrap Metal (2002)
142 Operational Radiation Safety Program for Astronauts in Low-Earth 

Orbit: A Basic Framework (2002)
143 Management Techniques for Laboratories and Other Small 

Institutional Generators to Minimize Off-Site Disposal of Low-Level 
Radioactive Waste (2003)

144 Radiation Protection for Particle Accelerator Facilities (2003)
145 Radiation Protection in Dentistry (2003)
146 Approaches to Risk Management in Remediation of Radioactively 

Contaminated Sites (2004)
147 Structural Shielding Design for Medical X-Ray Imaging Facilities 

(2004)
148 Radiation Protection in Veterinary Medicine (2004)
149 A Guide to Mammography and Other Breast Imaging Procedures 

(2004)
150 Extrapolation of Radiation-Induced Cancer Risks from Nonhuman 

Experimental Systems to Humans (2005)
151 Structural Shielding Design and Evaluation for Megavoltage X- and 

Gamma-Ray Radiotherapy Facilities (2005)
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152 Performance Assessment of Near-Surface Facilities for Disposal of 
Low-Level Radioactive Waste (2005)

153 Information Needed to Make Radiation Protection Recommendations 
for Space Missions Beyond Low-Earth Orbit (2006)

Binders for NCRP reports are available. Two sizes make it possible to col-
lect into small binders the “old series” of reports (NCRP Reports Nos. 8–30) and
into large binders the more recent publications (NCRP Reports Nos. 32–153).
Each binder will accommodate from five to seven reports. The binders carry the
identification “NCRP Reports” and come with label holders which permit the
user to attach labels showing the reports contained in each binder.

The following bound sets of NCRP reports are also available:

Volume I. NCRP Reports Nos. 8, 22
Volume II. NCRP Reports Nos. 23, 25, 27, 30
Volume III. NCRP Reports Nos. 32, 35, 36, 37
Volume IV. NCRP Reports Nos. 38, 40, 41
Volume V. NCRP Reports Nos. 42, 44, 46
Volume VI. NCRP Reports Nos. 47, 49, 50, 51
Volume VII. NCRP Reports Nos. 52, 53, 54, 55, 57
Volume VIII. NCRP Report No. 58
Volume IX. NCRP Reports Nos. 59, 60, 61, 62, 63
Volume X. NCRP Reports Nos. 64, 65, 66, 67
Volume XI. NCRP Reports Nos. 68, 69, 70, 71, 72
Volume XII. NCRP Reports Nos. 73, 74, 75, 76
Volume XIII. NCRP Reports Nos. 77, 78, 79, 80
Volume XIV. NCRP Reports Nos. 81, 82, 83, 84, 85
Volume XV. NCRP Reports Nos. 86, 87, 88, 89
Volume XVI. NCRP Reports Nos. 90, 91, 92, 93
Volume XVII. NCRP Reports Nos. 94, 95, 96, 97
Volume XVIII. NCRP Reports Nos. 98, 99, 100
Volume XIX. NCRP Reports Nos. 101, 102, 103, 104
Volume XX. NCRP Reports Nos. 105, 106, 107, 108
Volume XXI. NCRP Reports Nos. 109, 110, 111
Volume XXII. NCRP Reports Nos. 112, 113, 114
Volume XXIII. NCRP Reports Nos. 115, 116, 117, 118
Volume XXIV. NCRP Reports Nos. 119, 120, 121, 122
Volume XXV. NCRP Report No. 123I and 123II
Volume XXVI. NCRP Reports Nos. 124, 125, 126, 127
Volume XXVII. NCRP Reports Nos. 128, 129, 130
Volume XXVIII. NCRP Reports Nos. 131, 132, 133
Volume XXIX. NCRP Reports Nos. 134, 135, 136, 137
Volume XXX. NCRP Reports Nos. 138, 139
Volume XXXI. NCRP Report No. 140
Volume XXXII. NCRP Reports Nos. 141, 142, 143
Volume XXXIII. NCRP Report No. 144
Volume XXXIV. NCRP Reports Nos. 145, 146, 147
Volume XXXV. NCRP Reports Nos. 148, 149
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(Titles of the individual reports contained in each volume are given
previously.)

NCRP Commentaries

No. Title

1 Krypton-85 in the Atmosphere—With Specific Reference to the Public 
Health Significance of the Proposed Controlled Release at Three Mile 
Island (1980)

4 Guidelines for the Release of Waste Water from Nuclear Facilities with 
Special Reference to the Public Health Significance of the Proposed 
Release of Treated Waste Waters at Three Mile Island (1987)

5 Review of the Publication, Living Without Landfills (1989)
6 Radon Exposure of the U.S. Population—Status of the Problem (1991)
7 Misadministration of Radioactive Material in Medicine—Scientific 

Background (1991)
8 Uncertainty in NCRP Screening Models Relating to Atmospheric 

Transport, Deposition and Uptake by Humans (1993)
9 Considerations Regarding the Unintended Radiation Exposure of the 

Embryo, Fetus or Nursing Child (1994)
10 Advising the Public about Radiation Emergencies: A Document for 

Public Comment (1994)
11 Dose Limits for Individuals Who Receive Exposure from Radionuclide 

Therapy Patients (1995)
12 Radiation Exposure and High-Altitude Flight (1995)
13 An Introduction to Efficacy in Diagnostic Radiology and Nuclear 

Medicine (Justification of Medical Radiation Exposure) (1995)
14 A Guide for Uncertainty Analysis in Dose and Risk Assessments 

Related to Environmental Contamination (1996)
15 Evaluating the Reliability of Biokinetic and Dosimetric Models and 

Parameters Used to Assess Individual Doses for Risk Assessment 
Purposes (1998)

16 Screening of Humans for Security Purposes Using Ionizing Radiation 
Scanning Systems (2003)

17 Pulsed Fast Neutron Analysis System Used in Security Surveillance 
(2003)

18 Biological Effects of Modulated Radiofrequency Fields (2003)
19 Key Elements of Preparing Emergency Responders for Nuclear and 

Radiological Terrorism (2005)

Proceedings of the Annual Meeting

No. Title

1 Perceptions of Risk, Proceedings of the Fifteenth Annual Meeting held 
on March 14-15, 1979 (including Taylor Lecture No. 3) (1980)

3 Critical Issues in Setting Radiation Dose Limits, Proceedings of the 
Seventeenth Annual Meeting held on April 8-9, 1981 (including 
Taylor Lecture No. 5) (1982)

4 Radiation Protection and New Medical Diagnostic Approaches, 
Proceedings of the Eighteenth Annual Meeting held on April 6-7, 
1982 (including Taylor Lecture No. 6) (1983)
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5 Environmental Radioactivity, Proceedings of the Nineteenth Annual 
Meeting held on April 6-7, 1983 (including Taylor Lecture No. 7) 
(1983)

6 Some Issues Important in Developing Basic Radiation Protection 
Recommendations, Proceedings of the Twentieth Annual Meeting 
held on April 4-5, 1984 (including Taylor Lecture No. 8) (1985)

7 Radioactive Waste, Proceedings of the Twenty-first Annual Meeting 
held on April 3-4, 1985 (including Taylor Lecture No. 9)(1986)

8 Nonionizing Electromagnetic Radiations and Ultrasound, 
Proceedings of the Twenty-second Annual Meeting held on April 2-3, 
1986 (including Taylor Lecture No. 10) (1988)

9 New Dosimetry at Hiroshima and Nagasaki and Its Implications for 
Risk Estimates, Proceedings of the Twenty-third Annual Meeting 
held on April 8-9, 1987 (including Taylor Lecture No. 11) (1988)

10 Radon, Proceedings of the Twenty-fourth Annual Meeting held on 
March 30-31, 1988 (including Taylor Lecture No. 12) (1989)

11 Radiation Protection Today—The NCRP at Sixty Years, Proceedings 
of the Twenty-fifth Annual Meeting held on April 5-6, 1989 (including 
Taylor Lecture No. 13) (1990)

12 Health and Ecological Implications of Radioactively Contaminated 
Environments, Proceedings of the Twenty-sixth Annual Meeting held 
on April 4-5, 1990 (including Taylor Lecture No. 14) (1991)

13 Genes, Cancer and Radiation Protection, Proceedings of the 
Twenty-seventh Annual Meeting held on April 3-4, 1991 (including 
Taylor Lecture No. 15) (1992)

14 Radiation Protection in Medicine, Proceedings of the Twenty-eighth 
Annual Meeting held on April 1-2, 1992 (including Taylor Lecture 
No. 16) (1993)

15 Radiation Science and Societal Decision Making, Proceedings of the 
Twenty-ninth Annual Meeting held on April 7-8, 1993 (including 
Taylor Lecture No. 17) (1994)

16 Extremely-Low-Frequency Electromagnetic Fields: Issues in 
Biological Effects and Public Health, Proceedings of the Thirtieth 
Annual Meeting held on April 6-7, 1994 (not published).

17 Environmental Dose Reconstruction and Risk Implications, 
Proceedings of the Thirty-first Annual Meeting held on April 12-13, 
1995 (including Taylor Lecture No. 19) (1996)

18 Implications of New Data on Radiation Cancer Risk, Proceedings of 
the Thirty-second Annual Meeting held on April 3-4, 1996 (including 
Taylor Lecture No. 20) (1997)

19 The Effects of Pre- and Postconception Exposure to Radiation, 
Proceedings of the Thirty-third Annual Meeting held on April 2-3, 
1997, Teratology 59, 181–317 (1999)

20 Cosmic Radiation Exposure of Airline Crews, Passengers and 
Astronauts, Proceedings of the Thirty-fourth Annual Meeting held on 
April 1-2, 1998, Health Phys. 79, 466–613 (2000)

21 Radiation Protection in Medicine: Contemporary Issues, Proceedings 
of the Thirty-fifth Annual Meeting held on April 7-8, 1999 (including 
Taylor Lecture No. 23) (1999)

22 Ionizing Radiation Science and Protection in the 21st Century, 
Proceedings of the Thirty-sixth Annual Meeting held on April 5-6, 
2000, Health Phys. 80, 317–402 (2001)

23 Fallout from Atmospheric Nuclear Tests—Impact on Science and 
Society, Proceedings of the Thirty-seventh Annual Meeting held on 
April 4-5, 2001, Health Phys. 82, 573–748 (2002)
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24 Where the New Biology Meets Epidemiology: Impact on Radiation 
Risk Estimates, Proceedings of the Thirty-eighth Annual Meeting 
held on April 10-11, 2002, Health Phys. 85, 1–108 (2003)

25 Radiation Protection at the Beginning of the 21st Century–A Look 
Forward, Proceedings of the Thirty-ninth Annual Meeting held on 
April 9–10, 2003, Health Phys. 87, 237–319 (2004)

26 Advances in Consequence Management for Radiological Terrorism 
Events, Proceedings of the Fortieth Annual Meeting held on 
April 14–15, 2004, Health Phys. 89, 415–588 (2005)

27 Managing the Disposition of Low-Activity Radioactive Materials, 
Proceedings of the Forty-first Annual Meeting held on March 30–31, 
2005, Health Phys. 91, 413–536 (2006)

Lauriston S. Taylor Lectures

No. Title

1 The Squares of the Natural Numbers in Radiation Protection by 
Herbert M. Parker (1977)

2 Why be Quantitative about Radiation Risk Estimates? by Sir Edward 
Pochin (1978)

3 Radiation Protection—Concepts and Trade Offs by Hymer L. Friedell 
(1979) [available also in Perceptions of Risk, see above]

4 From “Quantity of Radiation” and “Dose” to “Exposure” and “Absorbed 
Dose”—An Historical Review by Harold O. Wyckoff (1980)

5 How Well Can We Assess Genetic Risk? Not Very by James F. Crow 
(1981) [available also in Critical Issues in Setting Radiation Dose 
Limits, see above]

6 Ethics, Trade-offs and Medical Radiation by Eugene L. Saenger 
(1982) [available also in Radiation Protection and New Medical 
Diagnostic Approaches, see above]

7 The Human Environment—Past, Present and Future by Merril 
Eisenbud (1983) [available also in Environmental Radioactivity, see 
above]

8 Limitation and Assessment in Radiation Protection by Harald H. 
Rossi (1984) [available also in Some Issues Important in Developing 
Basic Radiation Protection Recommendations, see above]

9 Truth (and Beauty) in Radiation Measurement by John H. Harley 
(1985) [available also in Radioactive Waste, see above]

10 Biological Effects of Non-ionizing Radiations: Cellular Properties and 
Interactions by Herman P. Schwan (1987) [available also in 
Nonionizing Electromagnetic Radiations and Ultrasound, see above]

11 How to be Quantitative about Radiation Risk Estimates by Seymour 
Jablon (1988) [available also in New Dosimetry at Hiroshima and 
Nagasaki and its Implications for Risk Estimates, see above]

12 How Safe is Safe Enough? by Bo Lindell (1988) [available also in 
Radon, see above]

13 Radiobiology and Radiation Protection: The Past Century and 
Prospects for the Future by Arthur C. Upton (1989) [available also in 
Radiation Protection Today, see above]

14 Radiation Protection and the Internal Emitter Saga by J. Newell 
Stannard (1990) [available also in Health and Ecological Implications 
of Radioactively Contaminated Environments, see above]

15 When is a Dose Not a Dose? by Victor P. Bond (1992) [available also in 
Genes, Cancer and Radiation Protection, see above]
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16 Dose and Risk in Diagnostic Radiology: How Big? How Little? by 
Edward W. Webster (1992) [available also in Radiation Protection in 
Medicine, see above]

17 Science, Radiation Protection and the NCRP by Warren K. Sinclair 
(1993) [available also in Radiation Science and Societal Decision 
Making, see above]

18 Mice, Myths and Men by R.J. Michael Fry (1995)
19 Certainty and Uncertainty in Radiation Research by Albrecht M. 

Kellerer. Health Phys. 69, 446–453 (1995)
20 70 Years of Radiation Genetics: Fruit Flies, Mice and Humans by 

Seymour Abrahamson. Health Phys. 71, 624–633 (1996)
21 Radionuclides in the Body: Meeting the Challenge by William J. Bair. 

Health Phys. 73, 423–432 (1997)
22 From Chimney Sweeps to Astronauts: Cancer Risks in the Work Place 

by Eric J. Hall. Health Phys. 75, 357–366 (1998)
23 Back to Background: Natural Radiation and Radioactivity Exposed 

by Naomi H. Harley. Health Phys. 79, 121–128 (2000)
24 Administered Radioactivity: Unde Venimus Quoque Imus by S. James 

Adelstein. Health Phys. 80, 317–324 (2001)
25 Assuring the Safety of Medical Diagnostic Ultrasound by Wesley L. 

Nyborg. Health Phys. 82, 578–587 (2002)
26 Developing Mechanistic Data for Incorporation into Cancer and 

Genetic Risk Assessments: Old Problems and New Approaches by R. 
Julian Preston. Health Phys. 85, 4–12 (2003)

27 The Evolution of Radiation Protection–From Erythema to Genetic 
Risks to Risks of Cancer to ? by Charles B. Meinhold, Health Phys. 87, 
240–248 (2004)

28 Radiation Protection in the Aftermath of a Terrorist Attack Involving 
Exposure to Ionizing Radiation by Abel J. Gonzalez, Health Phys. 89, 
418–446 (2005)

29 Nontargeted Effects of Radiation: Implications for Low Dose 
Exposures by John B. Little, Health Phys. 91, 416–426 (2006)

Symposium Proceedings

No. Title

1 The Control of Exposure of the Public to Ionizing Radiation in the 
Event of Accident or Attack, Proceedings of a Symposium held 
April 27-29, 1981 (1982)

2 Radioactive and Mixed Waste—Risk as a Basis for Waste 
Classification, Proceedings of a Symposium held November 9, 1994 
(1995)

3 Acceptability of Risk from Radiation—Application to Human Space 
Flight, Proceedings of a Symposium held May 29, 1996 (1997)

4 21st Century Biodosimetry: Quantifying the Past and Predicting the 
Future, Proceedings of a Symposium held February 22, 2001, Radiat. 
Prot. Dosim. 97(1), (2001)

5 National Conference on Dose Reduction in CT, with an Emphasis on 
Pediatric Patients, Summary of a Symposium held November 6-7, 
2002, Am. J. Roentgenol. 181(2), 321–339 (2003)
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NCRP Statements

No. Title

 1 “Blood Counts, Statement of the National Committee on Radiation 
Protection,” Radiology 63, 428 (1954)

2 “Statements on Maximum Permissible Dose from Television 
Receivers and Maximum Permissible Dose to the Skin of the Whole 
Body,” Am. J. Roentgenol., Radium Ther. and Nucl. Med. 84, 152 
(1960) and Radiology 75, 122 (1960)

3 X-Ray Protection Standards for Home Television Receivers, Interim 
Statement of the National Council on Radiation Protection and 
Measurements (1968)

4 Specification of Units of Natural Uranium and Natural Thorium, 
Statement of the National Council on Radiation Protection and 
Measurements (1973)

5 NCRP Statement on Dose Limit for Neutrons (1980)
6 Control of Air Emissions of Radionuclides (1984)
7 The Probability That a Particular Malignancy May Have Been Caused 

by a Specified Irradiation (1992)
8 The Application of ALARA for Occupational Exposures (1999)
9 Extension of the Skin Dose Limit for Hot Particles to Other External 

Sources of Skin Irradiation (2001)
10 Recent Applications of the NCRP Public Dose Limit Recommendation 

for Ionizing Radiation (2004)

Other Documents

The following documents were published outside of the NCRP report, com-
mentary and statement series:

Somatic Radiation Dose for the General Population, Report of the Ad Hoc 
Committee of the National Council on Radiation Protection and 
Measurements, 6 May 1959, Science 131 (3399), February 19, 
482–486 (1960)

Dose Effect Modifying Factors in Radiation Protection, Report of 
Subcommittee M-4 (Relative Biological Effectiveness) of the National 
Council on Radiation Protection and Measurements, Report BNL 
50073 (T-471) (1967) Brookhaven National Laboratory (National 
Technical Information Service, Springfield, Virginia)

Residential Radon Exposure and Lung Cancer Risk: Commentary on 
Cohen's County-Based Study, Health Phys. 87(6), 656–658 (2004)
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Index

Absorbed dose 110–111, 116–120
measurement 116–120

Accelerators 74–76, 108, 111–112, 
127–128, 167, 178, 192, 238, 306
facilities 74–75, 128
studies 76, 108, 111–112, 127, 

167, 178, 192, 238, 306
Adaptive effects 185, 203, 206, 

231–232
Alpha particles 102–103, 286–289

irradiation experiments 286–289
lineal stopping power 102
particle tracks 103

Alternative cancer projection 
models 271–273
Carnes Model 271–273

Aluminum 69–70, 92–93
collision cross sections 69
fragmentation cross sections 70
shielding effectiveness 92–93

Animal models 132–133, 196, 242, 
271, 280
cataracts 132–133
leukemia 196

Aortic lesion formation (mice) 171
Apollo and shuttle 125

space mission doses 125
Apoptosis 148–149, 165–166, 173, 

184, 236
Archimedean spiral geometry 33, 

38
Argon ions 126, 144, 160, 177, 

294–296
conditioned taste aversion 160
human fibroblasts 177
irradiation experiments 294–296
kinetic energy as a function of 

range 126
skin tumors (rat) 144

As low as reasonably achievable 
(ALARA) 128

Astronauts 125, 130–131
cataracts (as function of age) 130
cataracts (as function of time 

after first mission) 131
space mission doses 125

Astronomical unit (AU) 15, 17–18, 
20, 29, 34, 38–39, 43

Badhwar and O’Neill Model 19–27
comparisons 25

Behavioral effects 158–168, 239
brain effects in animals 166–168
conditional taste aversion 

159–160
iron ions 160–163
nerve cells in vitro 163–166
sensorimotor deficits 158–159

Beryllium ions 85
fluence (from neon nuclei 

incident on water) 85
Biological models 283–308
Biophysics models 91–93
Boron ions 85

fluence (from neon nuclei 
incident on water) 85

Bragg peak 86, 150, 165, 167, 195
carbon ions 167
neon ions 165
protons 86, 150, 195

Brain and spinal cord 147–154
Brain tumors 140–142, 147, 155
Breast cancer 133–134, 138–140, 

145, 171, 230, 240, 249
atomic-bomb survivors 138–140, 

240
in animal model 145
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Bremsstrahlung 159, 190
behavioral effectiveness (ferrets) 
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