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28.1  Individual Radiosensitivity

Currently, the use of the terms radiation sensitivity and susceptibility is being 
debated (Foray et  al. 2016; Wojcik et  al. 2018). Some authors argue that radia-
tion sensitivity should only be used for tissue reactions following cell death, while 
radiation susceptibility is the proneness to develop radiation-induced cancer (Foray 
et al. 2016). In the remainder of this chapter, we will use the term radiosensitivity 
for both cases.

It is well known from clinical practice as well as from radiobiological and toxico-
logical experiments with high doses that each person reacts differently to radiation 
and drugs. The International Commission on Radiological Protection has estimated 
that between 5% and 15% of the population may be carriers of genetic mutations 
conferring them more radiosensitive (ICRP 2007). For manned spaceflight, and 
especially that beyond Low Earth Orbit, the individual biological responses to cos-
mic ray exposure may therefore be of critical concern for health- risk assessment of 
astronauts.

Interindividual differences in radiosensitivity have been reported with an 
increased incidence of both deterministic (e.g., tissue reactions like erythema or 
fibrosis) and stochastic effects (e.g., cancer, see also Chap. 20). Several studies 
demonstrated that the occurrence and severity of normal tissue reactions in response 
to ionizing radiation are influenced mainly by genetic susceptibility. In this context, 
variations in radiosensitivity between individuals may be a consequence of deficien-
cies in DNA repair capacity. This can be caused by specific mutations or polymor-
phisms in DNA repair genes such as ataxia telangiectasia mutated (ATM) (Taylor 
et  al. 1975) or nibrin (NBN or NBS1), which is mutated in Nijmegen Breakage 
Syndrome (Chistiakov et al. 2008; Varon et al. 1998). They can also result from a 
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combination of small variations in multiple genes (Andreassen 2005), such as those 
functioning in specific DNA double-strand break (DSB) repair pathways including 
poly (ADP-ribose) polymerase (PARP), DNA-dependent protein kinase, catalytic 
subunit (PRKDC), TP53, or ATM and Rad3-related (ATR).

For a radiation-related health-risk assessment for astronauts, methods that can 
measure and/or predict individual radiosensitivity would be of great value. In the 
future such assays could be used as predictive tests to identify astronauts with a 
greater than average risk of developing radiation-induced health effects. Moreover, 
the identification of (predictive) biomarkers of radiation sensitivity could also be 
relevant for cancer patients treated with radiotherapy. With the growing interest 
in personalized medicine treament plans could be better tailored to the individual 
patients based on their personal radiation sensitivity.

28.2  Tools to Evaluate Radiosensitivity and Exposure Dose

Currently, a number of tests have been described and used to assess responses to radi-
ation. In this light, peripheral blood lymphocytes are the preferred target for assess-
ing radiosensitivity, as they are among the most radiosensitive cell types in humans 
(Venkatesulu et al. 2018). Biological endpoints such as chromosomal aberrations (e.g., 
dicentrics, translocations, micronuclei, DNA fragmentation) and the repair capacity 
of radiation-induced damage have been used to determine individual radiosensitivity 
in vitro. These methods mostly rely on previous observations that the occurrence of 
chromosomal aberrations is associated with increased radiosensitivity. Furthermore, 
novel methods such as gene expression profiles both at the mRNA and protein level, 
as well as epigenetic changes may be suitable as radiation sensitivity biomarkers. 
Besides this, these same methods can also be used as biodosimeters, i.e., as biological 
measurements to predict the dose to which an individual has been exposed.

Thus, different methods can be used for the detection of radiation-induced dam-
age or biological effects and their choice depends on several parameters (expo-
sure duration, estimated absorbed dose, type of exposure, and time since exposure). 
Importantly, most of these methods can be used for rather low doses from about 0.1 
or 0.2 Sv and upward, which is within the range of what would be encountered by 
astronauts on interplanetary missions. Other important advantages of using biologi-
cal markers for assessing radiation exposure over physical dosimeters are that they 
take into account shielding by the body itself, and that they are sensitive to all types 
of radiation, including neutrons.

28.2.1  Chromosomal Aberrations: Dicentrics and Stable 
Translocations

The use of cytogenetic tests to monitor the occurrence of chromosomal aberrations 
induced by ionizing radiation dates back to the 1960s when Tough et al. described 
chromosomal aberrations in the blood of patients who had undergone radiotherapy 
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to treat ankylosing spondylitis (Tough et al. 1960). To date, chromosomal aberra-
tions have been widely accepted as biomarkers of exposure to ionizing radiation. 
Moreover, the frequency of radiation-induced chromosomal aberrations is associ-
ated with overall cancer risk (Distel et al. 2006; Tucker 2008) suggesting that they 
may also be used as indicators for individual radiosensitivity.

Two of the most used cytogenetics assays are the Dicentric Chromosome Assay 
(DCA) and fluorescent in situ hybridisation (FISH) for the analysis of stable chro-
mosomal translocations. The DCA usually uses metaphase spreads of lymphocytes 
to score for chromosomes with two centromeres. Advantages of the DCA are the 
low background, high specificity to radiation, low interindividual variability, and 
high correlation between in vitro and in vivo dose estimations (Hall et al. 2017). 
Their half-life is between 6 months to a year, which makes them suitable for retro-
spective analysis after most ISS missions, but not for long-duration missions span-
ning several years.

Chromosomal translocations refer to the occurrence of chromosome breakage, 
followed by transfer of the broken-off portion, often to a different chromosome. 
They are usually induced by the formation of DNA DSBs and subsequent interac-
tion of different DSBs with each other. The scoring of chromosomal translocations 
is mostly performed using FISH painting which uses fluorescently labeled DNA 
probes to mark specific regions in the DNA after which they can be visualized using 
fluorescence microscopy. Translocations are in general very stable, with a half-life 
of 6–12 years (Durante 2005) and can be transmitted by mitosis making them very 
suitable for retrospective biodosimetry (Awa 1997). However, the analysis of chro-
mosomal translocations is also useful in susceptibility studies to identify genetic 
polymorphisms of genes involved in the individual response to ionizing radiation 
(Rodrigues et al. 2005) and cancer. Currently, chromosomal translocations are used 
in the clinic as biomarkers for cancer risk and they have been validated as intermedi-
ate endpoints of cancer. This shows the potential of using chromosomal transloca-
tions as biomarkers for radiation sensitivity as well. One of the disadvantages of 
using FISH compared to the DCA is the rather large interindividual variability of 
chromosomal translocations. However, since it is easy to obtain preexposure (i.e. 
pre-flight) samples from astronauts to calculate their individual background levels, 
this is not really a concern (Beaton-Green et al. 2015).

The use of cytogenetics assays to assess radiation effects in astronauts during 
spaceflight, have been applied since the late 1990’s (Durante et al. 2003; Fedorenko 
et al. 2001; George et al. 2004, 2001; Obe et al. 1997; Testard et al. 1996; Yang et al. 
1997). In general, these studies and more recent ones (Beaton-Green et  al. 2015; 
Cucinotta et al. 2008; George et al. 2010, 2013) have shown that the number of chro-
mosomal aberrations significantly increased during the mission, although there were 
large interindividual differences, which could not be attributed to the measured dose. 
This variability could be a consequence of differences in radiation sensitivity, but the 
experimental uncertainties were so high that the result could also be explained by sta-
tistical fluctuations (Durante 2005) because the doses to which the astronauts were 
exposed were close to the sensitivity thresholds of the assays (Cologne et al. 1998). 
It may therefore be anticipated that these methods would have better sensitivity 
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in the case of missions of longer duration, when astronauts are exposed to higher 
dose equivalents. In this respect, it was shown that the occurrence of translocations 
increased in astronauts after repeated missions (George et al. 2013).

28.2.2  Micronuclei

The cytokinesis-blocked micronucleus (CBMN) assay is one of the most commonly 
used methods for the measurement of chromosome loss and breakage in nucleated 
cells (Fenech 2010). Micronuclei are small nuclear membrane-bound structures. 
They originate from acentric chromosome fragments or complete chromosomes 
which are unable to attach to the mitotic spindle during cytokinesis, thereby result-
ing in exclusion from the daughter nuclei into the cytoplasm. Since micronuclei are 
present in cells that have completed nuclear division, they are ideally scored in the 
binucleated stage of the cell cycle. To distinguish between nondividing cells and 
cells undergoing mitosis, cytochalasin-B, an inhibitor of the mitotic spindle that 
prevents cytokinesis, is added to the cell cultures. As a consequence, cells that have 
completed one nuclear division can be identified by their binucleated appearance. 
This leads to cells which contain two nuclei and one or more micronuclei if chro-
mosome breaks have occurred or the centromere is damaged (Fenech and Morley 
1985). New methods of detection, using high resolution in combination with flow 
cytometry may significantly enhance the usefulness of this assay by facilitating 
automation and quantification of the assay (Rodrigues et al. 2018).

Currently, the CBMN assay is being used successfully for biodosimetry after 
occupational, medical and accidental radiation exposure, although it is only useful 
after exposures above 200–300 mGy (Feng et al. 2015; Liu et al. 2009; Thierens et 
al. 2014;  Vral et al. 2011). Furthermore, since radiosensitive cells are more sus-
ceptible to radiation-induced micronucleus formation and because micronuclei 
originate from mis-repair or DSBs in DNA, the CBMN assay can be used to to 
assess individual in vitro radiosensitivity or cancer susceptibility (Vral et al. 2011). 
However, the CBMN assay seems less suitable for the assessment of exposure to 
energetic heavy ions (Wu et al. 2006), one of the major components of cosmic radia-
tion, especially in terms of expected health effects.

28.2.3  Premature Chromosome Condensation (PCC) Assay

The problems that arise with the study of metaphases (e.g., radiation-induced 
mitotic delay) can be circumvented by directly studying interphase cell aberrations. 
The PCC assay is very powerful for detecting chromatin damage in G1 or G2-phase 
cells and it has the advantage of being used to compare responses to different radia-
tion types such as heavy ions or X-rays (Suzuki et al. 2006). This is in contrast to 
chromosome aberrations in metaphase spreads, which are not always comparable 
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when cells are exposed to different types of radiation. The PCC method is especially 
suitable for studying radiation-induced chromatid breaks in the G2-phase, which is 
the cell cycle phase in which cells are the most radiosensitive (Wang et al. 2006). 
Therefore, the frequencies of aberrations as determined via PCC are higher than 
those of metaphase spreads, indicating increased sensitivity. Another advantage of 
the PCC method is that it can be used for dosimetry purposes, within a very high 
range of doses (from 200 mGy to ~20 Gy) depending on the specific application 
(Pernot et al. 2012).

PCC occurs when mitotic cells, containing condensed chromosomes, fuse with 
interphase cells causing the interphase cells to produce condensed chromosomes 
prematurely. Although the initial protocol was very laborious and did not hold much 
promise to become a widely used method, a study by Gotoh and Asakawa showed 
that it was possible to induce PCC in G2-phase lymphocytes using the protein 
phosphatase inhibitor okadaic acid (Gotoh and Asakawa 1996). Later, other protein 
phosphatases were also applied (Durante et al. 1998), thereby significantly enhanc-
ing the suitability of the technique.

The PCC assay has also been applied for retrospective biodosimetry of astro-
nauts, especially to compare results with those of metaphase analysis for complex 
chromosomal rearrangements. Some of these studies did not observe significant dif-
ferences in the number of complex damages between pre- and post-flight samples 
(George et al. 2002; Greco et al. 2003) probably because exposures were too low. 
Another study evaluating translocations via the PCC assay did find increases in 
chromosome damage during flight, which was additive for repeated long-duration 
missions (George et al. 2013). In general, it is assumed that the PCC may be more 
accurate than metaphases for assessing complex chromosome damage because 
problems of chromosome damage underestimation due to cell cycle delays are 
avoided (George et al. 2002).

28.2.4  Comet Assay (Single-Cell Gel Electrophoresis)

The comet assay, also known as the single-cell gel electrophoresis assay, is a sensi-
tive method for the detection of DNA damage and repair in individual cells (Singh 
et al. 1988). The size and shape of the comet and the distribution of DNA within the 
comet correlate with the extent of DNA damage (Fairbairn et al. 1995). For many 
years now, the comet assay has been utilized to study DNA damage induced by 
ionizing radiation. The dose range that can be investigated using the alkaline comet 
assay is 100 mGy to 8 Gy, although it has little potential as a radiation biodosimeter 
because of its lack of specificity for radiation-induced DNA damage (Pernot et al. 
2012). However, this assay may be of interest because it can be used to evaluate 
DNA repair capacity which is a measure of individual radiosensitivity. A low DNA 
repair capacity is in general associated with increased (radiation-induced) cancer 
risk (Curtin 2012).
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28.2.5  γ-H2AX Focus Assay

Upon DNA DSB induction in mammals, the histone H2A variant H2AX becomes 
rapidly phosphorylated at serine 139 in a region spanning several megabases around 
the initial lesion. The phosphorylated form of H2AX, termed γ-H2AX, facilitates 
the recruitment of other DNA repair factors to the damaged sites (Paull et al. 2000) 
and has an anchoring function to retain the broken chromosomal DNA ends in close 
proximity (Bassing and Alt 2004). As a result of the recruitment of DNA repair fac-
tors, a so-called focus is formed which can be easily visualized using light micros-
copy (Rogakou et al. 1999; Rogakou et al. 1998). As there is one focus formed per 
DSB, the number of DSBs can be directly determined from the number of foci that 
are present shortly after the induction of DNA damage.

The phosphorylation of H2AX occurs at a conserved carboxyl-terminal Ser-Gln- 
Glu (SQE) amino acid sequence and is catalyzed by members of the phosphoinosit-
ide 3-kinase (PI3K) family, such as DNA-PK catalytic subunit ATM, and ATR 
(Paull et al. 2000). The phosphorylation status of γ-H2AX is under tight control 
of the kinase activity of the abovementioned protein kinases, as well as the phos-
phatase activity of protein phosphatases such as WIP1/PPM1D (Cha et al. 2010). 
Another way of removing γ-H2AX, after DNA damage has been repaired, is by 
histone exchange. It has also been shown that the mechanism of γ-H2AX phos-
phorylation is dependent on the type of genotoxic stress. For example, at the site of 
ionizing radiation-induced DSBs, the phosphorylation of H2AX occurs mainly by 
ATM, whereas after UV irradiation the mechanism depends on the cell cycle and 
can occur in the absence of DSBs (Cha et al. 2010).

The γ-H2AX assay is probably the most sensitive method to detect radiation- 
induced DNA damage. DSBs can be visualized in cells after exposures to doses as 
low as 2 mGy (Rothkamm and Lobrich 2003). However, it does suffer from a number 
of drawbacks, including a lack of specificity for radiation-induced damage and the 
transient nature of the signal (depending on the dose and radiation quality, DSBs are 
repaired within hours after exposure). This precludes its usefulness as a biomarker of 
exposure, but like the comet assay, it could be an excellent method to assess individual 
radiosensitivity based on DNA repair capacity measurements (Hall et al. 2017).

28.3  Emerging Technologies for High-Throughput Screening

As previously mentioned, classical cytogenetic measurements such as dicentrics 
and chromosomal translocations have been mostly used to detect chromosomal 
aberrations in peripheral blood lymphocytes of astronauts returning from long-
term space missions (Beaton-Green et  al. 2015; Cucinotta et  al. 2008; Durante 
et al. 2003; Fedorenko et al. 2001; George et al. 2001, 2004, 2010, 2013; Obe et al. 
1997; Testard et al. 1996; Yang et al. 1997). In the next paragraphs, we will review 
some emerging technologies which might be useful for high-throughput screening 
of interindividual differences in radiosensitivity. So far, these methods have not yet 
been used to evaluate radiation exposure or sensitivity in astronauts.
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28.3.1  Transcriptomic Profiling

Intrinsic radiosensitivity is correlated with the ability of the cell to detect and repair 
DNA damage (Hennequin et  al. 2008), which is the ultimate factor for cell sur-
vival. To deal with radiation-induced DNA damage, cells have developed complex 
responses that rely on activation of genes that are involved in DNA damage repair 
and cell cycle arrest. However, when the cell damage is too severe, cellular apop-
tosis or cellular senescence can be induced, mainly via activation of p53 (Ou and 
Schumacher 2018), as a way to escape malignancy. Mechanistically, it is therefore 
likely that interindividual differences in DNA damage response gene activation 
may reflect individual radiation sensitivity. Thus, individuals having a genetic dys-
function of certain genes that are important for the DNA damage response display 
hypersensitivity toward ionizing radiation. In this context, not only the quality but 
also the quantity of changes in gene expression may differ greatly between individu-
als and contribute to the individual differences in response to radiation (Smirnov 
et al. 2009). For instance, in a screen of the radiation response between unrelated 
individuals and monozygotic twins it was shown that there was a very strong heri-
table component for the transcriptional response of the p53 target genes FDXR and 
CDKN1A to ionizing radiation. The variability in their postirradiation expression 
levels was much smaller amongst the monozygotic twins than the unrelated indi-
viduals (Correa and Cheung 2004).

Since the early 2000’s, many studies have demonstrated the usefulness of 
radiation- induced changes in gene expression as signatures that could be used for 
biodosimetry purposes [reviewed in Hall et al. (2017), Lacombe et al. (2018), and 
Pernot et  al. (2012)]. With time and the development of new methods for gene 
expression profiling, these studies have shown an increasing sensitivity of gene 
signatures towards prediction of ever lower doses, down to 100 mGy and below 
(Broustas et al. 2017; Knops et al. 2012; Macaeva et al. 2018; Macaeva et al. 2016; 
Nosel et al. 2013; Paul and Amundson 2011; Riecke et al. 2012), the dose range to 
which astronauts may be exposed. An important new application in this respect will 
be the identification of exon signatures, based on the observations of extensive radi-
ation-induced alternative splicing (Macaeva et al. 2016; Sprung et al. 2011) which 
will benefit from advances in RNA sequencing methods. Another important finding 
from these studies is that these identified gene signatures are in general very robust, 
and independent of experimental conditions or differences related to the radiation 
itself (i.e., radiation quality, dose rate) (Hall et al. 2017). Finally, although most of 
these biomarkers have been investigated using ex vivo-irradiated blood samples, 
they have been proven to work also for in vivo-irradiated cancer patients (Abend 
et al. 2016; O'Brien et al. 2018; Paul and Amundson 2011). This is an important 
asset for their potential applicability for astronaut screening.

From these observations it can be concluded that the genes most appropriate 
for biodosimetry are those involved in the p53-regulated DNA damage response 
pathways. Interestingly, the same panel of genes has been proposed as potential 
biomarkers for studying radiation quality and dose rate effects, relevant for model-
ing cancer risk from space radiation (Sridharan et al. 2016). However, in contrast 
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to gene expression signatures for individual radiosensitivity, genes that are useful 
for biodosimetry should ideally exhibit dose-dependent changes in expression with 
very little variation depending on age, gender, time, cell type, and/or other interin-
dividual confounding factors (Pogosova-Agadjanyan et al. 2011).

28.3.2  Epigenetic Profiling

Besides individual differences in gene expression, differences in epigenetic marks 
may also influence the individual response to ionizing radiation. The term epi-
genetics has nowadays many different meanings. One classical definition is that 
epigenetics refers to changes in gene expression that do not involve changes in 
the DNA sequence but are nevertheless inherited (through mitosis and possibly 
meiosis) (Holliday 1987). Two classical epigenetic mechanisms are DNA methyla-
tion and posttranslational histone modification, both of which mainly affect gene 
expression by altering the chromatin structure, thereby making genes more or less 
accessible for transcription. Other epigenetic information carriers that have been 
proposed include transcription factors, prions, small RNAs (e.g., microRNAs), long 
intergenic noncoding RNAs and chromatin structure (Kaufman and Rando 2010; 
Rando 2016).

DNA methylation is a widely studied and best characterized epigenetic modifica-
tion (Barros-Silva et al. 2018) and will therefore be mainly discussed here. It involves 
a covalent deposition of a methyl group, mostly catalyzed by DNA methyltransferases 
(DNMTs) at the 5′ position of a cytosine ring, which occurs mostly in the vicinity of 
a CpG dinucleotide (Taby and Issa 2010). The CpG dinucleotides tend to cluster in 
so-called CpG islands which are often located in promoter regions of genes (about 
60% of the human gene promoters are associated with CpG islands). In a normal 
differentiated cell, most promoter CpG islands are unmethylated whereas the CpG 
islands that are distributed across the genome—mostly associated with repetitive 
elements—are methylated. Methylation of CpG islands is generally associated with 
gene silencing via various mechanisms such as recruitment of methyl-CpG-binding 
domain proteins, recruitment of histone-modifying and chromatin- remodeling com-
plexes, or by precluding the recruitment of DNA-binding proteins (e.g., transcription 
factors) to their target sites (Portela and Esteller 2010).

The first observation that radiation affects DNA methylation was reported in 
E. coli in 1972 (Whitfield and Billen 1972) while the first report in mammals sug-
gested both hypo- and hypermethylation in Wistar and outbred rats exposed to high 
doses of γ-radiation (Rakova 1979). Following in vivo studies indicated that expo-
sure to radiation induces in general a loss of global DNA methylation in hemato-
poietic tissues as well as liver, but not in muscle and lung (Miousse et al. 2017). 
Nevertheless, alterations in DNA methylation of specific genes in response to radia-
tion exposure may go in both directions, and one gene often found to be hyper-
methylated, for instance in the sputum of uranium miners (Su et  al. 2006) or in 
lung-adenocarcinomas of Mayak nuclear facility workers (Belinsky et al. 2004) is 
the tumor-suppressor gene CDKN2A.
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Of relevance for space exploration are results from experimental animal studies, 
showing global DNA hypermethylation in lungs of C57BL6 mice after exposure 
to low absorbed doses of 56Fe ions (Nzabarushimana et al. 2014), which was cor-
roborated in a number of other studies demonstrating hypermethylation in repetitive 
elements in heart and lung of 56Fe-irradiated mice (Koturbash et  al. 2016; Lima 
et al. 2014; Prior et al. 2016). Another study investigated the correlation between 
56Fe-induced cognitive decline and changes in DNA methylation and hydroxymeth-
ylation (hmC) in the hippocampus, showing that especially hmC could be correlated 
to cognitive impairments (Impey et al. 2016). Interestingly, treatment of mice with 
the DNA methylation inhibitor 5-iodotubercidin partially restored DNA methyla-
tion levels and could improve cognitive function of mice exposed to a space- relevant 
dose of 28Si-ions (Acharya et al. 2017).

To link DNA methylation with other epigenetic markers, a recent study showed 
that the long noncoding RNA PARTICLE, which is specifically induced in response 
to low-dose radiation (O'Leary et  al. 2015) links DNA and histone methylation 
and thereby affects gene expression at a genome-wide scale (O'Leary et al. 2017). 
Whether and how epigenetic mechanisms affect individual radiation sensititvity is 
currently under further investigation. In this respect, it is interesting to note that 
the NASA Twin Study, in which an astronaut spent 1 year at the ISS while his twin 
brother and fellow astronaut stayed on Earth, supposedly identified large changes in 
epigenetic modifications during spaceflight (Garrett-Bakelman et al. 2019).

28.3.3  Multiple Protein Expression Profiling

Although changes in gene transcription can serve as good candidate biomarkers, 
protein changes may be relevant as well (Hall et al. 2017). Differences in protein 
levels can occur between radioresistant and radiosensitive individuals, and therefore 
protein signatures might also have a predictive value (Chaze et al. 2013). Recent 
advances in proteomics might allow the identification of proteins associated with 
radiosensitivity (Leszczynski 2014; Smith et al. 2009; Turtoi et al. 2011).

28.4  Conclusion

For manned spaceflight, the biological effects induced by cosmic ray exposure on 
the immune and other organ systems are of critical concern to risk assessment for 
astronauts, especially since the orbiting (so-called (Deep Space) Gateway) and 
habitats on the moon are now clearly planned and envisaged for the near future. 
In this light, and when expanding further to the manned exploration of Mars, the 
increased risk of cancer associated with radiation exposure is widely considered 
to be the main obstacle to interplanetary travel (Chancellor et al. 2014; Cucinotta 
and Durante 2006; Durante and Cucinotta 2008). Shielding of the astronauts from 
space radiation is therefore a very important protective measure. Material shielding 
may only be partially effective against cosmic radiation in certain energy ranges, 
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but may actually make the problem worse for some of the higher energy rays, as 
more shielding induces an increased amount of secondary radiation. Therefore, 
other protection measures such as onboard biodosimetry, or therapeutic measures, 
should also be considered, although their effectiveness in deep space is not yet 
established. Currently, several radioprotectors are available that can prevent and/
or reduce radiation- induced health effects by enhancing the body’s natural capacity 
to repair cell damage caused by radiation or by preventing DNA damage to occur 
(McLaughlin et al. 2017; Smith et al. 2017). Another possible preventive measure 
could be to include the individual’s radiation resistance to the induction of early and 
late radiation effects in the medical assessment of the mission crew applicants. This 
has to be complemented by the provision of adequate onboard biodosimetry tools to 
guarantee the best possible diagnostics and personalized care in-flight.
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