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Abstract

Purpose: Transcriptomic-based approaches are being developed to meet the needs for large-scale 

radiation dose and injury assessment and provide population triage following a radiological or 

nuclear event. This review provides background and definition of the need for new biodosimetry 

approaches, and summarizes the major advances in this field. It discusses some of the major model 

systems used in gene signature development, and highlights some of the remaining challenges, 

including individual variation in gene expression, potential confounding factors, and accounting 

for the complexity of realistic exposure scenarios.

Conclusions: Transcriptomic approaches show great promise for both dose reconstruction and 

for prediction of individual radiological injury. However, further work will be needed to ensure 

that gene expression signatures will be robust and appropriate for their intended use in radiological 

or nuclear emergencies.
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Introduction – the need for biodosimetry

We live in an era of heightened concern over the possibility of large-scale radiological 

or nuclear events that may result from accidents, ecological disasters, or malicious intent. 

Damage to a power plant or detonation of a dirty bomb, in which conventional explosives 

are used to blow up and disperse a radioactive source, could result in potential widespread 

exposure to radionuclides in fallout. Detonation of an improvised nuclear device (IND) 

could result in radiological injuries from prompt radiation, contamination and ingestion 

of radionuclides from fallout, as well as burn and crush injuries and extensive damage to 

infrastructure. In preparing for the response to such large-scale events, it is clear there will 

be a critical need to rapidly assess the level of radiological injury to individuals in order 

to appropriately ration medical countermeasures from limited stockpiles. As the general 
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populace will not have physical radiation dosimeters, we must rely on measurements of 

biological responses to radiation to provide markers of exposure, dose, or injury.

In a mass casualty event, it will be necessary to screen hundreds of thousands of people, 

possibly as many as a million, within a relatively short period of time (Waselenko et 

al., 2004). Thus, a stepwise approach to radiological triage is commonly envisioned, in 

which an initial rapid point-of-care screening will be used to separate the “worried well”, 

who are either unexposed or have only sub-clinical exposure, from those who may benefit 

from rapid treatment. The target for this initial determination is usually above or below 

2 Gy, with false positive calls preferred over false negatives. Further testing, perhaps 

using a high-throughput platform, can then be performed on a greatly reduced number 

of individuals to provide a more accurate assessment of doses above 2 Gy (Sullivan 

et al., 2013; Wathen et al., 2020) in order to support the management of treatment. In 

most anticipated scenarios, the majority of those presenting for testing are expected to be 

unexposed, but rapid individualized testing can help to stem panic and prevent medical 

resources from being overwhelmed. As rapid field testing approaches are not yet available, 

a geo-statistical sampling approach has been proposed as a means to reduce the number of 

screenings required. In this scenario, dosimetry maps of likely exposure areas would first 

be modeled, and then sentinel individuals representing different projected exposure levels 

would be subjected to biodosimetry, as a means of reducing the numbers needing to be 

screened (Rogan et al., 2020).

In addition to high-throughput capacity and the speed of time to answer, a number of other 

factors are important to consider in the development of biodosimetry approaches for mass 

casualty events. Besides classifying exposures as above or below 2 Gy, a biodosimetry 

assay should ideally be able to accurately estimate dose up to 8 or 10 Gy, the range where 

bone marrow transplant may be considered, and above which casualties would currently be 

considered expectant (Wathen et al., 2020). The majority of radiation biodosimetry studies 

discussed here have thus focused on this dose range of interest, between 0.5 or 1 Gy on the 

low end and 8 or 10 Gy at the high end. A biodosimetry assay should also function during 

the window of opportunity for treatment, approximately 1-7 days after an event.

The inter-individual variability of both baseline and response is also important to 

understand, as well as the potential for confounding by sex, age, pre-existing conditions, 

medications, or non-radiation stresses. Furthermore, assays that can be run by minimally 

trained personnel and give a clear result as output are also preferred, to help avoid 

bottlenecks in sample acquisition, testing, and interpretation.

The gold standard of radiation biodosimetry has long been the dicentric chromosome assay 

(DCA). It remains the approach recommended for emergency use by the International 

Standards Organization (ISO) and the International Atomic Energy Agency (IAEA), as 

well as the United States Food and Drug Administration (FDA) reference method for 

development of new radiation biodosimetry approaches. It also appears to be specific 

for ionizing radiation exposure (Hoffmann and Schmitz-Feuerhake, 1999; Rozgaj et al., 

2002). Despite the organization and testing of national and regional cytogenetic emergency 

networks (Wilkins et al., 2011; Maznyk et al., 2012) and steady advances in automation 
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(Ramakumar et al., 2015; Royba et al., 2019; Shirley et al., 2020), the DCA cannot meet 

all potential biodosimetry needs. In particular, it still requires samples be cultured for 

several days and does not have good potential as a rapid point-of-care assay, as would 

be needed in a mass-casualty event. Therefore, a variety of alternative approaches to 

radiation biodosimetry are being developed, based on biomarkers of cytogenetic, protein, 

transcript, and metabolic origin. This review will focus on the use of radiation responsive 

gene transcripts for biodosimetry.

Transcriptomics for biodosimetry

The potential for gene expression signatures to detect and monitor exposure to radiation 

was recognized early in the days of transcriptomic microarrays (Amundson et al., 2000; 

Kang et al., 2003; Amundson et al., 2004). Focusing on measurements made in blood, 

these and subsequent studies have identified thousands of genes with transcript levels altered 

after radiation exposure. Sets of genes have been selected from among those responding to 

radiation to develop signatures with high accuracy of sample classification by dose level 

in the 0-10 Gy range (Dressman et al., 2007; Paul and Amundson, 2008; Filiano et al., 

2011; Paul et al., 2011). Other studies have focused on dose reconstruction of unknown 

samples, with some reporting good accuracy within 1 Gy at higher doses (up to 10 Gy), 

or within 0.5 Gy at lower doses (up to 4.5 Gy) (Tucker et al., 2014; Park et al., 2017; 

Ghandhi et al., 2019a; Jacobs et al., 2020). Inter-laboratory comparisons have shown similar 

dose reconstruction accuracy with a shorter time to result of some gene expression based 

methods compared to DCA (Badie et al., 2013), although variations in performance between 

laboratories using different signatures and measurement methodologies have also been noted 

(Badie et al., 2013; Rothkamm et al., 2013; Abend et al., 2016; Ainsbury et al., 2017).

Model systems

The ultimate goal of radiation biodosimetry is the detection and characterization of radiation 

exposures in humans. Because the necessary experiments cannot be done directly in 

healthy people, surrogate model systems are needed for the development of biodosimetric 

approaches. Some studies have made use of blood samples from cancer patients undergoing 

radiotherapy (Amundson et al., 2004; Meadows et al., 2008; Paul et al., 2011; Lucas et 

al., 2014). Such work is limited by treatment protocols, however, with clinical exposures 

generally involving either a very limited area of the body, dose fractionation, or both. It 

is also unknown if the presence (and direct irradiation) of a tumor may alter the gene 

expression response measured in the peripheral blood. Interpretation of responses also may 

be complicated by other cancer treatments, although several studies have suggested that 

gene choice can circumvent this concern and allow discrimination between radiation and 

chemotherapy treatments (Meadows et al., 2008; Lucas et al., 2014; Zhao et al., 2018). More 

flexible model systems are generally required to establish the dose-response relationship of 

potential signature genes, or to enable the study of relevant factors such as dose rate or the 

effect of time since a radiological event. The two most commonly utilized models are in 
vivo irradiation of animals, or ex vivo irradiation of cultured blood obtained from healthy 

donors. While neither approach is perfect, the hope is that by understanding the similarities 

and differences between in vitro and in vivo responses, and between animal and human 
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responses, appropriate translations may be made, enabling development of gene expression 

biodosimetry for practical human use (Figure 1).

Early ex vivo studies used isolated lymphocytes for biomarker discovery, and to investigate 

the potential effects of mitogenic stimulation or use of isolated CD3+, CD4+, CD8+, 

CD19+, or CD56+ cell subsets (Amundson et al., 2000; Mori et al., 2005; Mori et al., 2004; 

Pogosova-Agadjanyan et al., 2011; Kabacik et al., 2011; Riecke et al., 2012). Although some 

genes appeared to respond significantly to radiation only in a particular cellular subtype 

(Pogosova-Agadjanyan et al., 2011), the isolation of cellular subtypes would add to the cost 

and time requirements of a screening assay. Similarly, a large number of down-regulated 

genes were identified in response to radiation when blood cultures were stimulated to divide 

(Kabacik et al., 2011), but the majority of up-regulated genes were found to respond to 

radiation in both stimulated and quiescent blood cultures, and thus could be measured 

directly in the blood of potentially exposed individuals. More recent studies have used either 

whole blood or total peripheral blood mononuclear cells (PBMCs), and have identified large 

numbers of radiation responsive genes with potential for radiation biodosimetry, without 

the need for mitogenic stimulation or isolation of cell subsets (Paul and Amundson, 2008; 

Knops et al., 2012; Lucas et al., 2014; Cruz-Garcia et al., 2020a).

The gene expression response to radiation measured in blood cells irradiated ex vivo appears 

to represent a subset of the response that is seen in patients exposed in vivo, with informed 

selection of genes allowing signatures based on ex vivo exposures to reconstruct exposure 

levels in vivo (Amundson et al., 2004; Paul et al., 2011; Lucas et al., 2014; Port et al., 

2018). In addition, many genes with potential for biodosimetry also respond to the stress of 

blood cells being cultured ex vivo, potentially complicating translation to in vivo exposures 

(Paul et al., 2011; Paul et al., 2013). One study has reported use of an ex vivo to in vivo 
translation factor for a single gene to allow prediction of exposure status in blood samples 

from prostate cancer patients (Abend et al., 2016). Another study reported variation in the 

response to different doses in the 0.1 Gy range given in vivo and ex vivo to blood from the 

same individual (O’Brien et al., 2018). Further work in both human and animal models is 

needed to establish the differences between ex vivo and in vivo gene expression responses 

in the dose range above 1 Gy, and to develop appropriate ex vivo to in vivo conversion 

approaches.

The mouse has been widely used as a model for in vivo radiation biodosimetry studies 

(Dressman et al., 2007; Filiano et al., 2011; Tucker et al., 2012; Lucas et al., 2014; Paul et 

al., 2019; Yamaguchi et al., 2020). Mice have also been used to test for possible confounding 

of the radiation response signature by administration of granulocyte colony-stimulating 

factor (G-CSF), the first FDA approved treatment for acute radiation syndrome, or by 

lipopolysaccharide treatment, a model for infection and inflammation (Meadows et al., 

2008; Tucker et al., 2012). Importantly, the in vivo model has allowed the study of patterns 

of gene expression change over time since exposure (Meadows et al., 2008; Filiano et al., 

2011; Paul et al., 2014; Ghandhi et al., 2015b; Paul et al., 2019) without confounding by 

the ex vivo effect. Although genes with invariant expression between one and seven days 

after irradiation would be ideal for use in biodosimetry, the extremely dynamic nature of 

gene expression responses as a function of time since exposure presents a challenge in this 
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regard (Amundson et al., 2000; Macaeva et al., 2019; Paul et al., 2019; Ostheim et al., 

2021). In situations where the time of an exposure event is known, inclusion of a time 

variable in the biodosimetry algorithm could provide more robust dose reconstructions. 

Gene expression dynamics can also complicate prediction of radiological injuries when 

exposures are protracted, or ongoing, such as from exposure to fallout (Ghandhi et al., 

2020). Perhaps the greatest time-related challenge for gene expression would be an exposed 

source, where both time and duration of individual exposures may not be known.

Despite the usefulness of the mouse model for proof of concept studies, it is known 

that there are major differences between the radiation responses of mice and humans. 

Biodosimetric signatures developed in mice have not performed well for classifying levels 

of radiation exposure in human samples (Lucas et al., 2014). One factor contributing to this 

observation may be the central role of p53 as a prominent regulator of the gene expression 

response to radiation. Despite many conserved responses, a recent study has identified over 

1000 genes with different p53-dependent expression in mice and humans (Fischer, 2019). 

Radiation experiments have also shown that not only are some genes significantly radiation 

responsive only in mouse or human, but some genes actually respond to radiation with 

significant up regulation in humans and significant down regulation in mice (Ghandhi et al., 

2019b).

Non-human primates (NHP) are considered to be the best model for human exposures, 

as they are the most closely related to us. NHP studies, primarily using rhesus macaques 

or baboons, have been used to develop transcript signatures to detect radiation exposure, 

reconstruct dose, and predict the severity and outcome (survival or death) of hematopoietic 

syndrome (Menon et al., 2016; Port et al., 2016b; Fendler et al., 2017; Park et al., 2017; Port 

et al., 2017; Port et al., 2018; Port et al., 2018). A recent study comparing in vivo exposure 

of NHPs with patients undergoing total body irradiation found that gene sets selected based 

on the NHP radiation response could be used directly to reconstruct radiation dose to the 

human samples (Iversen et al., 2018). This conclusion is in contrast with an earlier ex vivo 
study that found it was necessary to select genes with correlated responses in NHP and 

humans, and then to apply a translation algorithm to NHP signatures in order to obtain 

accurate dose reconstruction in human samples (Park et al., 2017). Perhaps the starkest 

example of discordance between human and NHP radiation responses is seen in the widely 

used biodosimetry gene FDXR. This gene is among the most robust up regulated genes 

following irradiation of human samples with doses of 0.5 to 8 Gy (Paul and Amundson, 

2008; O’Brien et al., 2018; Cruz-Garcia et al., 2020a), and shows no sign of a threshold for 

response down to 50 mGy or less (Manning et al., 2013; O’Brien et al., 2018). However, it 

shows no significant response to radiation in the range of 2-10 Gy in macaques (Park et al., 

2017; Ghandhi et al., 2018), and is significantly down regulated in response to 2.5 or 5 Sv 

irradiation in baboons (Port et al., 2018). This suggests that some caution is still warranted 

when developing or validating radiation biodosimetry signatures in NHP for use in humans.

Signatures and consensus gene sets

With the increasing number of published radiation biodosimetry studies and the public 

availability of primary transcriptomic data in repositories such as the Gene Expression 
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Omnibus (Barrett et al., 2009) and ArrayExpress (Brazma et al., 2003), several systematic 

literature reviews and meta-analyses have derived consensus human signatures for radiation 

biodosimetry. Despite using some of the same data sets for gene selection, their different 

approaches resulted in signatures with only moderate overlap (Figure 2). The three studies 

that used correlation with dose as one of their gene selection criteria (Li et al., 2017; 

Lacombe et al., 2018; Ghandhi et al., 2019a) had the most genes in common with each 

other, while the two meta-analyses (Zhao et al., 2018; Ghandhi et al., 2019a) that built 

classification or dose reconstruction models and tested them against independent data sets as 

part of the gene selection process included the most genes not selected by other approaches. 

Differences in the specific genes and models used by different groups are not unexpected in 

the field of gene signature selection, and should not undermine confidence in the robustness 

of individual approaches (Ein-Dor et al., 2006). Other factors besides those currently being 

used in gene selection may need to be considered, however. For instance, comparison of the 

genes from these four studies with the analysis by Park et al. (Park et al., 2017) shows that 

between 42 and 77% of the consensus signature genes did not show cross-species correlation 

between humans and NHPs. This may pose a potential obstacle for in vivo validation studies 

using a NHP model.

Individual variation and confounding factors

Gene expression is known to vary among individuals, both at baseline levels and in response 

to radiation (Cheung et al., 2003; Smirnov et al., 2009). Some of this variation may correlate 

with differences in individual radiosensitivity, with different gene expression shown to 

correlate with B-cell sensitivity to radiation killing in one study (Smirnov et al., 2012). 

In general, females tend to show heightened radiosensitivity compared with males, leading 

to concerns that sex may affect the performance of gene expression biodosimetry. Most 

studies have used both males and females in the development of signatures, and have not 

found significantly different performance in the two sexes (Meadows et al., 2008; Paul and 

Amundson, 2014; O’Brien et al., 2018). These studies have generally not been powered to 

detect sex effects on signature performance if they do exist, however. One study specifically 

testing for sex effects on a proposed radiation biodosimetry signature reported that 85% of 

the variance in gene expression was due to sex (Li et al., 2019). In a study of the baseline 

expression of a proposed radiation biodosimetry signature in 200 healthy donors, between 

20 and 30% of the inter-individual variance was found to be due to the combined effects 

of age and sex (Agbenyegah et al., 2018). In neither case was the inter-individual variation 

found to degrade performance of the radiation signature, suggesting that although many 

genes show high variability between individuals or as a function of sex, selection of more 

stably expressed and radiation responsive genes allows for robust signature construction.

Similar to sex, age at exposure may contribute to radiosensitivity, with greater sensitivity to 

acute radiation syndrome and the lethal effects of radiation being reported for both children 

and the elderly (Crosfill et al., 1959; Garner et al., 1974; Adams et al., 2017; Stricklin et 

al., 2018). Changes in peripheral blood gene expression have also been found to occur with 

age (Peters et al., 2015; Irizar et al., 2015; Calabria et al., 2016), potentially altering the 

baseline for biodosimetry. The radiation response of some genes may also be affected by 

aging (Agbenyegah et al., 2018), and this remains an area in need of further study.
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In addition to inter-individual variation, other sources of potential confounding are also of 

concern in signature development. As a large fraction of the in vivo radiation response is 

related to inflammation and immune system response (Amundson et al., 2004; Dressman 

et al., 2007; Paul et al., 2011), infection or chronic inflammatory conditions represent a 

potential source of confounding for radiation biodosimetry. Studies using lipopolysaccharide 

as a model of infection (Meadows et al., 2008; Budworth et al., 2012; Tucker et al., 

2012), or infection status in patients (O’Brien et al., 2018) have shown only minimal 

effects on most biodosimetric signatures, although the expression levels of some individual 

radiation responsive genes were shown to be significantly affected. Studies have also shown 

clear discrimination between treatment of patients with radiation and chemotherapy agents 

(Lucas et al., 2014; Zhao et al., 2018), suggesting that radiation signatures can be robust 

against exposure to non-radiation DNA damaging agents. While rigorous testing of proposed 

signatures against potential confounders will still be needed, it appears that gene sets with 

radiation specificity and broad utility across a diverse population can be selected.

Addressing the complexity of realistic exposures

The majority of work on signature development for radiation biodosimetry has focused 

on the response to a single acute low linear energy transfer (LET) photon (gamma- or 

x-ray) exposure. In an actual large-scale radiological or nuclear event, additional factors are 

likely to produce more complex exposures that may vary with an individual’s location and 

circumstance. For instance, exposure to radionuclides dispersed by a dirty bomb or power 

plant accident, or from fallout from an IND, would result in a low dose rate exposure. 

Such dose protraction may complicate the interpretation of an acute exposure from the 

prompt radiation of an IND, or may continue past the time of screening if radionuclides 

are inhaled or ingested. Both dose rate sensitive and insensitive radiation response genes 

have been identified within a dose rate range of 3 orders of magnitude (Ghandhi et al., 

2015a; Paul et al., 2015). Studies of common fallout radionuclides, water soluble 137Cs, the 

bone seeker 90Sr, or thyroid specific 131I have revealed complex patterns of gene expression 

changes dependent on radionuclide, dose, dose rate, and time, which are distinct from gene 

expression patterns occurring after acute exposure (Paul et al., 2014; Ghandhi et al., 2015b; 

Edmondson et al., 2016; Ghandhi et al., 2020). Taken together, this work suggests that 

signatures optimized for acute exposures may not be informative for protracted exposures.

One of the main planning scenarios for an IND involves a 10 kT “gun-type” device 

based on enriched uranium and detonated on the ground in an urban setting (Homeland 

Security Council, 2006). A ground burst would produce high levels of fallout, and urban 

infrastructure would partially shield the photons, but have much less effect on the neutron 

component of the radiation. This could result in up to 27% of the organ dose being due 

to neutrons at a survivable distance from the blast (Cullings et al., 2006; Kramer et al., 

2016). Despite an acknowledged need to account for mixed neutron-photon exposures in 

radiation biodosimetry (Flood et al., 2016), relatively few studies have examined the effects 

of neutrons on biodosimetric signatures (Broustas et al., 2018; Ossetrova et al., 2018; 

Mukherjee et al., 2019). While most genes seem to show enhanced response to high-LET 

neutrons, some appear to respond without apparent modification by LET (Broustas et al., 

2017). Further work will be needed to determine if these differences are large and robust 
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enough to be exploited for characterization of radiation exposure details, or if they correlate 

to the relative level of radiation injury.

Shielding from urban infrastructure may result in partial bone marrow sparing, and is thus 

an important consideration for assessment and potential treatment of radiological injury. 

Studies have been conducted to develop signatures for distinguishing different patterns of 

partial or total body irradiation in mice (Meadows et al., 2010) and NHP (Ostheim et al., 

2019; Ostheim et al., 2020a), with different gene sets possibly required at different times 

after exposure, or for the detection of specific partial body exposures. The measurement of 

miRNA in the blood is an especially promising approach for identifying radiological injury 

to specific organs. For instance, several miRNA species have been detected in the blood of 

irradiated rats, mice, and patients that appear to be specific to lung injury (Gao et al., 2017; 

Yadav et al., 2020).

Radiological injury versus physical dose

Although many radiation biodosimetry studies have focused on reconstruction of the 

radiation dose, physical dose is used as a surrogate for the expected radiation injury. 

In theory, biodosimetry should integrate the individual degree of injury into the readout, 

accounting both for the different characteristics of the radiation exposure, and for individual 

differences in sensitivity, as discussed above. For instance, the gene expression profile of a 

radiosensitive individual would be expected to report a higher dose than the actual physical 

dose received, while a protracted exposure to fallout would be expected to report a lower 

dose. It is not known, however, to what extent such differences in signature response actually 

correlate with the individual degree of radiological injury.

Some groups, however, are developing signatures to predict the severity or outcome of 

radiological injury rather than reconstructing the absorbed dose. Some studies of partial 

body irradiation in particular have focused on predicting the severity of ARS, or overall 

survival, regardless of the radiation dose or proportion of the body irradiated (Port et al., 

2017; Port et al., 2016b; Port et al., 2016a). Others have compared responses to sublethal 

and lethal radiation doses to define signatures capable of predicting radiation fatalities early 

after exposure (Fendler et al., 2017; Acharya et al., 2015). Such studies, correlating gene 

expression markers with the degree of radiological injury, are also needed to incorporate the 

effects of low dose rate or mixed photon-neutron exposures into transcriptomic signatures.

New directions

Although considerable progress has been made in the development of gene expression 

approaches for radiation biodosimetry, additional work is clearly still needed for their 

application in a realistic mass radiation casualty scenario. In addition, several new directions 

also hold promise for improvements in the field.

Nearly all gene expression biodosimetry development has focused on the use of peripheral 

blood as a relatively easily biopsied biofluid, which contains some of the most radiation 

sensitive and responsive cells in the body. Several recent studies have also demonstrated 

altered expression of both mRNA (Lacombe et al., 2017) and miRNA (Greither et al., 2017) 
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biomarkers in the saliva of patients following radiotherapy for head and neck cancer. While 

challenges remain, early results suggest the potential of saliva as the basis for a non-invasive 

biodosimetry approach (Ostheim et al., 2020b). Similarly, miRNA can also be detected in 

the urine (Cheng et al., 2014), and show promise as potential biomarkers of later radiation 

nephropathy, or as dose responsive biomarkers in the 2-8 Gy range (Bhayana et al., 2017), 

presenting another potential avenue for a non-invasive assay.

The use of exon arrays has revealed alternatively spliced transcripts of many radiation 

responsive genes as a consequence of radiation exposure (Sprung et al., 2011; Macaeva et 

al., 2016). One study has identified non-radiation responsive regions within two candidate 

biodosimetry genes, PPM1D and MDM2, and showed that normalization of the most dose-

responsive exons of these genes to the levels of their non-responsive intragenic regions 

improved dose reconstruction compared with normalization to standard “housekeeping” 

genes (Forrester and Sprung, 2014). This approach has the potential to reduce the effects 

of inter-individual variation in situations where mass screening is needed and no individual 

pre-exposure samples are available. Many additional radiation responsive genes have shown 

differences in exon usage after radiation exposure, making this an approach that warrants 

additional investigation.

More recently, full-length nanopore sequencing has been applied to characterize the splice 

variants of one of the most widely used radiation responsive genes, FDXR. This study 

identified 14 variant transcripts, with differing magnitudes of radiation response, including 2 

that were only detectable after radiation exposure (Cruz-Garcia et al., 2020b). Such off-or-on 

transcripts could circumvent the need for quantitative detection in point-of-care devices, 

allowing more straightforward adaption from methods being developed to detect RNA from 

a virus or parasite (Padhi et al., 2020; Li et al., 2020). Although the dose threshold for 

detection of these transcripts is not yet established, such an approach could potentially 

provide an important first step in radiological triage, by identifying individuals with no 

exposure, and allowing more detailed dosimetric efforts to focus on those with medically 

relevant exposures.

In conclusion, great progress has been made in defining transcriptomic signatures for dose 

reconstruction and prediction of radiological injury, but further work is still needed to ensure 

that signatures will be robust and appropriate for wide-scale population use in a realistic 

radiological or nuclear scenario.
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Figure 1. 
The use and intercomparison of multiple models is needed for the development and 

validation of gene expression signatures for radiation biodosimetry. As experiments cannot 

be performed directly in humans, much development must rely on the comparison of in 
vivo versus ex vivo models, and of human versus animal models. (Figure created with 

BioRender.com.)
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Figure 2. 
Genes appearing in two or more consensus signature studies. A black box indicates a gene 

selected by the corresponding study. An additional 11 genes were included only by Li et 

al. (2017), 6 by Lacombe et al. (2018), 19 by Zhao et al. (2018), and 16 by Ghandhi et al. 

(2019). The complete listing of all these genes is available in Supplementary File 1.
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