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Abstract
The utility for electron paramagentic resonance (EPR or ESR)-based radiation bio-
dosimetry has received increasing recognition concerning its potential to assist in 
guiding the clinical management of medical countermeasures in individuals unwant-
edly exposed to injurious levels of ionizing radiation. Similar to any of the standard 
physical dosimetric methods currently employed for screening clinically significant 
radiation exposures, the EPR-based in vivo dosimetry approach would serve to com-
plement and extend clinical assessments (e.g., blood analyses, cytogenetics, etc.), 
specifically to more accurately assign the extent of ionizing radiation exposure that 
individuals might have received. In the case of EPR biodosimetry of biological sam-
ples such as nails, teeth, and bones, the method has the capability of providing infor-
mation on the physical dose at several specific bodily sites and perhaps additonal 
information on the homogeneity of the exposure as well as its overall magnitude. 
This information on radiation dose and distribution would be of significant value in 
providing medical management to given individuals at health risk due to radiation 
exposure. As these measurements provide information solely on physical measures 
of the radiation dose and not on the potential biological impact of a particular dose, 
they are complementary, albeit supplemental, to the array of currently available bio-
logically based biodosimetry and clinical findings. In aggregate, these physical and 
biological measures of radiation exposure levels (dose) would most certainly pro-
vide additional, useful information for the effective medical management of radia-
tion exposed individuals.

Applied
Magnetic Resonance

 * Vijay K. Singh 
 vijay.singh@usuhs.edu

Extended author information available on the last page of the article

http://orcid.org/0000-0002-6631-3849
http://crossmark.crossref.org/dialog/?doi=10.1007/s00723-021-01444-w&domain=pdf


290 V. K. Singh et al.

1 3

1 Introduction

Radiological and nuclear accidents or malicious actions can lead to large amounts 
of potentially toxic ionizing radiation (IR) and radioactive materials being intro-
duced into the environment [1]. Examples of such accidents are the Chernobyl 
accident in USSR which occurred on 26th April 1986, and the Fukushima Daiichi 
nuclear power plant accident in Japan that occurred on 11th March 2011 [2–4]. 
In addition, there are a large number of radiological accidents in the past that 
have exposed significant numbers of people [5–7]. Considerable effort has been 
employed for the development of measures to counteract the impact of such radi-
ation, with recent significant progress in this field being made as of late. The 
effective deployment of these countermeasures would be greatly facilitated by 
the availability of methods to identify those at risk of having received signifi-
cant radiation exposures. This requires methods that can specifically indicate the 
amount of radiation each person in a given exposure area has been subjected to. 
This could most effectively be done by assaying the degree of radiation-induced 
responses within persons suspected to have been exposed.

In this article, we summarize briefly the current state of radiation countermeas-
ures and then assess the nature of biodosimetric techniques that could provide 
the information needed to utilize these countermeasures most effectively with an 
emphasis on in vivo EPR biodosimetry techniques.

2  Radiation Injury and Sub‑syndromes for Organ System/Tissue 
Damage

The biological effects of IR have been grouped into two types: direct effects and 
indirect effects. Direct effects of IR occur when highly energetic physical–chemi-
cal intermediates react directly with the molecules of interest. The more impor-
tant of these biological targets are DNA and related genomic molecules. DNA 
single-strand breaks, double-strand breaks, cross links, and several types of base 
damage are examples of the most important direct effects of IR. IR also interacts 
with free or bound intracellular water molecules to produce free radicals or reac-
tive oxygen species that can diffuse into and then damage vital target biomol-
ecules. This effect of IR is called indirect action of irradiation, and this mecha-
nism is estimated to be responsible for two-thirds of the biological injury caused 
by high energy photons. It also appears that some significant component of the 
biological damage is associated with IR-elicited free radicals and associated oxi-
dative processes of vital, targeted proteins and lipids [8]. Another potentially 
important indirect, but distinct mechanism is through free radicals generated by 
inflammatory cascades [9].

The clinical development of the IR-associated pathological syndromes that fol-
low the above-mentioned IR-elicited molecular events depends on the extent of 
tissue-absorbed radiation dose, the rate and duration of exposure, the quality of 
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radiation, and the distribution of the dose within the body. Exposure to a high 
dose of total-body or partial-body IR during a relatively short exposure window 
(i.e., at a high dose rate) leads to acute radiation syndrome (ARS). In addition to 
acute effects, there are other delayed or chronic type effects of irradiation [10]. 
ARS has been categorized into several related, but clinically distinct, sub-syn-
dromes that arise following distinct, but overlapping ranges of exposures. These 
ARS sub-syndromes include: the hematopoietic ARS (H-ARS), elicited by IR 
doses in the range of ~ 1–6 Gy; the gastrointestinal ARS (GI-ARS), elicited by IR 
doses generally greater than 6 Gy; and the neurovascular sub-syndrome following 
very high IR doses, generally in excess of 10 Gy [11]. It should be noted that the 
neurovascular syndrome is considered generally to be clinically unmanageable, 
i.e., untreatable, and death occurs within 24–48 h of irradiation [12]. However, 
individuals exposed to lower doses of IR that manifest either H-ARS or GI-ARS 
are expected to benefit fully from therapeutic interventions with currently avail-
able, ‘state of clinical art’ medicinals (Table  1). As only H-ARS and GI-ARS 
have been considered to be treatable syndromes, they have received most of the 
attention for the research and development of radiation medical countermeasures.

3  Radiation Countermeasures

The effectiveness of currently available medicinals used to counter the detrimen-
tal health effects of IR is generally dependent on the timing of the treatment rela-
tive to exposure. Based on the timing of treatments, there are three broad categories 
to be considered: first, agents administered prior to exposure, i.e., given prophy-
lactically, are intended to prevent injury; second, agents administered shortly after 
exposure, but prior to or at the early stages of injury development are intended to 
‘mitigate’ injury and to lessen down-stream pathological effects; and third, agents 
given during the post-exposure period when injuries are fully manifested are con-
sidered ‘therapeutics’ [13]. Conceptually, all of these exposure categories and asso-
ciated treatment options might be positively affected by access to individualized 
exposure assessments. However, in practice, it is only the second category, the early 
post-exposure period, where significant medical benefit might be gained via addi-
tional exposure information and, in turn, on the options of specific injury-mitigating 
agents that might be used clinically. The latter statement reflects the current ‘state of 
affairs’ of the areas of research, development, and fielding of new pharmaceuticals 
destined for countering unwanted radiological/nuclear exposure contingencies.

The statement below is a very brief synopsis of the different types and categories 
of pharmaceutical agents that are currently in play as medical countermeasures for 
unwanted radiation exposures and the subsequent injuries/diseases they foster. Sev-
eral groups of agents are under investigation as countermeasures for ARS and have 
been recently reviewed [10, 14–16]. It needs to be pointed out, however, that this list-
ing of drugs under development may not be as comprehensive as one would like due 
to the limited accessibility to recent incoming data about investigations conducted 
with such agents. This difficulty is a result of pharmaceutical firms with vested inter-
ests in safeguarding marketable agents for financial interest. Confidentiality and the 
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‘Intellectual Property’ rights of pharmaceutical companies and government agencies 
also limit accessibility. Nevertheless, a listing along with a brief overview of current 
R&D statuses of the more prominent of these agents are provided below.

3.1  FDA‑Approved H‑ARS Countermeasures

Only four medical radiation countermeasures including Neupogen, Neulasta, Leu-
kine, and Nplate have been approved for H-ARS by the U.S. Food and Drug Admin-
istration (FDA) for human use, and all four agents are radiomitigators for post-
exposure use [17–25]. The first three agents are available in the Strategic National 
Stockpile/vendor managed inventory [26, 27]. In general, there is no FDA-approved 
agent for use as a radioprotector for ARS. Furthermore, there is no agent approved 
by the FDA for the GI-ARS sub-syndrome. A large number of radiation counter-
measures are at various stages of development and a few of them may get approved 
in due course of time (Table 1) [10, 16]. Although research and development of radi-
ation countermeasures are usually intended for specific indications, i.e., for specific 
ARS sub-syndromes, there is recent discussion to use a ‘systems biology approach’ 
for R&D of new injury-countering medicinals. Such approaches include vascu-
lar injury/sepsis, ischemia/reperfusion, coagulopathy, cell death, and inflammation 
[28]. Despite its novelty, the latter approach has yet to yield safe and effective prod-
ucts with full regulatory approval.

3.2  Countermeasures for ARS with FDA Investigational New Drug (IND) Status

There are nine agents (AEOL 10,150, CLT-008, BIO 300, Entolimod, HemaMax, 
Neumune, OrbeShield, PLX-R18, and Recilib) that have US FDA IND status [16]. 
Some of these agents are currently moving forward in the regulatory approval pro-
cess. There may be additional agents with IND that are not known (not reported pub-
lically), since the FDA does not make such information public and it is only up to 
drug sponsors to release such information publicly. There are additional agents that 
have been shown to have radioprotective efficacy and lack specific INDs for ARS, 
but have IND status for other indications that are already being evaluated clinically. 
In theory at least, such agents could possibly be developed and repurposed more 
readily as radiation countermeasures, as compared to agents developed de novo [29]. 
In this regard, all four fully FDA-approved countermeasures listed above were in 
clinical use for related indications prior to their FDA approval as radiomitigators for 
H-ARS as repurposed agents.

3.3  Countermeasures with FDA Approval for Limited Indications

A select number of agents have been approved by the FDA for limited indications, 
although they have not been approved specifically for ARS per se. Such agents that 
are clearly either protective, mitigative, or therapeutic in terms of countering radia-
tion injury certainly include, but are not limited to, amifostine, interleukin-3 (IL-3), 
IL-11, palifermin, and erythropoietin [30–34]. Amifostine and palifermin fall into 
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the category of ‘radioprotectors,’ while the other three listed cytokines are consid-
ered ‘radiomitigators’ due to their post-exposure use. Despite the lack of full regula-
tory approval, some of these agents have been used ‘off label’ and with largely posi-
tive outcomes in attempting to clinically manage radiological accident victims [7].

3.4  ARS Countermeasures Under Advanced Development

Advanced development of radiation medical countermeasures denotes the use of 
large animal models for evaluation and pharmacological scaling of the drug dose for 
humans. There are several radiation countermeasures that have demonstrated effi-
cacy in both small and large animal models, but have not achieved IND status yet. 
Some of these agents include, but are not limited to γ-tocotrienol (GT3) [35], B-190 
(Indralin) [36], recombinant thrombopoietin (rTPO) [37], daniplestim and Mpl 
ligand [38], leridistim (GM-CSF/IL-3 fusion protein) [39], PEGylated leridistim 
[40], myelopoietin (chimeric IL-3 and G-CSF receptor agonist) [41], promegapoi-
etin-1a (chimeric IL-3 and Mpl-L receptor agonist) [42], and synthokine (synthetic 
cytokine/SC-55494) [43].

3.5  Other Promising Agents Under Development

There are a large number of agents being investigated for efficacy using small ani-
mal models. These agents are classified based on various classification criteria. The 
‘Anti-oxidants and free radical scavengers’ group is one important group, repre-
sented by δ-tocotrienol, δ-tocopherol succinate, α-tocopherol succinate, superox-
ide dismutase, 3, 3’-diindolylmethane, oltipraz, pentoxifylline, tetrahydrobiopterin, 
PrC-210, Deinococcus  Mn2+-decapeptide, ascorbic acid, cerium oxide  (CeO2) nano-
particles, N-acetyl cysteine (NAC), and metformin [44–55].

‘Cytokines, chemokines, growth factors and hormones’ grouping is another 
important category. Several cytokines, chemokines, and growth factors mitigate 
radiation-induced tissue injury and accelerate tissue recovery after radiation expo-
sure. Inhibitors of pro-inflammatory cytokines are known to reduce radiation-
induced late tissue injury and fibrosis. Some cytokines and growth factors, either 
FDA-approved or at advanced stages of development, are discussed above. Addi-
tional agents are transforming growth factor (TGF), thrombopoietin (TPO) and 
related agents (eltrombopag/Promacta, ALXN4100TPO), megakaryocyte growth 
factor, fibroblast growth factor, epidermal growth factor (EGF), pleiotrophin, soma-
tostatin analog (SOM230), insulin-like growth factor 1 (IGF-1), and CDX-301 [23, 
56–65].

‘Inhibitors of various pathways’ grouping is yet another category. Agents belong-
ing to this group of promising, protective drugs are generally inhibitors of several 
signaling pathways, especially those signaling pathways tied to radiation-induced 
cell death. Representative of this class or group are the angiotensin-converting 
enzyme (ACE) inhibitors, e.g., captopril; the phosphoinisitide-3 kinase (PI3K) 
inhibitors, e.g., LY294002; the histone deacetylase (HDAC) inhibitors, e.g., phe-
nylbutyrate; the heat shock hydroxy-3-methylglutaryl-coenzyme-A (HMG-CoA) 
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reductase inhibitors that include the statins; cyclin-dependent kinase inhibitors 
such as PD 0,332,991; prolyl hydroxylase inhibitors, e.g., dimethyloxallyl glycine 
(DMOG); and the glycogen synthase kinase-3 (GSK-3) inhibitors such as SB216763 
and CHIR99021 [66–74].

Additional Radioprotective, Mitigative, and Therapeutic Agents. There are several 
other protein molecules that have demonstrated radioprotective or radiomitigative 
potential including R-spondin1 (Rspo1) and TP508 (rusalatide acetate, Chrysalin). 
In addition, there are other agents such as lipopolypeptides of mycoplasma origin 
(CBLB612 and CBLB613), lysophosphatidic acid receptor agonists, anti-ceramide 
antibody, fluoroquinolones, 7, 8-diacetoxy-4-methylthiocoumarin (DAMTC), and 
JP4-039 that have not previously been discussed [75–82].

Cellular Therapeutic Agents. Stem and progenitor cells have been shown to have 
the capacity to repair injured tissues, as well as a demonstrated capacity to secrete 
several protective/reparative cytokines and chemokines. The secreted cytokines pro-
mote tissue healing by stimulating both the repair and the regeneration of injured 
cells via an indirect cytokine/chemokine network. There are several types of cellular 
agents under investigations including mesenchymal stem cells, bone marrow stromal 
cells, mobilized stem cells, and early progenitors [83–87].

Plant Products. Several plant products alleviate the injurious effects of acute IR 
exposure, as demonstrated by a large number of investigations in various animal 
models using largely endpoints that measure either improved rates of survival or 
improved functions of specific organ systems. Some of these agents are Sea buck-
thorn (Hippophae rhamnoides—Hippophae) pulp, polyphenols, lycopene, resvera-
trol, caffeine, curcumin, and Ginkgo biloba extract [88–95].

4  Role of Biodosimetry for the Use of Radiation Countermeasures

The choice of ‘if and when’ to administer a given countermeasure is a complex mat-
ter because of logistics, timing, and the nature of the exposure. Because all medici-
nals pose some risk, there needs to be a commensurate benefit to justify their use. 
For there to be benefit from the use of a medical countermeasure for unwanted IR 
exposure, their use should be predicated upon ‘prior knowledge’ before they are 
administered. This primary ‘prior knowledge’ refers to not only the nature and con-
dition of a potential or actual IR exposure, but also of its timing relative to the indi-
vidual who would receive the countering medicinal. Biodosimetry could well pro-
vide this information that would be exceedingly useful in terms of the initial triage 
of individuals that might have been exposed unwantedly to IR following a given 
radiological/nuclear event. There are other types of information from biodosimetry 
demonstrating the extent of injury to organs and tissues, and potential variables in 
the properties of given biodosimetric assays that would likely impact not only the 
triage process itself, but more importantly, the ‘down-stream’ decisions related to 
medical treatment options.

Because some of the countermeasures under development are designed for spe-
cific organ systems, it would be of value if the biodosimetric assay could provide 
information on IR-dose distribution of the body or to specific organs at risk [96]. The 
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validity of the results coming from a biodosimetric assay relative to time is another 
important factor in the decision-making about using countermeasures. This ‘timing’ 
of the administration of the countermeasure will vary most certainly with both the 
IR event itself, as well as with the accompanying logistics [97, 98]. Some biodosi-
metric techniques are not valid for a period of time after exposure and some have 
decreased validity over time. The potential for the presence of concomitant physical 
injuries and/or severe stress is another important factor that can affect the decision 
of deploying a countermeasure, because the assay may be confounded by the con-
comitant injury and/or the effectiveness of the countermeasure may be impacted.

For those countermeasures designed to treat H-ARS, it would be valuable to 
know if the exposure was uniform or not. If the IR exposure was non-uniform, it 
might indicate that selective, vital tissues/organ systems were spared; e.g., the spar-
ing of bone marrow and, in turn, sparing of hematopoietic function. For subjects 
exposed to non-uniform IR doses with only estimated moderate or lower average 
doses, this might result in the postponement of the use of countermeasures. There-
fore, a biodosimetric assay that could provide this information (regarding IR-dose 
distribution) would be especially valuable for the rational use and administration of 
given countermeasures aimed at specific organ systems. In part, this may already be 
possible with some of the currently available biodosimetric tools; e.g., in vivo EPR 
dosimetry and the use of nail and tooth samples to assess doses at different regions 
of the body, or perhaps employing quantitative, real-time molecular assessments of 
organ-specific genomic or proteomic changes induced by IR exposures [96, 99].

There are two principal types of biodosimetry: those based on physical–chemical 
changes elicited by IR within tissues, and those based on the biological responses 
to those IR-induced physical–chemical changes. They have different, but comple-
mentary characteristics. The physical–chemical changes occur immediately after 
irradiation and may persist for weeks (nails) or indefinitely (bones and teeth). They 
are usually not affected by the dose rate of IR, but rather provide information largely 
on the accumulated IR dose. They are unlikely to be affected by concomitant injury 
or prior physiological or pathological events that have occurred in the individual, 
and are potentially measurable immediately in the vicinity of the incident. They 
only report the dose at the site of the body where the IR exposure occurs and do 
not reflect the biological impact or its variation on the individual. They have some 
dependency on linear energy transfer. The biological response-based biodosimeters 
have the essential, added feature of reflecting the extent of biological damage associ-
ated with the IR exposure event. However, because they are biologically based, they 
tend to vary over time; the response sequence generally starts with a variable, post-
exposure latency, followed by a period of increase, and then a period of decay as the 
biological indicator response is deactivated. Because these ‘bioindicators’ reflect the 
biology of the individual, they have the potential to vary among individuals in their 
time course and magnitude. They also have the potential to be impacted by concomi-
tant injuries including stress.
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5  Electron Paramagnetic Resonance (EPR) Dosimetry

In vitro EPR dosimetry, primarily using teeth, has been employed for the last 5 
decades [100, 101]. In vitro tooth dosimetry is based on measuring the abundance 
of radiation-induced radicals entrapped in hydroxyapatite crystals within calcium 
components of enamel extracted from isolated teeth. Hydroxyapatite crystals 
contain carbonate impurities, which are transformed into stable  CO2

− radicals 
upon exposure to radiation [102]. The amount of  CO2

− radicals increase with an 
increase in absorbed dose, and can be easily detected, measured, and correlated 
to the absorbed dose of radiation. EPR dosimetry works well with highly min-
eralized materials that contain an abundance of calcium. EPR dosimetry, which 
is based on the use of concentrated extracted enamel, can offer approximations 
of the absorbed dose in 0.5 Gy increments in the range from 1 Gy to more than 
10  Gy [103, 104]. The lowest limit of detection, as well as the accuracy, may 
improve with the advancements in the resonator and also with the algorithm for 
acquiring and calculating the dose absorbed. In  vitro EPR measurements with 
nail clippings have also been utilized in several accidents involving a few indi-
viduals. While the in vitro EPR assays have been useful in the timely analysis of 
radiation accidents involving only a few people, they are, however, not practical 
at this point in time for the purpose of guiding countermeasures. On the other 
hand, the long stability of the EPR signal in materials present in the surrounding 
area of an incidence, tooth enamel, and nails make this technique exceedingly 
useful for dose reconstruction. This is largely due to the fact that dose reconstruc-
tion can be accomplished long after a radiological event, from a few months to 
years [102, 105, 106]. Dose reconstructions using EPR spectroscopy have been 
accomplished in the case of atomic bomb survivors of Nagasaki and Hiroshima, 
inhabitants affected by the  Chernobyl accident, Southern Ural region survivors 
of accidents in the Soviet Union, and radiation workers [107, 108]. Although a 
significant proportion of studies involving human exposures have been conducted 
using extracted teeth and EPR dosimetry, comparable dosimetric research has 
also been devoted to wildlife within given regions of exposure, e.g., wildlife in 
areas surrounding Chernobyl [109].

Focusing on the unmet needs related to basic triage procedures and for subse-
quent application of given medical countermeasures, the in vivo nail dosimetry 
(as opposed to either in vitro or in vivo tooth/enamel-based dosimetry) approach 
seems most valuable [96, 99], and therefore, we describe it here in more detail, 
especially as it relates to the potential of the technology to guide the application 
of any/all post-IR exposure medical procedures. However, as promising as in vivo 
tooth dosimetry might be, especially for the initial triage for large-scale radia-
tion events, the dosimetric technique is limited, because it provides a dose meas-
urement of a single site on the body (i.e., at the mouth/head). By contrast, the 
less-developed and tested in vivo nail dosimetry assay procedure might ultimately 
prove to be useful by providing additional IR-dose estimates for multiple, distant 
body sites. Due to the lower EPR signals in irradiated nails compared to teeth, 
in vivo nail dosimetry has been developed to take the measurements at a higher 
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frequency than is used for the in vivo analyses of teeth (9.5 GHz for nails ver-
sus 1.2 GHz for tooth) [99, 101, 110]. Nevertheless, it would appear that the ‘in 
vivo EPR biodosimetry of nails’ assay has a number of characteristic features that 
would be valuable for biodosimetry when there is a significant potential for non-
homogeneous exposures. Specifically, in early preliminary results, in vivo EPR of 
nails was shown to have the potential for having sufficient sensitivity to provide 
information on radiation dose levels at four distinct anatomical sites. The EPR 
measurements require only a short time, currently less than 5 min, with the poten-
tial to obtain the data simultaneously at four separate locations. These measure-
ments, even if the exact positions of the hands and feet at the time of irradiation 
may have some uncertainty, could provide information useful in guiding triage 
decisions when homogeneity of exposure is an important consideration in deter-
mining whether to use the countermeasure. However, the utility of the in  vivo 
EPR/nail dosimetry assay is clearly limited in providing information on the dose 
to specific organs. Such dose estimates could come, no doubt, from the applica-
tion of advanced biological response assays that are currently in play; e.g., real-
time, high-throughput measures of IR-responsive biomolecules, such as blood 
plasma levels of Ftl3 ligand for estimates of bone marrow injury, or of selective 
metabolites such as citrulline or oxysterols, as measures of GI tissue damage or 
liver damage, respectively [111–113].

There are many key factors that need to be considered before in vivo EPR could 
be operationalized and some important caveats in its use. First, while in concept the 
results to date appear promising, there are many practical aspects remaining to be 
finalized. Most importantly, these include determination of the limits of dose resolu-
tion and the construction of a deployable instrument that could take the simultane-
ous measurements quickly while being operated by non-expert operators. There is 
also a need to establish the way in which the in vivo EPR/nail technique would be 
utilized in actual scenarios. Deployment of the system in the field as close as possi-
ble in time and location to the actual event for immediate triage would be preferable.

Finally, it is also important to point out what information the in vivo EPR-based 
biodosimetry measurements convey and what they do not convey; namely, they indi-
cate the total dose at the site of measurement, but they do not reflect the dose rate of 
exposure, nor do they reflect IR-associated variations in biological effects. In addi-
tion, while the EPR dose responses of the nails are similar for all pertinent energies 
of X and gamma rays, the response to neutrons has not been fully characterized.

6  Concluding Comments

Advances over the last several decades in IR-associated biodosimetric technolo-
gies have resulted in both improved basic triage procedures as well as effective-
ness of clinical management protocols that necessarily follow radiological/nuclear 
IR exposure events [114, 115]. These advanced biodosimetry technologies are 
wide-ranging and encompass systems of newer areas of biological investigation 
(e.g., studies on genomics, proteomics, metabolomics, and transcriptomics), but 
are also an extension of older, well-worked, laborious biodosimetry systems (e.g., 
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lymphocyte kinetics) using highly efficient, automated platforms [115]. Contin-
ued development of field-deployable EPR technology also falls into this category 
of ‘significant biodosimetric achievements.’ Clearly, past biodosimetry assess-
ments based on in vivo/vitro EPR/tooth analyses have proven to be of worth and 
are not only useful, but are essential in terms of ‘IR dose reconstruction’ follow-
ing significant and unwanted IR exposure events [116]. As highlighted here in this 
paper, a continued effort to extend and improve this EPR capability using finger/
digit nails (as opposed to teeth) from IR exposed subjects shows promise. IR-dose 
estimates coming from ‘in vivo EPR nail’ dosimetry provide useful information 
on the total dose and dose distribution rapidly following unwanted IR exposures 
and with sufficient accuracy to compliment the current array of biodosimetric 
assays (as indicated above) [117]. As such, we conclude that in  vivo EPR nail 
dosimetry has the characteristics to be a very effective, complementary tool for 
this purpose. Further and in aggregate, these dosimetric assays serve to facilitate 
ongoing clinical management procedures, especially as they are related to both 
the timing and application of potential life-saving, injury-countering medicinals. 
Finally and most importantly, despite the promise of in vivo EPR-based dosim-
etry, the optimal use of the dosimetric assessments generated (i.e., information 
from EPR measurements of nails and teeth) should be done in concert with other 
information such as biologically based biodosimetry, physical estimates of dose, 
clinical measurements, and observations, etc. While the potential value of in vivo 
EPR dosimetry is high, its realization will require additional developments to 
confirm and improve its dosimetric properties and to then incorporate them into a 
device that can be readily deployed and operated by non-expert users [96].
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