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Abstract

Accurate radiation dose measurement is crucial for medical intervention and protective actions.
Biological dose assessment directly measures radiation-induced molecular and physiological
changes, providing information about the absorbed dose and potential health risks. The Korea
Institute of Radiological and Medical Sciences (KIRAMS) has performed biological dosimetry
using cytogenetic assays since 2010. These assays are used for individual dose estimation in
various situations, including occupational exposure, accidental radiation exposure, and health
risk assessment of people living near nuclear power plants in Korea. Recent advancements in
biological dose assessment methods, such as automated scoring and high-throughput assays,
have improved efficiency and enabled more people to undergo dose assessment. The KIRAMS
continuously explores new methods and targets for biodosimetry to enhance dose assessment
capabilities and can contribute to expand the biological dose assessment capacity with the
expertise and facilities, responding to large-scale accidents of radiation exposure in the world.

Radiation exposure due to both industrial accidents, such as nuclear power plant accidents, and
dirty bombs used in terrorism or wars is an important increasing concern for human health. In
addition, public anxiety has increased regarding radiation use for routine medical purposes such
as disease diagnosis and cancer therapy. Accurate measurement of radiation doses in nuclear or
radiological accidents is critically important for guiding medical interventions for affected
individuals and informing appropriate protective actions. In particular, obtaining precise infor-
mation through dose assessment is essential for enabling medical staff to plan therapeutic
strategies and to separate exposed people for immediate treatment during radiological events.1

Additionally, evidence has indicated that early dosimetric-guided surgery is highly valuable for
prompt surgical intervention for victims before the occurrence of tissue necrosis caused by
radiation exposure.2 It is difficult to estimate the radiation exposure dose for several reasons,
including the diverse types of radiation, the potential inhalation or ingestion of radioactive
materials, the distinction between whole-body or partial-body exposure, and the heterogeneity of
exposure conditions.3 Tomitigate the uncertainties of dose estimates, we have employedmultiple
methods for dose assessment including biological and physical dosimetry, which can provide
complementary and cross-validated data in combination.4 Biological dose assessment directly
measures molecular and physiological changes in the body caused by radiation exposure. It is a
representative method to estimate the radiation exposure dose of individuals and reflects their
physiological status. The actual biological damage caused by radiation serves as an indicator of
the absorbed dose, enabling the evaluation of potential health risks. This method can supplement
the clinical categorization of suspected victims when a personal dosimeter is not available or the
extent of a radiation accident is unclear.5

Various Techniques Used to Improve the Assay Performance of Biodosimetry

Radiation-induced chromosomal aberrations have been utilized for dose assessment of radiation
exposure, grounded in the observation that ionizing radiation causes double-strand breaks in the
DNA structure. Residual DNA damage following the repair process can result in a chromosomal
aberration. The Korea Institute of Radiological and Medical Sciences (KIRAMS) has performed
biological dosimetry using several cytogenetic assays (Table 1). The dicentric chromosome assay
(DCA) recommended by the International Atomic Energy Agency (IAEA) and the International
Organization for Standardization (ISO) is the gold standard for biological dose assessment.6 This
method has been well-established and optimized in the KIRAMS since 2010 and is used to
estimate the absorbed dose in people with concerns about radiation exposure, including visitors
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to the accident site of the Fukushima nuclear power plant.7 In
addition, the regulatory agency for occupational exposure in Korea
has asked the KIRAMS to conduct DCA for individual dose esti-
mation of workers suspected of radiation exposure, including
approximately 50 workers annually. The accuracy of DCA with a
minimum detectable dose of 0.1 Gy, was evaluated based on mul-
tiple inter-laboratory comparison exercises to ensure reliable dose
assessment7. To reduce the scoring time for dicentric chromosomes
and enhance the capacity of the DCA, the KIRAMS proposed an
advancedmethod with an automated scoring program for dicentric
chromosomes, DCScore (Metafer, USA), which is comparable to
the manual DCA in its accuracy, specificity, and sensitivity for
dicentric chromosomes.8

A fluorescence in situ hybridization (FISH) assay has been also
established and used for older or long-term exposure because it
recognizes stable translocations, which are persistent and represent
more stable types of chromosomal aberrations.6 In addition to dose

estimation for occupational exposure using the FISH assay and the
DCA in accidental scenarios, the FISH assay with a minimum
detectable dose of 0.25 Gy was employed to investigate radiation
exposure in people living near a nuclear power plant in Korea.
Health risk concerns for residents living near the nuclear power
plant have been discussed with various stakeholders, including the
nuclear power plant company, governmental regulatory bodies and
non-governmental organizations. In 2022, 38 individuals from the
resident cohort were examined using a FISH assay, along with
undergoing other health risk assessments. Moreover, the KIRAMS
also employed the FISH assay to estimate the absorbed doses of
80 defectors from North Korea, who reside near the atomic bomb
testing area, while also conducting health examinations in 2023. It is
difficult to draw a definitive scientific conclusion regarding whether
the defectors were exposed to radiation from atomic bomb testing
area based on the investigation. Several uncertainties complicate
the interpretation of the findings of the study, including their

Table 1. Biological dose assessments in various studies of radiation exposure

Cytogenetic
methods Study target

Dose range of
study Study features References

DCA, FISH Industrial radiographers 103–2235 mGy Follow-up study for workers reasonably suspected of radiation
exposure Calculation of decline rates and the half-lives of
frequencies of dicentric and translocated chromosomes 46.9%
of the initial frequency in the DCA over follow-up for 18 months

[9]

DCA, FISH Industrial radiographers 1.7–33.8 mGy Evaluation study on dosimeter wearing compliance of 120workers
Analysis of the DCA and FISH results with Poisson regression
adjusting for confounding factors The frequency in the FISH
assay of site-radiography workers was higher than that of
workers in a shielded enclosure

[10]

DCA, FISH Interventional radiologist 203–731 mGy Case study of a worker with skin cancer Cytogenetic analysis with
an in-depth survey of the main interventional work practices
High frequency of chromosomal aberrations in fluoroscopy-
guided interventional procedures

[11]

DCA Interventional radiologists
Healthy people Industrial
radiographers

95–251 mGy Cytogenetic analysis study of interventional radiologists (n=52),
lay people (n=77), and radiographers (n=120) Comparison of
dicentric frequency between interventional radiologists and
other groups Higher dicentric frequency in the interventional
radiologists was associated with partial-body exposure

[12]

DCA (DCScore) Healthy people Industrial
radiographers

0–4000 mGy Assessment study of a semi-automated scoring method for the
DCA using the DCScore program Dose estimation for 39 blind
samples and 35 workers using the DCScore and a manual
method Approximately 95% accuracy of the semi-automated
scoring method for the DCA

[13]

DCA, FISH Interventional radiologists 250–494 mGy Case study of 2 workers performed for over 10 years Analysis of
multi-aberrant cell types with many dicentric and centric rings
(rouge cells) Rouge cell observation for long-term and repeated
exposure during working

[14]

FISH CT-exposed patients 1462–42097
(mGy × cm)

Comparison study of the translocation frequency of CT-exposed
patients (n=48) and CT-naïve patients (n=48) FISH analysis of
the CT-exposed patients compared with the CT dose index and
scan length Frequent chromosomal translocation was
correlated with cumulative radiation exposure by repeated CT

[15]

DCA, FISH Breast cancer patients 766–1339 mGy Follow-up study of breast cancer patients for 1 year after
radiotherapy Analysis of the DCA and FISH results focusing on
partial-body fractionated radiation exposure Potential use of
cytogenetic biomarkers for cancer patients over 1 year after
radiotherapy

[16]

MN (MNScore) Healthy people 0–4000 mGy Evaluation study on the accuracy of the automated MN scoring
method using the MNScore Construction and validation of a
dose-response calibration curve for automated MN scoring
Dose assessment using the MNScore can be improved by
subsequent error correction

[17]

Abbreviations: DCA, dicentric chromosome assay; FISH, fluorescence in situ hybridization; MN, micronuclei; CT, computed tomography
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residential status, proximity to the testing area, frequency of expos-
ure to atomic bomb tests, and the potential for additional radiation
exposure following defection.

Currently, these cytogenetic assays for individual dose estima-
tion are emerging as critical tools assessing the health risk of people
after radiation exposure. They can also serve as scientific evidence
of radiation exposure in various social and political situations.9 The
chromosomal aberration dynamics in a group of people in Korea,
including industrial radiographers and interventional radiologists,
were investigated to assess theworking environment and determine
appropriate protective measures for occupational radiation expos-
ure.10–15 Moreover, these biological dose assessments of the KIR-
AMS could provide important information for medical exposures
such as patients with repeated computed tomography exposure and
breast cancer patients undergoing radiotherapy.16,17 It can be
effectively utilized to estimate an accurate whole-body irradiated
dose and assess the biological effects in scenarios involving partial
exposure. While diagnostic radiation exposure at relatively low
levels is generally considered safe, it raises specific concerns in
high-risk population such as pregnancy, infancy, and young
women who require mammography.18,19 Precise dose information
for patients can be used to estimate the health risk associated with
medical radiation exposure. Additionally, this information is valu-
able for evaluating the risks of radiotherapy-induced secondary
cancers, thereby facilitating long-term monitoring and manage-
ment of patients receiving radiotherapy. The cytokinesis-block
micronucleus assay, another biological dose assessment method,
was improved by the automated measurement of the micronuclei
frequencies in binucleated cells for triage in large-scale radiological
accidents, overcoming the limitations of the DCA.20

Recently, we have sought to enhance the efficiency of the test
through technical advances via new methods, protocols, and bio-
dosimetry targets (Figure 1). These advancements have enabled
much more people to undergo biological dose assessment even
faster with detection limits of far lower doses. An automated
method for measuring of dicentric chromosomes was developed

with data from patients exposed to radiation using a pre-trained
deep-learning model.21 The implementation of our deep-learning
model is expected to significantly reduce the scoring time to
approximately 30 minutes per 1 sample, encompassing the analysis
of a thousand of cells in DCA. Furthermore, the accuracy in the
discrimination of dicentric chromosomes is anticipated to improve
progressively through continuous training with millions of images.
This model will be employed for practical applications in biological
dose assessment by the KIRAMS when further advancements are
made and its accuracy and efficiency have been validated. Another
approach at test automation involves the development of a high-
throughput assay utilizing image flow cytometry. This is a powerful
platform that combines the features of conventional flow cytometry
and fluorescence microscopy with advances in data processing
algorithms. It enables multi-parametric fluorescent and morpho-
logical analysis of thousands of cellular events caused by radiation
exposure, including gamma H2AX foci formation and micronuclei
generation.22 Interestingly, some researchers have reported that
DCA when combined with image flowcytometry, significantly
enhances the throughput compared to conventional methods.23,24

It enables the precise identification ofmono- and dicentric chromo-
somes with high specificity, facilitated by advanced spot-counting
algorithms for rare events and sophisticated processing techniques
of fluorescent images in the image flow cytometer. It has the
potential to further improve the efficiency and throughput of
biological dosimetry in the large-scale radiation emergency. We
also explored a new target ofmany biological andmedical responses
for dose assessment. Extracellular vesicles were reported as poten-
tial biomarkers for biodosimetry and showed statistical significance
in their correlation with the radiation exposure dose. Extensive
experimental data using a disease model suggested extracellular
vesicles as a promising candidate for simultaneously estimating the
absorbed dose and the risk of disease in people exposed to radi-
ation.25 The KIRAMS has continually refined conventional cyto-
genetic assays and explored new methods stemming from
advancements in biological dosimetry technology.

Figure 1. Research to enhance the capacity for biological dose assessment in the KIRAMS. Several technical advancement efforts to enhance biological dose assessment were
attempted, including automated analysis using artificial intelligence, high-throughput analysis, and new biomarker development.
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Multiple parametric approach in biological dosimetry is useful
to assess doses of radiation exposure, particularly in response to
radiation emergencies as well as medical treatments.26,27 This
approach ensures that estimated dose of radiation is both consistent
and accurate. Furthermore, it enhances the specificity of biological
dose assessment by integrating distinct endpoints, enabling differ-
entiation radiation exposure from other stressors or confounding
factors. Such approach is invaluable for tailoring medical treatment
and follow-up care for patients exposed to radiation. Regular
validation of specificity and accuracy in each method is essential
to ensure the robustness of dose assessment.28 Domestic and inter-
national inter-laboratory comparison exercises serve as valuable
quality control opportunities to maintain high methodological
standards. Additionally, cross-validation between different bio-
logical dosimetry methods is critical for reliable dose assessment,
particularly in complex exposure scenarios.29 It reduces depend-
ence on a single biomarker and facilitates the analysis of individual
variation in the biological response of radiation exposure through
the use of multiple biomarkers. Several biological dosimetry tech-
niques developed at KIRAMS have the potential to advance effi-
cient protocols for a multi-parametric approach responding to
large-scale radiological accidents.

Incorporating Biodosimetry Into the Category of Medical
Practice

Both the DCA and FISH assay have been widely employed in
cytogenetic techniques for radiation dose estimation using the
blood of humans exposed to radiation. These assays were invented
to score chromosomal aberrations induced by the DNA damage
caused by radiation such as dicentric chromosomes and chromo-
somal translocations. Unfortunately, these methods are primarily
known only to experts in the field of radiation, meaning that the
public lacks the knowledge to use these tests without guidance from
radiation experts. As a result, there is a clear and practical limitation
to the widespread use of these assays. Due to the efforts of the
KIRAMS, both assays were officially included in the list of new
medical practices of the Ministry of Health and Welfare in Korea
in 2016. Additionally, these methods were listed in the National
Health Insurance system in 2017, which has distinctive features
compared to systems in other countries. The National Health
Insurance system offers universal coverage, ensuring that all
Korean citizens have access to essential medical services in clinics
and hospitals, without restrictions based on specific populations.
Anyone seeking biological dose assessment can visit a hospital and
ask to take these tests. Therefore, the public can easily undergo
biological dosimetry without requiring special permission from the
government or authorized institutions helping to alleviate concerns
about radiation exposure and radiation-induced health risks. People
seeking biological dose assessment can consult with medical doctors
regarding their health concerns. Following this, biological dose
assessments are carried out by medical specialists in biological dos-
imetry laboratories upon the request of consulting doctors for visitors
to KIRAMS. The costs for medical consultation and practices
throughout the process are fully documented and transparently
reviewed by the National Health Insurance system.Moreover, excel-
lent medical service related to biological dosimetry can be provided
with highly reliable data, thanks to the accreditation of medical
testing laboratories by the ISO (ISO 15189) in 2014.1 Accreditation
necessities sustainable quality control and technical management,
ensuring high performance in medical tests, including those related
to personnel, instruments, facilities, and the environment. The ISO

15189 accreditation for biological dosimetry can aid in decreasing the
uncertainty of results, errors, and examination costs, while increasing
the reliability of methods, legal validity of results, and global recog-
nition of the data. The laboratory of biological dosimetry in the
KIRAMS has obtained certification since 2019 based on its excellent
cytogenetics laboratory and referral tests from the LaboratoryMedi-
cine Foundation in Korea. This certification serves as a testament to
the knowledge and skills necessary to accurately and effectively
perform biological dose assessment in laboratory medicine tasks,
thereby improving the professional recognition and ensuring quality
assurance of data in Korea (Table 2).

Table 2. Capacity building of biological dose assessments in the Korea
Institute of Radiological and Medical Sciences

Year Month Milestone

2010 May August Launched the team for dose assessment,
consisting of health physics and biodosimetry
specialists Testing for radiation workers
suspected of radiation exposure as requested
by the safety regulation authority

2011 March April Biodosimetry testing on visitors to the Fukushima
nuclear power plant area Opened the
laboratory of biological dosimetry

2012 November First management of a research project regarding
biodosimetry in workers with high risk of
radiation exposure

2014 December Acquisition of accreditation for the medical
testing laboratory (ISO 15189) from the
International Organization for Standardization

2015 November Participation in the Asian Radiation Dosimetry
Group (ARADOS) as a founding member

2016 June Registration of DCA and FISH as new medical
examinations by the Ministry of Health &
Welfare in the Republic of Korea

2017 January
December

First participation in an inter-laboratory
comparison exercise of the RENEB Registration
of DCA and FISH in the National Health
Insurance system list in the Republic of Korea

2018 June Registration as a gene testing laboratory by the
Centers for Disease Control and Prevention in
the Republic of Korea

2019 March Acquisition of certification as both an excellent
testing laboratory and a referral testing site for
cytogenetics from the Laboratory Medicine
Foundation in the Republic of Korea

2020 March First execution of a domestic inter-laboratory
comparison exercise as a reference laboratory
in the Republic of Korea

2022 March August
October

Launched the domestic network of Korean
Biological Dosimetry (K-BioDos) as a reference
laboratory in the Republic of Korea Education
and training program development for
cytogenetic analysts of biodosimetry in the
Republic of Korea Testing of residents near the
Wolsong nuclear power plant

2023 March May Construction of a test referral system for dose
assessment in the radiation emergency
medicine network in the Republic of Korea
Testing of defectors from North Korea who
lived near the atomic bomb testing area

Abbreviations: DCA, dicentric chromosome assay; FISH, fluorescence in situ hybridization;
RENEB, Running the European Network for Biological and Retrospective Physical Dosimetry
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Expanding Assay Capacity for Mass-Casualty Radiation
Accidents

The KIRAMS can perform approximately 25 tests per month using
conventional biodosimetry methods, analyzing 1000 cells with
5 medical specialists and 3 automatic microscope instruments.
Additionally, in radiation emergencies, we can conduct more
than 250 tests per week by triage-quality scoring of 50 spreads of
cells excluding cell culture and image production.30 In addition to
performing triage for dose assessment in accidents, biological dose
assessments are essential to relieve the concerns and fears regarding
radiation exposure of many people who are unsure whether they
have suffered severe damage in a radiation accident. This demand
could place a significant burden on our present capacity when using
conventional methods. The scoring time of chromosomal aberra-
tionsmay become a bottleneck in processing a large number of tests
in the cytogenetic assay process. Consequently, additional expert
scorers are required to assess chromosomal aberrations caused by
radiation exposure. To address this issue, we offer an education
and training program designed to qualify medical specialists as
scorers for radiation-induced chromosomal aberrations. They are
required to possess advanced cytogenetic knowledge and high-
level skills for analysis of chromosomal aberrations. The program
consists of basic and advanced courses. In the basic course,
individuals will acquire essential knowledge and understanding
of the experimental process involved in cytogenetic assays over a
5-hour period, complemented by 9 hours of hands-on practice
with instructors. Then, in the basic course, they undergo intensive
training for 8 hours on discriminating and scoring radiation-
induced chromosomal aberrations. The advanced course builds
upon this foundation, providing 9 hours of instruction on dose
estimation equation, measurement uncertainty, operation of
instruments and facilities, and medical recording, in addition to
the content covered in the basic course. Participants are required
to pass qualifying tests at each stage of both courses. Upon
successful completion of the basic and advanced courses, medical
specialists are fully prepared to conduct biological dosimetry
experiments even if they had no prior familiarity with biological
dosimetry. This program outlines the essential qualifications
required for the staffs involved in biological dosimetry. Continu-
ous training under the supervision of experienced professionals is
essential to ensure proficiency in various tasks, including blood
extraction, cell culture, slide preparation, chromosomes number
measurement, discrimination of chromosomal aberrations and
dose estimation. Typically, it takes an additional 6 months of
training for a new staff to become competent in applying bio-
logical dosimetry in medical practice at KIRAMS.

The KIRAMS is a central authority that controls radiation
emergency medicine in a collaborative network including 31 emer-
gency hospitals in Korea.31 Unfortunately, most hospitals in the
radiation emergency medicine network cannot provide biological
dose assessment services after radiation exposure due to a lack of
expert staff and specialized instruments and facilities. To address
this, we have developed a referral procedure for biological dose
assessment to the laboratory of biological dosimetry in the KIR-
AMS. A practical manual for the referral procedure contains the
defined processes for communication, blood sample delivery,
requesting examinations, and reporting of results. Medical services
for dose assessment in radiation emergencies in Korea can be
provided through this system. These procedures can also be applied
to individuals who have concerns regarding radiation exposure in
their daily life, rather than only in emergency situations.

Although several technical advancements have significantly
enhanced capacity for biological dose assessments in the KIRAMS,
the methods remain insufficient for a single laboratory to meet the
demand for a large number of dose assessment tests. The IAEA has
suggested a strategy that involves conducting a large number of
tests, which exceeds the capacity of a single biological dosimetry
laboratory. This strategy necessitates collaboration with other
laboratories within the network and active interactions between
the reference laboratory and medical staff. The KIRAMS organ-
ized the domestic network of biological dosimetry to enhance the
potential of biological dose assessment in Korea. The Korean
Biological Dosimetry (K-BioDos) network was established with
4 laboratories in 2022 and grew to 6 laboratories in Korea. The
6 laboratories have various qualification levels for biodosimetry
depending on resources available for radiation emergencies. To
overcome challenges affecting collaboration and ensure consist-
ent scoring, inter-laboratory comparison exercises are conducted
twice a year in the K-BioDos network. These exercises provide
opportunities to educate and train our staff through technical
meetings and workshops. Moreover, we developed the K-image
bank containing numerous chromosome images used in biodosi-
metry, which were provided by member laboratories. This image
bank serves as a valuable resource for technical development and
education and training. We have worked to establish a long-term
plan for advancing the technical capabilities of biological dose
assessment in collaborative responses to radiation emergencies
including the construction of a consistent standard curve for dose
assessment.

Perspective

The KIRAMS plays a significant role within the World Health
Organization Radiation Emergency Medical Preparedness and
Assistance Network (WHO-REMPAN), enhancing global health
security by preparation to effectively respond to radiation emer-
gencies. This organization contributes to provision of the expertise
and resources in medical responses to radiation emergencies. It
offers training and enhances the capacity for global medical emer-
gency staff to effectively manage the radiation emergencies. The
KIRAMS can provide technical assistance to other countries for
radiation emergencies, including radiation monitoring, decontam-
ination, and biological dosimetry. As a reference laboratory in
Korea, we can share expertise, resources, and knowledge of bio-
logical dose assessment, thereby enhancing collaboration with
other states for radiation emergency medicine. For example, our
facility can provide chromosomal images to estimate radiation
doses according to a standard method,32 and we can estimate the
radiation exposure dose from blood samples of victims through
referral procedures from requesting countries. In addition, the
KIRAMS has participated in international collaborations for bio-
logical dose assessment with institutes such as Health Canada,
Hirosaki University, and Barcelona University as an individual
laboratory and with the Asian radiation dosimetry group
(ARADOS) and Running the European Network for Biological
and Retrospective Physical Dosimetry (RENEB) as a regional net-
work for biological dose assessment (Figure 2).33–36 These types of
bilateral or regional cooperation can contribute to standardizing
cytogenetic biodosimetry and consequently enhance the capacity
for biological dose assessment in global radiation disasters. Fur-
thermore, we currently sought to develop mobile learning tools to
offer an education and training program for cytogenetic biological
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dosimetry analysts. We expect that our endeavor to advance bio-
logical dosimetry will significantly contribute to improving the
preparedness of radiation emergency medicine.
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