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Abstract: Cytogenetic dosimetry (CD) provides biological evidence of radiation 
exposure and is particularly valuable in emergencies. However, its routine use in 
occupational protection remains limited globally. This study examines the barriers to 
institutionalization of CD within Brazil’s occupational health and safety (OHS) framework. 
A qualitative analysis was conducted through a critical examination of international 
standards, Brazilian regulations, and scientific literature. The study mapped national 
guidelines, identified regulatory gaps, and evaluated the implications for worker health 
surveillance, with a specific focus on the potential role of CD. Our analysis shows that 
cytogenetic dosimetry is a technically feasible, accessible, and cost-effective method 
for biological monitoring. Its implementation in Brazilian occupational settings is 
constrained by the absence of standardized protocols, a lack of professional training 
among OHS practitioners, and low awareness of its clinical applicability. The findings 
from the Brazilian context highlight the need for updated OHS policies that integrate 
physical dosimetry with the biological effects of radiation, providing broader insights for 
advancing evidence-based occupational health policies and promoting a stronger global 
culture of radiation protection.

Key words: Radiation Science, Biological dosimetry, Cytogenetic dosimetry, Occupational 
health, Radiation protection.

INTRODUCTION
Since its discovery, ionizing radiation (IR) has 
played a pivotal role in technological progress, 
underpinning advancements in various 
sectors, including medicine (diagnostics and 
therapeutic procedures), agriculture, industry, 
and other critical domains. Despite its societal 
benefits, IR poses potential health risks, whose 
severity depends on the absorbed dose and the 
duration of exposure (Amaral 2005, Jaksic et al. 
2023). Therefore, all activities involving radiation 
must comply with the three core principles of 
radiological protection: Justification, which 

states that any exposure should only occur 
if the benefits outweigh the risks; Individual 
Dose Limitation, which establishes dose limits 
to protect individuals; and Optimization, 
which seeks to reduce exposure to the lowest 
reasonably achievable level, following ALARA (As 
Low As Reasonably Achievable) and ALARP (As 
Low As Reasonably Practicable) basic principles 
(ICRP 1991, Okuno 2013, Kotre 2022).

Absorbed dose, the energy deposited by 
radiation per unit mass, is the fundamental 
quantity for assessing biological risk. In routine 
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occupational monitoring, personnel dosimeters 
(so-called badges) are commonly worn to 
measure the highest expected absorbed dose 
in the trunk (Pinto & Amaral 2014, Obrador 
et al. 2020). However, in practice, individual 
dosimetry for occupational exposure has 
several limitations. Physical dosimeter readings 
can be misleading, especially if the badge is 
not correctly positioned or falls outside the 
radiation field during inhomogeneous or partial-
body exposures. As a result, in many real-world 
scenarios, particularly in cases of accidental, 
unexpected, or suspected exposure, workers 
may not be wearing dosimeters or may lack 
reliable dose records, making direct assessment 
unfeasible.  Moreover,  dosimeters can 
sometimes be irradiated while not being worn, 
either inadvertently or intentionally, leading to 
misleading exposure readings (Montoro et al. 
2009). In such situations, cytogenetic dosimetry 
offers a valuable complementary or alternative 
approach for estimating absorbed dose and 
verifying the authenticity of individual exposure 
records (Lemos Pinto et al. 2010, Herate & 
Sabatier 2020).

Cytogenetic dosimetry detects and 
quantifies chromosomal aberrations (CAs) in 
peripheral blood lymphocytes as biomarkers 
of radiation exposure. Internationally, it 
is recognized as a sensitive and reliable 
technique for retrospective dose assessment, 
emergency triage, and long-term health 
monitoring (Vinnikov & Belyakov 2022, Vinnikov 
2024). Worldwide, however, the integration 
of cytogenetic dosimetry into occupational 
radiological safety practices remains limited. In 
Brazil, for instance, although the technique is 
formally mentioned in regulatory standards, its 
inclusion is only occasional and lacks detailed 
guidance, consistency, or reinforcement across 
the broader occupational health framework. 

The Regulatory Standards (Normas 
Regulamentadoras – NRs) of the Brazilian 
Ministry of Labor (BML) establish mandatory 
occupational safety procedures, which are 
periodically updated to address emerging 
risks (Brasil 1978). In 2005, the BML approved 
Regulatory Standard No 32 (NR-32) dedicated 
to safety in healthcare services, which sets 
forth procedures to protect the physical and 
mental integrity of healthcare workers. Notably, 
NR-32 includes cytogenetic dosimetry as a 
recommended tool for individual monitoring, 
to be used at the discretion of a medical 
professional in cases of suspected or confirmed 
accidental exposure to ionizing radiation (Brasil 
2022a). Despite this recommendation, the 
method is rarely applied in routine occupational 
practice, primarily due to limited awareness 
among Occupational Health and Safety (OHS) 
teams (Lemos-Pinto & Amaral 2011, Arbo et al. 
2022).

On the other hand, while the BML 
recommends incorporating cytogenetic 
dosimetry into the occupational health 
framework for the investigation of radiological 
incidents, the current regulatory framework of the 
Comissão Nacional de Energia Nuclear (CNEN), 
the Brazilian federal authority responsible for 
regulating radiation protection in medical, 
industrial, and research applications, does 
not explicitly address this technique. Although 
CNEN is the primary institution overseeing 
radiological safety in Brazil, the absence of 
specific references to cytogenetic dosimetry 
in its guidelines suggests a potential area for 
future alignment with internationally recognized 
practices in biological dose assessment and 
radiological emergency preparedness (IAEA 
2011, Escalona et al. 2022). This misalignment 
between regulatory bodies contributes to the 
underutilization of cytogenetic dosimetry and 
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delays its institutionalization as a standard tool 
in occupational radiation protection.

Based on the Brazilian experience in 
applying cytogenetic dosimetry for occupational 
radiological protection, this work contextualizes 
regulatory advancements, discusses current 
limitations, and outlines perspectives on 
institutionalizing cytogenetic dosimetry as a 
standard tool in occupational health and safety 
protocols.

MATERIALS AND METHODS
This study employs a qualitative narrative review 
grounded in a critical examination of normative 
frameworks and scientific literature to analyze 
the historical evolution and conceptual shifts in 
occupational radiation protection in Brazil. Given 
the regulatory, institutional, and interdisciplinary 
nature of the topic, a narrative design was 
adopted to enable contextual interpretation and 
conceptual synthesis rather than exhaustive or 
reproducible literature aggregation.

The investigation focused on documents 
and publications with recognized relevance to 
occupational radiation protection, including 
international radiation protection standards, 
Brazi l ian regulatory and institutional 
frameworks, and peer-reviewed scientific 
literature addressing occupational exposure, 
radiological protection practices, and the 
application of cytogenetic dosimetry in exposed 
workers. Document selection was guided by 
relevance, regulatory or scientific influence, and 
contribution to the understanding of physical 
and biological monitoring in occupational 
settings, with emphasis on key thematic areas 
at the interface of radiation science, biological 
dosimetry, cytogenetic dosimetry, occupational 
health, and radiation protection.

The analytical procedure followed an 
interpretative narrative logic. International 

standards were first examined to establish the 
global reference framework for occupational 
radiation protection, followed by a chronological 
and thematic analysis of key Brazilian 
regulatory milestones. The scientific literature 
was subsequently analyzed to contextualize 
regulatory practices, identify conceptual and 
methodological gaps, and examine the role 
of cytogenetic techniques in the biological 
monitoring of occupational exposure. The 
resulting synthesis integrated regulatory, 
technical, and conceptual perspectives, enabling 
the identification of structural challenges 
and opportunities to strengthen occupational 
radiation safety.

RESULTS AND DISCUSSION
Basis for physical and cytogenetic dosimetry 
in worker surveillance

Monitoring of occupational exposure

To ensure the effectiveness of radiological 
protection measures and prevent occupational 
exposure limits from being exceeded, the use 
of physical dosimeters, devices that record 
the accumulated dose of ionizing radiation 
absorbed by the environment and individuals 
occupationally exposed (IOE), has become 
essential (Brasil 2018).

The monitoring of IOEs is primarily carried 
out using various types of physical dosimeters, 
such as film, thermoluminescent (TL), optically 
stimulated luminescence (OSL), and electronic 
dosimeters with real-time readout (Yang et 
al. 2024). The choice and positioning of the 
dosimeter vary according to the nature of the 
occupational exposure. They can be worn on 
the chest (as a badge or pen), on the head 
(for monitoring the lens), on the wrist, or as 
a ring (Miller et al. 2010). These devices are 
typically evaluated and replaced every month. 
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At each monthly replacement, a report is 
issued containing the radiation doses recorded 
individually for each worker (Brasil 2025a).

All dosimeters share a fundamental 
limitation: in cases of whole-body exposure 
with an inhomogeneous radiation distribution, 
the absorbed dose may be inaccurately 
quantified, leading to either underestimation 
or overestimation of exposure (Lemos Pinto et 
al. 2010). In addition, the accuracy of dosimeter 
readings can be affected by several operational 
factors, such as partial-body exposure to 
radiation and incorrect or inadequate use of a 
dosimeter at the time of exposure (Amaral 2005). 
In parallel, there is the possibility of clinical 
exposures to which IOEs may be subjected 
during radiological examinations or nuclear 
medicine procedures. Since absorbed dose is 
cumulative, these factors affect the reliability of 
the measurements.

Figure 1 illustrates two hypothetical 
scenarios of ionizing radiation exposure: 
homogeneous (Fig. 1a), in which the radiation is 
uniformly distributed throughout the body; and 
partial-body exposure (Fig. 1b). These different 
exposure patterns significantly affect how 

the absorbed doses are (or are not) recorded 
and interpreted using physical dosimeters, 
potentially influencing dose estimation. 

As illustrated in Figure 1a, homogeneous 
whole-body exposures are relatively well 
captured by dosimeters, but in realistic 
occupational scenarios, characterized by 
partial-body irradiation, oblique incidence, and 
scattered fields, the recorded dose may diverge 
significantly from the biologically relevant dose. 
This bias, expressed as (Reading – TrueDose)/
TrueDose, tends to remain approximately 
constant across different source strengths, 
suggesting that underestimation is a structural 
rather than stochastic artifact of workplace 
conditions.

Considering these limitations, it becomes 
evident that physical dosimetry alone cannot 
provide a complete or always reliable picture 
of occupational exposure. The systematic 
underestimation observed across clinical 
practice (Lee et al. 2022, Munoz et al. 2022), 
organ‑specific monitoring such as the eye 
lens (Silva et al. 2019), electronic dosimeter 
performance (Borowski et al. 2010, Hourdakis 
et al. 2010), epidemiological reconstructions 

Figure 1. Comparison between homogeneous (a) and nonhomogeneous (b) ionizing radiation exposures, 
highlighting their distinct impacts on dose recording. 
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of large worker cohorts (Bellamy et al. 2025), 
and even algorithmic dose estimation under 
protective garments (Boetticher et al. 2008) all 
converge on the same conclusion: the “true” 
biological burden of radiation is often higher 
than what is recorded. This recognition has 
driven increasing interest in complementary 
approaches that directly measure biological 
effects rather than relying solely on physical 
proxies. Cytogenetic dosimetry, as emphasized 
by Piotrowski et al. (2021), offers precisely this 
advantage—providing sensitive, cell-based 
biomarkers of exposure that are independent 
of worker compliance, dosimeter placement, or 
gaps in historical records.

The following section, therefore, examines 
the principles, assays, and applications of 
cytogenetic dosimetry, highlighting its role as a 
critical complement to conventional monitoring 
in occupational radiation protection.

Cytogenetic dosimetry

Cytogenetic dosimetry, first investigated by 
Bender & Gooch (1962), uses cytogenetic 
biomarkers to quantitatively estimate the 
absorbed dose of ionizing radiation from acute 
or chronic exposures. The most established 
approach involves assessing unstable 
chromosomal aberrations (CA) and micronuclei 
in binucleated lymphocytes from human 
peripheral blood. When ionizing radiation 
interacts with these quiescent cells, DNA damage 
can be induced and remain undetected until the 
cells enter the replication phase. At this point, 
such lesions may be expressed as chromosomal 
abnormalities. To interpret CA scores in terms of 
radiation dose, a calibration curve is required 
(Lemos Pinto et al. 2010, IAEA 2011). 

Among the available cellular models, 
fibroblasts and lymphocytes are the most widely 
studied for the analysis of CA (Lemos Pinto et al. 
2010). Lymphocytes offer practical advantages, 

as they require shorter culture times, and they 
can be collected through minimally invasive 
procedures, such as venipuncture, whereas 
fibroblast isolation typically involves skin 
biopsies. Furthermore, because lymphocytes 
circulate systemically, they serve as more 
representative biomarkers of whole-body 
exposure, thereby enhancing their suitability for 
biodosimetric applications (Ferreira-Lucena et 
al. 2024).

The gold standard in biodosimetry, 
cytogenetic dosimetry has been used as a 
complementary methodology for determining 
absorbed dose in occupationally exposed 
professionals, and in investigations of 
accidental exposure to ionizing radiation (IAEA 
2011). In addition to radiation-related exposures, 
cytogenetic biomarkers have also demonstrated 
efficacy in assessing environmental genotoxicity. 
This is supported by studies investigating the 
effects of occupational exposures, such as 
gasoline vapors among gas station attendants 
and pesticides among rural workers (Valente et 
al. 2017, Nogueira et al. 2020).

Human cells exhibit varying degrees of 
radiosensitivity throughout the cell cycle, being 
most sensitive during mitosis and most resistant 
during the late S phase. This variation influences 
their overall susceptibility to genotoxic agents, 
such as ionizing radiation and mutagenic 
substances, depending on the timing of 
exposure. These agents can induce chromosomal 
breaks and rearrangements, leading to CA during 
metaphase, when chromosomes are condensed 
and preparing to divide. These CA are classified 
as stable or unstable depending on their 
persistence through subsequent cell divisions 
(Bryant et al. 2010, Lemos Pinto et al. 2010).

Stable CAs, such as inversions, deletions, 
and balanced translocations, undergo normal 
chromosome segregation during mitosis and can 
be transmitted to daughter cells, persisting in 
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the body for long periods. In contrast, unstable 
CA, such as dicentric chromosomes and acentric 
fragments (Figure 2), impair mitotic stability and 
hinder cell division. These cells are typically 
eliminated through apoptosis or mitotic failure, 
leading to a gradual decline in the frequency of 
such aberrations over time (Lemos Pinto et al. 
2010, Lemos-Pinto & Amaral 2011).

Dicentric chromosomes (DC), characterized 
by the presence of two centromeric regions, 
originate from the fusion of two distinct 
chromosomes. This phenomenon occurs when 
adjacent chromosomes are cleaved and, due 
to failures in the repair enzyme system, are 
joined asymmetrically. This leads to an altered 
structure with two centromeres and an acentric 
fragment, which may not be equally segregated 
during cell division (Agrawala et al. 2010, IAEA 
2011, Herate & Sabatier 2020).

On the other hand, micronuclei (MN) are a 
kind of byproduct generated by the fragmentation 

or loss of chromosomes. These structures 
correspond to small cytoplasmic compartments, 
delimited by a nuclear membrane, that 
contain genetic material not incorporated 
into the real nucleus during cell division, as 
illustrated in Figure 3. These alterations typically 
occur in response to exposure to genotoxic 
agents, including ionizing radiation, chemical 
compounds, and heavy metals (Fenech 2020, 
Piotrowski et al. 2021, Lemos-Pinto & Amaral 
2011, Herate & Sabatier 2020).

Cytogenetic assays

Cytogenetic biomarkers form the basis for several 
assays in cytogenetic dosimetry, including 
the translocation assay, the cytokinesis-block 
micronucleus (CBMN) assay, the premature 
chromosome condensation (PCC) assay, and the 
dicentric chromosome assay, as summarized in 
Table I.

The cytogenetic assays presented in Table 
I, which are used in biological dosimetry 

Figure 2. Unstable chromosomal aberrations observed 
in metaphase spreads of peripheral lymphocytes 
following ionizing radiation exposure. Dicentric 
chromosomes (red arrow) and acentric fragments 
(blue arrow). Source: Laboratory of Modeling and 
Applied Biodosimetry (Laboratório de Modelagem e 
Biodosimetria Aplicada-Lambda-DEN/UFPE) 2024.

Figure 3. Binucleated lymphocyte cell with the 
presence of a labeled micronucleus by a red 
arrow. Source: Laboratory of Modeling and Applied 
Biodosimetry (Laboratório de Modelagem e 
Biodosimetria Aplicada-Lambda-DEN/UFPE) 2024.
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to estimate the absorbed dose of ionizing 
radiation, have distinct characteristics that 
determine their applicability according to the 
level of exposure and the time elapsed since the 
event (Lemos-Pinto & Amaral 2011).

The translocation assay, for example, is 
most used for detecting old exposures, as 
these chromosomal alterations are stable and 
can remain detectable in peripheral blood 
lymphocytes for months or even years. However, 
its interpretation is compromised by the high 
natural frequency of translocations in unexposed 
individuals, as well as by factors such as aging, 
smoking, and exposure to chemical agents 
(Gnanasekaran 2021, Herate & Sabatier 2020).

The PCC assay is particularly useful for rapidly 
assessing radiation damage at high doses and is 
effective within the first few hours after exposure. 
Despite its agility, the application of this method 
is limited by the technical complexity, which 
involves the fusion of lymphocytes with cells 
in mitosis, requiring greater specialization and 
compromising its routine use (Lemos Pinto et al. 
2010, Gnanasekaran 2021).

The dicentric chromosome assay is widely 
recognized as the gold standard for identifying 
acute exposures to ionizing radiation due 
to its high sensitivity and specificity. This 
method enables the detection of extremely 
low doses (> 0.1 Gy) and can identify exposures 
that occur from a few days to several weeks 
after the event, making it indispensable in 
both occupational exposure contexts and 
retrospective post-accident evaluations. Its 
application was fundamental in significant 
episodes of radiological contamination, such 
as the accidents in Chornobyl (Ukraine, 1986), 
Goiânia (Brazil, 1987), Tokaimura (Japan, 1999), 
and Fukushima (Japan, 2011) (Ramalho et al. 
1995, Jamal et al. 2009, Sumption et al. 2011, Suto 
2016, Sakamoto-Hojo 2018).

For the dicentric chromosome assay, precise 
dose quantification relies on a dose–response 
calibration curve, assuming that the biological 
effect is proportional to the radiation dose. In 
radiological emergencies, rapid assessment 
can be achieved by analyzing as few as 50 
metaphases or 30 dicentric chromosomes. This 

Table I. Characteristics of the main cytogenetic dosimetry assay for estimating the absorbed dose of ionizing 
radiation. Sources: Adapted from Lemos Pinto et al. (2010), Lemos-Pinto & Amaral (2011), and IAEA (2011).

Assay Lower
Limit Culture Time Analysis 

Time Methods

Dicentric 
Chromosome 0.1 Gy 48-51 hours 4-5 days

Conventional Giemsa
FPG

C-banding
FISH

CBMN* 0.3 Gy 72 hours 4 days
Conventional Giemsa

C-banding
FISH
FPG

Translocation 0.25 Gy 72-75 hours 2-3 days
Conventional Giemsa

C-banding
FISH
SKY

PCC** 4 Gy 3-4 hours 4-6 hours
Conventional Giemsa

C-banding
FISH

*CBMN: Cytokinesis-Block Micronucleus; **PCC: Premature Chromosome Condensation.
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expedited approach contrasts with standard 
protocols, which recommend evaluating 500 
metaphases for suspected low-dose exposures 
(<1 Gy) or counting 100 dicentric chromosomes 
for higher doses, thereby improving accuracy 
and statistical reliability in dose estimation 
(Lemos Pinto et al. 2010, IAEA 2011). 

The methodology of this assay involves a 
series of carefully standardized laboratory steps 
that begin with blood collection and proceed to 
the acquisition and cultivation of lymphocytes, 
the preparation of slides, the observation 
of cells in metaphase, and the identification 
of chromosomal aberrations under light 
microscopy. At the end of this process, the 
estimated dose is calculated based on the 
frequency of dicentrics observed. This entire 
procedure, although technically demanding, 
can be completed on average in 1 to 2 weeks, 
allowing for a relatively rapid response in 
contexts of suspected exposure (Lemos Pinto et 
al. 2010).

In situations that require large-scale 
screening or a faster response, the CBMN assay 
represents a viable alternative, as it has a 
detection period similar to that of the dicentric 
assay and requires less technical knowledge. 
However, it is essential to note that cytokinesis-
block micronucleus (CBMN) is not specific to 
ionizing radiation, as micronuclei (MN) can be 
induced by various genotoxic agents, which 
limits its ability to attribute damage exclusively 
to IRs (Gnanasekaran 2021).

Historically, the primary limitation of 
cytogenetic dose estimation has been the highly 
labor-intensive nature of the process, which 
requires skilled personnel to dedicate extensive 
time to the microscopic analysis of sufficient 
metaphases to ensure statistically significant 
results with minimal uncertainty (IAEA 2011). 
This requirement becomes even more critical in 
scenarios involving low-dose exposures, where 

the frequency of chromosomal aberrations is 
reduced, and a larger number of cells must be 
analyzed to confirm the findings. Consequently, 
the operational costs and time constraints 
associated with cytogenetic assays limit their 
routine incorporation into annual medical 
surveillance programs for occupationally 
exposed workers. Therefore, even in countries 
with well-established biodosimetry laboratories, 
the application of this technique has historically 
been limited to cases of actual or suspected 
accidental overexposure.

However, more recently, advances in 
automated microscopy and pattern recognition 
algorithms have accelerated the analysis process, 
reducing both the time and labor costs of the 
assay. Currently, ongoing research on artificial 
intelligence applied to microscope-captured 
images shows promise for further improvements 
(M’Kacher et al. 2023). These advances now open 
up opportunities for wider implementation of 
the method in routine monitoring, and countries 
such as Brazil should recognize this potential 
and act accordingly.

Challenges in occupational cytogenetic 
monitoring

By design, occupational exposure to ionizing 
radiation is kept at low levels and considered 
safe under established protection standards. 
Nevertheless, the absence of immediate health 
effects does not eliminate potential risks, as 
cumulative or unmonitored exposures can 
compromise long-term well-being. Continuous 
dose monitoring is therefore essential for 
both verifying the effectiveness of radiological 
protection measures and establishing a 
biological record of a worker’s exposure 
(Fernandes et al. 2006, Djokovic et al. 2023).

While international radiological protection 
bodies, such as the International Atomic 
Energy Agency (IAEA), recommend cytogenetic 
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assessment for individual dose evaluation, its 
incorporation into global occupational health 
frameworks remains limited. For instance, the 
Technical and Ethical Guidelines for Workers’ 
Health Surveillance issued by the International 
Labor Organization establish principles for 
safeguarding the health of workers exposed 
to ionizing radiation. However, they do not 
refer to cytogenetic dosimetry (ILO 1998). This 
omission underscores the need to strengthen 
international regulations by incorporating more 
sensitive methodologies for early detection 
of radiation-induced biological effects in 
occupational settings. The importance of 
updating current guidelines is further supported 
by scientific evidence indicating risks from 
prolonged exposure, even at levels traditionally 
considered safe.

For example, Venneri et al. (2009) found 
that cardiac catheterization laboratory workers 
with higher levels of ionizing radiation exposure 
had an increased risk of developing neoplasms. 
Similarly, a study by Kim et al. (2022) among 
nuclear power plant workers in South Korea 
found that chromosomal damage can occur in 
individuals exposed to doses below permitted 
occupational limits, underscoring the need for 
more sensitive and comprehensive monitoring 
methods to ensure the health of these 
professionals. Another example is the work 
of Pinto & Amaral (2014), which emphasizes 
the relevance of cytogenetic dosimetry as a 
complementary tool to conventional physical 
dosimetry. By comparing cytogenetic analysis 
results from radiological workers with data from 
physical dosimeters, the authors identified 
significant discrepancies, indicating that 
chromosomal alterations can be detected 
even when physical dosimeters do not register 
meaningful dose levels. Their findings highlight 
the need for an integrated, up-to-date approach 
to monitoring occupational exposure to 

ionizing radiation, particularly in environments 
characterized by chronic low-dose exposure.

Radioprotection management in Brazil
In Brazil, radioprotection management began 
with the establishment of the Brazilian Nuclear 
Program in the 1950s. This program aimed 
to diversify the national energy matrix by 
introducing nuclear energy, thereby stimulating 
the country’s technological and industrial 
development (Gonçalves 2009). As part of this 
effort, the Comissão Nacional de Energia Nuclear 
(CNEN) was created in 1956, the body responsible 
for establishing technical and safety guidelines 
in the sector, with the Instituto de Radioproteção 
e Dosimetria (IRD) as a technical reference 
for research, regulation, and monitoring of 
radioprotection in the country (Brasil 1956, 
Andrade & dos Santos 2013, Sakamoto-Hojo 
2018, Souza et al. 2022). 

The International  Commission on 
Radiological Protection (ICRP) has been 
publishing recommendations on protection 
from ionizing radiation since 1928. Virtually 
all international standards and national 
regulations addressing radiological protection 
are based on the recommendations of this 
Commission. Based on the principles of the 
ICRP and the operational quantities established 
by the International Commission on Radiation 
Units and Measurements (ICRU), CNEN has 
created and updated the National Standards 
(NN) that regulate the safe use of IRs in Brazil. 
These standards establish the technical and 
administrative requirements necessary to 
ensure the protection of workers, patients, and 
the public (ICRP 1959, ICRU 1993, Souza et al. 
2022). 

NN 3.01 establishes the fundamental 
radiological protection requirements for 
exposure to ionizing radiation, covering 
activities related to the handling, production, 
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transport, storage, and disposal of radioactive 
materials and their waste. The standard 
applies to occupational, medical, and public 
exposures, stipulating protective measures both 
in daily and emergency situations through the 
Radioprotection Plan. Additionally, it provides 
the intervention protocols for chronic exposure 
scenarios and defines control strategies for 
natural sources of radiation (Brasil 2025a).

NN 3 .02 ,  in  turn ,  regu la tes  the 
i m p l e m e n t a t i o n  a n d  o p e ra t i o n  o f 
radioprotection services in nuclear and radiology 
installations, detailing the requirements for the 
structure, personnel, and equipment necessary 
for the proper functioning of these facilities. The 
standard specifies the qualifications required for 
technicians and assistants and defines control 
activities, such as monitoring workers, areas, and 
equipment, as well as waste management (Brasil 
2018). Such activities are strictly supervised 
by radiological protection supervisors, in 
accordance with CNEN Resolution 340/25, which 
ensures that professionals involved in these 
activities have access to the necessary criteria 
for radiological safety at those installations 
(Brasil 2025b).

Finally, NN 3.05 specifically addresses 
nuclear medicine “in vivo”, establishing the 

duties of responsible professionals and the 
operational requirements for radiological safety 
and protection, with emphasis on the handling 
of radiopharmaceuticals, waste management, 
exposure optimization, and contamination 
control (Brasil 2013).

Tab le  I I  summar i zes  the  ma in 
radioprotection standards in Brazil, highlighting 
the responsibilities, guidelines, and specific 
conditions applicable to various practices 
involving ionizing radiation.

Among its prerogatives, the CNEN has 
historically been responsible for overseeing 
activities involving ionizing radiation in Brazil. 
In certain areas, particularly in the medical 
and dental sectors, this supervisory role is also 
exercised by the National Health Surveillance 
Agency (ANVISA) (Souza et al. 2022). However, 
the establishment of the National Nuclear 
Safety Authority (ANSN) in 2021, driven by the 
need to separate regulatory and operational 
functions within the nuclear sector, marked a 
shift in this oversight structure. ANSN is now 
the designated authority for nuclear safety, and 
the gradual transfer of this responsibility from 
CNEN is underway. It is worth noting that ANVISA 
continues to fulfill its surveillance role within 

Table II. National Radioprotection Standards established by CNEN. Source: Brasil (2013, 2018, 2025a).

Standards (NN) Regulation Applicability

3.01 
Basic requirements for radioprotection 

and radiological safety of radiation 
sources (CNEN Resolution 344/25).

Establishes employers’ responsibilities, annual 
dose limits for the exposed population, and 

criteria for monitoring, training, and control of 
exposure.

3.02 Radioprotection services.
It establishes the limits, requirements, and basic 
conditions for radiological protection in practices 

involving ionizing radiation.

3.05
Radiological safety and protection 
requirements for nuclear medicine 
services (CNEN Resolution 159/13).

Regulates the safety and radiological protection 
requirements for nuclear medicine services.
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the specific areas for which it is responsible 
(Brasil 2021).

Limitations and gaps in Brazilian standards
Although cytogenetic dosimetry is formally 
referenced in Brazilian regulatory frameworks, 
as in Regulatory Standard NR-32 Safety and 
Health in Healthcare Services, its integration into 
routine occupational health practice remains 
limited. This gap may be largely attributable to 
the absence of detailed operational guidelines, 
such as standardized flowcharts and procedural 
protocols, as well as to the limited awareness 
and training of occupational health and safety 
professionals regarding its clinical applicability, 
methodological foundations, and practical 
implementation in real-world settings (Brasil 
2022a).

In practice, the NR-7 guidelines for 
monitoring workers exposed to ionizing radiation 
primarily rely on hematological analyses, 
specially complete blood counts (Brasil 2022b). 
These assess lymphocytes, polymorphonuclear 
leukocytes, and platelets, nonspecific biomarkers 
whose variations can arise from numerous 
causes unrelated to radiological exposure, such 
as adverse environmental conditions or viral 
and bacterial infections (Brasil 2022b, Lemos 
Pinto et al. 2010). In the context of radiation, 
hematological changes typically occur only after 
acute exposures exceeding 1 Gy, as documented 
in radiological accidents (Awaad et al. 2017, 
Djokovic et al. 2023). This substantially limits 
the usefulness of such tests for detecting 
occupational exposures that are within, or only 
slightly above, regulatory dose limits.

Moreover, NR-7 not only mandates new 
medical evaluations when annual radiation 
dose limits are exceeded but also requires that 
health records be preserved for 30 years after the 
termination of employment. However, it does not 
include cytogenetic or other biological dosimetry 

techniques among the recommended tools for 
reassessing worker health. Consequently, the 
ability to detect genotoxic effects with greater 
sensitivity and specificity, which is essential for 
both short- and long-term health surveillance, 
is significantly compromised (Brasil 2022b).

Within the CNEN regulation framework, 
the latest revised edition of the standard 
NN 3.01 (Brasil 2025a) remains the primary 
regulatory instrument for occupational 
radiological protection in Brazil. However, it 
does not currently include specific references 
to cytogenetic dosimetry (Brasil 2025a). The only 
CNEN standard that refers to this technique is 
NN 3.05, which considers its use in exceptional 
cases where a worker receives an effective 
dose exceeding 100 mSv in a single month. 
Even in such situations, cytogenetic dosimetry 
is presented as a supplementary rather than a 
periodic component of occupational monitoring 
(Brasil 2013).

NR-32, in turn, allows for the use of 
cytogenetic dosimetry in acute exposure 
scenarios involving both sealed and unsealed 
sources, although its application is left to 
medical discretion. The absence of more 
detailed guidance, combined with the limited 
dissemination of cytogenetic techniques in 
medical education and training, may contribute 
to its underutilization, even in situations where 
it could offer clinical benefits. Furthermore, the 
regulation does not incorporate cytogenetic 
dosimetry into pre-employment, periodic, or 
termination medical evaluations for workers 
potentially exposed to ionizing radiation, which 
may limit the identification of prior exposures 
and the reconstruction of retrospective doses 
(Brasil 2022a).

Another challenge concerns the absence 
of clear regulatory definitions regarding which 
institutions are authorized to conduct cytogenetic 
dosimetry and the technical, methodological, or 
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infrastructural standards required to ensure the 
reliability of results. This lack of specification 
may lead to legal ambiguities, potentially 
hindering the recognition of occupational 
health claims and limiting the effectiveness of 
surveillance programs.

Ultimately, the absence of cytogenetic 
dosimetry in standard occupational monitoring 
protocols limits the ability of employers and 
OHS professionals to apply biologically based 
methods to estimate workers’ cumulative 
radiation exposure. While physical dosimeters 
remain essential for dose tracking, they do not 

reflect biological effects or cumulative exposure, 
particularly in chronic low-dose radiation 
scenarios. These limitations underscore the 
need to revisit and, if necessary, update Brazilian 
occupational radiation protection frameworks 
to incorporate cytogenetic dosimetry into legally 
supported and operationally feasible health 
monitoring systems.

Challenges and perspectives for the imple-
mentation of cytogenetic dosimetry in Brazil
The timeline of radioprotection in Brazil, as 
presented in Figure 4, highlights significant 

Figure 4. Timeline 
of landmarks in 
radioprotection 
management in 
Brazil.
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landmarks in both the regulatory and 
institutional domains since the establishment 
of CNEN in 1956. 

Throughout the process, the Basic Standards 
for Radiological Protection were published in 
1973, along with the implementation of the 
Occupational Safety and Health Regulatory 
Standards (NRs) in 1978, followed a few years 
later by the radiological accident in Goiania, 
which occurred in 1987, triggering profound 
changes in the national response system to 
ionizing radiation exposure. Despite these 
critical milestones, the incorporation of 
cytogenetic dosimetry into the Brazilian 
regulatory framework has progressed at a slower 
rate compared to other areas of regulatory 
development in radiological protection.

Although cytogenetic dosimetry was initially 
proposed in 1962, it was not formally incorporated 
into Brazilian standards until 2005, through NR-32, 
in situations of suspected accidental exposure. 
This interval of more than four decades between 
the scientific recognition of the technique and 
its normative incorporation, even restricted, 
reflects persistent structural obstacles, such 
as the scarcity of trained laboratories, the lack 
of technical protocols in Portuguese, and the 
widespread lack of knowledge among OHS 
professionals about its applicability, indication, 
and interpretation of the results. 

Even with the creation of the Institute of 
Radioprotection and Dosimetry-IRD in 1974, an 
institution linked to CNEN and equipped with a 
reference laboratory specialized in cytogenetic 
dosimetry for worker protection, the widespread 
and systematic implementation of this technique 
in Brazil remains limited. This situation reflects 
ongoing challenges in consolidating the 
technical and scientific infrastructure needed 
to effectively adopt cytogenetic dosimetry on a 
national scale.

Currently, cytogenetic dosimetry in Brazil 
is primarily performed by a limited number of 
specialized centers, generally affiliated with 
CNEN or public universities. This concentration 
of services restricts accessibility and poses 
challenges for large-scale applications, 
especially in emergencies or in occupational 
settings located far from major urban areas. 
Moreover, since the test requires a formal medical 
referral, as stipulated in NR-32, it is essential 
that physicians, especially those in occupational 
health, diagnostic imaging, radiotherapy, or 
nuclear medicine, are adequately informed 
about the clinical signs of radiation exposure 
and the appropriate indications for biological 
dosimetry.

Considering this scenario, the prospects 
for the expansion and consolidation of 
cytogenetic dosimetry in Brazil involve multiple 
interconnected strategies. The first of these is 
the systematic inclusion of content focused 
on the biological effects of ionizing radiation 
and on detection methods, such as cytogenetic 
dosimetry, in medical education. Such an 
insertion could contribute to more critical, 
interdisciplinary, and technically up-to-date 
medical training, enabling future professionals 
to act based on the principles of radioprotection, 
recognize potential exposures, and properly 
refer cases for specialized examinations.

At the same time, it is essential to promote 
the development and dissemination of a manual 
of cytogenetics dosimetry for OHS as well as for 
human cytogenetics laboratories. Many of these 
laboratories already have a basic structure for 
performing dicentric assays; however, they do not 
conduct the test due to a lack of standardization 
and training. The decentralization of dosimetry, 
through the qualification of laboratories 
across the country, is strategic for expanding 
coverage and enabling more agile responses to 
occupational or accidental exposures.
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To advance effective occupational radiation 
protection, it is essential to establish standardized 
care protocols for both suspected exposure 
events and the periodic evaluation of workers 
routinely exposed to IR. These protocols should 
define clear and coordinated procedures for 
clinical screening, biological sample collection, 
case referral, and follow-up, ensuring alignment 
among radiation protection committees, 
occupational health services, and specialized 
laboratories. Importantly, no country needs to 
start from scratch: the international community 
has already developed a solid foundation of 
tools and best practices, including statistical 
methodologies for dose reconstruction—such 
as the BioDose platform of the European RENEB 
consortium—triage frameworks for radiological 
mass-casualty incidents (Wilkins et al. 2016), 
and ISO standards governing cytogenetic assays 
such as DC, MN, and FISH (Wilkins et al. 2025). 

In the particular case of Brazil, the 
establishment of the National Nuclear Safety 
Authority (ANSN) in 2021 and the publication of 
the new edition of CNEN Standard NN 3.01 in 2025 
create a favorable institutional environment for 
adopting these international models. Together, 
these milestones provide an opportunity to 
strengthen regulatory coherence, enhance 
coordination among technical and educational 
sectors, and promote a more integrated and 
proactive national system for occupational 
radiation safety.

The consolidation of cytogenetic dosimetry 
as a routine and effective component of 
occupational radiation protection will ultimately 
depend on building systemic capacity through 
enhanced medical training, expanded laboratory 
infrastructure, accessible technical materials, 
and the integration of health surveillance across 
institutional levels. Embedding cytogenetic 
dosimetry within such a coordinated framework 
would not only enhance preparedness and 

response to accidental or chronic exposures but 
also strengthen the country’s overall ability to 
anticipate, manage, and learn from radiological 
events, thereby contributing to a more resilient 
and evidence-based safety culture.

CONCLUSIONS
The Brazilian experience has demonstrated that 
integrating cytogenetic dosimetry into routine 
occupational radiation protection is not simply 
a technical refinement; it represents a paradigm 
shift in how chronic and low-dose exposures 
are managed. By bridging the gap between 
physical dose measurements and the biological 
reality of cumulative exposure, this strategy 
enables earlier detection of harm, reinforces 
the scientific basis for decision-making, and 
strengthens long-term health surveillance.

Furthermore, as an accessible and cost-
effective methodology, cytogenetic dosimetry 
has the potential to strengthen both the 
technical and perceptual dimensions of 
radiological protection. By making the biological 
consequences of exposure more tangible to 
workers and decision-makers, this methodology 
can improve subjective risk perception, 
recognizing that risk is not perceived in purely 
technical terms but is shaped by context, 
personal experience, and collective confidence 
in safety measures. This dual benefit reinforces 
the role of cytogenetic dosimetry as a strategic 
tool for promoting a stronger safety culture 
alongside measurable health protection 
outcomes.

Although shaped by Brazil’s regulatory and 
institutional context, the conceptual approach 
discussed in this study addresses challenges 
common to many countries and can be adapted 
to diverse occupational settings. Its adoption 
worldwide could mark a pivotal improvement in 
radiation protection management by integrating 
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physical dosimetry with biological indicators of 
exposure, positioning cytogenetic dosimetry as 
a core element of modern occupational safety, 
and contributing to a stronger, evidence-based 
global culture of radiation protection.
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