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REVIEW

Assessment of Radiological Risk Hazard Indices for
Diverse Environmental and Biological Samples:
A Comprehensive Review

Israa K. Ahmed, Sabah S. Farhan, Jamal M. Rzaij*

Department of Physics, College of Science, University of Anbar, Ramadi, Iraq

Abstract

Radiological risk assessment is pivotal for safeguarding human health and ecosystems amid expanding radiation
applications in technology and medicine. This review systematically evaluates the efficacy of hazard indices like the
Annual Effective Dose Equivalent (AEDE) and Excess Lifetime Cancer Risk (ELCR) across environmental (soil, water)
and biological (tissues, crops) samples, addressing critical gaps in comparative methodologies, a PRISMA-guided
systematic. Literature review was conducted across Scopus, PubMed, and Web of Science, analyzing more than 100
peer-reviewed studies (2010—2024) that met the inclusion criteria: English-language publications, multi-index com-
parisons, and empirical validations. Exclusion criteria removed non-peer-reviewed works and studies focusing on a
single index. Key findings reveal stark disparities in index performance: AEDE excels in environmental contexts by
integrating chronic exposure pathways (e.g., Cesium-137 in soil). ELCR's tissue-specific risk coefficients better capture
biological carcinogenesis (e.g., Strontium-90 in bone marrow). Also, oversimplified assumptions like neglecting soil
biogeochemistry or interspecies variability compromise accuracy, particularly in regions where high natural back-
ground radiation (e.g., Ramsar, Iran). The review underscores the urgency of standardizing indices to reflect radio-
chemical interactions and bioavailability, supported by emerging tools like Al-driven predictive models, which
enhance real-time risk mapping and adaptive monitoring. Future frameworks must harmonize interdisciplinary in-
sights (physics, chemistry, policy) to address novel challenges, including space radiation and non-human biota pro-
tection and this synthesis provides actionable guidance for researchers and policymakers to refine risk protocols,
ensuring they align with evolving technological and environmental realities.
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environmental contamination, and long-term
health consequences, and the 2011 Fukushima

1. Introduction
R adiation, a cornerstone of modern scientific
advancement, plays a dual role as both a
catalyst for innovation and a potential hazard to
global health and ecosystems. Its applications span
critical domains from nuclear energy production
and industrial radiography to cutting-edge medical
therapies like targeted radiotherapy and positron
emission tomography (PET) imaging.
Yet the proliferation of radiological technologies
has intensified concerns over accidental exposures,

Daiichi nuclear disaster remains a stark reminder of
these risks, where the release of Cesium-137 and
iodine-131 contaminated over 1000 square kilome-
ters of farmland, rendering soil unfit for agriculture
and displacing thousands of residents [1]. Similarly,
legacy sites like Chernobyl continue to exhibit
elevated radionuclide concentrations in ground-
water, underscoring the persistence of radiation
hazards decades after initial exposure [2]. These
incidents underscore the urgent need for precise,
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adaptable tools to assess radiological risks across
diverse contexts, a challenge compounded by the
variability of environmental and biological
matrices.

Current methodologies for quantifying radiation
hazards, like the Annual Effective Dose Equivalent
(AEDE) and Excess Lifetime Cancer Risk (ELCR),
rely on standardized models to estimate human
exposure. The AEDE, for instance, calculates cu-
mulative dose by integrating factors like ingestion
rates and radionuclide half-lives [3], while the
ELCR extrapolates lifetime cancer probabilities
using epidemiological data [4].

Also, their efficacy diminishes when applied
beyond their original scope, for example, AEDE
models optimized for soil systems often neglect
bioavailability differences in biological samples,
like the preferential accumulation of Strontium-90
in bone tissue over soft organs a phenomenon
rigorously documented by conversely ELCR
frameworks tailored to human physiology fail to
account for ecological dynamics, like radionuclide
transfer through food chains, as demonstrated in
marine ecosystems post-Fukushima [5,6]. Such
limitations reveal a critical disconnect in risk
assessment paradigms, where discipline-specific
indices lack interoperability.

Despite a growing body of literature on radio-
logical hazards, existing reviews remain siloed,
prioritizing either environmental or biological
matrices without reconciling their interplay, for
instance Ref. [7] conducted a comprehensive anal-
ysis of airborne radionuclide dispersion but omitted
implications for human inhalation pathways, and in
contrast, health-focused studies. Like [8] quantified
tumorigenic risks from medical radiation without
addressing environmental reservoirs and this frag-
mentation obscures holistic insights, particularly in
interdisciplinary scenarios like agricultural systems,
where soil-to-crop transfer factors modulate human
exposure, Dowell (2024) revealed that Cesium-137
uptake in rice varied by soil pH and organic con-
tent, altering risk predictions by up to 40 %—a
nuance absent in generic AEDE models. Similarly
[9], identified discrepancies in ELCR calculations
for hematopoietic tissues, attributing them to iso-
topic speciation and metabolic rates. These findings
highlight the inadequacy of one-size-fits-all indices
and the necessity for context-driven adaptations.

This review addresses these gaps by systemati-
cally evaluating the strengths and limitations of
prevailing radiological hazard indices across envi-
ronmental (e.g., soil, water, air) and biological (e.g.,
flora, fauna, human tissues) samples and through a
synthesis of 100 peer-reviewed studies published

between 2010 and 2024, we analyze how variables
like matrix composition, exposure duration. Inter-
species variability influences index performance,
for instance, terrestrial ecosystems dominated by
clay soils exhibit slower radionuclide migration,
necessitating modified AEDE coefficients [10,11]. In
contrast, marine environments require hydrody-
namic models to predict Cesium-137 dispersion,
and in biological contexts, interspecies differences
in radionuclide uptake, like the bioaccumulation of
polonium-210 in mollusks [12], challenge uniform
ELCR thresholds, and by mapping these complex-
ities, this review provides a scaffold for refining risk
assessment protocols, ensuring they reflect real-
world heterogeneity.

The implications of this work extend beyond ac-
ademic inquiry; policymakers grappling with radi-
ation safety standards, like the IAEA's revised Basic
Safety Standards (2022) or the WHO's emergency
exposure guidelines (2023), require evidence-based
criteria to harmonize regulations across sectors.
Post-mining rehabilitation in uranium-rich regions
like Niger demands distinct indices for soil reme-
diation versus groundwater protection, a duality
explored by Mihelcic et al. [12], similarly, clinicians
and radiobiologists must balance therapeutic ben-
efits against stochastic risks in novel treatments like
alpha-particle immunotherapy.

Traditional ELCR models underestimate dose-
response nonlinearities [13], as emerging technol-
ogies from deep-space exploration to fusion energy
introduce unprecedented radiation challenges, this
review's findings will inform next-generation risk
frameworks, ensuring they are as dynamic as the
threats they aim to mitigate.

The findings of this evaluation can contribute to
protecting the environment and human health in
several ways. Overall, the evaluation's findings can
contribute to a better understanding of radiological
risks, enabling proactive measures to protect the
environment and human health, and identifying
radiation hotspots. The study can pinpoint areas
with high radiation levels by assessing radiological
risk hazard indices, enabling targeted remediation
efforts to minimize exposure.

Informing environmental policies: The evalua-
tion's results can educate policymakers about the
radiological risks associated with diverse biological
and ecological samples, guiding the development of
effective regulations and guidelines.

Protecting human health, understanding radio-
logical risks can help prevent radiation-induced
health issues, such as cancer, genetic mutations,
and other diseases, by implementing measures to
reduce exposure.
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Guiding waste management: The study's findings
can inform strategies for managing radioactive
waste, reducing the risk of environmental contam-
ination and human exposure. Supporting conser-
vation efforts by identifying areas with high
radiological risks, conservation efforts can be
focused on protecting vulnerable ecosystems and
species. These challenges can impact the accuracy
and reliability of radiological risk assessments,
emphasizing the need for careful methodology and
quality control.

2. Methodology

This systematic review adhered to rigorous pro-
tocols to ensure methodological transparency and
reproducibility, guided by the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
(PRISMA) framework [14] and shown in the Fig. 1, a
comprehensive search strategy was executed across
three major databases—Scopus, PubMed, and Web
of Science—to capture peer-reviewed literature
published between January 2010 and May 2024. Key
search terms included combinations of “radiation
hazard indices,” “radiological risk assessment,” “envi-
ronmental samples” (e.g., soil, water, air), and

“biological samples” (e.g, human tissues, flora,
fauna), supplemented by Boolean operators to
refine results, for instance, the query (“AEDE” OR
“ELCR”) AND (“soil contamination” OR “bio-
accumulation”) yielded studies linking specific
indices to sample matrices, to minimize selection
bias, inclusion criteria prioritized empirical studies,
meta-analyses, and reviews published in English
that evaluated multiple hazard indices across
diverse sample types.

Several environmental committees and agencies
put specific parameters to clarify the radiation
hazard indices mathematically, limited their values,
and if they exceed this limited value, the indicated
hazard will be at risk (ICRP, 1998) like Radium
Equivalent Activity (Racg),

Raeq = Cry + 1.43Cqy, + 0.077Ck (1)

Where: Cr,, Crn, Ck are the radioactivity con-
centration in Bq/kg of **U, ?*Th and *’K.

2.1. Annual effective dose equivalent (AEDE)

The annual effective dose equivalent received
outdoors by a member is calculated from the

PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources
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From: Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021,372:n71
doi: 10.1136/bmj.n71. For more information, visit: hitp /www prisma.statement org)

Fig. 1. Guided by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) framework [14].
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absorbed dose rate by applying the dose conversion
factor of 0.7 Sv/Gy.

AEDE is determined wusing the
equations:

following

AEDE (Outdoor) (mSvly) = Absorbed dose (nGy/h) x
8760 h/y x 0.7 Sv/Gy x 0.2 x 10°° ()

AEDE (Indoor) (mSv/y) = Absorbed dose (nGy/h) x
8760 h/y x 0.7 Sv/Gy x 0.8 x 10°° 3)

Environmental biological radiation hazards
(ELCR, AEDE, AGDE) are determined using the
following equations:

AEDE =D x CF (4)
ELCR=AEDE x RLT x RF (5)
AGDE= ) (AEDE; x W) (6)
CF,gj=CF x (1+0.05 x pH) (7)
- [Rf\diom'lclide]Soil ()
[Radionuclide],q water
ELCRygne = AEDE X RLT X RF X Spne (9)
TF— [Radi‘onucli.de]Plam (10)
[Radionuclide]

soil

Exclusion criteria eliminated non-peer-reviewed
articles, conference abstracts, and studies focusing
exclusively on a single index without comparative
analysis, like [15], which examined ELCR in isola-
tion for thyroid tissues.

Initial database searches identified 1248 articles,
deduplicated using EndNote X20, reducing the pool
to 872 unique records. Title and abstract screening
excluded 542 papers, primarily due to narrow
scopes (e.g., assessments limited to laboratory-
controlled samples) or non-compliance with date/
language criteria, and the remaining 330 full-text
articles underwent eligibility assessment, with 178
excluded for insufficient methodological detail or
lack of cross-matrix comparisons, for example [16],
was retained for its analysis of AEDE variability in
coastal versus inland soils, whereas Akhtar et al.
[17] was included for its examination of uranium
bioavailability in plant-root systems.

Data extraction focused on categorizing samples
into environmental (soil, water, air) and biological
(human tissues, aquatic organisms, crops) groups,
alongside the indices applied (e.g., AEDE, ELCR,
AGDE, AEDE (Outdoor), AEDE (Indoor)) a

standardized template captured variables like
sample composition, radionuclide speciation,
exposure pathways, and index performance met-
rics, for instance Ref. [17], provided critical data on
soil-to-plant transfer factors for cesium-137, while
[12] Sudhakar and Thanuskodi [5] contributed
ELCR values for marine biota in post-Fukushima
ecosystems. To address heterogeneity in reporting,
normalized dose-rate conversions were applied
where necessary, aligning disparate units (e.g., Bq/
kg to Sv/year) using Valentin coefficients [18].

A quality assessment study by Morton et al.
employed the PRISMA checklist to evaluate study
rigor, emphasizing sampling representativeness,
statistical robustness, and transparency in index
application. [19], which validated AEDE models
through longitudinal soil monitoring, scored highly
for methodological clarity, whereas others, like
James [20], did not, were critiqued for omitting
bioavailability adjustments in sediment samples,
risk of bias was mitigated by cross-referencing
findings with regulatory reports [21] and large-
scale epidemiological datasets, like the Chernobyl
Tissue Bank (CTB) [22]. Analytical consistency was
further ensured through iterative peer discussions
among co-authors, resolving discrepancies in data
interpretation.

2.1.1. Limitations and biases in the search strategy
and study selection

2.1.1.1. Database limitation. The search may have
been limited to a few databases (e.g., PubMed,
Scopus, Web of Science), which can result in
missing relevant studies indexed elsewhere, such as
regional or subject-specific databases.

2.1.1.2. Language bias. If the search was restricted to
English-language publications, this may introduce
language bias, excluding potentially relevant
studies published in other languages.

2.1.1.3. Publication bias. The strategy may inadver-
tently favor published studies with significant or
positive results, overlooking unpublished data or
gray literature (e.g., dissertations, conference ab-
stracts), which can skew the results.

2.1.1.4. Time frame bias. Limiting the search to a
specific publication period could exclude older yet
relevant studies or miss more recent studies that
have yet to be indexed.

2.1.1.5. Search term limitations. The effectiveness of
the search  depends  heavily on the



66 AL-BAHIR (JOURNAL FOR ENGINEERING AND PURE SCIENCES) 2025;7:62—71

comprehensiveness and accuracy of the keywords
and Boolean operators used. If certain synonyms,
acronyms, or MeSH terms were omitted, key
studies might have been missed.

2.1.1.6. Screening and selection bias. The manual
screening of titles and abstracts introduces subjec-
tivity, even if multiple reviewers were involved.
Personal judgment or interpretation of inclusion
criteria may have led to inconsistent selection.

2.1.1.7. Heterogeneity of included studies. The studies
chosen may vary significantly in design, population,
interventions, or outcomes, which can affect the
comparability and generalizability of results.

2.1.1.8. Duplicate publications. If duplicate studies
were not fully detected or removed (despite using
EndNote), it could lead to overrepresentation of
certain findings.

3. Theoretical background

Radiological risk assessment hinges on under-
standing the interactions between ionizing radia-
tion and matter, governed by the type of radiation,
exposure pathways, and the biological or environ-
mental matrix. Ionizing radiation is broadly cate-
gorized into alpha particles (a), beta particles (B),
gamma rays (y), and neutrons. Fig. 2 illustrates
radiation penetration depths or workflows for dose
calculation. Each exhibiting distinct physical
properties and health impacts, alpha particles,
consisting of two protons and two neutrons,

Q;'?E?les e

g::?icles m— -

Gamma rays/ Subcutanous

X-rays ficue

Neutrons =) Muscle
Bone

Fig. 2. Illustrates radiation penetration depths or workflows for dose
calculation.

possess high linear energy transfer (LET) but
limited penetration, primarily posing internal
hazards when inhaled or ingested (Morton et al.
[19]). Beta particles, high-energy electrons, pene-
trate deeper than alpha particles but are less
ionizing, causing skin burns or internal damage via
prolonged contact (Scott, [23]), gamma rays, elec-
tromagnetic photons, and neutrons. Neutron radi-
ation plays a crucial role in nuclear medicine,
energy, and material science. Its effects can be
controlled or modified using materials like boron,
water, and cadmium, depending on the desired
outcome (e.g.,, moderation, absorption, or shield-
ing). Uncharged particles exhibit high penetration,
requiring shielding materials like lead or concrete
to mitigate external exposure risks (Yaqub et al,,
[24]) and the biological impact of these radiations
depends on their energy deposition patterns; for
instance, alpha emitters like Plutonium-239 pref-
erentially damage lung tissues, while gamma-
emitting  Cesium-137  disperses  uniformly,
increasing whole-body exposure [25].

Standardized indices that translate radiation
measurements into health-relevant metrics are
central to quantifying these risks. The Annual
Effective Dose Equivalent (AEDE) calculates cu-
mulative exposure over a year using the formula in
this equation [4].

where D is the absorbed dose (Gy) and CF does
the International Commission on Radiological
Protection recommend the radiation-specific con-
version factor (Sv/Gy) [18], AEDE is widely applied
in environmental monitoring, like assessing soil
contamination from uranium mining (Table 1).
Conversely, the Excess Lifetime Cancer Risk
(ELCR), in Eq. (5) endorsed by the U.S. Environ-
mental Protection Agency (EPA), estimates the
probability of radiation-induced malignancies over
a 70-year lifespan:

Here, RLT represents risk lifetime (70 years), and
RF is the cancer risk coefficient (Sv — 1), which
varies by tissue type [6], ELCR is pivotal in epide-
miological studies, like evaluating thyroid cancer
risks in populations near nuclear facilities (Table 2).

AGDE (Age-Grouped Dose Equivalent) in equa-
tion [6]

An emerging index incorporates age-dependent
susceptibility by weighting AEDE values (AEDE;)
with demographic factors (W;), as proposed in
IAEA's 2020 guidelines for pediatric radiation pro-
tection, international frameworks, like the ICRP's
Publication 103 and the IAEA Safety Standards
Series of GSR Part 3, establish dose limits and
methodological rigor, for instance, ICRP mandates
a 1 mSv/year AEDE threshold for public exposure,
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Table 1. Key radiological hazard indices.

67

Index Formula Application Reference
AEDE AEDE = D x CF Annual dose assessment in soil/water [1-3,18]
ELCR ELCR = AEDE x RLT x RF Lifetime cancer risk in human tissues [1-3,6]
AGDE AGDE = ) (AEDE; x W) Age-weighted dose for pediatric cohorts [1-3,8,9]

Table 2. Radiation types and their biophysical impact.

Radiation Penetration Depth Primary Interaction Health Risk Context

Alpha (o) 0.04 mm in tissue Ionization Internal hazards (e.g., lung cancer from radon)
Beta (B) 1-2 cm in tissue Excitation Skin burns, internal organ damage

Gamma (y) Several meters Compton scattering Whole-body exposure, DNA strand breaks
Neutrons Variable Nuclear reactions High RBE, carcinogenic in nuclear workers

while TAEA's 2022 update emphasizes adaptive
indices for non-human biota, addressing ecosystem
resilience and these standards, however, face criti-
cism for oversimplifying complex interactions, like
radionuclide bioavailability in organic-rich soils—a
limitation highlighted by Ref. [17], who demon-
strated that cesium-137 adsorption in humic soils
reduces AEDE accuracy by 20-30 %, similarly
neutron radiation often neglected in conventional
indices, requires specialized modifiers due to its
high relative biological effectiveness (RBE), as
shown in reactor accident analyses [26].

Recent advances challenge static indices, advo-
cating dynamic models that integrate real-time
environmental variables like Roco (2005) proposed
a revised AEDE formula incorporating soil pH and
organic content in CF,4 enhancing precision in
agricultural risk assessments [14], such refinements
align with the WHO's 2023 emphasis on contextual
adaptability, particularly for marginalized commu-
nities residing in radioactively contaminated re-
gions, as seen in Equation [7].

4. Application of indices

The utility of radiological hazard indices varies
significantly across sample matrices, reflecting the
interplay between physicochemical properties,
exposure pathways, and biological uptake mecha-
nisms. This section evaluates their application to
environmental and biological samples, empha-
sizing context-specific adaptations and limitations.

5. Environmental samples

5.1. Soil

Soil composition critically influences radionuclide
mobility and index accuracy, volcanic soils, rich in
iron oxides and organic matter, exhibit enhanced
uranium-238 adsorption, reducing its bioavailability

and altering the Annual Effective Dose Equivalent
(AEDE), for instance, Akhtar et al. [17] demon-
strated that AEDE values in basaltic soils were 30 %
lower than in sandy soils due to uranium's immo-
bilization in mineral lattices, conversely, cesium-
137's affinity for clay minerals in floodplain soils
elevates AEDE risks, as shown in post-Fukushima
assessments where AEDE = 1.2 mSv/year excee-
ded ICRP limits, and these findings underscore the
need for geochemical corrections in AEDE models,
like incorporating soil-specific distribution co-
efficients (K;) [27,28], see equation [8]:

5.2. Water

Groundwater systems pose unique challenges
due to prolonged radionuclide retention and slow
dilution. A comparative analysis of Excess Lifetime
Cancer Risk (ELCR) in groundwater versus surface
water revealed stark contrasts [19]. reported
ELCR=21x10"3 for uranium-contaminated
groundwater in Rajasthan, India—five times higher
than surface water values (ELCR = 4.3 x 107%)—
attributable to prolonged exposure pathways and
minimal hydrological flushing, conversely, surface
water ELCR models must account for seasonal
variability; for example, monsoon-driven dilution in
Bangladeshi river systems reduced arsenic-226 risks
by 60 % [28,29].

6. Biological samples

6.1. Human tissues

Radionuclide absorption disparities between
bone and soft tissues necessitate tissue-specific
indices. Strontium-90, a calcium analog, accumu-
lates preferentially in bone marrow, where its high
linear energy transfer (LET) amplifies cancer risks.
Morton et al. [19] recalibrated ELCR for bone
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tissues using a skeletal dose conversion factor
(Sbone = 0.7), see equation [9].

This adjustment increased thyroid ELCR esti-
mates by 25 % in populations near nuclear reproc-
essing plants. In contrast, soft tissues like the liver
exhibit lower retention times for gamma emitters (e.
g., cesium-137), necessitating shorter exposure du-
rations in AEDE calculations.

6.2. Plants

Crops act as vectors for radionuclide transfer to
humans, with uptake governed by soil-to-plant
transfer factors (TF), see equation [10].

Yaqub et al. [24] quantified TF = 0.032 for cesium-
137 in rice paddies, yielding AEDE =
0.4 mSv/year—below regulatory thresholds, also
leafy vegetables like spinach exhibit TF>0.1 for
iodine-131, elevating ELCR values to 6.8 x 10~ in
post-accident scenarios (Sudhakar and Thanuskodi)
[5], such variability underscores the inadequacy of
generic indices for diverse crops.

7. Comparative analysis

The efficacy of radiological hazard indices is
inherently tied to their application context, with the
Annual Effective Dose Equivalent (AEDE) and Excess
Lifetime Cancer Risk (ELCR) serving distinct yet
complementary roles in environmental and biolog-
ical risk assessments, respectively. AEDE, which
quantifies cumulative annual exposure [18], is
particularly suited to environmental matrices like soil
and water, where chronic exposure pathways domi-
nate, for instance, post-Fukushima soil studies, AEDE
effectively integrates long-term cesium-137 deposi-
tion rates and ecological half-lives to estimate yearly
community exposure (Roco, 2005). Its reliance on
annualized dose conversion factors aligns with reg-
ulatory frameworks like the IAEA's safety standards,
prioritizing threshold monitoring for groundwater
and agricultural systems [29]. Conversely, ELCR's
strength lies in its capacity to project lifetime health
outcomes, making it indispensable for biological
samples, and by incorporating age-dependent sus-
ceptibility and tissue-specific risk coefficients, ELCR
models, like those recalibrated for bone marrow by

Table 3. Comparative application of indices across sample types.

Morton et al. [19], capture the latent carcinogenic ef-
fects of strontium-90 accumulation, which manifest
decades after initial exposure. Both indices face crit-
icism for oversimplifying complex systems, and
AEDE often neglects geochemical interactions that
modulate radionuclide bioavailability. Akhtar et al.
[17] demonstrated that uranium-238's adsorption in
iron-rich soils reduces its leaching potential, leading
to AEDE underestimations by up to 40 % in volcanic
regions. Similarly, ELCR assumes uniform radionu-
clide distribution within biological tissues, an
assumption challenged by recent findings on iodine-
131's heterogeneous uptake in thyroid follicles, which
skews risk projections (Sudhakar and Thanuskodi)
[5]. These simplifications overlook microenviron-
mental dynamics like soil pH or cellular repair
mechanisms, thereby compromising precision.

Geographical variability further complicates
index applicability; regions with elevated natural
background radiation, like Ramsar, Iran, where
terrestrial gamma doses reach 260 mSv/year. Welsh
exposes the limitations of static AEDE thresholds
[30]. Local populations exhibit adaptive biological
responses, like enhanced DNA repair mechanisms
which generic ELCR models fail to account for,
resulting in inflated risk estimates and this
discrepancy underscores the necessity of region-
specific adjustments, as advocated by the WHO's
2023 guidelines, which recommend integrating
baseline radiation levels and population health data
into risk calculations, emerging methodologies seek
to address these gaps, for example, spatially
resolved AEDE models now incorporate soil
organic content and hydraulic conductivity to refine
dose estimates in floodplain ecosystems [20]. Simi-
larly, probabilistic ELCR frameworks, which factor
in genetic variability and lifestyle factors, offer
nuanced risk profiles for heterogeneous pop-
ulations and these advances highlight a paradigm
shift toward adaptive, context-driven indices,
essential for reconciling global standards with
localized realities [15] as shown in Table 3. The
graphical summary of the index application results
is shown in Fig. 3.

Comparative knowledge of radiation types and
modifiers enables professionals to Select relevant
dose indices based on radiation type and biological

Sample Type Index Used Key Findings Reference
Volcanic soil AEDE 30 % lower AEDE due to uranium immobilization [17]
Groundwater ELCR ELCR 5 x higher than surface water [20]
Bone tissue ELCR (adjusted) 25 % increase in thyroid cancer risk [19]
Rice paddies AEDE + TF TF = 0.032; AEDE = 0.4 mSv/year [24]
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Radiation Dose
Assessment Case Study
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Fig. 3. Graphical summary of index application results.

effect, choose appropriate shielding or moderating
materials, and design safer, more effective systems
in medicine, nuclear engineering, and research.
Combining or hybridizing radiation indices allows
for more accurate, nuanced, and application-specific
evaluations, especially when simple dose metrics
are insufficient. This approach is already embedded
in modern radiation protection and therapy prac-
tices and continues to evolve with advances in
computational modeling and radiobiology.

8. Future directions

The evolution of radiological risk assessment
demands paradigm-shifting innovations to address
the limitations of current indices and emerging
technological frontiers, a critical priority lies in
developing unified indices that holistically integrate
radiochemical interactions, which are often over-
simplified in conventional models, for instance,
uranium-238's environmental behavior hinges not
only on its radiological potency but also on its
speciation and adsorption dynamics in soil
matrices—a nuance overlooked by AEDE's dose-
centric approach, recent work by Salbu [30]
proposes a “Bioavailability-Adjusted AEDE” (BA-
AEDE), incorporating soil pH and organic matter
content into dose conversion factors, thereby
reducing prediction errors by 35—50 % in lateritic
ecosystems, similarly, ELCR frameworks must
evolve to account for isotopic synergies, like the
combined effects of cesium-137 and strontium-90 in
bone tissues, which amplify carcinogenic risks
beyond additive models [31], such advancements
require cross-disciplinary collaboration, merging

radiochemistry, toxicology, and environmental
physics to redefine hazard quantification.

Artificial intelligence (AI) and machine learning
(ML) offer transformative potential for real-time risk
prediction and adaptive monitoring. Neural net-
works trained on multi-decadal datasets, like the
Chernobyl Exclusion Zone's radiation maps, can
forecast contamination spread during nuclear acci-
dents with 90 % spatial accuracy [20]. Al-driven
platforms like RAD-AI already enable dynamic
ELCR adjustments by analyzing real-time bio-
markers, like lymphocyte DNA damage in radiation
workers [27]. Also these tools require rigorous vali-
dation against diverse epidemiological cohorts to
mitigate algorithmic biases—a challenge under-
scored by the WHO's 2023 ethical guidelines for Al
in radiation emergencies, furthermore federated
learning systems could harmonize global data
without compromising privacy, enabling predictive
models for rare scenarios like thorium-processing
plant leaks, emerging technologies, particularly
space exploration, necessitate novel indices tailored
to extraterrestrial environments, galactic cosmic rays
(GCRs) and solar particle events (SPEs) pose unique
risks due to their high-energy protons and heavy
ions, which induce complex DNA lesions poorly
captured by terrestrial ELCR models, NASA's
revised Space Cancer Risk (SCR-2.0) framework in-
troduces a “Quality Factor Matrix” (QFM) to account
for particle flux and shielding efficacy, revealing a
220 % higher leukemia risk for Mars missions
compared to previous estimates [32]. Additionally,
lunar and Martian habitats face secondary radiation
from regolith interactions, demanding indices that
integrate localized neutron flux and regolith com-
position—variables absent in Earth-centric models,
collaborative efforts between space agencies and
radiological bodies, like the ICRP's ongoing cosmic
radiation task force, aim to establish universal
thresholds for deep-space missions while balancing
exploration benefits against stochastic health risks.

9. Conclusion

This review elucidates the critical role of sam-
ple-specific adaptations in radiological hazard
assessment, revealing stark contrasts in index
performance across environmental and biological
matrices and the Annual Effective Dose Equiva-
lent (AEDE) excels in quantifying chronic expo-
sure in environmental systems, like soil and
water, where geochemical parameters like
adsorption coefficients and hydraulic conductivity
dictate radionuclide mobility, conversely the
Excess Lifetime Cancer Risk (ELCR) proves
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indispensable for biological samples, capturing
tissue-specific vulnerabilities and latency periods
in carcinogenesis, as demonstrated by its recali-
bration for bone marrow and thyroid tissues, also
the persistent oversimplification of cross-matrix
interactions—like neglecting soil-to-plant transfer
dynamics in agricultural systems or isotopic syn-
ergies in human organs—undermines the uni-
versal applicability of these indices, addressing
these limitations necessitates a paradigm shift
toward interdisciplinary collaboration, physicists
must refine dose-conversion algorithms to incor-
porate microenvironmental variables, like neutron
flux in space radiation or organic matter content
in soils, while chemists should elucidate isotopic
speciation effects on bioavailability, concurrently,
policymakers must harmonize regulatory frame-
works with these scientific advances, as exempli-
fied by the WHO's integration of region-specific
background radiation into safety guidelines and
the development of adaptive indices, like AI-
enhanced ELCR models or cosmic radiation
thresholds for Mars missions, hinges on such
synergies and only through sustained cooperation
across disciplines can the field transcend current
methodological constraints, delivering robust,
context-driven tools to mitigate radiological risks
in an increasingly technologically complex world.
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