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ABSTRACT:  
  
 Ionizing radiation induces biological effects through a sequence of physical, 

chemical, and biological processes that are strongly influenced by radiation quality. 

Energy deposition characterized by Linear Energy Transfer (LET) and track structure 

determines the spatial distribution of ionization events, which subsequently drive water 

radiolysis and the formation of reactive species. These species, particularly hydroxyl 

radicals, contribute to DNA damage, including double-strand breaks and complex 

clustered lesions. High-LET radiation produces dense ionization tracks that increase 

damage complexity and reduce repair efficiency. Cellular responses are mediated by 

DNA damage response pathways involving key regulators such as ATM and ATR, 

which coordinate repair and cell fate decisions. Understanding these mechanisms is 

essential for improving radiotherapy models and assessing environmental radiation 

risks. Evidence from high background radiation areas further highlights the importance 

of integrating mechanistic and epidemiological perspectives in radiation biology. 
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1. Introduction  

The interaction of ionizing radiation with biological 

systems involves a cascade of events spanning physical 

energy deposition, chemical transformation, and 

biological response. These processes occur across 

multiple temporal and spatial scales, from femtosecond 

ionization events to long-term outcomes such as 

genomic instability and carcinogenesis (Santivasi & 

Xia, 2014; Jeggo & Löbrich, 2006). A mechanistic 

understanding of this cascade is essential for 

applications in radiotherapy, radiation protection, and 

environmental health risk assessment. 

At the physical level, radiation deposits energy along 

discrete tracks whose characteristics depend on particle 

type and energy. Linear energy transfer (LET), defined 

as the energy deposited per unit path length, is a key 

parameter influencing radiation effects. Low-LET 

radiation, such as X-rays and gamma rays, produces 

sparsely distributed ionizations, whereas high-LET 

radiation, including alpha particles and heavy ions, 

generates densely clustered ionization events (Huang & 

Zhou, 2020). These differences in track structure are 

critical determinants of downstream chemical and 

biological processes. 

Following energy deposition, the radiolysis of water 

leads to the formation of reactive chemical species, 

including hydroxyl radicals (•OH), hydrated electrons 

(eaq⁻), and hydrogen atoms. These species interact with 

biomolecules and are responsible for a significant 

fraction of radiation-induced DNA damage under 

physiological conditions (Santivasi & Xia, 2014). The 

spatial distribution and local concentration of these 

reactive species are influenced by LET, with high-LET 

radiation producing localized clusters of chemical 

activity. 

At the biological level, DNA damage triggers a 

coordinated cellular response involving DNA damage 

response (DDR) pathways. Central to this response are 

the protein kinases ATM and ATR, which detect DNA 

lesions and initiate signaling cascades that regulate 

DNA repair, cell cycle checkpoints, and apoptosis 

(Maréchal & Zou, 2013). The complexity of DNA 

damage, particularly clustered lesions induced by high-

LET radiation, poses challenges for repair processes 

and increases the likelihood of genomic instability 

(Huang & Zhou, 2020). 

Recent advances in radiation biology have been driven 

by both clinical and environmental considerations. The 

increasing use of particle therapies, such as proton and 

carbon ion therapy, has highlighted the need for 

mechanistic models that accurately relate physical dose 

distributions to biological effectiveness (Huang & 

Zhou, 2020). In parallel, studies of populations exposed 

to elevated natural background radiation have raised 

important questions regarding dose–response 

relationships and the applicability of conventional risk 

models at low doses (UNSCEAR, 2008). 

This review aims to integrate current knowledge across 

physics, chemistry, and biology to provide a coherent 

mechanistic framework for radiation action. Particular 

emphasis is placed on the role of LET and track 

structure in shaping radiolytic processes and DNA 
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damage, as well as on the implications for human health 

and radiation risk assessment. The multiscale cascade 

linking physical energy deposition to biological 

outcomes is illustrated in Figure 1. 

Figure 1. Multiscale Mechanistic Cascade of 

Ionizing Radiation Effects 

 

2. Methodology 

2.1 Literature Search Strategy 

A structured literature review was conducted to identify 

studies relevant to the physical, chemical, and 

biological mechanisms of ionizing radiation. Electronic 

databases including PubMed/MEDLINE, Web of 

Science, Scopus, and Google Scholar were 

systematically searched for publications between 

January 2005 and March 2025 (Moher et al. 2009). 

Search terms were selected to capture interdisciplinary 

aspects of radiation research and included combinations 

of: “linear energy transfer,” “track structure,” 

“microdosimetry,” “water radiolysis,” “reactive 

oxygen species,” “DNA damage response,” “ATM,” 

“ATR,” “double-strand breaks,” “non-homologous 

end joining,” “homologous recombination,” and 

“relative biological effectiveness.” Additional terms 

such as “high background radiation,” “thorium,” 

“NORM,” and “radiation risk” were used to identify 

environmentally relevant studies. 

Boolean operators (AND, OR) were applied to refine 

search results, and reference lists of key articles were 

manually screened to identify additional relevant 

publications. Institutional and international reports 

from organizations such as the United Nations 

Scientific Committee on the Effects of Atomic 

Radiation (UNSCEAR) and the International 

Commission on Radiological Protection (ICRP) were 

also included where appropriate. 

2.2 Inclusion and Exclusion Criteria 

Studies were included if they met the following criteria: 

(1) peer-reviewed original research articles or review 

papers; (2) provided mechanistic, quantitative, or 

modeling insights into radiation-induced physical, 

chemical, or biological processes; (3) addressed DNA 

damage, radiolysis, or radiation response pathways; (4) 

included environmental or epidemiological data 

relevant to radiation exposure where applicable; (5) 

published in English. 

Studies were excluded if they: (1) focused exclusively 

on clinical outcomes without mechanistic 

interpretation; (2) were conference abstracts or reports 

lacking sufficient methodological detail; 

(3) contained unverifiable or inconsistent data; (4) were 

redundant publications or superseded by more 

comprehensive analyses. 

Seminal studies published prior to 2005 were included 

selectively where necessary to provide foundational 

context. 

2.3 Data Extraction and Synthesis 

Data extraction focused on mechanistically relevant 

parameters, including LET values, microdosimetric 

quantities, radiolytic yields (G-values), DNA damage 

metrics (e.g., double-strand break yields), and 

biological response indicators such as repair pathway 

involvement and signaling activation. 

Rather than performing a quantitative meta-analysis, 

findings were synthesized using a mechanistic 

integration approach, linking physical energy 

deposition to chemical processes and biological 

outcomes. This approach enabled comparison across 

studies employing different experimental systems, 

computational models, and radiation types. 

2.4 Quality Assessment 

The quality of included studies was evaluated based on 

methodological rigor, reproducibility, and relevance to 

mechanistic radiation biology. For experimental 

studies, factors such as dosimetry accuracy, control 

conditions, and statistical analysis were considered. For 

computational studies, model validation, parameter 
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justification, and consistency with experimental data 

were assessed. 

Epidemiological and environmental studies were 

evaluated based on sample size, exposure assessment 

methods, and control for confounding variables, 

consistent with established radiation risk assessment 

frameworks (UNSCEAR, 2008; ICRP, 2007). 

 

3. Physical Mechanisms of Ionizing Radiation 

3.1 Linear Energy Transfer and Track Structure 

Linear energy transfer (LET) describes the average 

energy deposited by a charged particle per unit path 

length and is a key parameter influencing radiation–

matter interactions. It is typically expressed in keV/μm 

and provides a useful, though simplified, descriptor of 

radiation quality (Huang & Zhou, 2020). 

Low-LET radiation, such as X-rays and gamma rays, 

deposits energy sparsely along its track, resulting in 

relatively isolated ionization events. In contrast, high-

LET radiation, including alpha particles and heavy ions, 

produces dense clusters of ionizations within 

nanometer-scale regions (Jeggo & Löbrich, 2006). 

These differences in ionization density are critical for 

determining subsequent chemical and biological 

effects. 

While LET is widely used, it does not fully capture the 

spatial distribution of energy deposition. The concept of 

track structure provides a more detailed description, 

referring to the three-dimensional arrangement of 

ionization and excitation events along a particle’s 

trajectory. Track structure is particularly important at 

the nanometer scale, where energy deposition patterns 

directly influence DNA damage formation (Goodhead 

et al., 2012). 

Monte Carlo track structure simulations have been 

extensively used to model these interactions, enabling 

the estimation of energy deposition patterns at 

biologically relevant scales. Such models demonstrate 

that high-LET radiation produces highly localized 

clusters of ionization events, which increase the 

probability of complex DNA damage (Goodhead et al., 

2012; Friedland et al., 2011). The principal physical 

parameters governing radiation quality and their 

associated biological implications are summarized in 

Table 1. 

Table 1. Physical Determinants of Radiation Quality and Their Biological Implications 

 

Parameter Definition Physical 

Significance 

Biological 

Implication 

Key References 

Linear Energy 

Transfer (LET) 

Energy deposited per 

unit path length 

(keV/μm) 

Describes ionization 

density along 

particle track 

Higher LET 

increases probability 

of complex DNA 

damage 

Hall & Giaccia 

(2012); Paganetti 

(2014) 

Track Structure Spatial distribution of 

ionization/excitation 

events 

Captures nanoscale 

clustering of energy 

deposition 

Determines 

formation of 

clustered DNA 

lesions 

Goodhead et al. 

(2012) 

Dose-Averaged 

LET (LETd) 

Weighted average 

LET based on dose 

contribution 

Reflects 

contribution of high-

energy deposition 

events 

Correlates with 

biological 

effectiveness in 

mixed fields 

Paganetti (2014) 
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Bragg Peak Peak energy 

deposition near end of 

particle range 

Enables localized 

dose delivery in 

particle therapy 

Associated with 

increased biological 

effectiveness at 

distal edge 

Durante & 

Loeffler (2009) 

Microdosimetric 

Lineal Energy 

(y) 

Per unit track length in 

microscopic volumes 

Accounts for 

stochastic energy 

deposition 

Improves prediction 

of cellular response 

variability 

ICRU (2011) 

3.2 The Bragg Peak and Depth-Dose Characteristics 

Charged particle beams exhibit a characteristic depth-

dose profile known as the Bragg peak, in which energy 

deposition increases with depth and reaches a 

maximum near the end of the particle’s range. This 

behavior arises from the progressive slowing of charged 

particles as they lose energy through interactions with 

matter (Paganetti, 2014). 

For proton beams, the Bragg peak allows for the 

delivery of a high dose to a localized region while 

minimizing exposure to surrounding tissues. The LET 

of protons increases toward the distal edge of the Bragg 

peak, which has been associated with increased 

biological effectiveness in that region (Guan et al., 

2015). 

In heavier ions such as carbon, both the magnitude of 

LET and the sharpness of the Bragg peak are greater, 

resulting in enhanced biological effectiveness 

compared to low-LET radiation. However, the 

relationship between LET and biological effect is not 

strictly linear and depends on additional factors such as 

dose, tissue type, and biological endpoint (Durante & 

Loeffler, 2009). 

Monte Carlo simulations are commonly used to model 

depth-dose distributions and associated LET variations 

in particle therapy. These models account for primary 

particle interactions as well as contributions from 

secondary particles, which can influence the spatial 

distribution of energy deposition (Paganetti, 2014). 

3.3 Microdosimetry 

Microdosimetry provides a framework for describing 

the stochastic nature of energy deposition in 

microscopic volumes comparable to cellular and 

subcellular structures. Unlike LET, which represents an 

average quantity, microdosimetric parameters capture 

fluctuations in energy deposition that are relevant to 

biological response (ICRU, 2011). 

A key quantity in microdosimetry is lineal energy (y), 

defined as the energy imparted to a small volume 

divided by its mean chord length. The distribution of 

lineal energy values reflects the heterogeneity of 

radiation interactions at the microscopic level and is 

often used to characterize radiation quality (Rossi & 

Zaider, 1996). 

Experimental measurements of microdosimetric 

spectra are typically performed using tissue-equivalent 

proportional counters (TEPCs), while computational 

approaches employ Monte Carlo simulations to model 

energy deposition in volumes representing cellular 

targets. These methods have shown that radiation 

quality varies significantly within a radiation field, 

particularly in particle therapy where LET changes with 

depth (Paganetti, 2014). 

Microdosimetric quantities have been incorporated into 

radiobiological models, providing a mechanistic basis 

for linking physical energy deposition to biological 

outcomes such as cell survival and DNA damage. 

3.4 Relative Biological Effectiveness (RBE) 

Relative biological effectiveness (RBE) quantifies the 

biological impact of a given radiation type relative to a 

reference radiation, typically X-rays or gamma rays. 
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RBE depends on multiple factors, including LET, dose, 

dose rate, cell type, and biological endpoint (Durante & 

Loeffler, 2009). 

In general, RBE increases with LET up to a maximum 

(typically around 100–200 keV/μm), beyond which it 

may decrease due to overkill effects, where excessive 

energy deposition does not result in additional 

biological damage (Hall & Giaccia, 2012). This non-

linear relationship reflects the balance between damage 

induction and repair processes. 

Several mechanistic models have been developed to 

predict RBE, including the Local Effect Model (LEM) 

and the Microdosimetric Kinetic Model (MKM). These 

models differ in their assumptions but share the 

objective of linking physical energy deposition patterns 

to biological outcomes (Durante & Loeffler, 2009). 

In clinical proton therapy, a constant RBE value of 1.1 

is commonly used; however, experimental and 

modeling studies indicate that RBE varies with depth 

and increases near the distal edge of the Bragg peak 

(Paganetti, 2014). This variability has important 

implications for treatment planning and risk 

assessment. 

 

4. Chemical Radiolysis 

4.1 Water Radiolysis: Primary Processes and 

Radical Formation 

Water radiolysis represents the primary chemical 

consequence of ionizing radiation in biological 

systems, as water constitutes the majority of cellular 

content. The interaction of radiation with water leads to 

a sequence of events traditionally divided into physical, 

physicochemical, and chemical stages, occurring over 

timescales from femtoseconds to microseconds (Spinks 

& Woods, 1990; Caër, 2011). 

During the initial physical stage (≈10⁻¹⁵ s), energy 

deposition results in ionization and excitation of water 

molecules. This is followed by the physicochemical 

stage (≈10⁻¹⁵–10⁻¹² s), during which secondary 

electrons lose energy and become solvated, forming 

hydrated electrons (eaq⁻). In the subsequent chemical 

stage (≈10⁻¹²–10⁻⁶ s), reactive species diffuse and 

undergo recombination or reaction with surrounding 

molecules (Caër, 2011). 

The primary species produced include hydroxyl 

radicals (•OH), hydrated electrons (eaq⁻), hydrogen 

atoms (H•), hydrogen peroxide (H₂O₂), and molecular 

hydrogen (H₂). The yields of these species are 

commonly expressed as G-values (number of 

molecules produced per 100 eV of absorbed energy). 

For low-LET radiation, typical values are 

approximately: G(•OH) ≈ 2.7–2.8, G(eaq⁻) ≈ 2.6–2.7, 

and G(H•) ≈ 0.6 (Spinks & Woods, 1990; Caër, 2011). 

The major radiolytic species, their yields, and 

biological relevance are summarized in Table 2. 

Table 2. Radiolytic Species Generated by Ionizing Radiation and Their Biological Roles 

Species Type Typical G-

Value (low 

LET) 

Reactivity Biological Role Key References 

•OH (Hydroxyl 

radical) 

Radical ~2.7–2.8 High Major contributor to 

indirect DNA damage 

Spinks & Woods 

(1990); von Sonntag 

(2006) 

eaq⁻ (Hydrated 

electron) 

Radical ~2.6–2.7 High 

(reducing) 

Participates in redox 

reactions, can damage 

biomolecules 

Caër (2011) 
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H• (Hydrogen 

atom) 

Radical ~0.6 Moderate Contributes to radical 

chain reactions 

Spinks & Woods 

(1990) 

H₂O₂ 

(Hydrogen 

peroxide) 

Molecular ~0.7 Moderate Longer-lived oxidant, 

contributes to oxidative 

stress 

von Sonntag (2006) 

O₂•⁻ 

(Superoxide) 

Secondary 

ROS 

Variable Moderate Involved in signaling and 

oxidative damage 

Ditch & Paull (2011) 

Among these species, the hydroxyl radical is 

particularly important due to its high reactivity and 

short diffusion range, enabling it to interact efficiently 

with nearby biomolecules such as DNA. Under aerobic 

conditions, indirect effects mediated by such radicals 

contribute substantially to radiation-induced DNA 

damage (von Sonntag, 2006). The sequence of 

radiolytic processes leading to the formation of primary 

and secondary reactive species is shown in Figure 2. 

Figure 2. Radiolysis of Water and Generation of 

Reactive Species 

 

4.2 LET Dependence of Radiolytic Yields 

The yields and spatial distribution of radiolytic species 

depend strongly on the LET of the incident radiation. 

High-LET radiation produces dense ionization tracks in 

which reactive species are generated in close proximity, 

increasing the likelihood of radical–radical 

recombination reactions (Caër, 2011). 

As a result, the yield of free radicals such as •OH and 

eaq⁻ is reduced at higher LET, while the formation of 

molecular products such as hydrogen peroxide (H₂O₂) 

and molecular hydrogen (H₂) is enhanced. This shift 

reflects the increased probability of recombination 

reactions occurring before radicals can diffuse away 

from the track core (Spinks & Woods, 1990). 

Importantly, although the total number of radicals may 

decrease with increasing LET, their spatial clustering 

leads to locally high concentrations of reactive species. 

This localized chemical environment contributes to the 

formation of complex and clustered DNA damage, 

linking radiolytic chemistry to biological outcomes 

(Goodhead et al., 2012). 

The influence of LET on radiolytic processes also 

affects the oxygen enhancement ratio (OER). Under 

aerobic conditions, oxygen reacts with radiation-

induced radicals to form peroxyl species, amplifying 

biological damage. However, the OER decreases with 

increasing LET, reflecting the reduced dependence of 

high-LET radiation on oxygen-mediated processes 

(Hall & Giaccia, 2012). 

4.3 Secondary Reactive Species and Chemical 

Evolution 

Following the initial formation of primary radicals, a 

network of secondary reactions leads to the generation 

of additional reactive oxygen species (ROS), including 
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superoxide (O₂•⁻) and organic peroxides. These 

reactions extend the temporal and spatial range of 

radiation-induced chemical effects (von Sonntag, 

2006). 

The evolution of these chemical species is influenced 

by factors such as dose rate, oxygen concentration, and 

the presence of cellular scavengers. At high dose rates, 

increased radical concentrations promote 

recombination, whereas at lower dose rates, radicals are 

more likely to interact with biomolecules or be 

neutralized by antioxidant systems (Caër, 2011). 

It is important to distinguish between radiolytically 

generated radicals and biologically mediated ROS 

production. While initial chemical events occur on 

microsecond timescales, subsequent cellular responses, 

including mitochondrial ROS generation, may extend 

oxidative stress over longer periods (Ditch & Paull, 

2011). These secondary processes contribute to 

sustained biological effects but are not direct products 

of radiolysis. 

 

5. Biological Responses to Ionizing Radiation 

5.1 DNA Damage: Types and Complexity 

The biological effects of ionizing radiation are 

primarily mediated through damage to DNA. This 

damage includes base modifications, single-strand 

breaks (SSBs), double-strand breaks (DSBs), and more 

complex clustered lesions involving multiple damage 

sites within a short DNA segment (Jeggo & Löbrich, 

2006; Ward, 1994). The major forms of radiation-

induced DNA damage, associated repair pathways, and 

biological consequences are summarized in Table 3. 

The complexity of DNA damage is strongly influenced 

by radiation quality. Low-LET radiation tends to 

produce isolated lesions that are more readily repaired, 

whereas high-LET radiation generates clustered 

damage, in which multiple lesions occur within one or 

two turns of the DNA helix (Goodhead et al., 2012). 

Such clustered lesions present a significant challenge to 

cellular repair systems and are associated with 

increased biological effectiveness. 

Double-strand breaks are generally considered the most 

critical form of radiation-induced DNA damage 

because incorrect repair can lead to mutations, 

chromosomal aberrations, or cell death (Jeggo & 

Löbrich, 2006). However, it is important to note that 

biological outcomes depend not only on the number of 

DSBs but also on their spatial distribution and 

complexity. 

Table 3. DNA Damage Types, Repair Pathways, and Biological Outcomes Following Ionizing Radiation 

 

Damage 

Type 

Description Primary Repair 

Pathway 

Repair 

Fidelity 

Biological 

Consequence 

Key References 

Base 

Damage 

Modified 

nucleotides 

Base Excision 

Repair (BER) 

High Usually repaired 

without mutation 

Ward (1994) 

Single-

Strand Break 

(SSB) 

Break in one DNA 

strand 

BER / SSB repair High Minimal long-term 

impact if repaired 

Jeggo & Löbrich 

(2006) 

Double-

Strand Break 

(DSB) 

Break in both 

DNA strands 

NHEJ / HR Variable Mutations, 

chromosomal 

aberrations 

Jeggo & Löbrich 

(2006) 
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Clustered 

DNA 

Damage 

Multiple lesions 

within short DNA 

segment 

NHEJ / HR 

(challenged) 

Low Increased misrepair 

and genomic 

instability 

Goodhead et al. 

(2012) 

Complex 

DSB 

DSB with nearby 

base damage/SSBs 

HR (preferred but 

limited) 

Reduced High mutagenic 

and carcinogenic 

potential 

Hall & Giaccia 

(2012) 

5.2 DNA Damage Response and Signaling Pathways 

Cells respond to DNA damage through an integrated 

network of signaling pathways collectively referred to 

as the DNA damage response (DDR). Central to this 

response are the phosphatidylinositol 3-kinase-related 

kinases ATM (ataxia-telangiectasia mutated) and ATR 

(ATM and Rad3-related), which are activated by 

different types of DNA lesions (Maréchal & Zou, 

2013). 

ATM is primarily activated in response to DNA double-

strand breaks, whereas ATR is activated by regions of 

single-stranded DNA that arise during replication stress 

or DNA processing. These kinases initiate signaling 

cascades that regulate DNA repair, cell cycle 

checkpoints, and, if damage is severe, apoptosis 

(Maréchal & Zou, 2013; Huang & Zhou, 2020). 

The DDR is not a linear pathway but a complex network 

with significant cross-talk between signaling 

components. Downstream effectors, including p53, 

CHK1, and CHK2, integrate signals from ATM and 

ATR to determine cellular outcomes. These outcomes 

depend on factors such as damage severity, cell type, 

and cell cycle phase (Huang & Zhou, 2020). The 

relationship between DNA damage types, repair 

pathways, and biological outcomes is summarized in 

Figure 3. 

Figure 3. DNA Damage, Repair Pathways, and 

Cellular Outcomes Following Ionizing Radiation 

 

5.3 DNA Repair Pathways 

Cells employ multiple pathways to repair radiation-

induced DNA damage, with the two principal 

mechanisms for double-strand break repair being non-

homologous end joining (NHEJ) and homologous 

recombination (HR) (Jeggo & Löbrich, 2006). 

NHEJ operates throughout the cell cycle and involves 

direct ligation of DNA ends with minimal sequence 

homology. It is a rapid but potentially error-prone 

process, particularly when repairing complex DSBs that 

require end processing. 

In contrast, HR is a high-fidelity repair mechanism that 

uses a homologous DNA template, typically the sister 

chromatid, and is therefore restricted to the S and G2 

phases of the cell cycle. HR involves coordinated steps 
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including end resection, strand invasion, and DNA 

synthesis (Maréchal & Zou, 2013). 

The efficiency and fidelity of these repair pathways are 

influenced by the complexity of DNA damage. 

Clustered lesions induced by high-LET radiation may 

hinder repair processes, increasing the likelihood of 

misrepair and chromosomal aberrations (Goodhead et 

al., 2012). 

5.4 Genomic Instability and Non-Targeted Effects 

In addition to direct DNA damage, ionizing radiation 

can induce longer-term biological effects, including 

genomic instability and non-targeted responses such as 

the radiation-induced bystander effect. Genomic 

instability refers to a sustained increase in the rate of 

genetic alterations in the progeny of irradiated cells 

(Little, 2003). 

The bystander effect involves signaling between 

irradiated and non-irradiated cells, leading to biological 

responses in cells that have not directly absorbed 

radiation energy. Proposed mediators include reactive 

oxygen species, cytokines, and intercellular 

communication pathways (Little, 2003; Ditch & Paull, 

2011). 

These phenomena indicate that radiation effects are not 

confined to directly damaged DNA but involve broader 

cellular and tissue-level responses. However, the 

quantitative contribution of non-targeted effects to 

overall radiation risk remains an area of ongoing 

investigation. 

 

5.5 Carcinogenesis and Dose–Response 

Considerations 

Radiation-induced carcinogenesis is a multistep process 

involving the accumulation of genetic and epigenetic 

alterations. DNA damage and misrepair can initiate this 

process, while genomic instability and altered cellular 

signaling may contribute to tumor progression (Hall & 

Giaccia, 2012). 

The linear no-threshold (LNT) model, which assumes 

that cancer risk increases linearly with dose without a 

threshold, remains the basis of most radiological 

protection frameworks (ICRP, 2007). However, 

experimental and epidemiological studies have 

suggested that biological responses at low doses may 

involve additional mechanisms, including adaptive 

responses and non-targeted effects (Little, 2003). 

Given these complexities, the relationship between 

radiation dose and cancer risk should be interpreted 

with caution, particularly in low-dose and low-dose-

rate exposure scenarios. 

 

6. Case Study: Radiation Exposure in Coastal South 

India 

6.1 Geological and Environmental Context 

Certain coastal regions of South India, particularly 

along the Kerala–Tamil Nadu belt, are recognized as 

high background radiation areas (HBRAs) due to the 

presence of monazite-rich beach sands. Monazite is a 

naturally occurring mineral containing thorium (²³²Th) 

along with smaller amounts of uranium and their decay 

products. The accumulation of these minerals results 

from geological weathering and coastal sediment 

transport processes. 

These regions have been extensively studied as natural 

laboratories for understanding chronic low-dose 

radiation exposure. Measurements have shown that 

environmental radioactivity levels in these areas are 

elevated compared to global averages, primarily due to 

thorium series radionuclides (UNSCEAR, 2008). 

 

6.2 Environmental Radiation Levels 

Studies conducted in coastal South India have reported 

significant spatial variability in radiation levels. 

Absorbed dose rates in air can exceed global average 

background levels (approximately 59 nGy/h) in 

localized regions with high monazite concentration 

(UNSCEAR, 2008). 
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Annual effective doses to residents in these areas are 

generally higher than the global average of 

approximately 2.4 mSv/year, although most 

populations receive doses within a range that overlaps 

with natural background variation observed worldwide 

(UNSCEAR, 2008). 

It is important to note that reported values vary widely 

depending on measurement methodology, location, and 

occupancy assumptions. Therefore, caution is required 

when interpreting site-specific numerical estimates, 

particularly in the absence of standardized dosimetric 

frameworks. 

6.3 Mechanistic Implications of Chronic Exposure 

The radiation field in these environments includes 

contributions from both external gamma radiation and 

internal exposure pathways, such as inhalation or 

ingestion of radionuclides. Alpha-emitting 

radionuclides in the thorium decay series are of 

particular interest due to their high LET and potential to 

induce localized biological damage. 

From a mechanistic perspective, high-LET alpha 

particles produce dense ionization tracks that can lead 

to complex DNA damage, including clustered lesions 

that are more difficult to repair than damage induced by 

low-LET radiation (Hall & Giaccia, 2012). However, 

the overall biological impact depends on dose, dose 

rate, and tissue-specific factors. 

Chronic low-dose exposure differs fundamentally from 

acute high-dose exposure. At low dose rates, biological 

systems may activate adaptive responses, including 

enhanced DNA repair capacity and antioxidant 

defenses. These processes can influence the net 

biological outcome and complicate direct extrapolation 

from high-dose experimental data (UNSCEAR, 2008). 

6.4 Health Effects and Epidemiological Evidence 

Epidemiological studies of populations living in high 

background radiation areas have yielded mixed results. 

Some investigations have reported increases in 

cytogenetic markers such as chromosomal aberrations, 

while others have not found clear evidence of increased 

cancer incidence compared to control populations 

(UNSCEAR, 2008). 

Interpretation of these findings is challenging due to 

potential confounding factors, including lifestyle, 

environmental conditions, and limitations in long-term 

health data. Additionally, statistical power is often 

limited when assessing relatively small increases in risk 

at low doses. 

Mechanistically, phenomena such as genomic 

instability, adaptive responses, and bystander effects 

have been proposed to contribute to radiation responses 

in these populations. However, their quantitative 

contribution to cancer risk remains uncertain and is an 

active area of research (Little, 2003). 

6.5 Implications for Radiation Risk Assessment 

The study of high background radiation areas provides 

valuable insight into the biological effects of chronic 

low-dose exposure. However, current evidence does not 

support simple deviations from established radiological 

protection models. 

The linear no-threshold (LNT) model continues to be 

used as a conservative basis for radiation protection, 

although uncertainties remain at low doses and low 

dose rates (ICRP, 2007). Observations from HBRAs 

highlight the need for mechanistic models that integrate 

physical dose, radiation quality, and biological 

response. 

Overall, these regions serve as important natural 

settings for testing hypotheses in radiation biology, but 

conclusions must be drawn cautiously and supported by 

robust epidemiological and mechanistic data. 

 

7. Discussion 

7.1 Integration Across Physical, Chemical, and 

Biological Scales 

The biological effects of ionizing radiation arise from a 

sequence of interconnected processes that span multiple 

scales. Physical energy deposition, characterized by 
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LET and track structure, determines the spatial 

distribution of ionization events. These events initiate 

chemical reactions, primarily through water radiolysis, 

leading to the formation of reactive species that interact 

with biomolecules. The resulting DNA damage 

activates cellular response pathways that ultimately 

determine biological outcomes. 

A key insight from this multiscale framework is that 

radiation effects cannot be fully understood by 

considering any single level in isolation. While LET 

provides a useful descriptor of radiation quality, it does 

not fully capture the spatial heterogeneity of energy 

deposition. Similarly, chemical yields alone do not 

determine biological response; rather, the localization 

and clustering of damage play a central role (Goodhead 

et al., 2012). 

7.2 Limitations of Current Mechanistic Models 

Despite significant advances, several limitations remain 

in current models of radiation action. First, the 

relationship between physical energy deposition and 

biological outcome is not deterministic. Variability 

arises from stochastic energy deposition, cellular 

heterogeneity, and differences in repair capacity. 

Second, models linking radiolytic chemistry to DNA 

damage often rely on simplifying assumptions 

regarding radical diffusion and reaction kinetics. While 

these models are useful, they may not fully capture the 

complexity of the intracellular environment (Caër, 

2011). 

Third, the biological response to radiation involves 

dynamic signaling networks rather than linear 

pathways. DNA damage response mechanisms include 

extensive cross-talk and feedback regulation, which 

complicates predictive modeling (Huang & Zhou, 

2020). 

7.3 Low-Dose Effects and Non-Targeted Responses 

One of the most debated areas in radiation biology 

concerns the effects of low-dose and low-dose-rate 

exposure. Experimental studies have identified 

phenomena such as genomic instability, adaptive 

responses, and bystander effects, suggesting that 

biological responses may extend beyond directly 

irradiated cells (Little, 2003). 

However, the quantitative significance of these effects 

for human health remains uncertain. Epidemiological 

evidence does not consistently demonstrate deviations 

from established dose–response relationships at low 

doses. As a result, current radiological protection 

frameworks continue to rely on conservative models, 

such as the linear no-threshold assumption (ICRP, 

2007). 

7.4 Implications for Radiotherapy and Radiation 

Protection 

Mechanistic understanding of radiation effects has 

direct implications for both clinical and environmental 

contexts. In radiotherapy, variations in LET within 

treatment fields, particularly in particle therapy, may 

influence biological effectiveness and treatment 

outcomes (Paganetti, 2014). Incorporating mechanistic 

insights into treatment planning could improve dose 

optimization and reduce unintended toxicity. 

In radiation protection, understanding the interplay 

between dose, dose rate, and radiation quality is 

essential for risk assessment. Observations from high 

background radiation areas highlight the need for 

cautious interpretation of low-dose effects and 

underscore the importance of integrating mechanistic 

and epidemiological evidence. 

 

8. Conclusion 

Ionizing radiation produces biological effects through a 

complex sequence of physical, chemical, and biological 

processes. Energy deposition patterns defined by LET 

and track structure influence the formation and spatial 

distribution of reactive species generated through water 

radiolysis. These species contribute to DNA damage, 

including double-strand breaks and clustered lesions, 
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which activate cellular response pathways governing 

repair and cell fate. 

High-LET radiation is associated with increased 

damage complexity and reduced repair efficiency, 

although biological outcomes depend on multiple 

interacting factors, including dose, dose rate, and 

cellular context. At the organism level, long-term 

effects such as genomic instability and carcinogenesis 

reflect the cumulative consequences of these processes. 

While substantial progress has been made in 

understanding radiation mechanisms, uncertainties 

remain, particularly in relation to low-dose effects and 

non-targeted responses. Addressing these challenges 

will require continued integration of experimental, 

computational, and epidemiological approaches. 

A comprehensive mechanistic framework that links 

physical energy deposition to biological outcomes is 

essential for advancing radiotherapy, improving risk 

assessment, and refining radiological protection 

strategies. 
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