20.1. INTRODUCTION

Radiation pathology is a vital interdisciplinary field that examines the structural and functional alterations in
tissues and organs following exposure to ionizing radiation. As a bridge between radiation biology and clinical
medicine, it provides essential knowledge regarding the biological effects of radiation at both the microscopic and
macroscopic levels. This area of study is particularly significant in modern healthcare, where ionizing radiation
is frequently utilized in diagnostic imaging, cancer therapy, and nuclear medicine. Additionally, understanding
radiation-induced pathological changes is critical in the context of radiation safety, radiological emergencies, and
occupational exposure. lonizing radiation, such as X-rays, gamma rays, and particle radiation (alpha and beta
particles), can interact with biological tissues and cause damage by ionizing atoms and molecules within cells.
These interactions can disrupt cellular components, especially DNA, leading to a cascade of molecular and cellular
events that ultimately result in tissue injury ™.

The severity and type of damage depend on various factors, including radiation dose, dose rate, type of radiation,
and the radiosensitivity of the affected tissue. Radiation pathology encompasses both acute and chronic tissue
responses. Acute effects may manifest within hours to days’ post-exposure and are often characterized by
inflammation, cell death, and loss of tissue function. These effects are usually dose-dependent and tend to affect
tissues with high cell turnover rates, such as the gastrointestinal lining, bone marrow, and skin. In contrast, chronic
effects can develop months or even years after exposure and may involve fibrosis, vascular damage, necrosis, and
carcinogenesis @, Long-term pathological consequences are particularly relevant in patients who undergo
radiotherapy, as surrounding normal tissues are often exposed to significant radiation doses during cancer
treatment. This field also focuses on the concept of dose-response relationships, which describe how varying
levels of radiation exposure correlate with specific biological effects. Threshold and non-threshold models are
used to predict the probability and severity of radiation-induced damage. Radiosensitivity—the intrinsic
susceptibility of cells and tissues to radiation—is another critical concept, with lymphoid tissues, bone marrow,
and epithelial cells being among the most radiosensitive, while muscle and nervous tissue exhibit lower sensitivity.
In clinical settings, the insights gained from radiation pathology are indispensable. For oncologists, understanding
the tolerance levels of normal tissues is crucial when designing radiotherapy treatment plans to maximize tumor
control while minimizing adverse effects. Radiologists must recognize imaging findings that reflect radiation-
induced injury, while medical physicists and radiation safety officers rely on radiation pathology principles to set
exposure limits and design shielding protocols. This chapter aims to provide a comprehensive overview of
radiation pathology by detailing the mechanisms of radiation injury, histopathological changes in various organ
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systems, patterns of acute and chronic responses, and associated clinical manifestations. It will also delve into
factors influencing tissue response, such as oxygenation, cell cycle phase, and radiation quality. By integrating
fundamental scientific principles with clinical applications, this chapter offers a thorough understanding of how
ionizing radiation affects biological systems, ultimately supporting improved diagnosis, treatment, and prevention
of radiation-related health effects.

20.2. MECHANISMS OF RADIATION-INDUCED INJURY

lonizing radiation causes biological injury primarily by depositing energy into human tissues, leading to ionization
of atoms and molecules within cells. In clinical and diagnostic settings, this process begins the moment a patient
is exposed to X-rays, gamma rays, or particle radiation. The deposited energy interacts either directly with vital
biomolecules such as DNA or indirectly with water molecules, producing reactive oxygen species (ROS). These
ROS—such as hydroxyl radicals and hydrogen peroxide—are chemically reactive and contribute to widespread
molecular damage, particularly in tissues with high water content. This mechanism is particularly significant in
medical imaging and radiation therapy, where even low doses, when repeated over time, can accumulate and lead
to biologically significant outcomes. The most critical target of radiation within the cell is the DNA molecule.
Direct ionization of DNA or damage from ROS can result in several types of DNA lesions, including base
modifications, single-strand breaks (SSBs), and the more severe double-strand breaks (DSBs). Among these,
DSBs are the most lethal form of damage because they can lead to irreversible consequences if not correctly
repaired. In therapeutic radiology, inducing DSBs in tumor DNA is a primary objective, as it causes cancer cells
to undergo cell death. However, normal tissues surrounding the target area are also susceptible, which is why
precise dose planning and image-guided therapy are essential components of modern radiation oncology. When
DNA damage is extensive or improperly repaired, the affected cells may undergo various fates. One common
outcome is apoptosis, or programmed cell death, which is beneficial in eliminating damaged cells but may also
contribute to tissue loss in high-turnover organs such as bone marrow and intestinal lining. Another consequence
is mitotic catastrophe, where cells attempt to divide with damaged chromosomes and subsequently die. This
phenomenon is commonly observed in fast-proliferating tumor cells subjected to radiotherapy. Some cells may
enter senescence, halting division permanently. While senescent cells are non-dividing, their accumulation can
lead to long-term tissue dysfunction and chronic inflammation, contributing to late radiation effects such as
fibrosis or organ atrophy.

The radiosensitivity of cells plays a pivotal role in determining the severity and pattern of radiation injury. Tissues
composed of rapidly dividing, poorly differentiated cells are more radiosensitive than those with slowly dividing,
mature cells. For instance, bone marrow, intestinal epithelium, gonads, and lymphoid organs are highly sensitive
and prone to damage even at moderate radiation doses. This explains why patients undergoing whole-body
radiation therapy, or those involved in radiation accidents, often present with hematopoietic and gastrointestinal
symptoms as early indicators of exposure. In contrast, radioresistant tissues like muscles and nerve cells rarely
show early effects but may develop delayed damage after high or cumulative doses. The cell cycle stage further
modulates radiosensitivity. Cells are most vulnerable during the mitotic (M) and late G2 phases, while they exhibit
more resistance during the S phase due to active DNA synthesis and repair mechanisms. In radiotherapy, this
knowledge is used to schedule treatment fractions, allowing healthy cells to recover while targeting tumor cells
at their most sensitive phases. This strategy also underscores the importance of fractionated dosing, where the
total radiation dose is split into smaller, manageable doses administered over several sessions to enhance
therapeutic outcomes and minimize side effects. Another critical factor influencing radiation injury is oxygen
availability. The presence of oxygen enhances radiation effectiveness through what is known as the "oxygen
enhancement effect." Oxygen fixes the radiation-induced DNA damage, making it more difficult for cells to
repair. Tumors with poor blood supply often contain hypoxic regions that are more resistant to radiation therapy.
Clinicians may address this challenge by using hyperbaric oxygen chambers, radiosensitizing drugs, or advanced
imaging modalities such as PET scans to identify and selectively treat hypoxic tumor areas. Understanding tissue
oxygenation has thus become an integral part of modern radiation oncology planning. Radiation-induced injury
is not uniform across all tissues or exposure scenarios. Acute effects, typically occurring within days to weeks of
exposure, include inflammation, erythema, hair loss, mucositis, and desquamation. These are commonly seen in
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patients undergoing radiotherapy for head, neck, or pelvic malignancies. In diagnostic radiology, although the
doses are much lower, repeated or prolonged exposure can lead to mild tissue reactions, especially in
radiosensitive populations like children and pregnant women. In contrast, chronic or late effects manifest months
or even years after exposure and include fibrosis, necrosis, vascular damage, and secondary malignancies. Such
late effects are critical considerations in both radiotherapy and occupational exposure settings, where long-term
surveillance and dose monitoring are essential to mitigate risk. The linear energy transfer (LET) of radiation is
another practical concept influencing biological effects. Low-LET radiations such as X-rays and gamma rays
cause sparse ionization tracks and primarily induce repairable DNA damage. In contrast, high-LET radiation,
including alpha particles and neutrons, creates dense ionization along its path, producing complex DNA damage
that is much harder to repair. High-LET modalities are used selectively in certain cancers where conventional
radiotherapy fails to achieve adequate control. Proton therapy, for instance, offers the benefit of high precision
and high LET at the tumor site, minimizing collateral damage to healthy tissues through the Bragg peak effect.
This technology has gained popularity in treating pediatric tumors and tumors near critical structures such as the
brainstem and spinal cord.

Dose rate and total dose also significantly impact radiation outcomes. A high dose delivered in a short time
overwhelms the body's repair systems, causing severe acute damage. Conversely, low-dose-rate exposures allow
time for cellular repair, reducing immediate injury but potentially increasing the risk of long-term effects if
exposure is chronic. This principle is applied in brachytherapy, where radioactive sources are placed near or within
tumors to deliver sustained, localized radiation. Similarly, occupational and diagnostic radiation protection
guidelines are based on maintaining low dose rates and cumulative doses below threshold levels to avoid both
stochastic (e.g., cancer) and deterministic (e.g., tissue necrosis) effects. In clinical practice, understanding the
mechanisms of radiation-induced injury informs every aspect of patient care, from selecting imaging techniques
with the lowest effective dose to tailoring individualized radiotherapy regimens. Radiation safety protocols, such
as shielding, time minimization, and distance maximization, are based on these mechanistic insights. Moreover,
recognizing early signs of radiation injury allows for timely intervention, potentially mitigating more severe
outcomes. For radiation workers and patients alike, this knowledge translates into safer environments and
improved therapeutic strategies.

20.3. CELLULAR AND TISSUE RADIOSENSITIVITY

The concept of cellular and tissue radiosensitivity is foundational in both diagnostic radiology and radiation
oncology, guiding practitioners in dose planning, risk assessment, and therapeutic targeting. The biological
response of different cells and tissues to ionizing radiation varies considerably and is largely governed by the Law
of Bergonie and Tribondeau, established in 1906. This principle states that cells are more radiosensitive if they
are undifferentiated, have a high mitotic rate, and retain the capacity to divide in the future. Practically, this implies
that cells actively engaged in replication or those that have not yet specialized are more prone to radiation-induced
damage. In the clinical setting, this law explains why hematopoietic stem cells in the bone marrow, crypt cells of
the intestinal lining, and basal cells in the skin epithelium are among the most radiosensitive. These cells play a
critical role in tissue regeneration and are constantly dividing, making them prime targets for radiation injury. For
example, patients receiving total body irradiation before bone marrow transplant or those undergoing abdominal
radiotherapy often exhibit rapid-onset bone marrow suppression or gastrointestinal symptoms such as nausea,
diarrhea, and mucositis—hallmarks of acute tissue damage in radiosensitive populations.

On the other hand, highly differentiated, non-dividing cells like neurons, cardiac muscle fibers, and skeletal
muscle cells are categorized as radioresistant. These cells rarely divide and possess relatively stable DNA, making
them less vulnerable to radiation injury at typical therapeutic or diagnostic doses. This characteristic is taken into
consideration during radiotherapy planning for tumors near critical structures such as the brain or spinal cord,
where protecting these radioresistant but functionally vital tissues is essential to avoid long-term neurological
deficits. Tissue radiosensitivity is further categorized based on reaction timelines and turnover rates, dividing
tissues into acutely responding and late-responding groups. Acutely responding tissues are those with high cell
turnover rates that exhibit symptoms and histological changes within days to weeks post-radiation exposure. These
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include the bone marrow, oral and intestinal mucosa, skin, hair follicles, and gonads. In practical scenarios,
patients may develop conditions such as radiation dermatitis, mucositis, or transient alopecia during the course of
external beam radiotherapy. Such effects are generally dose-dependent but often reversible with proper supportive
care and dose fractionation. Conversely, late-responding tissues—such as the spinal cord, kidney, liver, lungs,
and brain—have low mitotic activity and display radiation effects only months to years after exposure. The
delayed response is typically due to progressive vascular injury, chronic inflammation, fibrosis, or loss of
parenchymal cells, leading to irreversible damage. Clinically significant late effects include radiation-induced
myelopathy, nephropathy, pulmonary fibrosis, or cognitive decline, which are often observed in survivors of long-
term radiotherapy, particularly in pediatric or head-and-neck cancer patients. These effects underscore the
importance of long-term monitoring and careful dose limitation to surrounding normal tissues. Understanding the
principles of cellular and tissue radiosensitivity has direct implications in radiotherapy planning, radiation
protection, and diagnostic imaging. In radiation oncology, high-dose regions are strategically shaped to maximize
tumoricidal effects while sparing nearby radiosensitive tissues. Advanced techniques like intensity-modulated
radiotherapy (IMRT) and image-guided radiotherapy (IGRT) have evolved specifically to balance therapeutic
benefit with the preservation of normal tissue integrity. In diagnostic radiology, awareness of radiosensitive
tissues guides shielding practices and helps determine the appropriateness of imaging modalities, especially in
vulnerable populations like pregnant women and pediatric patients, where tissue development and cellular
turnover are at their peak.

20.4. RADIATION DOSE-RESPONSE RELATIONSHIPS

The relationship between radiation dose and the biological response of tissues is central to understanding radiation
pathology and implementing safe and effective clinical practices. Several key parameters govern how biological
systems react to ionizing radiation, including the total absorbed dose, dose rate, fractionation schedule, radiation
guality or linear energy transfer (LET), and the volume of tissue exposed. These factors determine whether a
response will be mild and reversible or severe and potentially life-threatening. In clinical and occupational
settings, understanding these relationships is crucial for predicting outcomes, minimizing risks, and optimizing
therapeutic protocols. Radiation effects are broadly categorized into deterministic and stochastic types, based on
their dose-response behavior. Deterministic effects (also known as non-stochastic or tissue reactions) are
characterized by a threshold dose below which the effect does not occur. Once this threshold is surpassed, the
severity of the effect increases with dose. Common deterministic effects include skin erythema, radiation-induced
cataracts, temporary or permanent sterility, radiation burns, and organ dysfunction. For instance, radiation-
induced skin reactions often occur in patients undergoing high-dose external beam radiotherapy for breast or head-
and-neck cancers. Similarly, cataract formation is a well-documented deterministic effect among interventional
radiologists and cardiologists who are chronically exposed to scatter radiation without adequate eye protection.
These effects are predictable, and their onset and severity can be managed or prevented through adherence to dose
thresholds and protective protocols.

On the other hand, stochastic effects are probabilistic in nature, meaning they do not have a known threshold dose.
Even very low doses of radiation may theoretically initiate a stochastic effect, although the likelihood of
occurrence increases with increasing dose, while the severity of the outcome is independent of dose. The two
primary stochastic effects of concern in medical and environmental radiation exposure are cancer induction and
heritable genetic mutations. These effects are particularly important in the context of diagnostic imaging, where
cumulative low-dose exposures over time—such as repeated CT scans—can increase lifetime cancer risk,
particularly in pediatric patients. The risk, although small per procedure, accumulates and is modeled by linear
no-threshold (LNT) assumptions in most radiation protection guidelines. The dose rate—the speed at which
radiation is delivered—also plays a crucial role in modifying tissue response. A high dose delivered in a short
time (acute exposure) tends to produce more severe deterministic effects, while low-dose-rate or fractionated
exposures (as used in radiotherapy) allow for partial repair of sub-lethal damage in normal tissues, reducing
immediate toxicities. Fractionation, the practice of dividing the total radiation dose into smaller, spaced-out
sessions, is a cornerstone of modern radiation therapy, enabling higher tumor control with minimized normal
tissue damage. It capitalizes on biological principles such as repair, repopulation, redistribution, and
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reoxygenation to enhance therapeutic ratios. Radiation quality, measured as linear energy transfer (LET), also
significantly influences the biological impact of radiation. Low-LET radiation such as X-rays and gamma rays
produces sparsely ionizing tracks, leading to damage that is more readily repaired. In contrast, high-LET radiation,
such as alpha particles or heavy ions, creates densely ionizing tracks that result in complex DNA damage, which
is more difficult for cells to repair. High-LET radiation is often used in specialized therapeutic applications, such
as proton therapy or carbon ion therapy, where increased biological effectiveness is desired, particularly in
radioresistant tumors. The volume of tissue exposed is another crucial factor. A small volume receiving a high
dose may cause localized injury, such as skin necrosis or mucositis, while large-volume exposures—even at
moderate doses—can result in systemic effects, such as bone marrow suppression, gastrointestinal syndrome, or
acute radiation syndrome (ARS) in the event of accidental or intentional whole-body exposure.

20.5. RADIATION PATHOLOGY OF SPECIFIC ORGANS AND SYSTEMS

20.5.1. Hematopoietic System

The hematopoietic system, comprising bone marrow, peripheral blood, and lymphatic tissues, is highly sensitive
to ionizing radiation due to the dynamic and continuous turnover of blood-forming cells. Hematopoietic stem and
progenitor cells (HSPCs), residing primarily in the red marrow of flat bones (e.g., sternum, pelvis, vertebrae),
maintain homeostasis by generating erythrocytes, leukocytes, and platelets through tightly regulated proliferation
and differentiation pathways. Radiation exposure adversely affects these rapidly dividing cells, making the
hematopoietic system one of the earliest and most profoundly impacted targets in radiation injury.

Cellular and Molecular Mechanisms of Injury: When exposed to ionizing radiation, HSPCs experience direct
DNA damage and indirect effects via reactive oxygen species (ROS), leading to double-strand breaks (DSBs),
point mutations, and chromosomal aberrations. Radiation triggers p53-mediated apoptotic pathways and induces
cellular senescence, particularly in the most mitotically active compartments of the marrow. Damage to the bone
marrow stroma and microvascular niche impairs the supportive environment necessary for hematopoiesis, further
exacerbating functional deficits. Radiation doses as low as 0.5-1 Gy can result in measurable hematologic
changes, but clinically significant hematopoietic suppression typically occurs above 1-2 Gy. These doses lead to
a pronounced decline in circulating lymphocytes (the most radiosensitive blood cells), followed by reductions in
neutrophils, platelets, and finally erythrocytes due to their differing lifespans and maturation kinetics.

Pathological Changes: Histologically, the bone marrow following radiation injury exhibits:

o Hypocellularity: A marked reduction in cellular elements, especially erythroid and myeloid precursors.

o Fatty replacement: Marrow spaces are replaced by adipocytes due to atrophy of hematopoietic tissue.

o Stromal fibrosis: In subacute or chronic phases, fibrotic changes may develop in response to ongoing
stromal damage.

e Vascular changes: Endothelial cell damage may contribute to microvascular dysfunction, haemorrhage,
and marrow hypoxia. These histological features vary depending on radiation dose, fractionation, and
time post-exposure.

Clinical Manifestations: The clinical presentation of hematopoietic radiation injury is multifactorial and depends
on the absorbed dose and individual susceptibility. Symptoms may develop within days to weeks and can
include:

e Leukopenia and lymphopenia: Leading to immunosuppression and increased infection risk.

e Thrombocytopenia: Resulting in petechiae, ecchymoses, mucosal bleeding, and prolonged clotting time.

e Anaemia: Causing fatigue, pallor, and reduced oxygen-carrying capacity.

e Fever and sepsis: Due to bacterial translocation and opportunistic infections in the setting of neutropenia.

These clinical features are collectively referred to as the Hematopoietic Acute Radiation Syndrome (H-ARS),
which represents a dose-dependent systemic response that occurs typically in the 1-10 Gy exposure range.
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Table: 20.1. Dose-Response Correlations

Radiation Dose (Gy) Effect on Hematopoietic System

<1QGy Subclinical lymphocyte depletion

1-2 Gy Moderate leukopenia, mild thrombocytopenia

2-4 Gy Severe cytopenias, reversible with supportive care

4-6 Gy Potentially fatal without intervention

> 6 Gy Life-threatening marrow aplasia, often irreversible without transplantation

Above 8-10 Gy, gastrointestinal and neurovascular syndromes begin to dominate, often rendering hematopoietic
recovery moot unless addressed in conjunction.

Diagnostic Evaluation
e Complete blood count (CBC): Reveals declining trends in all blood cell lines, with lymphocyte depletion
as an early indicator.
e Bone marrow biopsy: Confirms hypocellularity and provides prognostic insight.
e Cytogenetic assays: Evaluate chromosomal aberrations to estimate radiation dose retrospectively.
o Biomarkers: Levels of interleukins, G-CSF, and erythropoietin may assist in assessing marrow response
and regeneration.

Management and Therapeutic Approaches: The cornerstone of H-ARS treatment is supportive care, aimed at
preserving marrow function, preventing infections, and ensuring hemodynamic stability:
1. Antibiotics and antifungals: Empirical broad-spectrum coverage to combat neutropenic sepsis.
2. Hematopoietic growth factors: Administration of G-CSF (filgrastim) or GM-CSF to stimulate neutrophil
recovery.
3. Transfusions: Platelets and packed red blood cells as needed to manage cytopenias.
4. Hematopoietic stem cell transplantation (HSCT): Considered in patients with irreversible marrow failure
and no concurrent lethal organ damage.
5. Barrier nursing and isolation: To protect from opportunistic infections during periods of profound
immunosuppression.
In large-scale radiation exposure incidents (e.g., nuclear accidents), triage based on lymphocyte kinetics and
dosimetry is essential for identifying individuals at risk of H-ARS and prioritizing therapeutic interventions.

Long-Term Sequelae: Even with recovery, survivors of moderate-to-severe hematopoietic radiation injury may
experience:

o Persistent cytopenias

e Myelodysplastic syndromes

e Leukemias, particularly acute myeloid leukemia (AML), which may arise years later due to radiation-

induced chromosomal damage in marrow stem cells.

Moreover, the regenerative capacity of the bone marrow may be permanently compromised, especially in elderly
patients or those receiving concomitant chemotherapeutic agents.

20.5.2. Gastrointestinal Tract

The gastrointestinal (GI) tract, and particularly the small intestine, is one of the most radiosensitive organ systems
in the human body due to the high proliferative activity of its epithelial cells. The mucosal lining of the small
intestine is maintained by stem cells located in the crypts of Lieberkihn, which continuously divide and
differentiate to replenish the epithelial surface that is exposed to constant mechanical and chemical stress. lonizing
radiation damages these rapidly dividing crypt stem cells directly by causing DNA double-strand breaks and
indirectly through the generation of reactive oxygen species (ROS), resulting in cell death, impaired regeneration,
and loss of mucosal integrity. When exposed to radiation doses above approximately 6 to 8 Gy, patients may
develop the gastrointestinal syndrome, a severe clinical manifestation characterized by profound mucosal injury,
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which compromises the absorptive and barrier functions of the Gl tract. At the histopathological level, radiation
injury leads to denudation of the epithelial lining and villous atrophy, whereby the finger-like projections of the
mucosa shrink and lose height, reducing the surface area available for nutrient absorption. The crypts of
Lieberkiihn undergo significant dropout or depletion, as the proliferative stem cell compartment is unable to
regenerate the epithelial cells. This results in an inability to maintain mucosal homeostasis, leading to ulceration,
hemorrhage, and loss of tight junction integrity. Concurrently, the submucosa and lamina propria become
infiltrated by inflammatory cells, including neutrophils and macrophages, reflecting a radiation-induced
inflammatory response that further exacerbates tissue damage. Importantly, the disruption of the mucosal barrier
facilitates bacterial translocation from the gut lumen into the systemic circulation and lymphatic system,
increasing the risk of severe infections and sepsis, a leading cause of mortality in radiation-induced gastrointestinal
syndrome. Clinically, patients typically present within days of exposure with symptoms such as severe nausea,
repeated vomiting, and profuse watery diarrhea, which contribute to rapid dehydration and electrolyte
disturbances, including hypokalemia, hyponatremia, and metabolic acidosis. The loss of fluid and electrolytes can
precipitate hypovolemic shock, renal failure, and multiple organ dysfunction if not promptly managed. Abdominal
pain and cramping are common, along with systemic signs such as fever and malaise due to the inflammatory and
infectious complications.

The severity of gastrointestinal radiation injury correlates closely with the dose, dose rate, and extent of exposed
intestinal segments. Partial-body irradiation may spare some regenerative capacity, while total-body irradiation
often results in catastrophic mucosal loss. The GI tract’s response is also modulated by patient factors such as
age, nutritional status, and concomitant therapies, including chemotherapy or immunosuppressive drugs.
Management of radiation-induced gastrointestinal injury is predominantly supportive and multidisciplinary. Fluid
resuscitation and correction of electrolyte imbalances are critical to prevent shock and maintain organ perfusion.
Nutritional support is essential, often requiring parenteral nutrition because of impaired oral intake and
malabsorption. Broad-spectrum antibiotics are administered to prevent or treat bacterial sepsis due to the
compromised mucosal barrier. Additional interventions may include antiemetics, analgesics, and blood
transfusions in cases of hemorrhage. Experimental therapies such as cytokine administration (e.g., keratinocyte
growth factor) and stem cell transplantation are under investigation to enhance mucosal regeneration. Despite
advances in critical care, severe gastrointestinal radiation syndrome carries a high mortality rate, emphasizing the
need for early diagnosis, aggressive supportive management, and preventive measures during radiation exposure
events.

20.5.3. Skin and Integumentary System

The skin is one of the most commonly affected organs following exposure to ionizing radiation, exhibiting a
spectrum of injuries that range from mild, transient changes to severe, chronic damage. Acute radiation effects on
the skin generally appear at doses between 2 and 6 Gy. Early manifestations include erythema, which is
characterized by redness and inflammation due to capillary dilation and increased blood flow. As the dose
increases or exposure continues, the skin may develop dry desquamation, where the outermost layer of the
epidermis flakes off due to damage and loss of keratinocytes. At even higher doses, moist desquamation can occur,
involving the breakdown of the skin’s protective barrier, leading to oozing, blister formation, and ulceration.
These acute injuries result from direct damage to the basal layer of the epidermis, which contains proliferating
keratinocytes essential for skin renewal, as well as from radiation-induced inflammatory responses. Over the long
term, chronic radiation effects may develop months or even years after the initial exposure. These changes include
fibrosis, which is the excessive deposition of collagen and extracellular matrix proteins within the dermis, leading
to thickening and hardening of the skin. This fibrosis impairs skin elasticity and can cause functional limitations
depending on the affected area. Another common late effect is telangiectasia, the permanent dilation of small
blood vessels that become visible as fine red lines on the skin surface due to radiation-induced vascular injury and
endothelial cell damage. Atrophy of the skin layers may also occur, resulting in thinning of the epidermis and
dermis, increased fragility, and susceptibility to injury. Additionally, radiation exposure significantly increases
the risk of developing secondary skin cancers, such as basal cell carcinoma and squamous cell carcinoma, due to
DNA damage and mutagenesis in skin cells. Histological examination of irradiated skin typically reveals
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epidermal thinning, reflecting the loss of keratinocytes and impaired regeneration. The dermis shows collagen
sclerosis, indicating fibrosis, and prominent telangiectasia due to vascular changes. These structural alterations
contribute to the clinical presentation of chronically irradiated skin. Management of radiation-induced skin
injuries depends on the severity and timing of the damage. Acute reactions are primarily treated with supportive
skin care, including gentle cleansing, moisturization, and avoidance of irritants to promote healing and prevent
infection. In cases of moist desquamation or ulcers, wound care with dressings that maintain a moist environment,
prevent bacterial contamination, and reduce pain is essential. Chronic radiation dermatitis may require more
advanced interventions, such as physical therapy to manage fibrosis and maintain mobility. For severe or non-
healing ulcers, surgical options including excision of fibrotic tissue, skin grafting, or reconstructive procedures
may be necessary. Preventive measures during radiation therapy, such as proper dosing and fractionation, as well
as the use of radioprotective agents, aim to minimize skin damage and improve patient outcomes.

20.5.4. Central Nervous System

The central nervous system (CNS) is generally considered relatively resistant to ionizing radiation, primarily
because the majority of neurons are post-mitotic cells with very low rates of division, making them less vulnerable
to radiation-induced DNA damage compared to rapidly dividing cells. However, exposure to high radiation doses,
typically equal to or exceeding 50 Gy, or focused radiosurgery treatments, can lead to significant neurotoxic
effects. These effects are especially pronounced in pediatric patients, whose developing nervous systems are more
susceptible to damage. Pathologically, radiation injury to the CNS involves several key changes. Demyelination,
or the loss of the protective myelin sheath surrounding nerve fibers, disrupts efficient neural signal conduction
and is a common feature of radiation-induced CNS damage. Additionally, radiation causes vascular injury
characterized by hyalinization, which is the thickening and hardening of the blood vessel walls due to the
deposition of hyaline material. This leads to impaired blood flow and ischemia within the brain tissue. Over time,
these injuries can result in focal necrosis, where localized areas of brain tissue die due to insufficient blood supply
and direct cellular damage. Gliosis, a reactive process involving the proliferation of glial cells, occurs as an attempt
to repair or contain the damaged tissue but can contribute to scar formation and further functional impairment.

Radiation necrosis typically presents clinically months to years after radiation exposure and can mimic tumor
recurrence or progression on conventional imaging modalities like MRI, presenting a significant diagnostic
challenge. Patients may exhibit a variety of neurological symptoms including cognitive decline, memory loss,
seizures, motor weakness, and focal neurological deficits depending on the location and extent of the injury.
Differentiating radiation necrosis from recurrent tumor is crucial because the management and prognosis differ
significantly; tumor progression may require further oncologic treatment, whereas radiation necrosis often
responds to corticosteroids or other supportive measures. Advanced neuroimaging techniques such as perfusion
MRI, MR spectroscopy, and PET scans can help distinguish between radiation necrosis and tumor recurrence by
assessing metabolic and blood flow characteristics of the lesion. In certain cases, when non-invasive methods are
inconclusive, a stereotactic biopsy may be performed to obtain definitive histological diagnosis.

20.5.5. Lungs

The lungs are particularly vulnerable to radiation-induced injury, especially in patients who undergo thoracic
irradiation for cancers such as lung, breast, or lymphoma. One of the earliest and most common manifestations is
radiation pneumonitis, an inflammatory response that usually develops within 1 to 6 months after radiation
therapy. Clinically, radiation pneumonitis presents with symptoms including a persistent dry cough, shortness of
breath (dyspnea), low-grade fever, and general malaise. These symptoms reflect the inflammatory process
occurring within the lung tissue. Histopathological examination during the pneumonitis phase reveals damage to
the alveolar epithelial cells lining the air sacs, leading to increased permeability and leakage of plasma proteins
into the alveolar spaces. This results in alveolar edema and the presence of fibrinous exudates. The affected lung
tissue shows infiltration by inflammatory cells such as macrophages, lymphocytes, and neutrophils, which
contribute to the inflammatory milieu. This acute inflammatory process disrupts normal gas exchange, leading to
the clinical symptoms observed. If the injury progresses or is sustained over time, chronic changes may develop,
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leading to pulmonary fibrosis. Fibrosis is characterized by the proliferation of fibroblasts and myofibroblasts,
excessive deposition of collagen and other extracellular matrix components, and progressive remodeling of the
lung architecture. This remodeling causes thickening and scarring of the interstitial tissue, loss of alveolar
structure, and reduced lung compliance. Patients with pulmonary fibrosis typically experience worsening dyspnea,
reduced exercise tolerance, and chronic hypoxia. Unlike pneumonitis, fibrosis is largely irreversible and can lead
to permanent impairment of lung function. Management of radiation-induced lung injury depends on the stage
and severity of the disease. For radiation pneumonitis, corticosteroids are the mainstay of treatment, as they help
reduce inflammation and improve symptoms. Early initiation of steroids can limit the extent of lung damage and
hasten recovery. Supportive measures such as oxygen therapy and bronchodilators may also be required. In cases
of established pulmonary fibrosis, treatment focuses on symptom management and maintaining quality of life.
This includes pulmonary rehabilitation, supplemental oxygen, and treatment of secondary complications such as
infections. Preventive strategies during radiation therapy, such as precise targeting to minimize lung exposure and
fractionated dosing schedules, are critical to reduce the risk of these pulmonary complications.

20.5.6. Cardiovascular System

Radiation-induced heart disease (RIHD) represents a serious long-term complication in patients who undergo
mediastinal irradiation, commonly for conditions such as breast cancer or Hodgkin lymphoma. The spectrum of
cardiac injuries caused by radiation is broad and may involve various structures of the heart. Early manifestations
often include acute or chronic pericarditis, characterized by inflammation of the pericardial sac surrounding the
heart. Radiation exposure also predisposes to accelerated coronary artery disease due to endothelial injury and
subsequent atherosclerosis, increasing the risk of myocardial infarction even decades after treatment. Valvular
abnormalities, such as fibrosis and calcification of heart valves, can impair valve function, leading to stenosis or
regurgitation. Additionally, radiation-induced cardiomyopathy can develop as a result of direct myocardial
damage, resulting in heart failure. At the microscopic level, RIHD is characterized by endothelial cell damage,
which triggers intimal thickening and fibrosis of the coronary vessels, along with myocardial fibrosis that disrupts
normal cardiac architecture and function. Because the clinical effects of RIHD often emerge many years post-
radiation, long-term cardiovascular surveillance is crucial for patients who have received mediastinal irradiation.

20.5.7. Kidney

Kidneys are another organ system sensitive to radiation, particularly when exposed during abdominal or total
body irradiation. Radiation nephropathy is a delayed complication that typically arises between 6 to 12 months
after exposure. Clinically, patients may present with hypertension that is often difficult to control, proteinuria, and
gradually declining renal function leading to renal insufficiency or failure. Histopathologically, radiation
nephropathy features glomerular sclerosis, tubular atrophy, and interstitial fibrosis. These pathological changes
reflect damage to both the vascular and tubular components of the kidney, impairing its filtration and reabsorption
functions. The risk and severity of radiation nephropathy are influenced by the total radiation dose, fractionation
schedule, and can be worsened by concurrent nephrotoxic chemotherapy or pre-existing conditions like
hypertension. Management primarily involves aggressive control of blood pressure and proteinuria, often with
angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, aiming to slow progression of renal
damage and preserve kidney function.

20.5.8. Reproductive System

The reproductive system is highly sensitive to ionizing radiation, with significant consequences for fertility and
hormonal function. In females, ovarian follicles, which are finite in number and highly radiosensitive, can be
depleted by radiation doses exceeding 2 Gy, resulting in infertility or premature ovarian failure and early
menopause. This follicular loss leads to decreased estrogen production, impacting not only fertility but also bone
health and cardiovascular risk. In males, radiation can damage spermatogenic cells within the testes, causing
temporary or permanent sterility depending on the radiation dose and fractionation. Testicular atrophy and loss of
spermatogonia are common pathological findings, leading to impaired sperm production. Importantly, radiation
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exposure during pregnancy is particularly hazardous to the developing fetus, with risks including intrauterine
growth retardation, congenital anomalies, and neurodevelopmental deficits, especially if exposure occurs during
critical periods of organogenesis. Protecting reproductive organs during radiation therapy and counseling patients
about fertility preservation options are vital components of patient care in those requiring pelvic or total body
irradiation.

20.6. RADIATION CARCINOGENESIS

lonizing radiation (IR) is a well-recognized environmental carcinogen with the ability to induce cancer through
complex biological processes that often manifest clinically many years or even decades after exposure. Radiation
carcinogenesis refers to the initiation and progression of malignant neoplasms triggered by the DNA-damaging
effects of ionizing radiation. This phenomenon has been extensively studied in both epidemiological populations
exposed to atomic bomb blasts, medical radiation patients, occupationally exposed workers, and environmental
radiation incidents, providing critical insights into cancer risk and mechanisms.

Mechanisms of Radiation-Induced Carcinogenesis

At the cellular level, ionizing radiation causes cancer primarily by inducing direct and indirect damage to the
DNA molecule, which is the genetic blueprint of the cell. Radiation can ionize DNA bases or the sugar-phosphate
backbone, leading to single-strand breaks, double-strand breaks (DSBs), base modifications, and DNA cross-
links. Among these, double-strand breaks are particularly lethal and mutagenic if misrepaired. DNA damage can
result in mutations, chromosomal rearrangements, gene amplifications, and deletions that alter normal cellular
regulatory pathways governing proliferation, apoptosis, and DNA repair. Besides direct DNA damage, radiation
also generates reactive oxygen species (ROS) through the radiolysis of water molecules within the cell. ROS
contribute to oxidative stress, leading to further DNA and cellular macromolecule damage, lipid peroxidation, and
protein modifications. Persistent oxidative stress can induce genomic instability, a hallmark of cancer, by causing
ongoing mutations and chromosomal abnormalities in daughter cells. Radiation also triggers epigenetic
alterations—changes in gene expression regulation without modifying the DNA sequence. These include DNA
methylation changes, histone modifications, and altered microRNA profiles that can silence tumour suppressor
genes or activate oncogenes, thus promoting carcinogenesis. Moreover, radiation can affect the tumour
microenvironment by inducing chronic inflammation, fibrosis, and altered immune surveillance, which may
facilitate the clonal expansion of initiated cells and support tumour growth.

Latency and Dose-Response Relationship

The latency period between radiation exposure and the development of cancer varies depending on the type of
malignancy. Leukemias typically arise within 2 to 10 years after exposure, whereas solid tumours such as thyroid,
breast, lung, and skin cancers often have latency periods extending 10 to 40 years or more. The risk of radiation-
induced cancer is strongly dose-dependent but follows a nonlinear pattern. At lower doses, the risk increases
linearly with dose, while at very high doses, cell killing predominates, potentially reducing cancer risk due to the
elimination of pre-malignant cells. The linear no-threshold (LNT) model is widely used for radiation protection,
positing that any amount of ionizing radiation carries some risk of cancer, with no safe threshold. However, this
remains a subject of debate, particularly at very low doses, where adaptive responses and DNA repair mechanisms
may modulate risk.

Types of Radiation-Induced Cancers
= Leukemia is the most commonly reported radiation-induced malignancy, especially acute myeloid
leukemia (AML) and chronic myeloid leukemia (CML). The bone marrow’s hematopoietic stem and
progenitor cells are highly radiosensitive, and DNA damage in these cells can initiate malignant
transformation. Elevated leukemia incidence was documented in atomic bomb survivors and patients
treated with radiotherapy.
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= Thyroid cancer is strongly associated with radiation exposure, especially during childhood. lonizing
radiation disrupts thyroid follicular cells and induces mutations in genes such as RET/PTC and BRAF,
which are implicated in papillary thyroid carcinoma. The Chernobyl nuclear accident is a notable example
where a surge in childhood thyroid cancers was observed.
= Breast cancer risk is elevated in women exposed to radiation, particularly during adolescence or early
adulthood when breast tissue is developing. Radiation-induced DNA damage and hormonal factors
interact to increase susceptibility.
= Lung cancer risk is increased in individuals exposed to high doses of radiation, notably uranium miners
and patients undergoing thoracic irradiation. Radiation-induced mutations, combined with other
carcinogens such as tobacco smoke, synergistically enhance risk.
= Skin cancers, including basal cell carcinoma and squamous cell carcinoma, can develop following
radiation exposure, especially in areas exposed to therapeutic or accidental radiation.

Modifying Factors Influencing Radiation Carcinogenesis: Several factors modify an individual’s risk of
radiation-induced cancer:

= Age at exposure: Younger individuals are generally more susceptible due to higher rates of cell division
and longer life expectancy, allowing more time for cancer to develop.

=  Sex: Some cancers, like thyroid and breast cancer, show sex-related differences in risk.

» Genetic susceptibility: Variants in DNA repair genes (e.g., BRCAL/2, TP53) and polymorphisms in
genes regulating oxidative stress influence cancer risk.

» Radiation quality: High-linear energy transfer (LET) radiation, such as alpha particles and neutrons,
produces more complex DNA damage than low-LET radiation like X-rays, resulting in higher
carcinogenic potential.

» Dose rate and fractionation: Lower dose rates and fractionated doses allow cellular repair mechanisms
to mitigate damage, reducing cancer risk compared to acute, high-dose exposures.

20.7. PATHOLOGICAL EFFECTS OF HIGH-DOSE RADIATION EXPOSURE

20.7.1. Acute Radiation Syndrome

Acute Radiation Syndrome (ARS) is a severe clinical condition that arises following significant whole-body
exposure to ionizing radiation, typically exceeding doses of 1 Gray (Gy). The syndrome encompasses a spectrum
of systemic pathological effects resulting from widespread cellular damage, especially targeting rapidly
proliferating tissues. ARS is clinically divided into distinct subsyndromes based on the primary organ systems
affected: hematopoietic, gastrointestinal, neurovascular (or cerebrovascular), and cutaneous. Each subsyndrome
corresponds to the radiosensitivity and functional importance of specific tissues, and the overall prognosis depends
on the radiation dose, rate, and individual susceptibility. The clinical course of ARS typically progresses through
four overlapping phases. The initial prodromal phase occurs within minutes to days post-exposure and is
characterized by nonspecific symptoms such as nausea, vomiting, anorexia, and fatigue. These symptoms result
from early radiation effects on the gastrointestinal mucosa and central nervous system, as well as the release of
inflammatory mediators. Following this is the latent phase, a deceptive period during which the patient may appear
relatively well as surviving cells attempt repair, although significant internal damage is ongoing. The third phase,
manifest illness, is marked by overt clinical deterioration, with symptoms reflecting the specific organ system
affected. In the hematopoietic subsyndrome, occurring at doses between approximately 1 and 6 Gy, radiation-
induced depletion of bone marrow stem and progenitor cells leads to profound pancytopenia. The resulting
immunosuppression predisposes patients to severe infections, hemorrhage due to thrombocytopenia, and anemia-
related hypoxia. Pathologically, bone marrow appears hypocellular with fatty infiltration, indicating the loss of
active hematopoietic tissue. At higher doses (6-10 Gy), the gastrointestinal subsyndrome manifests. Radiation
damage to the intestinal crypt stem cells causes denudation of the mucosa, villous atrophy, and ulceration. This
results in malabsorption, diarrhea, electrolyte imbalances, and bacterial translocation, which may lead to sepsis
and systemic inflammatory response syndrome. Histological examination reveals extensive epithelial cell loss,
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mucosal necrosis, and a marked inflammatory infiltrate. The neurovascular subsyndrome arises at extremely high
doses exceeding 20 Gy and involves catastrophic damage to the central nervous system and vascular endothelium.
Patients rapidly develop neurological symptoms including confusion, ataxia, seizures, and coma. Pathological
findings include cerebral edema, vascular congestion, hemorrhages, and necrosis of neural tissue. This
subsyndrome is almost invariably fatal within hours to days due to brainstem failure.

Additionally, the cutaneous subsyndrome involves direct radiation injury to the skin, characterized by erythema,
desquamation, ulceration, and necrosis. This can occur concurrently with other subsyndromes or independently,
depending on the exposure pattern. Histopathology shows basal keratinocyte loss, dermal inflammation, fibrosis,
and vascular damage, which can complicate wound healing and increase infection risk. Throughout ARS, massive
cell death, widespread inflammation, and progressive organ dysfunction drive clinical decline. The recovery
phase, if it occurs, depends on the radiation dose and the capacity of surviving stem cells and tissue reserves to
regenerate. Medical management requires supportive care, infection control, hematopoietic growth factors, and,
in severe cases, bone marrow transplantation. The pathological basis of ARS highlights the critical vulnerability
of rapidly dividing tissues to ionizing radiation and underscores the importance of rapid diagnosis and intervention
in radiation emergencies.

20.7.2. Radiation Pathology in Therapeutic Contexts

Radiation therapy remains a cornerstone in the management of various malignancies, leveraging the differential
radiosensitivity between rapidly dividing tumor cells and relatively more resistant normal tissues. The
fundamental goal is to deliver a tumoricidal dose that effectively destroys malignant cells while sparing
surrounding healthy tissue to preserve organ function. Despite advances in precision and delivery, radiation-
induced damage to normal tissues remains a significant clinical challenge, manifesting as both acute and chronic
pathological changes that can limit therapeutic efficacy and impact patient quality of life. One of the key concepts
guiding radiation treatment planning is the understanding of tissue tolerance doses, often expressed as TD 5/5
and TD 50/5 values. These represent the doses at which 5% and 50% of patients, respectively, experience a
specified degree of tissue injury within five years post-radiotherapy. These tolerance thresholds are critical in
balancing effective tumor control against the risk of complications, informing fractionation schedules, total dose
limits, and target volume delineation.

Radiation-induced tissue injury in therapeutic settings can manifest acutely during or shortly after treatment, with
effects such as mucositis, dermatitis, and transient organ inflammation. More problematic are the late effects,
which develop months to years post-therapy and often involve irreversible tissue fibrosis, vascular damage, and
necrosis. Radiation necrosis is particularly concerning in organs like the brain and lung, where localized tissue
death can lead to functional deficits and neurological impairments. This pathology results from chronic hypoxia,
endothelial injury, and inflammatory cascades that perpetuate tissue damage long after the initial radiation insult.
Secondary malignancies represent another serious long-term risk of radiation therapy. lonizing radiation’s
mutagenic potential can induce oncogenic transformations in normal cells within the radiation field, leading to
cancers such as sarcomas, leukemias, or carcinomas distinct from the primary treated tumor. The latency period
for radiation-induced cancers can span decades, necessitating vigilant long-term surveillance. To mitigate these
complications, technological advancements have revolutionized radiation delivery. Intensity-Modulated
Radiation Therapy (IMRT) enables highly conformal dose distributions by modulating beam intensity across
multiple angles, reducing exposure to adjacent normal tissues. Similarly, proton therapy offers superior dose
deposition with a characteristic Bragg peak, minimizing exit dose and sparing distal structures. These modalities
significantly decrease the incidence and severity of radiation-induced pathology by restricting high-dose exposure
to the tumor volume. Nonetheless, despite these improvements, individual patient factors such as genetic
susceptibility, comorbidities, and concurrent therapies can influence the extent of normal tissue injury. Ongoing
research into radioprotective agents, biomarkers for radiosensitivity, and personalized radiotherapy protocols aims
to further refine therapeutic windows, enhancing tumor control while reducing pathological sequelae.
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20.8. RADIATION PATHOLOGY IN DIAGNOSTIC IMAGING AND INTERVENTIONAL
PROCEDURES

Diagnostic radiology traditionally employs relatively low doses of ionizing radiation to generate images for
clinical evaluation, typically maintaining exposure levels well below thresholds known to cause overt tissue
injury. Nonetheless, cumulative radiation doses from repeated diagnostic studies, or inadvertent overexposures
during procedures, can lead to deterministic radiation effects—those which have a clear dose threshold and result
in tissue damage that worsens with increasing dose. Among these, radiation-induced skin injuries represent the
most frequent and clinically significant manifestation in patients undergoing interventional procedures that
involve prolonged fluoroscopy. The effective doses in conventional diagnostic imaging such as plain radiography,
computed tomography (CT), and nuclear medicine are generally low and distributed over large body areas, which
reduces the risk of focal tissue injury. However, interventional radiology procedures, particularly those involving
continuous or repeated fluoroscopic imaging over extended periods—Ilike cardiac catheterization,
neurointerventional embolization, or peripheral vascular interventions—may deliver localized doses to the skin
in excess of the threshold for deterministic effects (commonly above 2 Gy or 200 rad). These procedures can
result in peak skin doses exceeding 10 Gy in complex or prolonged cases, increasing the risk of radiation-induced
skin damage.

20.8.1. Pathophysiology and Tissue Responses

Radiation induces injury primarily by depositing energy in biological tissues that causes ionization and free radical
formation, damaging cellular DNA, proteins, and membranes. The skin, being a rapidly renewing organ, is
particularly vulnerable. Radiation effects on skin are mediated by direct damage to basal keratinocytes in the
epidermis, endothelial cells of dermal microvasculature, and resident fibroblasts.

= Epidermal Injury: Basal keratinocytes, responsible for continuous regeneration of the epidermis,
undergo apoptosis or mitotic arrest when exposed to radiation doses exceeding the threshold. This impairs
epidermal turnover, leading to thinning, desquamation, and eventual necrosis of the epidermal layer.
Clinically, this manifests initially as erythema and dry desquamation, progressing to moist desquamation
and ulceration in more severe cases.

= Dermal and Vascular Injury: Radiation-induced endothelial cell damage leads to microvascular
thrombosis, increased vascular permeability, and endothelial swelling. This vascular injury compromises
tissue perfusion, resulting in ischemia and hypoxia that exacerbate tissue necrosis and delay healing. The
chronic inflammatory response triggered by vascular injury activates fibroblasts and stimulates
extracellular matrix production, causing dermal fibrosis and scarring. This fibrosis further impairs
vascular supply and skin elasticity.

» Fibrosis and Chronic Changes: Persistent radiation damage may culminate in progressive dermal
fibrosis, characterized histologically by excessive collagen deposition, loss of adnexal structures (hair
follicles, sweat glands), and reduced vascularity. Clinically, this fibrosis manifests as induration, skin
atrophy, pigmentary changes, and an increased risk of secondary ulceration or infection. Radiation-
induced fibrosis can also contribute to chronic pain and functional impairment of the affected area.

Clinical Presentation and Classification: Radiation-induced skin injury progresses through defined clinical
phases, which correlate with dose and timing post-exposure:
1. Early Erythema (2-6 Gy): Within hours to days, patients develop localized redness and warmth in the
irradiated area due to capillary dilation and inflammatory mediator release.
2. Dry Desquamation (6-10 Gy): The epidermis begins to flake and peel as keratinocyte loss progresses.
3. Moist Desquamation (10-15 Gy): Epidermal necrosis leads to breakdown and oozing of serous fluid,
indicating more severe damage and potential ulcer formation.
4. Ulceration and Necrosis (>15 Gy): Full-thickness skin necrosis may develop, with chronic non-healing
ulcers, secondary infections, and scarring.
Delayed effects include chronic radiation dermatitis, fibrosis, telangiectasia, and skin atrophy, which may appear
weeks to months’ post-procedure.
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20.8.2. Diagnostic and Histopathological Features

Diagnostic and histopathological evaluation of radiation-induced skin injury demonstrates characteristic cellular
and tissue alterations which correlate closely with the clinical stages of damage. Biopsies typically show epidermal
atrophy or frank ulceration with loss of viable basal keratinocytes, reflecting direct radiation toxicity to
proliferating cells. Vascular injury is also a prominent feature, evidenced by endothelial cell swelling, narrowing
of vascular lumens, and formation of fibrin thrombi, all of which contribute to local ischemia and delayed tissue
repair. In the dermis, there is increased fibroblast activity and excessive collagen deposition, resulting in dense
fibrosis and progressive skin induration. Chronic inflammatory infiltrates, consisting largely of lymphocytes and
macrophages, further perpetuate tissue injury. These histopathological features help differentiate true radiation
injury from other etiologies of cutaneous ulceration, such as infection or pressure ulcers, and assist in confirming
diagnosis in ambiguous clinical scenarios. From an interventional radiology standpoint, these changes emphasize
the critical need for systematic radiation dose monitoring and preventive strategies during fluoroscopy-guided
procedures. Radiation dose tracking—including real-time monitoring of fluoroscopy time and cumulative skin
dose—allows early identification of cases at risk of deterministic skin reactions. Procedure planning should aim
to minimize fluoroscopy duration, employ intermittent rather than continuous fluoroscopy, and use optimal beam
angulations to prevent prolonged irradiation of the same skin region. Advanced dose reduction technologies such
as pulsed fluoroscopy modes, low-dose settings, and automated dose-saving filters should be utilized. Patient
follow-up is equally important, especially in high-dose or prolonged procedures, where individuals should be
counselled regarding early symptoms of radiation skin injury and provided appropriate wound care instructions.
Prophylactic measures, including shielding, beam rotation, and use of collimation, further reduce local peak skin
dose. Early recognition and timely clinical intervention significantly improve outcomes, and in complex or severe
injuries, a multidisciplinary management approach—often involving dermatology, wound care specialists, and
plastic surgery—may be required to prevent chronic ulceration, secondary infection, or permanent skin damage.

20.9. PEDIATRIC RADIATION PATHOLOGY

Children exhibit increased radiosensitivity compared to adults, primarily due to their higher cellular mitotic rates,
ongoing organ development, and longer expected lifespan following exposure. This heightened sensitivity
profoundly influences the spectrum and severity of radiation-induced pathological changes in paediatric patients,
necessitating specialized considerations in both diagnostic and therapeutic radiology. The radio sensitivity of
tissues correlates with the rate of cell division and the differentiation status of cells, with rapidly proliferating and
immature cells being more vulnerable to ionizing radiation. In children, many organs and systems are in critical
stages of growth and development, characterized by active mitosis and complex morphogenesis. For example, the
developing brain undergoes extensive neurogenesis and synaptogenesis, and the hematopoietic system is highly
proliferative, increasing susceptibility to radiation-induced DNA damage and subsequent dysfunction.
Furthermore, the longer post-exposure lifespan in children means that latent effects, such as carcinogenesis and
organ dysfunction, have a greater time window to manifest clinically, thereby increasing the lifetime risk of
adverse outcomes compared to adults.

Clinical and Pathological Manifestations: Pediatric radiation pathology encompasses a broad spectrum of
effects, which can be categorized into early and late sequelae:

e Growth Retardation: Radiation exposure during critical periods of skeletal and soft tissue development
can result in permanent growth disturbances. Damage to the epiphyseal growth plates of long bones leads
to limb length discrepancies and skeletal deformities. Craniofacial bones may also be affected, causing
asymmetry and dysmorphia. Growth retardation is dose-dependent, with higher radiation doses causing
more severe impairment.

e Cognitive Impairment: The immature brain is especially vulnerable to radiation. Exposure during
infancy or early childhood may lead to neurodevelopmental deficits including reduced 1Q, learning
disabilities, memory loss, and behavioral changes. Radiation induces apoptosis of neural progenitor cells,
disrupts myelination, and impairs synaptic formation, leading to structural and functional brain
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alterations. These effects are influenced by total dose, fractionation, and the age at exposure.

o Endocrine Dysfunction: Radiation injury to the hypothalamic-pituitary axis can lead to hormone
deficiencies affecting growth hormone, thyroid-stimulating hormone, gonadotropins, and adrenal axis
hormones. This results in growth hormone deficiency, hypothyroidism, delayed puberty, and adrenal
insufficiency. Endocrine dysfunction may manifest months to years post-exposure and requires long-term
surveillance.

o Secondary Malignancies: The increased cellular proliferation and longer lifespan predispose pediatric
patients to a heightened risk of radiation-induced secondary cancers. Common secondary malignancies
include leukemia, thyroid carcinoma, sarcomas, and brain tumors. These malignancies often arise within
irradiated fields but can also appear in distant tissues due to radiation-induced genomic instability.

Protective Strategies and Radiation Safety in Paediatrics: Due to these vulnerabilities, the principles of
justification and optimization in pediatric radiology are paramount. Radiation exposure must be justified by
clinical need, ensuring that the diagnostic or therapeutic benefits outweigh potential risks.

o Justification: Imaging studies must be clinically indicated, avoiding unnecessary procedures. Alternative
modalities without ionizing radiation (e.g., ultrasound, MRI) should be preferred when appropriate.

e Optimization: Pediatric protocols employ adjusted radiation doses tailored to patient size and clinical
indication, following the ALARA (As Low As Reasonably Achievable) principle. Use of advanced dose-
reduction technologies, such as automatic exposure control and iterative reconstruction algorithms in CT,
helps minimize radiation burden.

e Protection: Shielding sensitive organs (e.g., thyroid, gonads), limiting beam size, and employing
immobilization techniques reduce unnecessary exposure. Education of healthcare personnel and
caregivers regarding radiation risks enhances compliance with protective measures.

e Long-term Follow-up: Pediatric patients exposed to significant radiation doses require systematic
follow-up for early detection and management of late effects, including neurodevelopmental assessments,
endocrine evaluations, and cancer surveillance.

20.10. LD50 (LETHAL DOSE 50) IN RADIATION PATHOLOGY

LD50, or the Lethal Dose 50, is a critical concept in toxicology and radiation biology used to quantify the lethal
potential of a harmful agent—in this case, ionizing radiation. Specifically, LD50 refers to the dose of radiation
expected to cause death in 50% of an exposed population within a defined time frame, typically 30 days, without
the benefit of medical treatment. In radiation pathology, LD50 is an important benchmark for understanding the
severity of radiation exposure and its biological effects on humans and animals. It serves as a quantitative indicator
to assess risk, guide safety protocols, and inform emergency response plans in radiological incidents. The LD50
value expresses the median lethal dose of ionizing radiation required to cause mortality in half of the exposed
individuals. The measurement typically assumes whole-body exposure to gamma or X-ray radiation. The exact
LD50 depends on various factors, including species, age, general health, environmental conditions, and
availability of medical care. In humans, the LD50/30 (lethal dose causing death in 50% of subjects within 30 days
post-exposure) is approximately 3 to 4 Gray (Gy)—equivalent to 300 to 400 rad. This dose is significant enough
to induce acute radiation syndrome (ARS), which manifests through complex biological damage affecting
multiple organ systems, especially the hematopoietic, gastrointestinal, and neurovascular systems.

Biological Basis of LD50: lonizing radiation damages cells primarily by inducing DNA strand breaks, disrupting
critical cellular functions, and triggering cell death through apoptosis or necrosis. The severity of biological
damage correlates with radiation dose and dose rate.

e Hematopoietic system: At doses near LD50, the bone marrow, responsible for producing blood cells,
suffers significant damage. This leads to pancytopenia—a drastic reduction in white blood cells, red blood
cells, and platelets—resulting in immunosuppression, anemia, and bleeding tendencies.

e Gastrointestinal system: Higher doses affect rapidly dividing cells lining the gastrointestinal tract,
causing mucosal denudation, impaired absorption, fluid loss, and bacterial translocation.
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e Neurovascular system: At doses much higher than LD50, radiation affects the central nervous system,
leading to neurological symptoms and death within days.

Clinical Manifestations and Time Course: The clinical effects after exposure to a dose near the LD50 follow a
typical sequence of phases:
1. Prodromal Phase (minutes to days): Symptoms such as nausea, vomiting, fatigue, and anorexia appear
shortly after exposure.
2. Latent Phase (hours to weeks): The patient may appear to recover temporarily as symptoms subside.
3. Manifest lliness Phase (days to weeks): Symptoms of hematopoietic syndrome dominate, including
infection, bleeding, and anemia.
4. Recovery or Death (weeks to months): Depending on the dose and supportive care, the patient may
recover or succumb to the radiation injury.

Variations and Influencing Factors

e Medical intervention: The LD50 can be increased with supportive care such as antibiotics, blood
transfusions, and bone marrow transplantation, potentially raising the lethal dose threshold to 6-7 Gy or
more.

o Fractionation: Dividing the total radiation dose into smaller fractions allows partial tissue recovery,
reducing lethality.

e Age and health status: Younger, healthier individuals generally tolerate higher doses better.

e Type of radiation: Different radiation types (alpha, beta, gamma, neutrons) vary in biological
effectiveness, influencing LD50 values.

20.11. RADIATION SICKNESS AND RADIATION SYNDROME

Radiation sickness, more accurately termed Acute Radiation Syndrome (ARS) or Radiation Syndrome, represents
a complex clinical condition resulting from exposure to a high dose of ionizing radiation over a short period. This
syndrome is characterized by a sequence of physiological events triggered by the harmful effects of radiation on
rapidly dividing cells and multiple organ systems. ARS generally occurs when an individual receives a whole-
body or significant partial-body radiation dose exceeding approximately 1 Gray (Gy) in a brief interval, typically
minutes to hours. The ionizing radiation involved can be in the form of gamma rays, X-rays, or high-energy
particles such as neutrons, all capable of penetrating tissues and causing cellular damage. The underlying
pathophysiology of radiation sickness revolves around the ability of ionizing radiation to induce direct DNA
damage and generate reactive oxygen species within cells. DNA double-strand breaks, chromosomal aberrations,
and oxidative stress collectively disrupt normal cell function and can trigger apoptosis or necrosis. Among the
most vulnerable cell populations are those with high mitotic activity and rapid turnover rates, including
hematopoietic stem cells in the bone marrow, gastrointestinal epithelial cells lining the intestine, and cells of the
skin and mucous membranes. Consequently, the clinical manifestations of ARS arise primarily from the depletion
or dysfunction of these critical cell populations. Clinically, acute radiation syndrome manifests in distinct
syndromes correlating with radiation dose and the organ systems affected. The hematopoietic syndrome typically
occurs at doses ranging from approximately 1 to 8 Gy. At this level, radiation-induced destruction of bone marrow
stem cells impairs the production of blood cells, resulting in pancytopenia. Patients suffer from
immunosuppression due to leukopenia, anemia from reduced erythrocytes, and thrombocytopenia leading to
bleeding tendencies. These changes heighten the risk of severe infections, hemorrhage, and fatigue, and clinical
signs usually develop over days to weeks after exposure. At higher doses, generally between 6 and 20 Gy, the
gastrointestinal syndrome emerges. This syndrome results from extensive damage to the crypt cells of the
intestinal mucosa, leading to breakdown of the mucosal barrier. Patients experience severe nausea, vomiting, and
diarrhea, progressing rapidly to dehydration, electrolyte imbalances, and systemic infection caused by bacterial
translocation from the gut. The loss of this protective barrier predisposes the patient to sepsis and multi-organ
failure, making the gastrointestinal syndrome associated with a poor prognosis in the absence of aggressive
medical intervention. At even higher doses exceeding 20 Gy, the neurovascular syndrome manifests. This
syndrome is characterized by severe and often irreversible damage to the central nervous system and vascular
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endothelium. Patients present with early neurological symptoms such as headaches, confusion, seizures, and loss
of consciousness. Vascular damage causes cerebral edema and increased intracranial pressure, often leading to
coma and death within hours to days. This syndrome is almost universally fatal, as the degree of cellular
destruction is too extensive for recovery.

The clinical course of acute radiation syndrome can be described in four phases. The initial prodromal phase
occurs within minutes to days post-exposure and is marked by nonspecific symptoms such as nausea, vomiting,
anorexia, and malaise. The severity and rapidity of symptom onset generally correlate with the radiation dose.
Following this is the latent phase, during which patients may experience a deceptive period of apparent wellness
or only mild symptoms, while underlying cellular injury continues. The manifest illness phase then ensues,
characterized by symptoms specific to the damaged organ systems—such as bone marrow failure, gastrointestinal
disturbances, or neurological decline—depending on the dose received. The final phase results either in recovery
for those with lower exposures or death in cases of severe damage, with mortality often attributable to infection,
hemorrhage, dehydration, or neurological failure. Diagnosis of ARS relies heavily on a detailed history of
radiation exposure, including the estimated dose and duration, combined with clinical findings and laboratory
evaluations. Laboratory investigations typically reveal pancytopenia, electrolyte imbalances, and signs of
systemic infection. Cytogenetic studies, such as chromosomal aberration analysis, can provide confirmation of
radiation exposure and help estimate dose magnitude, which is crucial for prognosis and management.
Management of radiation sickness focuses primarily on supportive care, as there is no direct antidote to ionizing
radiation. Supportive therapies include intravenous fluids for hydration, broad-spectrum antibiotics to prevent or
treat infections, blood transfusions to address anemia and thrombocytopenia, and antiemetics to control nausea
and vomiting. Hematopoietic growth factors such as granulocyte colony-stimulating factor (G-CSF) are frequently
administered to stimulate bone marrow recovery and accelerate neutrophil production. In severe cases of bone
marrow aplasia, hematopoietic stem cell transplantation may be considered. Preventing further radiation exposure
and decontamination procedures are vital in cases of external contamination.

End of Chapter
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