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Introduction

lonizing radiation is any form of radiation with enough energy
to break off electrons from atoms (that is, to ionize the
atoms). This radiation can break the chemical bonds in
molecules, including DNA molecules, thereby disturbing their
normal functioning. X-rays and gamma rays are the only
common forms of radiation with sufficient energy to
penetrate and damage body tissue below the surface of the
skin.

[Picture Credit: lonizing Radiation]

Among the many sources of ionizing radiation are traditional

lonizing Radiation

Wood

w

[ "'
\‘
Alpha |

I

Beta
Gamma
X-ray

Neutron

Lead

X-rays, computed tomography (CT) scans, fluoroscopy, and
other medical radiological procedures. A newer source of X-
rays is the use of backscatter scanners in airport security. Sources of gamma rays include emissions
from nuclear power plants, scientific research involving radionucleotides, military weapons testing,
and nuclear medicine procedures such as bone, thyroid and lung scans.

According to the World Health Organization (WHO):

e lonizing radiation is a type of energy released by atoms in the form of electromagnetic waves
or particles

e People are exposed to natural sources of ionizing radiation, such as in soil, water, and
vegetation, as well as in human-made sources, such as X-rays and medical devices

e lonizing radiation has many beneficial applications, including uses in medicine, industry,
agriculture and research

e As the use of ionizing radiation increases, so does the potential for health hazards if not
properly used or contained

e Acute health effects such as skin burns, or acute radiation syndrome can occur when doses of
radiation exceed certain levels

e Low doses of ionizing radiation can increase the risk of longer-term effects such as cancer
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Radiation damage to tissue and/or organs depends on the dose of radiation received, or the absorbed dose
which is expressed in a unit called the gray (Gy). The potential damage from an absorbed dose depends on
the type of radiation and the sensitivity of different tissues and organs.

The effective dose is used to measure ionizing radiation in terms of the potential for causing harm. The
sievert (Sv) is the unit of effective dose that takes into account the type of radiation and sensitivity of
tissues and organs. It is a way to measure ionizing radiation in terms of the potential for causing harm. The
Sv takes into account the type of radiation and sensitivity of tissues and organs.

The Sv is a very large unit, so it is more practical to use smaller units such as millisieverts (mSv) or
microsieverts (uSv). There are one thousand pSv in one mSv, and one thousand mSv in one Sv. In addition
to the amount of radiation (dose), it is often useful to express the rate at which this dose is delivered (dose
rate), such as microsieverts per hour (uSv/hour) or millisievert per year (mSv/year).

Beyond certain thresholds, radiation can impair the functioning of tissues and/or organs and can produce
acute effects such as skin redness, hair loss, radiation burns, or acute radiation syndrome. These effects
are more severe at higher doses and higher dose rates. For instance, the dose threshold for acute radiation
syndrome is about 1 Sv (1 000 mSv).

If the radiation dose is low and/or it is delivered over a long period of time (low dose rate), the risk is
substantially lower because there is a greater likelihood of repairing the damage. There is still a risk of long-
term effects such as cancer, however, that may appear years or even decades later. Effects of this type will
not always occur, but their likelihood is proportional to the radiation dose. This risk is higher for children
and adolescents, as they are significantly more sensitive to radiation exposure than adults.

Epidemiological studies on populations exposed to radiation, such as atomic bomb survivors or
radiotherapy patients, showed a significant increase of cancer risk at doses above 100 mSv. More recently,
some epidemiological studies in individuals exposed to medical exposures during childhood (paediatric CT)
suggested that cancer risk may increase even at lower doses (between 50-100 mSv).

Prenatal exposure to ionizing radiation may induce brain damage in foetuses following an acute dose
exceeding 100 mSv between weeks 8-15 of pregnancy and 200 mSv between weeks 16-25 of pregnancy.
Before week 8 or after week 25 of pregnancy human studies have not shown radiation risk to foetal brain
development. Epidemiological studies indicate that the cancer risk after foetal exposure to radiation is
similar to the risk after exposure in early childhood.

Other Effects of lonizing Radiation
The deleterious effect ionizing radiation has on human tissue can be divided into two types: non-stochastic
(deterministic) or stochastic effects.

Deterministic (Non-Stochastic) Effects - Deterministic effects only occur once a threshold of exposure has
been exceeded. The severity of deterministic effects increases as the dose of exposure increases. Because
of an identifiable threshold level, appropriate radiation protection mechanisms and occupational exposure
dose limits can be put in place to reduce the likelihood of these effects occurring.

Deterministic effects are caused by significant cell damage or death. The physical effects will occur when
the cell death burden is large enough to cause obvious functional impairment of a tissue or organ.

Examples
1.
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Skin erythema/necrosis/epilation - Erythema occurs 1 to 24 hours after 2 Sv have been received.
Breakdown of the skin surface occurs approximately four weeks after 15 Sv have been received. Epilation
is reversible after 3 Sv but irreversible after 7 Sv and occurs three weeks following exposure.

2.

Cataract - Cataract occurs due to accumulation of damaged or dead cells within the lens, the removal of
which cannot take place naturally. Cataract occurs after 2 to 10 Gy have been received but may take years
to develop.

3.

Sterility - Radiation can impair oocyte function, leading to impaired or non-fertility. The radiation dose
required to have this effect decreases with age due to falling total oocyte numbers. Similarly, radiation
exposure to the testes can result in temporary or permanent azoospermia. Permanent sterility occurs after
2.5 to 3.5 Gy have been received by the gonads.

4.

Radiation Sickness — Radiation sickness (correctly termed acute radiation syndrome) involves nausea,
vomiting, and diarrhoea developing within hours or minutes of a radiation exposure. This is due to
deterministic effects on the bone marrow, Gl tract, and CNS.

5.

IUGR/Teratogenesis/Foetal Death - Deterministic radiation exposure effects during pregnancy depend not
only on the radiation dose received but also on the gestational age at which it occurred. The embryo is
relatively radio-resistant during its preimplantation phase but highly radiosensitive during its
organogenesis (2 to 8 weeks) and neuronal stem cell proliferation phases (8 to 15 weeks). Foetal
radiosensitivity falls after this period. High levels of radiation exposure in pregnancy can lead to growth
retardation, in particular microcephaly. The threshold dose for this effect is high (>20Gy) with other
deterministic effects (hypospadia, microphthalmia, retinal degeneration, and optic atrophy) having a lower
threshold level of >1Gy.

Stochastic Effects - Current thinking is that stochastic effect occurrence follows a linear no-threshold
hypothesis. This means that although there is no threshold level for these effects, the risk of an effect
occurring increases linearly as the dose increases.

Examples

1.

Cancer - Over time, anecdotal evidence suggested that ionizing radiation could cause cancer. However,
reliable evidence has only relatively recently become available. Data from the Radiation Effects Research
Foundation on individuals exposed to radiation from the atomic bombs in Hiroshima and Nagasaki have
shown an increased relative risk of developing malignancy (leukaemia, oral cavity, oesophagus, stomach,
colon, lung, breast, ovary, urinary bladder, thyroid, liver, non-melanoma skin, and nervous system) as a
result of radiation exposure. As such, multiple bodies, including the U.S. Department of Health and Human
Services, have classified ionizing radiation as a human carcinogen.

Unfortunately, doses which have been shown to result in this increased relative malignancy risk are similar
to levels which can also be imparted by radiology studies such as CT scans, interventional radiology, and
barium enema procedures. Indeed, the excessive relative risk of cancer mortality determined by the
International Commission of Radiological Protection (ICRP) is 5%/Sv. The National Research Council of the
National Academies has concluded that a single CT scan with a dose of 10 mSv carries a risk of 1:1 000 of
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producing cancer. A comprehensive list of effective doses in various other radiology and nuclear medicine
procedures can be easily compared with natural background radiation levels.

The risk of developing solid cancers follows a linear pattern with increasing dose although the age at which
exposure takes place is highly relevant. A decline in radiosensitivity does take place with age, making young
children more susceptible to radiation-induced malignancies. Although the malignancy risk for the
population as a whole is 5%/Sv, this rises to 15%/Sv in a young girl and falls to 1%/Sv in a 70-year-old.

Adopting the linear no-threshold hypothesis and extrapolating the data to very low dose exposures (plain
radiographs, for example) would suggest that while the risk of a radiation-induced malignancy persists, its
impact becomes negligible for a single exposure.

There is some controversy concerning the extrapolation of the linear no-threshold hypothesis to very low
doses given that no increased incidence of cancer is seen in areas of high background radiation or in airline
pilots. Caution should be exercised in multiple radiation exposures, however, given that stochastic effects
are cumulative. Similarly, multiple high-dose diagnostic imaging procedures such as CT can easily exceed
the levels known to impart an increased relative risk for malignancy.

2.

Hereditary Defects (e.g., Down Syndrome) - Although the incidence of hereditary defects in patients
exposed to radiation in Japan and Chernobyl have shown no increased evidence for hereditary defects,
animal experiments would suggest that this risk does exist. The United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR) and ICRP propose a hereditary defect risk of between 0.3 to 0.8%
per Sv.

(World Health Organization, 2023; Occupational Safety and Health Administration. 2026; Talapko, J.,
Talapko, D., Katalini¢, D., Kotris, I., Eri¢, ., Beli¢, D., Vasilj Mihaljevi¢, M., Vasilj, A., Erié, S., Flam, J., Beki¢,
S., Mati¢, S. & Skrlec, 1. 2024).

Puckett, Y., Al-Naser, Y.A. & Nappe, T.M. 2025.

“The use of ionizing radiation for therapeutic purposes can be traced back to the work of scientists in
the early to late 1900s. While the medical community has embraced and utilized this technology, they
have recognized its potential risks. Standard imaging techniques such as x-rays and CT scans use this
type of radiation, and it is also used to treat cancer after diagnosis. However, exposure to this type of
radiation can have harmful effects on pregnant women and children. It can lead to acute radiation
sickness, multi-system syndromes, and genetic abnormalities at the cellular level. Practicing clinicians
are making a concerted effort to minimize exposure to ionizing radiation, which is discussed further
in this activity. Several regulatory bodies provide guidelines to ensure that the use of ionizing radiation
is safe for both individuals and the population as a whole.”

Conflict of interest statement

Disclosure: Yana Puckett declares no relevant financial relationships with ineligible companies.
Disclosure: Yousif Al-Naser declares no relevant financial relationships with ineligible companies.
Disclosure: Thomas Nappe declares no relevant financial relationships with ineligible companies.

Wei, W., Ren, Y., Lan, J., Yi, J., Wang, M., Zhang, Y., Wang, S., Xu, Y., Han, G, Fu, Y., You, L., Xue, J.,
Jin, S. & Li, J. 2026.

Radiation-induced injury remains a significant challenge in the radiotherapy of cancer patients.
lonizing radiation causes various cellular and molecular damages, leading to both acute and chronic
organ dysfunction. Its impact extends beyond interrupting standard treatment protocols and
adversely affects the quality of life. Therefore, understanding the mechanisms underlying radiation-
induced injury and identifying effective treatment strategies are crucial. In this review, we summarize
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the recent advances in the molecular and cellular mechanisms of radiation-induced injury across
various organs and systems, particularly in the lung, gastrointestinal system, brain, skin, and bone. We
highlight the roles of oxidative stress, DNA damage response, mitochondrial dysfunction, and
epigenetics in radiation pathology, and summarize the relevant signaling pathways and cellular
responses involved in radiation damage. Additionally, we discuss the common symptomes, risk factors,
and current diagnostic strategies of radiation-induced injuries. Furthermore, this article provides an
in-depth review of effective clinical treatments, elucidates their mechanisms of action, and highlights
emerging therapeutic approaches, such as stem cell therapy, nanomedicine, and exosome-based
interventions, in clinical practice. Despite significant advances in understanding radiation-induced
injury, challenges remain in translating molecular insights into effective therapies. The review
concludes with a call for integrated, precision medicine-based approaches to better manage radiation-
induced injuries and improve patient outcomes.

Conflict of interest statement

Declarations. Ethics approval and consent to participate: Not application. Consent for publication: Not
applicable. Competing interests: The authors declare no competing interests.

Types of lonizing Radiation

lonizing radiation takes a few forms: Alpha, beta, and neutron particles, and gamma and X-rays. All types
are caused by unstable atoms, which have either an excess of energy or mass (or both). In order to reach
a stable state, they must release that extra energy or mass in the form of radiation.

There are five types of ionizing radiation:
o alpha particles

beta particles

positrons

gamma rays, and

X-rays.

TYPES OF RADIATION AND PENETRATION

Neufron

(Occupational Safety and Health Administration, No Date)
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Radiation-Related Quantities
The following table shows radiation quantities in Sl and non-SI units:

Quantity Name Symbol | Unit
Exposure (X) roentgen R esu /0.001293 g of air
erg-g™?

Absorbed dose (D) Rad rad 100 erg-g™*

gray Gy J-kg™?

curie Ci 3.7 x 100571
Activity (A)

becquerel Bqg st

Roentgen equivalent man | rem 100 erg-g™*
Dose equivalent (H)

sievert Sv J-kg™
Fluence (®) (reciprocal area) cm™2or m2

(Radiation Emergency Medical Management, 2026).

Risks of lonizing Radiation

The unit of measurement used for the biological effect of radiation on the human body is the
millisievert (mSv). The average global exposure to natural radiation is 2.4 mSv per year. It is known
that very large doses of over 5 000 mSv, received by the entire body over a short time, result in death
within a few days. We know, however, that some of the effects of exposure to radiation do not appear
unless a certain large dose has been absorbed. Doses over 100 mSv can have a harmful effect on
humans, such as a higher incidence of developing cancer.

At even lower doses of radiation, below 100 mSy, there is a lot of uncertainty about the overall effects.
What we do know is that the risk of adverse effects in this dose range is very low. To be on the safe
side, we assume that there is a risk even in this low dose range and this risk is proportional to the dose
by the same amount as in the high dose ranges.

Statistically, everyone has a one in three chance of developing cancer at some point in their life. In
order to put the risk of cell damage caused by radiation exposure in medical imaging into some
perspective, the UK Health Protection Agency (HPA) has calculated that:

e an X-ray of one’s chest, teeth, arms or feet is the equivalentto a few days’ worth of
background radiation and has a less than one in a million chance of causing cancer,

e an X-ray of one’s skull or neck is the equivalent to a few weeks’ worth of background radiation
and hasa 1in 100 000 to 1 in 1 000 000 chances of causing cancer,

e an X-ray of one’s breasts (mammogram), hip, spine, abdomen or pelvis is the equivalent of a
few months to a year’s worth of background radiation and has a 1 in 10 000 to 1 in 100 000
chance of causing cancer, and

e an X-ray that uses a contrast fluid, such as a barium meal, is the equivalent of a few years’
worth of background radiation and has a 1in 1 000 to 1 in 10 000 chance of causing cancer.

(National Nuclear Regulator, 2023; US Centers for Disease Control and Protection (CDC), 2024,
Saumya, S. G., Ichiro, I., Mina, S., Makary, M.A., Dyutika, K., Shahrzad, A., Dallin, J., Joseph, S., Erica,
M. L., Alison, C. & Chloe, C. 2025).
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Radiation and DNA Damage

Radiation is simply a mechanism whereby energy passes through space. It takes the form of an
electromagnetic wave, with the frequency of the electromagnetic wave determining its position in the
electromagnetic spectrum. Low-frequency waves such as radio waves lie at one end of the spectrum
and high-energy, high-frequency X-rays/Gamma rays at the other end.

These high-frequency, high-energy waves, are termed “ionizing” (as opposed to non-ionizing)
radiation because they contain sufficient energy to displace an electron from its orbit around a
nucleus. The most important consequence of this displaced electron on human tissue is the potential
damage it can inflict on DNA, which may occur directly or indirectly. Direct damage occurs when the
displaced electron hits and breaks a DNA strand. Indirect damage occurs when the electron reacts
with a water molecule, creating a powerful hydroxyl radical which then damages the cell’s DNA.

Damage to a cell’s DNA in either of these ways can have several consequences. A single-strand DNA
break is usually repaired appropriately by the cell with no subsequent deleterious sequelae. However,
a break affecting both strands of DNA allows the potential for abnormal reconnection of the strands,
which likely accounts for all the adverse biological effects ionizing radiation has on humans.

First, DNA may rejoin itself incorrectly, rendering the cell nonviable with cell death (apoptosis) taking
place. Second, it may rejoin as a symmetrical translocation with the potential expression of an
oncogene during division (and development of subsequent malignancy) or with abnormal division in
gonads, giving rise to potential hereditary disorders.

Radiosensitivity is the probability of a cell, tissue, or organ suffering an effect per unit dose of
radiation. Radiosensitivity is highest in cells which are highly mitotic or undifferentiated. For this
reason, the basal epidermis, bone marrow, thymus, gonads, and lens cells are highly radiosensitive.
Muscle, bones, and nervous system tissues have a relatively low radiosensitivity.

(Let’s Talk Science, 2026; Georgakilas, A. G. 2021; Saloua, K.S. & Alansari, R.M. 2025).

Effective Radiation Received from Selected Imaging Procedures
The following is an indication of the effective radiation a person will normally receive from certain
selected imaging procedures.

Adult
approximate
effective
radiation dose:

EFFECTIVE RADIATION DOSE IN ADULTS FOR THIS PROCEDURE

Abdominal Region

Computed Tomography (CT) - Abdomen and Pelvis 10 mSv
Computed Tomography (CT) - Abdomen and Pelvis, repeated with and without contrast 20 mSv
material
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Computed Tomography (CT) - Colonography 6 mSv

Intravenous Pyelogram (IVP) 3 mSv

Radiography (X-ray) - Lower Gl Tract 8 mSv

Radiography (X-ray) - Upper GI Tract 6 mSv
Bone

Radiography (X-ray) - Spine 1.5 mSv

Radiography (X-ray) - Extremity 0.001 mSv

Central Nervous System

Computed Tomography (CT) - Head 2 mSv

Computed Tomography (CT) - Head, repeated with and without contrast material 4 mSv

Computed Tomography (CT) - Spine 6 mSv
Chest

Computed Tomography (CT) - Chest 7 mSv

Computed Tomography (CT) - Lung Cancer Screening 1.5 mSv

Radiography - Chest 0.1 mSv
Dental

Intraoral X-ray 0.005 mSv
Heart

Coronary Computed Tomography Angiography (CTA) 12 mSv

Cardiac CT for Calcium Scoring 3 mSv

Men’s Imaging
Bone Densitometry (DEXA) 0.001 mSv

Nuclear Medicine
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Positron Emission Tomography — Computed Tomography (PET/CT) 25 mSv

Women'’s Imaging

Bone Densitometry (DEXA) 0.001 mSv

Mammography 0.4 mSv

(Radiology Info, 2025; Dudhe, S.S., Mishra, G., Parihar, P., Nimodia, D. & Kumari A. 2024; ICRP, 2025).

Summary for the Average Reader

The amount of ionizing radiation received from routine medical imaging varies significantly depending
on the type of procedure, ranging from a minimal 0.001 millisievert (mSv) for a limb X-ray to
approximately 25 mSv for complex combination scans. To provide clinical and real-world perspective,
these medical doses are often compared to natural background radiation, which exposes the average
person to roughly 3.0 mSv annually.

The estimated radiation doses, alternative imaging options, and safety principles for standard
diagnostic procedures are structured below.

Routine X-Ray Procedures

Standard X-rays utilize the lowest doses of ionizing radiation among medical diagnostic scans,

targeting specific bone structures or single organs.

e Extremity X-Ray: Exposes the patient to roughly 0.001 mSv, equivalent to less than half a day of
natural background radiation.

e Dental Bitewing X-Ray: Delivers approximately 0.004 mSv per four-image set.

e Chest X-Ray: Exposes the patient to about 0.1 mSv, which matches 10 days of everyday
environmental background radiation.

e Standard Screening Mammogram: Delivers about 0.28 mSv to 0.4 mSv, equalling roughly 1 to 1.5
months of background exposure.

e Spine X-Ray: Exposes the patient to about 1.5 mSv due to the density of the vertebrae.

Advanced and Computed Tomography (CT) Scans
CT scans combine multiple X-ray profiles to create cross-sectional images, resulting in significantly
higher cumulative tissue exposure than traditional films.
e Head CT: Delivers approximately 2.0 mSv, which is comparable to 8 months of natural
background radiation.
e Low-Dose Chest CT: Used for lung cancer screenings and exposes the body to roughly 1.5 mSv.
e Standard Chest CT: Delivers approximately 7.0 mSv to 8.0 mSv, which is equivalent to more
than 2 years of environmental exposure.
e Abdomen and Pelvis CT: Exposes the patient to 10 mSv, equal to roughly 3 years of background
radiation.
e PET/CT scan: Combines nuclear medicine with CT, delivering a higher dose of roughly 22.7 mSv
to 25 mSv.
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Comparison of Estimated Effective Radiation Doses

Imaging Procedure Approximate Effective Dose (mSv) Equivalent Background Radiation Time
Limb X-ray (Hand/Foot)  0.001 mSv < 1day

Dental X-ray (4 bitewings) 0.004 mSv 1-2 days

Chest X-ray 0.1 mSv 10 days

Screening Mammogram 0.4 mSv 5—-6 weeks

Head CT scan 2.0 mSv 8 months

Chest CT Scan 7.0 mSv 2.3 years

Abdomen & Pelvis CT scan 10.0 mSv 3 years

PET/CT scan 25.0 mSv 8 years

Radiation-Free Diagnostic Alternatives

When clinically appropriate, healthcare providers frequently substitute ionizing diagnostic methods

with modalities that emit zero radiation.

e Ultrasound (Sonography): Employs high-frequency sound waves to evaluate soft tissues, blood
vessels, and foetal development.

e Magnetic Resonance Imaging (MRI): Utilizes powerful magnetic fields and radiofrequency pulses
to generate highly detailed images of the brain, spine, joints, and organs.

Medical Radiation Safety Principles

Clinical radiology departments operate under universal regulatory frameworks to ensure that patient

benefits safely outweigh the minimal risks associated with exposure.

1. The ALARA Principle: Technicians strictly design protocols to keep exposure As Low As Reasonably
Achievable while maintaining distinct diagnostic clarity.

2. Justification: Physicians order tests containing ionizing radiation only when the actionable
diagnostic information cannot be gathered via safer alternatives.

3. Optimised Shielding: Lead-lined aprons and targeted collars shield highly sensitive tissues, like the
thyroid or reproductive organs, from scattered rays.

4. Technological Advancements: Modern digital detectors and automated tube current modulations
reduce the dose required per scan compared to historical baselines.

Summary of Findings

The biological risk from routine diagnostic imaging is exceptionally low; minor procedures like chest
X-rays deliver roughly 0.1 mSv, whereas higher-exposure scans like abdominal CTs hover around 10
mSv. The clinical consensus emphasizes that necessary diagnostic information gained from these
regulated scans far outweighs the minimal, calculated statistical risk.

(Al Overview, 2026).

Medical Disclaimer

This Fact Sheet is intended to provide general information only and, as such, should not be considered
as a substitute for advice, medically or otherwise, covering any specific situation. Users should seek
appropriate advice before taking or refraining from taking any action in reliance on any information
contained in this Fact Sheet. So far as permissible by law, the Cancer Association of South Africa
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(CANSA) does not accept any liability to any person (or his/her dependants/ estate/heirs) relating to
the use of any information contained in this Fact Sheet.

Whilst CANSA has taken every precaution in compiling this Fact Sheet, neither it, nor any contributor(s)
to this Fact Sheet can be held responsible for any action (or the lack thereof) taken by any person or
organisation wherever they shall be based, as a result, direct or otherwise, of information contained
in, or accessed through, this Fact Sheet.
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