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lonizing Radiation-Induced Non-Cancer Diseases
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People are exposed to both natural and artificial sources of ionizing radiation. The effects of high doses of radiation are known;
however, the effects of low doses are still controversial. Several cohorts of epidemiological studies showed that high and low doses of
ionizing radiation can induce noncancerous diseases in humans such as cardiovascular disease, brain injury, and liver disease. These
diseases are classified as specific tissue reactions determined by threshold dose. In this article, the author reviews the role of radiation
to induce the above nonmalignant diseases and outlines the relationship between exposure to ionizing radiation and diseases. At the
end of the review evidence of the association between cardiovascular disease, brain injury, and liver disease and exposure to low and
high doses of ionizing radiation was found through the presentation of several studies. Most epidemiological studies and authors have
indicated an elevated risk of diseases upon exposure to low and high doses of the radiation
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INTRODUCTION

People are exposed to both natural and artificial sources of
ionizing radiation. Exposure from natural sources includes
mainly cosmic radiation, earthly sources, food, and
water. Artificial sources involve nuclear decay in nuclear
reactors, X-ray machines, cyclotrons, and radioactive waste
management in the nuclear industry, but most sources are
from diagnostic X-rays, nuclear medicine, and treatment.!"
Ionizing radiation is recognized as carcinogenic. Due to a
lack of human evidence, its effects at doses below 100 mSv
are still controversial.”! Various factors such as the type of
radiation, dose, dose rate, age, sex, and type of target have
the main rules on increasing or decreasing the effects of the
radiation. The reaction of the radiation may be with the
critical target of human cells such as DNA or with the water
inside the cell causing water radiolysis and then producing
free radicals,”™ in both cases the results could be dangerous.
Following the finding out of X-rays by Wilhelm Roentgen
in 1895, the first biological damage related to ionizing
radiation was discovered. The effect of radiation was based
on the experience of early radiologists and mine workers.*!
The International Commission on Radiation Protection
(ICRP) has categorized harmful ionizing radiation into
stochastic and deterministic effects. Deterministic effects
occur due to cell death or delayed cell division if a large
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number of cell deaths affect the function of the tissue or
organ. In stochastic effects, cells do not die but change
in some way leading to late effects such as carcinogenesis
and genetic effects.'¥ It is known that there are some
diseases associated with exposure to ionizing radiation.
The effects of the high dose of radiation are known but
the characteristics of cancers and noncanine diseases are
not clear or difficult. Focus on non-cancer diseases and
studies are needed to record information about this point
recommended by the United Nations Scientific Committee
on the Effects of Atomic Radiation (UNSCEAR) in 2008.1"

In response to low and moderate doses, the risk of non-
cancerous diseases such as heart disease, liver disease,
etc. increases. Identifying risks is important to protect
people and radiation protection systems. The idea for this
review came after I conducted several surveys at different
hospitals to detect the effect of low X-ray doses on the
technicians, sometimes the technicians complain about
heart disease, so the aim of this review was to discuss and
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overview some of these diseases (non-cancer diseases),
presented the roles of low and high doses to induce such
diseases, and what conditions should be obeyed by the
people in order to protect themselves.

lonizing radiation-induced heart diseases

The harmful effects of ionizing radiation on the
cardiovascular system probably have a significant public
health impact. Epidemiological studies have shown
that very low radiation doses [<]1 gray (Gy)] typical of
occupational, medical, or environmental exposures
increase the hazard of cardiovascular disease (CVD)
along time after exposure.’!! On the contrary, some
studies have shown that there is no relation between a low
dose of ionizing radiation and an elevated risk of CVD,
which remains controversial.l'>:13

Heart disease associated with ionizing radiation has been
conducted in several cohorts and epidemiological studies.
One such study showed that a significant increase was
observed between ischemic heart disease (IHD) and
exposure to external doses of gamma rays ranging from
below 100 mGy to more than 5 Gy of workers working
at the Mike Plutonium Enrichment Plant.'¢!* In another
study, Azimzadeh et al. suggested that exogenous radiation
to gamma rays of workers increases the risk for IHD by
preventing peroxisome proliferator-activated receptor
(PPAR) alpha and altering the expression of cardiac
mitochondrial, structural, and antioxidant components.?”
IHD and cerebrovascular diseases are more commonly
caused by atherosclerosis and may lead to acute myocardial
infarction and stroke.?!! A study of radiation workers on
61,017 Chornobyl rescue workers receiving an average
cumulative dose of 0.109Gy resulted in a statistically
significant dose risk of IHD and provided confirmation for
the presence of a high dose risk of essential hypertension and
essential cerebrovascular disease.’” The results of a large
cohort study showed that no significant, circulatory disease
mortality was observed in 275,000 industrial workers who
received an average dose of 20.7 mSv, from 15 countries.?’
McGeoghegan et al. found an association between
mortality circulatory system disease and external exposure
to ionizing radiation in their study of 42,426 radiation
workers.?? A study of 206,620 radiation workers in the
industrial and medical fields was conducted by Ashmore
et al. noted increased CVD mortality (male and female)
and accidents (male only). Stroke mortality increased but
not significantly between 90,957 radiologic technologists
performing  fluoroscopically guided interventional
procedures.”? A meta-analysis of epidemiological data
for low and intermediate doses was done by the Ionizing
Radiation Advisory Group in 2010 which included different
studies; they noted that there is a lot of heterogeneity in risk
estimates between studies.””! Little e al. extended analyze
of the previous group and estimated the additional risk
of four subgroups of circulatory diseases: HD, non-IHD,

cerebrovascular disease, and all other diseases related to
the circulatory system. A significant heterogeneous effect
was observed between different studies for cerebrovascular
disease and other circulatory diseases, but for IHD and IH
was not recorded.”® In general, from previous studies and
others not reported here, it can be concluded that there is
a significantly elevated risk of CVD for doses >0.5 Gy.?"»)

Although there are functional differences between mouse
and human hearts mouse models are frequently used in
cardiology studies,?” one of these studies was performed by
Barjaktarovic et al., they exposed mice to local irradiation
with the doses 0.2 Gy or 2 Gy their results showed that
mitochondrial oxidative metabolism and mitochondria-
associated cytoskeleton changed at this range of doses,
they proposed that these first pathological changes lead to
an increase of CVD after exposure to radiation.* Studies
on some animals have been also performed, it has been
observed acute pericarditis in rabbits, rats, and dogs after
irradiation of their hearts to a single dose of 16-20 Gy.**
3 For other studies and information on the association
between ionizing radiation and CDV in mice, the readers
can benefit from the references.>!

Radiotherapy (RT) is now frequently used to treat cancer.
More than half a percent of patients with cancer treated
with RT are evaluated. Late cardiovascular effects are
often seen in cancer survivors.” In the late 1960s, the
association of CVD with high doses of ionizing radiation is
recognized."” A number of studies have shown that one of
the most popular side effects after RT of patients is CVD.
Associations between therapeutic doses of chest radiation
and elevated risk of CVD have been documented by several
epidemiological studies. Experimental studies show that
the expression of inflammatory and thrombotic molecules
in endothelial cells is induced after exposure to doses >2
Gy, this leads to progressive capillary loss and ultimately
leads to hypoperfusion and cardiomyocyte and fibroblast
cell death in the heart. In large arteries, doses of >8Gy,
combined with hypercholesterolemia, atherosclerosis
predisposes to the production of inflammatory and
unstable lesions, which are caused rupture and may lead
to fatal heart attack or stroke.*!) The Early Breast Cancer
Trialists Collaborative Group performed a meta-analysis
of mortality data for more than 30,000 breast cancer
patients after 15 years of treatment and observed a 27%
increase in cardiac death in patients treated with both
surgery and RT compared to patients treated with surgery
alone.*” Cardiac radiation doses are smaller in RT patients
with right breast cancer than in RT patients with left breast
cancer.¥ In Denmark and Sweden, a study was done
in the period 1976 to 2006 on 72,134 women diagnosed
with breast cancer observed an elevated risk of THD,
pericarditis, and valvular disease in women with left-sided
tumors irradiation (mean cardiac dose 6.3 Gy) compared
to women with right-sided tumors irradiation (mean
cardiac dose 2.7 Gy).* Epidemiological investigations in
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very large cohorts of patients who received postoperative
RT for breast cancer show that radiation exposure to the
heart with a single median equivalent dose of about 2 Gy
significantly increased the risk of IHD after more than
10 years of radiation exposure.*

It has been shown that after irradiation of the human heart
to treat Hodgkin’s lymphoma vascular disease develops;
the first case was reported and published in 1924. Among
patients with irradiated Hodgkin lymphoma, the most
common causes of death were cardiomyopathies and
coronary artery disease, heart valvular disease, congestive
heart failure, pericardial disease, and sudden death.®*
41 The heart may be exposed to radiation during RT
of breast cancer; in a study of 2168 women with breast
cancer treated by RT during 1958-2001 done by Darby
et al. they showed that during RT of breast cancer cardiac
exposure to radiation increased the rate of IHD. The rate
increases with increasing the mean cardiac dose beginning
within a few years after exposure and persisting for at least
20 years.®!

Brain injury after exposure to ionizing radiation

It has been shown that radiation can be harmful to the
brain. Most of the effects of radiation on the brain are
found in the hippocampus.’®3! Irradiation of the brain
to high doses induces apoptosis and dysfunction of
different cells associated with the hippocampal network

and this leads to changes in synaptic protein levels,
dendritic complexity, morphology, and changes in
spine density.”? It is recognized that increasing the dose
(>2 to 45 Gy) can cause the inhibition of neurogenesis
due to the radiosensitive of a population of neural
stem cells and progenitors residing in the sub-granular
region of the brainstem gyrus,? and this leads to
neuroinflammation.*%! Central nervous system function
can be altered by means of oxidative stress, mitochondrial
dysfunction, and protein breakdown, this leads to
programmed cell death and ultimately neurodegenerative
disease after the brain is exposed to different doses, this
process is shown in Figure 1.55¢

The brain may be exposed to radiation for both
therapeutic and diagnostic medical interventions. For
treating different types of brain tumors and head and
neck cancers RT is a good choice. A dose in a medium
range of 50-70 Gy is delivered in several fractions to the
entire or a specific area of the brain. One of the goals of
RT is to avoid exposure to healthy tissues but sometimes,
it will occur according to some factors such as the radio
sensitivity of the patients.’” Brain injury is frequently
observed when partial or whole brain irradiation is given
during RT. Brain injury induction by ionizing radiation is
classified into two types; acute injuries, early and late delay
according to the time of clinical expression [Figure 2].
Symptoms of acute injury rarely occur with modern RT
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Figure 1: Neurodegenerative diseases induction after exposure to ionizing radiation(®!
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techniques but sometimes appear hours to days after
radiation, and are reversible. Symptoms of early brain
injury include transient demyelination with drowsiness
appearing one to six months after irradiation. Late brain
injury develops after six months of irradiation and it is
often irreversible and persistent, injury includes vascular
abnormalities, demyelination, gliosis, and in severe cases
white matter necrosis.*”

During the treatment of different types of head and neck
tumors using radiation, the brain may receive doses of
ionizing radiation. It has been shown that congestive
impairment increases in those patients.”” The cognitive
achievement of patients who irradiated their paranasal
sinus was studied by Meyers et al., and the delivered
dose 60 Gy in fractions 1.8-2 Gy was used. They found
memory weakness in 80%, learning difficulties in more
than 50%, and difficulty with optical motor speed,
executive functions of the frontal lobe, and fine motor

Radiation-induced rain njury

Months

Days Weeks
|

ACUTE

Edema
Headache
Drowsiness

Figure 2: Types of ionizing injurigs®

coordination in more than 30% of the patients.[®” Paulino
et al. reported severe cognitive deficit in children treated
with RT for head and neck rhabdomyosarcoma and the
symptoms appeared after 10 years of the treatment.l!
Patients with lung cancer are also at peril of growing
late cognitive changes when their prophylactic brain is
irradiated to decrease the rate of brain metastasis.>%3 At
the Hospital of Children in Philadelphia at the beginning
of the 80s, a study on children was done, they received 24
Gy cranial irradiation for prophylactic purposes the result
showed that a significant decrease in the total IQ score for
the majority of children was observed, younger patients
were more affected and those whom they did not have
decreasing in IQ yet had learning deficits and no cognitive
deficits in children treated with intrathecal chemotherapy
alone.™ One study found that 18Gy cranial irradiation
could not be directly related to cognitive deficit due to low
doses.® These studies explained that cognitive impairment
arises from high-dose brain irradiation and its severity
depends on certain factors such as patients’ age and the
irradiated brain region. Several animal experiments and
clinical studies have shown that hippocampal sensitivity is
stabilized by stem cells of neurons, also confirmed by the
most general neuronal changes hippocampus associated
with memory deficits./”-7

Due to diagnostic purposes, most of the population’s
brain is exposed to doses of below 100mGy. Some
epidemiological studies have shown brain tumor risk
increased in children during head computed tomography
(CT) scan.”*”1 In another study, elevated brain cancer risks
have been observed among technicians who performed
fluoroscopically guided interventional procedures.”®
Increasing cognitive damage by head exposure to low
doses of radiation has been investigated in several animal
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Figure 3: Different biological processes in radiation-induced injury?!
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experiments. Buratovic et al.established adult spontaneous
behavioral alterations and impaired habituation capacity
in very young mice exposed to doses (500 mGy), indicating
high sensitivity of the young brain to radiation.””

Astronomers when flying into deep space exposed to
different types of intense ionic radiation called cosmic
rays. They interact directly with the critical target of a
cell; the effects are mostly harmful and irreversible. It
was supposed that exposure to heavy ions at a dose as
low as 0.5Gy could induce paired neurogenesis with very
poor or no recovery.”® Lee et al. showed that energetic
charged particles at low vacuum-relevant doses induce
a surprising selective long-term plasticity in synaptic
microcircuits in the hippocampus.” It was observed that
whole-body irradiation to a low dose of protons could
alter neurogenesis in the hippocampus.®? Baulch ez al
showed that radiation-induced changes in the redox state
may render the brain more susceptible to the development
of neurocognitive deficits that could affect an astronaut’s
ability to perform complex tasks during extended missions
in deep space.BV

lonizing radiation-induced liver injury

The liver was considered to be a radiosensitive organ.t
Oxidative stress caused by ionizing radiation can cause
liver injury and this can lead to liver diseases.® It has been
shown that liver function tests can be used to diagnose liver
damage after radiation exposure.® It has been shown that
perivascular fibrosis, sinus congestion, damage to Kupffer
cells (KCs), and hepatocyte injuries are induced in humans
after exposure to ionizing radiation.® The process of
radiation-induced liver injury is shown in Figure 3.

A study belonging to the author observed that prolonged
exposure to doses of X-rays from a traditional X-ray
machine may significantly change the values of alanine
transaminase (ALT), aspartate transaminase (AST),
serum ferritin (s. ferritin), malondialdehyde (MDA),
total protein, albumin, globulin, and glutathione (GSH)
in technicians who received overdose at the workplace.[®”
Shahid et al. concluded that radiation-induced injuries
could occur in medical radiologists and therapists from
low doses. Therefore, there is a need to check the liver
function of humans exposed to radiation regularly.B®

Nwokocha et al. found that upon total body irradiation
of mice to 1.27 Gy/min for 5 days, ALT and AST Ilevels
significantly increased and bilirubin levels were different
but not significant.’ Several studies have reported
decreased serum total protein and albumin levels
following radiation exposure.t*??  Barshishat-Kupper
et al. reported a hepatic metabolic alteration with 8.5Gy
radiations, leading to radiation-related carbonylation of
hepatic enzymes.’¥ In a study by Farid, I, and Conibear
SA. showed the metabolic levels of AST, ALT, and

bilirubin were highly associated with radiothorium
exposure in occupational workers.® Elevated levels of
AST, ALT, bilirubin, and albumin in female workers were
highly associated with alpha emissions (50uCi) from the
radium industry.®”

Radiation may cause liver injury during RT. Different
factors have rules of thumb to induce injury during
radiotherapies such as baseline liver function, background
liver cirrhosis, and liver volume in the planning target
volume (PTV), dose per fraction, and type of modalities.”®
Dawson et al. studied 203 patients treated with conformal
hepatic radiation therapy and concomitant hepatic
artery chemotherapy and found that radiation-induced
liver disease was not observed when the mean liver dose
was below 31Gy in partial liver radiation.’” Cao et al.
reported radiation-caused hepatopathy in patients with
intrahepatic carcinoma who received a radiation dose of
(45-84) Gy.*®

Liver parenchymal cell subunits have parallel structures
that enable each subunit to function separately. This let
high-dose therapy for small liver volumes as long as the
mean normal liver dose remains within tolerable limits.®”

Radiation protection systems should be used to minimize
nonmalignant diseases. In radiation therapy, modern
radiographic techniques have the rule of thumb to
eliminate discases. A systematic evaluation of these
nonmalignant diseases is needed for radiologists who may
be exposed to overdose in their workplace.

Radiation protection to avoid or reduce non-cancer
diseases

Educating medical professionals about radiation
protection and radiation safety issues may be an ongoing
problem, mostly in developing countries. Despite the rules
of radiation protection, there are mistakes and unexpected
events that were not anticipated. Radiation protection
procedures and policies are developed around an existing
kit base and assuming a specific technology. As the
number of procedures in diagnosis and higher-quality RT
increases, radiation protection measures for both patients
and staff members must evolve to continue the use of this
modality in medical practice. There is an inexorable need
to review and update all radiation protection policies and
procedures as new equipment is adopted for clinical use.
Insistence and verification to apply the principles that
have all been called diagnosis and RT departments in
hospitals are needed, especially in developing countries,
to avoid unnecessary exposure to patients as well as staff.
Education, knowledge of radiological results, and training
of medical staff involved in diagnostic and treatment
procedures are essential to the protection of patients and
medical personnel.
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CoNcLusIoNS

This study is likely to enhance understanding in terms of
the hazard of nonmalignant diseases after exposure to
low or high doses of radiation. At the end of the review
evidence of the association between CVD, brain injury,
and liver diseases and exposure to different doses of
ionizing radiation was found through the presentation
of several studies. Most epidemiological studies and
authors have indicated an elevated risk of diseases upon
exposure to low and high doses of radiation. Although
new radiological techniques in RT and diagnosis have
decreased the incidence of disease, more research
and studies are needed to formulate prevention and
management guidelines. Ongoing epidemiological studies
are required to affirm the results of the studies presented
in the present review.
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