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The radiation exposure of individuals has been on the rise due to an increased amount

of radiation use, e.g., in medicine for diagnostic imaging and treatment procedures,

industrial applications including military defense activities and nuclear power plants, and

in academics for educational and scientific research. Space exploration missions and

space tourism are additional areas of protracted low dose exposure situations with

radiation types not present on the Earth. In contrast to high doses of ionizing radiation,

cancer risk assessment of the more commonly encountered or protracted radiation

exposure is still under debate and uncertainty making it fuzzy area. A major challenge

lies in providing a scientific basis to estimate low dose radiation carcinogenesis risks.

In this review we aim, through the collected epidemiological and experimental studies’

data, to address the central questions in radiological protection; including quantification

of the risks and uncertainties from low doses of ionizing radiation and what is a sound

scientific consensus to advise on risk perception for low dose radiation exposure.

Keywords: low dose exposure, HBRL inhabitants, space exploration missions, nuclear industry workers,

cancer risk

INTRODUCTION

Health effects of exposure to ionizing radiation were identified shortly after the discovery of X-rays
in 1895. Epilation was first probed then skin burns documented soon after [1]. With the invention
of high voltage X-ray tubes and their implementation in medical clinics, injuries to tissues, known
as tissue reactions, are a sequela of penetration of large amount of radiation into the body.

The carcinogenic effects of ionizing radiation are late effects that occur with a probability that
depends on radiation dose. Cancer risk of low dose radiation has become an essential component of
radiation protection and has attracted public and social concerns about safety in relation to variety
of issues, such asmedical imaging tests for the early detection of defeats, the future of nuclear power,
environmental radiation exposure from terrestrial radon, nuclear weapons test fallout, radiological
terrorism and human space exploration. For example, most radiological examinations produce
doses in the range of 3–30 mSv. Obviously, high doses of ionizing radiation (>100 mSv) increases
cancer risk [2], while at lower doses the situation is much less clear. Epidemiological studies
suggest that the lowest dose value of ionizing radiation at which good evidence of increased cancer
risks in human exists is ≈10–50 mSv for an acute exposure [3] and ≈50–100 mSv for prolonged
exposure [4].
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FIGURE 1 | LNT dose response model for radiation-induced stochastic health

effects estimation. Its straight line extrapolated to zero assuming radiation has

the potential to cause lesions at any dose value.

FIGURE 2 | Schematic overview of the documented findings regarding the

late effect of the bomb-released radiation on cancer mortality throughout life.

Leukemia risk shows a linear-quadratic response; increased in the early period

after bombing then decreased, whereas other solid cancers followed a linear

manner; continuing to increase as the cohort ages.

In order to quantify the risk of low dose radiation, large
epidemiological studies are needed to get a useful degree of
precision. For example, if excess cancer death cases have been
recorded in sample size of 500 persons in response to 1,000
mSv dose exposure, then sample size of 50,000 would be needed
for documenting the carcinogenic effect of 100 mSv, and ≈5
million for 10 mSv dose. In other words, the sample size should
increase as the inverse square of the dose in order to maintain
the statistical precision and power [5]. For several decades,
the Linear non-threshold (LNT) model has been the standard
risk assessment used by the radiation protection community
to determine the health outcomes associated with low doses
by means of extrapolation from the risk assessed at high
doses [6], ICRP publications 99 and 103 [7, 8], UNSCEAR
2012 and 2017 reports [9, 10], and the BEIR VII report
[11]. The LNT relationship is a practical way to fit limited

epidemiology data. However, LNT is also often cast in terms of
biophysical hypotheses, such as: (a) Damage induction is directly
proportional to dose, from 1 mGy to 100Gy; (b) mis-repair of
DNA double-strand break (DSB) is thought to have a probability
of inducing invasive neoplastic cell transformation, irrespective
of DSB baseline rate and dose delivered to the cell. Intrinsic
defense tools against carcinogenesis, such as DNA repair and
programmed cell death, make the LNT model obsolete. It is
regularly argued that the LNT model is overprotective and low-
level radiation exposure may have health benefits as a set of data
showed that these countermeasures are higher at low doses than
at high doses and for fractionated or protracted irradiation than
for acute irradiation [12]. By contrast, some biological effects
of radiation, such as persistent transmissible genomic instability
and bystander phenomena [13] could increase cancer risk above
extrapolation [14]. The current risk estimation, depicted in
Figure 1, is to extrapolate radiation-induced cancer risks from
higher doses, where the risk is assessed epidemiologically, to
lower doses.

Nuclear disaster causes additional negative effects on
public perception concerning radiation risk, and results in
overestimating health risks of radiation exposure even at
extremely low levels of radiation (several mSv). Such public
confusion in South Korea after the Fukushima accident
resulted in temporary closures of schools, massive selling of
radioprotective masks and refusal of Japanese farming products.
All of these actions were adopted by public even in absence
of strong evidence for radioactive contamination according
to official announcements from the Korean government [15].
Radiation experts (biologists, epidemiologists, and physicists)
should be able to reduce societal confusion about the health
risk of low dose radiation exposure based on the experimental
results and population-based observational data. Several low-
dose exposure scenarios are identified.

NUCLEAR EMERGENCY AND WAR-TIME
EXPOSURES

Japanese survivors of the atomic bombing in Hiroshima and
Nagasaki are thought to be the most reliable source of
information about long-term effects of radiation exposure on
health because of the large size of the cohort of over 100,000
persons, consisting of both sexes and all ages, and a wide range
of individually assessed doses. Radiation-associated excess rates
of leukemia and solid cancers have schematically summarized in
Figure 2.

Humanity has experienced these atomic bombs and other
nuclear disasters, such as Chernobyl accident in 1986 and the
latest devastating accident to date; Fukushima Daiichi NPP in
2011. Survivors of the nuclear bomb, who have not died from
injuries produced by blast and heat from the bomb, have a
radiation-related increased risk of cancer owing to late-onset
effect of radiation, 60% of whom have doses of at least 5 mSv,
and people exposed as children have a higher radiation-induced
cancer risk than those exposed at older ages; the excess relative
risk increased with dose for both utero and early childhood with
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values of 1.0 and 1.7 per Sv, respectively [16, 17]. Additionally,
the cancer risk declines with increasing age; for those exposed
at age 30, the solid cancer risk is elevated by 47% per Sv
above those at age 70 [18]. In addition to breast, ovary, bladder,
lung, liver, nervous system and thyroid [19], radiation-associated
increase in risk was reported for digestive and other respiratory
systems [17, 18]. On the other hand, no increased risks for
malignancies or other diseases have been observed in children
who were conceived after parental exposure to bomb-released
radiation [20] but continuing investigations is indispensable
since the large number of additional cases provides a more stable
database, needed for establishing limits and recommendations
for radiation protection.

2020 marked the 34th anniversary since the Chernobyl
nuclear power plant explosion in northern Ukraine. An
adequate number of publications are dedicated to observing
the consequences of the Chernobyl disaster that resulted in a
massive release of radionuclides into the environment, affecting
large nearby areas, Ukraine, Belarus and Russian Federation.
Environmental exposure to 131I carries an increased risk of
thyroid cancer [21] and the risk is the greatest to those who were
children at the time of exposure [22]. So, studies in clinical and
pathological features of patients with post-Chernobyl papillary
thyroid carcinoma have focused on children, who were 2 years
old or less at the time of Chernobyl accident [23], as the most
vulnerable group with the highest risk of developing cancer. Data
came from Tronko et al. [24] demonstrating a strong association
between 131I and thyroid neoplasia risk including thyroid cancer
and follicular adenoma (FA) for individuals who were <18
years old at the time of the accident with an excess odd ratio
per Gy of 1.36 and 2.03, respectively. The excess risk is set to
persist nearly three decades after exposure and underscore the
importance of continued follow-up of this cohort to characterize
long term patterns of 131I risk. Finally, lens opacities were
observed, particularly among interventional radiologists who
may receive substantial lens doses. Evidence for genetic effects
among exposed persons was inconsistent [22]. Finland and
Sweden were among the countries most heavily affected by the
radioactive fallout that spread out after the Chernobyl crisis.
Many papers have appeared and claim to analyse the overall
cancer incidence in relation to radiation dose from the Chernobyl
accident in both the Finnish and Swedish populations [25–
27]. Comprehensive cohort analysis did not show variation in
the cancer incidence in relation to radiation exposure in any
calendar period, or any subgroup by sex or age at the time of
the accident. An analogous study failed to distinguish the effect
of 137Cs, released from Chernobyl accident, on cancer incidence
in Sweden.

The United States carried out numerous nuclear weapon tests
(>800 underground and >200 atmospheric atomic detonations)
of the over 2,000 nuclear explosions that were conducted
worldwide in the five decades from 1945 to 1996. A cohort
of 115,329 American veterans has been assembled for the
purpose of epidemiological research and compensation. Both
red bone marrow and male breast doses have been estimated
for approximately a 2,000-person subset of the veteran cohort
to perform risk analyses for leukemia and male breast cancer

mortality [28] but the results have not yet been published.
Approximately two-thirds of participants received a total dose to
red bone marrow of 5 mGy with little variability between test site
or amongmilitary branches.Male breast doses were∼20% higher
than those of red bone marrow [29]. These dosimetry results
indicate a need to continue close monitoring of this cohort for
better understanding and prediction of disease risk following low
dose exposures and to develop biologically-based dose response
models [30].

OCCUPATIONAL EXPOSURE

Researchers have been trying to estimate the cancer risks of
prolonged exposure to very low doses of ionizing radiation,
which might be received from medical scans or from nuclear
industry related work. Occupational doses from five different job
categories are assessed and summarized in Table 1. Developed
nuclear programs in USA, UK and France have employed
hundred thousand of workers over the past years. The primary
quantitative basis for radiation protection standard comes from
epidemiological studies of survivors of atomic bombing of
Hiroshima and Nagasaki in which people were exposed to
varying doses of ionizing radiation. The National Radiological
Protection Board (NRPB) defined “low dose” as values below
100 mGy for acute low dose exposures and below 5 mGy per
hour for low dose rate. National Registry for Radiation Workers
(NRRW-3) reported workers with individual accumulative dose
value above 100 mGy, higher than the upper limit for “low dose”
delivered acutely because no deviation in the dose-response from
linearity has been reported, additionally total individual dose has
accumulated over a prolonged time interval.

Risks associated with protracted low dose exposure are more
relevant to health practitioners and nuclear-industry workers.
Many of these workers have received low (an average of 11
mSv/y), above background doses of radiation which itself is about
2.3 mSv/y from sources, such as cosmic rays and radon [3], and
their radiation doses have been monitored carefully overtime
through the use of personal dosimeters.

The International Nuclear Workers study (INWORKS) was
conducted in order to strengthen the scientific basis for
protecting people from Low dose protracted or intermittent
radiation exposure. This cohort includes workers from USA, UK
and France who have received a precisely known dose and have
been followed up to 60 years after exposure. The linear increase
in the relative rate of cancer with a cumulative dose by 48%
per Gy was summarized; of 66,632 known death by the end of
fellow-up, 17,957 were due to solid cancer [32]. Strikingly, the
cancer risk per unit of radiation dose among radiation workers
was similar to the estimate that comes from studies of Japanese
atomic bomb survivors [32]. Leuraud et al.’s [33] study confirmed
that the risk of leukemia rose with prolonged low dose radiation
exposure, although the rise was minuscule. This study provided
very strong evidence of positive association between long term
low dose radiation exposure and leukemogenesis; the excess
relative risk of leukemiamortality excluding chronic lymphocytic
leukemia was 2.96 per Gy. The International Commission on
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Radiological Protection (ICRP) recommendations, which most
radiation-protection authorities follow, call for the monitoring of
individuals whose annual exposure exceed 6 mSv. They restrict
exposure to 20 mSv annually over 5 years, with maximum of 50
mSv in any 1 year [34]. These low dose limits are adopted by
ICRP to ascertain that risks and benefits of practices on ionizing
radiation are balanced and to provide a border between tolerable
and intolerable radiation doses.

SPACE EXPLORATION

On 1992, the Chinese government announced the manned space
exploration program and approved the “3 steps” development
strategy which planned to end by building a space station
to conduct experiments on a large scale with long-term
human participation. Between 1999 and 2002, Four preparatory
unmanned spacecrafts, SZ-1 to SZ-4, have been successfully
launched to test key equipment and technology in the spacecraft
and assess the space environment risk on representative
living systems, from the cellular level to the whole organism.
Exploration activity has dramatically increased over the past
20 years. To date, 11 “Shenzhou” spacecrafts, Tiangong-1
aircraft, and Tiangong-2 Space Laboratory have been successfully
launched. A large number of scientific experiments have been
carried out smoothly, such as monitoring space radiation doses,
assessing radiation health risks, and other exploratory studies
which are considered to be a technical platform for the successful
establishment of the Chinese Space Station (CSS) in 2022 [35].
There are many destinations for human space exploration,
including the moon, low earth orbit (LEO), and Mars. Space
radiation, isolation (Psychosocial problems) andmicrogravity are
the main health problems associated with human exploratory
missions in outer space [36–38]. Whole body doses of 1–2 mSv
per day accumulate in interplanetary space and about 0.5–1 mSv
per day on the planetary surface. Effective doses for 6-months
space station missions are about 0.08 Sv and could exceed 1 Sv for
a Mars mission [39–41]. Different national space agencies have
issued specific recommendations for accumulative dose limits for
LEO astronauts, such as ISS crew members in order to prevent
unacceptable deterministic effects for red blood cells-forming
organs, bonemarrow, spleen and lymphatic tissue. CSA, ESA and
RFSA adopt a single career dose limit of 1 Sv for all genders and
ages while NASA and JAXA apply different exposure limitation,
summarized in Table 2. The Chinese Space Agency set 0.15 and
0.2 Sv skin dose limits for 3- and 7-days missions and a relatively
low limit for 30-days missions, 0.4 Sv compared to 1.5 Sv adopted
by ESA and RFSA.

Space radiation comprises galactic cosmic rays (GCR), solar
particle events (SPE), and trapped belt radiation. GCR originate
from outside of the solar system and consist of 2% electrons
and 98% baryons, which in turn are composed of 87% proton,
12% alpha-particle and 1% of heavy ions with high energy and
charge [43]. The energy spectrum of GCR peaks near 1,000
MeV/u. Space flights in low earth orbit, such as missions on
space shuttles, are protected by geomagnetic field and solid
shielding of the Earth [44]. Thick shielding cannot be regarded

as a solution for the issue of radiation in space; the very high
energy of cosmic rays and the severe mass constraints in space
flight represent a serious hindrance of effective shielding [45].
Radiation in space is substantially different from earth; high
energy and charge particles (HZE) dominate the exposure in
deep space, whereas γ-rays and low energy alpha-particles are
the major contributors on Earth. This difference causes high
uncertainty on the estimated radiation health risk [46–48].
Major uncertainties include radiation quality factors, dose-rate
modifiers, the transfer of risk from one population to another
and uncertainties related to radiation quality dependence of
tumor lethality and non-targeted effects [46–48]. Only a few
sources of HZE particles are currently available in the world
for experimental studies. Ground-based research into space
radiation is necessary to improve the understanding of biological
effects of densely ionizing heavy ions, which in turn has a
useful impact in predicting and reducing health risks for exposed
individuals [49].

Chromosomal aberrations in peripheral blood lymphocytes
is an important biomarker in predicting space radiation risk, as
it provides simultaneous information on dose, and it has been
measured extensively in astronauts during the past 10 years. The
main contribution of biomarkers to manned space exploration is
in reducing risk uncertainties that are estimated to be between
200 and 400% [50]. Upper 95% confidence intervals for cancer
fatality could exceed 20% when non-targeted effects are included
in risk estimates [51, 52]. Several reports have been published
on chromosomal rearrangements in human cells induced by
accelerated particles and other types of HZE [49, 53] and
further contribute to carcinogenic risk in astronauts [43]. Some
investigators have provided clear evidence for development and
progression of intestinal tumors [54], hepatocellular carcinoma
[55] and lung cancer [56] in response to HZE exposure.

The radiation environment in space is complex and contains
mixture of charged particles with a range of energy. It was
reported that a low dose of proton protects cells against
chromosomal damage induced by subsequent exposure to doses
from 1 GeV/u iron ions [57]. This phenomenon is well-known
in radiation biology literature as an adaptive response that is
classically defined as the ability of low dose radiation exposure
to partially ameliorate the effect of subsequent exposure to high
challenge doses of radiation. This adaptive response is temporary
and does not last for a long time, maximizing within a few
hours of exposure and decaying within 48 h. Upregulation of
DNA repair, antioxidant status and the immune system are the
main contributors for this property. Unirradiated (bystander)
cells with which the proton-irradiated cells were co-cultured
were also significantly protected from the DNA-damaging effects
of the challenge dose. These results show that the protective
adaptive responses can spread from cells targeted by low-LET
space radiation to bystander cells in their vicinity [58]. However,
it is not clear if it will hold up for the lower space doses and
dose-rates compared to experimental doses.

Upon traveling to deep space (interplanetary travels), beside
HZE particles, astronaut’s bodies would also be hit by secondary
radiation including neutrons and recoil nuclei produced by
nuclear reactions in spacecraft walls. Hu et al. [59] compared
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TABLE 1 | Occupational exposures for various job categories.

Workplace Period Monitored

workers 103
Annual effective

dose (mSv)

Uranium mining 2000–2002 12 1.9

Diagnostic radiology 2000–2002 6.670 0.5

Radiotherapy 2000–2002 264 0.5

Cyclotron *WBD: 0.35–0.85

**WD: <7.95

Radiochemistry lab *WBD: 0.60–1.80

**WD: <4.45

Data from UNSCEAR report [31].

*WBD, Whole body dose; **WD, wrist dose.

the biological effect of an iron beam with a shielded beam
of the same average energy on cells in different cell cycle
conditions. The conclusion that has been drawn from his
study is that the biological effect of secondary particles
should be examined for improved shielding design. Exposure
of human and mice cells to simulated space radiation to
measure the frequency of malignant transformation will aid in
developing efficient countermeasures against space radiation-
induced adverse effects. For example, Selenomethionine was
shown to be a very promising countermeasure against HZE-
induced cytotoxicity by enhancing DNA repair machinery in
irradiated cells [60]. The oncogenic potential of cosmic rays is the
main hindrance to interplanetary travel, ground-based research
into space radiation plays a key role in reducing projected cancer
risk uncertainty and development of physical (shielding) and
biomedical (radioprotectors) countermeasures.

HIGH BACKGROUND RADIATION AREA

High natural radiation background areas (HBRA) have been of
special interest as they provide opportunity for the study of
biological effects of an environment that resembles the chronic
exposure of future space colonists to doses of ionizing radiation
of several orders of magnitude higher-than-normal levels [61].
Radionuclides, 232Th, 235U, 238U, and radioisotope of Potassium
(40K), are the major sources of outdoor natural radiation. The
knowledge of their distribution in soil, sand and rock plays an
important role in protecting humans from serious health hazards.

Ramsar, Iran, due to the concentration of 226Ra and its
daughters which were brought to the earth’s surface by hot
springs, also Kerala, in India [62], and certain beaches in Brazil
[63], due to radioactive mineral-rich sand, all are examples of
regions with higher level of natural radiation (Table 3).

Guarapari region of Brazilian coast is a famous tourist
attraction where thousands of people try to cure disease by
lying on or cover themselves with black beach sand. Vasconcelos
et al. [65] began to determine the reference level of this region
using gamma spectrometry and compared their results with
internationally accepted values. These authors observed that
Areia preta beach in Guarapari has dose rate up to 87 µSv/h; the
same dose rate that can be encountered in the 1 km vicinity of
the Chernobyl power plant. Areia Preta may therefore has the

TABLE 2 | The NASA and JAXA career effective dose limits for 1-year mission.

Agency Personal traits

Gender Age

30 40 50 60

NASA M 0.78 0.88 1.00 1.17

F 0.60 0.70 0.82 0.98

JAXA M 0.60 1.00 1.20 1.20

F 0.60 0.90 1.10 1.10

Limit values are estimated not to exceed a 3% Risk of Exposure Induced Death (REID)

from fatal cancers at a 95% confidence level [42].

Dose limits are expressed in units of Sv.

TABLE 3 | Estimated annual effective doses to persons living in areas of high

natural radiation background.

Regions of high environmental radiation Annual effective dose

Ramsar, Iran Range from 3.2 to 203 mSv

Kerala, India Range from 1 to 45 mSv

Guarapari, Brazil <7 mSv

Yangjiang, China 6.4 mSv

Values collected from Hendry et al. [64].

highest background found in beaches in world, possibly due to
activity concentration of 232Th. It has been suggested to get rid
of dark-yellow to brown monazite from noxiously radioactive
spot to minimize risk of radiation injury and keep the black sand
as attraction for tourism; the activity concentrations found in
the mainly monazitic (dark yellow) sand fraction are up to 1000
times higher than the normal soil values. High natural radiation
environment of Guarapari stimulate researchers to warn visitors
from potential health risks at staying longer.

The southwest coastal line of the Kerala state in India is one
of such regions known to have elevated levels of background
radioactivity mainly due to monazite sand available with a
high abundance of thorium. Inhalation, external exposure and
ingestion are three main pathways of nature radiation exposure
to human beings. It was reported that the inhalation dose varies
from 0.1 to 3.53 mSv/y and the inhalation dose imported by
indoor radon and its progeny is >50% of the total radiation
dose [62]. Even if chromosomal aberrations were seen in the
lymphocytes of exposed persons, the carcinogenicity has still not
been established. A cohort study conducted in this region, the
southwest coastal area of Kerala, during 2006–2009 to assess the
role of high level natural radiation (≥0.1 mSv/y) on congenital
mental radiation and cleft lip/palate has shown that the prevailing
high natural radiation exposure does not increase the risk of
these malfunction [66]. However, its widely known that stable
translocation aberration is associated with human malignancies;
certain types of leukemia are examples of this. Therefore, recent
data are necessary to confirm whether high background induced
unnatural aberrations activate oncogenes.

On the same hand, Yangjiang in Guangdong province, China,
is categorized as a high background radiation area. It was
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reported that the average annual effective dose to residents in
HBRAs of Yangjiang was 6.2 mSv, about three times higher than
that of the control area [67–69]. It was reported the annual dose
received by the 0–7 age group was the highest among all age
groups [70]. The individual cumulative dose to inhabitants living
in houses built over 30 years ago was relatively low, compared
with those living in houses built more recently [70]. However,
this difference was not revealed in the control area. Yong-ling
et al. [68] estimated that 88% of total amount of internal radiation
dose to the residents in HBRA arose from the inhalation of
222Rn, 220Rn, and their products. An appropriate number of
epidemiological studies were carried out to explore the cancer
risk associated with low level radiation exposure [67, 70]. These
studies did not find any statistically significant differences in all
cancer mortality between control and high natural radiation area.
Further, the relative cancer incidence risks of stomach, colon,
liver, lung, bone, female breast and thyroid in Yangajiang were
also not statistically different from the area with normal radiation
levels. Thus, the typical level of natural radiation background in
Yangjiang is insufficient to trigger a carcinogenesis risk increase
in humans, and this conclusion may be partially owing to the
enhanced immune function in the human body after long-term
exposure in Yangjiang [69].

NUCLEAR MEDICINE AND
RADIOTHERAPY

A double-edged sword is considered the best description for the
status of ionizing radiation. It is harmful to health from its role
as a carcinogen. However, it is beneficial for the use in both
diagnostic and therapeutic medical application [71].

Radiotherapy is one of the most common and effective
therapeutic modalities for the treatment of cancer. Usually 50%
of all patients with localized malignant tumors are treated
with radiation. Radiotherapy for cancer allows for the killing
of the cancer cells but also presents a risk to the normal
tissue surrounding the tumors and forming secondary malignant
neoplasms at the same organ or at a distant part of the
body. subsequent malignancies risk is the most significant late
effect of radiation treatment experienced by cancer survivors
[72]. Because of longer life expectancies, younger patients
are certainly at greater risk [73, 74]. A large cohort study
includes 5,798 Hodgkin’s lymphoma patients treated with
chemotherapy in Britain from 1963 to 2001—the majority of
whom, 3,432, also received radiotherapy—has been conducted
to assess secondary malignancy risks. Chemotherapy alone led
to a raised risk of second cancer (RR, 2.0). However, this
risk is lower and affects fewer anatomic sites than that of
combined modalities (RR, 3.9) [74]. de Gonzalez et al. [75]
performed a large-scale Surveillance, Epidemiology and End
Results (SEER) analysis on cancer survivors who were treated
with radiotherapy and documented a small increase in the risk
of developing a second cancer. Other treated sites which have
been investigated, including breast radiation treatment, again
demonstrating the risk of second cancer development. The lungs
and heart are likely to receive an amount of stray radiation

during radiotherapy to breast cancers as they lie underneath
the irradiated area. It has been reported that heart disease and
lung cancer risks gradually increased after breast irradiation
[76, 77]. Countermeasures are likely to be beneficial for cancer
survivors after radiotherapy as they are capable of mitigating
radiation-induced biological effects including damage of normal
tissue surrounding tumors and radiation-induced secondary
malignancies [78].

Many years ago, researchers proposed that accelerated proton
and heavy ions could be used for localized cancer therapy
based on their depth-dose distribution compared to photon
radiation including X-ray and γ-rays [1]. Heavy ions are more
effective than X-rays for killing cells as well as other endpoints,
such as causing mutation [79]. Sethi et al. [80] published a
retrospective review to see the incidence of second malignant
neoplasms among retinoblastoma patients who received either
photon (31 patients) or proton (55 patients) beams radiation.
Cumulative incidence of second malignancies was significantly
higher among the photon cohort (14% vs. 0; p = 0.015).
Similarly, a retrospective study investigating the risk of secondary
malignancies in prostate cancer patients found a lower risk
with carbon ion radiotherapy (CIRT) compared to photon-based
therapy [81], possibly due to the “Bragg peak” characteristic of
particle therapy where low levels of energy are deposited outside
of the target volume.

Radiation can induce apoptosis or trigger a DNA repair
mechanism. In general, minor DNA damage is thought to
temporarily halt the cell cycle to allow effective repair, while
more severe damage can induce an apoptotic cell death program
[82]. DNA is the quintessential target; the deleterious effects
of radiation, mutation and carcinogenesis, are mainly due to
irreparable damage to DNA. Wu et al. [83] provided evidence
suggesting that extranuclear targets play a role in such damage.
His data demonstrated that irradiation of cytoplasm produce
gene mutation in nucleus through free radicals. His conclusion
was that cytoplasmic traversal by ionizing radiation may be more
dangerous than nuclear traversal, because the mutagenicity is
accomplished by little or no killing of target cells. Radiation-
induced carcinogenesis is a highly modifiable phenomenon by
a non-carcinogenic process [84, 85]. The agents include the
specific characteristics of the radiation, radiation type, dose
rate, dose fractionation, dose distribution, etc., as well as many
other contributing elements that are not specific to the radiation
exposure, such as animal genetic characteristics, environment of
the animal and animal age at exposure, as found from radiation-
carcinogenesis studies in animals.

CONCLUSION

In this review, we provide discussion of the cancer risk that
may arise following exposure to low dose ionizing radiation.
Radiation-related cancer risk in the life span study (LSS)
cohort of atomic bombs has been reported to continue
raising throughout life. Significant dose response (ERR for
all solid cancer) is observed even over 0–0.2Gy dose range;
supporting the hypothesis that there is no threshold below

Frontiers in Physics | www.frontiersin.org 6 August 2020 | Volume 8 | Article 234

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Ali et al. Low Radiation Dose-Induced Carcinogenesis

which cancers are not induced. Identification of non-cancer
disease risks, psychological consequences of nuclear disaster
for instance is one of several important steps to accomplish a
comprehensive exposure outcome study. Million Worker Study
(MWS) includes many subjects, 12 times higher than Japanese
bomb survivors, as well as covering the issues faced today
concerning exposures delivered over years, such as medical,
occupational and environmental exposure. This large number of
cases along with accurate individual exposure information will
reduce uncertainty in the calculation of excess relative risk per
Gray (ERR/Gy) and thus provide more reliable assessment of the
long term effects of radiation exposure.

During low Earth orbit, shuttle crew members experience 90-
min light-dark cycles. In addition, light intensity aboard ISS,
space radiation, gravity andmagnetic field also greatly differ from
those on the ground. Numerous ground-based studies into the
biological threats of these environmental stressors are needed to
predict and reduce health risks for exposed individuals. Benefits
from lunar mission and deep-space human exploration to Mars
must be balanced between cost and the safety of astronauts.

Data collected so far suggest that particle therapy leads to
a lower risk of secondary malignancies than conventional X-
ray techniques. Moreover, ion beam therapy characterized by a

low therapeutic dose to healthy tissue and a neutron production

even lower than from photon therapy. Therefore, it provides a
promising tumor treatment choice.
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