
2  Biological Effects of Radiation

2.1  History of Biological Effects

The discovery or x-rays and radioactivity resulted from scientific inquiry into electrical discharges in gases.  At that
time not much was understood about what was happening in the gas and there was great curiosity about the beauti-
ful electrical displays that were observed in the partially evacuated discharge tubes.  On November 8, 1895, Profes-
sor Wilhelm Conrad Roentgen discovered x-rays (see Chapter 10).  He was investigating the penetrability of
cathode rays in his darkened laboratory.  Laying about on his lab bench were several scraps of metal, covered with
barium platinocyanide, a fluorescent material.  At the time he was operating the Hittorf vacuum tube inside a light-
tight box.  From the corner of his eye, he noticed that some of these barium platinocyanide scraps were glowing
while the tube was energized.  Further investigation showed these scraps stopped glowing when he turned the tube
off and glowed more intensely when he brought them close to the box.  From this he concluded that whatever
caused the glowing originated from inside of his vacuum tube.  Professor Roentgen realized that he had discovered
a new phenomenon, a new kind of radiation which he called x-rays because it was a previously unknown type of
radiation.  Within a few days of Roentgen’s announcement of this “new kind of ray,” experimenters all over the
world were producing x-rays with equipment that had been in their laboratories for years.

Within a few weeks, the French scientist Henri PoincarJ reasoned that there might be some connection between
the rays from Roentgen's tubes that made certain minerals glow and something in the same minerals that would
spontaneously produce the same glow or phosphorescence.  A colleague of PoincarJ, Henri Becquerel, undertook a
systematic study of such minerals, including those containing uranium and potassium.  The initial experiments
entailed exposing the material to sunlight to stimulate fluorescence.  In March 1896, during a period of bad weather,
Becquerel stored some uranium and the photographic plates in a drawer.  When he developed the plates, he found
dark spots and the image of a metal cross which had been between the uranium and the plate.  He soon realized that
he had discovered a type of radiation that was similar to Roentgen's x-rays.  Becquerel  had, in fact, discovered
natural radioactivity, and he reported this in April 1896, about four months after Roentgen's discovery.

When x-rays (and radiation) were first discovered there was no reason to suspect any particular danger.  After
all, who would believe that a ray similar to light but unseen, unfelt or otherwise undetectable by the five senses
could be injurious?  Early experimenters and physicians set up x-ray generating equipment and proceeded about
their work with no regard for the potential dangers of radiation.

The use of unshielded x-ray tubes and unshielded operators were the rule in 1896, with predictable results.  Not
only some patients, but many roentgenologists were exposed to the mysterious ray because the equipment was built
without protection for the operator.  The tube was often tested by placing the hand into the beam.  The newness and
fascination caused the operators to demonstrate the equipment to interested colleagues and nervous patients.
Because researchers initially did not suspect damage from radiation, many clinical and experimental procedures
resulted in workers and patients suffering prompt, somatic effects such as erythema, skin burns, hair loss, etc.
Often these injuries were not attributed to x-ray exposure, in part because there was usually a several week latent
period before the onset of injury, but also because there was simply no reason to suspect x-rays as the cause.

Consider the 1898 example of a roentgen ray burn of a soldier with a gunshot fracture of the upper third of the
right humerus.  A radiograph of the shoulder was attempted to ascertain the condition of the bone and an exposure
of 20 minutes was made.  The tube was 10 inches from the shoulder.  The result was unsuccessful.  Second and
third attempts were made on successive days, but the tube was working so poorly that no satisfactory radiograph
could be obtained.  Six days after the last exposure, slight redness of the skin appeared on the front of the chest and
shoulder.  This erythematous condition increased and two days later small blebs appeared.  These broke and small
ulcers formed which gradually spread and coalesced.  The tissue necrosis deepened and extended and was accompa-
nied by marked pain and hyperaesthesia.  Inflammatory action continued until the burn covered nearly the whole
right breast.  Treatment of various kinds was tried, the greatest benefit was derived from continuous application of
lead and opium lotion.  The burns showed no signs of healing for 4 months.  After that time it gradually grew better,
but the healing process was very slow and the burn was not entirely healed until 11 months after its first appearance.

Warnings of injuries were first sounded by early researchers. Thomas Edison, William Morton, and Nikola
Tesla all reported eye irritations from experimentation with x-rays and fluorescent substances (e.g., after testing up
to 8000 substances, Edison announced that calcium tungstate fluoresced most brightly in response to x-rays).  Other
reports which described a burnlike dermatitis similar to those associated with a severe sunburn began to appear.



However, even then scientific thinking was sharply divided regarding the source.  For example, one x-ray tube
maker stated that “X-rays (are) harmless with the static machine .... whatever ill effects we get on our skin are
caused only when we use induction coils.”  Even Nikola Tesla asserted that local electrical effects occurring in
proximity to a working x-ray tube were “not due to the Roentgen rays but merely to the ozone generated in contact
with skin.”  In November 1896, Elihu Thomson, an American physicist, seeking to verify that an x-ray - injury
relationship existed, exposed the little finger of his left hand for ½ hour to an x-ray beam and described the signs
and symptoms of the injury.  William Rollins, a Boston dentist, showed that x-rays could kill guinea pigs which had
been placed in an electrically insulated box.  One of the first x-ray exposure guidelines suggested that whole body
exposures be limited to doses which would reduce the risk of workers suffering any of these obvious injuries (i.e.,
approximately 10 rem per day).  The association of x-ray exposure with injury also led to the (albeit) spotty use of
x-ray techniques that were designed to reduce the patient (and staff) x-ray exposure.

After this initial era of discovery there followed a period of about two decades in which the application of x-rays
and radium dominated.  Over the years researchers found that even relatively low-level radiation exposure (i.e.,
exposures in the range of 0.5 - 1 Sv [50 - 100 rem] per year) had the potential to cause long term effects.  For
example, life span studies suggested that early radiologists and other radiation workers exposed to high levels of
radiation exposure or large quantities of radioactive materials appeared to have shorter life spans than
non-radiologists and suffered an increase in certain types of cancers.

Thus, the interaction of ionizing radiation with the human body, either from external sources (i.e., outside the
body) or from internal contamination of the body by radioactive substances, leads to biological effects which may
later show up as clinical symptoms.  The nature and severity of these symptoms and the time at which they appear
depend on the amount of radiation absorbed and the rate at which it is received.

2.2  Cellular Damage and Possible Cellular Processes
The principal difference between nuclear radiation and other types of
electromagnetic radiation (e.g., heat, light, RF, etc.) is that nuclear
radiation ionizes (i.e., produces ion pairs) as it passes through matter.
Chapter 1 (Figures 1-17 & 1-19), discussed range and penetrability of
radiation: x-/ -rays have long ranges and are very penetrating while
particulate radiation has a short range and does not penetrate deeply
into tissues before expending all of its energy.  Mass, charge, and
velocity of a particle all affect the rate at which ionization and energy
deposition occurs.  

2.2.a  Linear Energy Transfer (LET) and Relative Biological Efficiency (RBE)
The amount of energy a radiation deposits per unit of path length (i.e., kiloelectron volts/micron - keV/μm) is
defined as the linear energy transfer, LET, of that radiation.  Mass, charge and velocity of a particle all affect the
rate at which ionization occurs and is related to range.  Heavy, highly charged particles (e.g., a-particle) lose energy
rapidly with distance and do not penetrate deeply.  In general, radiation with a long range (e.g., x-/γ-rays, high-

energy ß particles) usually has a low LET, while large
particulate radiations with short range (e.g., α particles,
neutrons, protons) have a high LET.  Additionally, LET
increases with the square of the charge on the incident
particle.  Table 2-1 lists some values of LET and RBE in
water for various radiations.  

When ionizing radiation interacts within cells, it deposi-
ts ionizing energy in the cell (Figure 2-1).  The higher the
charge of the particle and the lower the velocity, the greater
likelyhood to produce ionization.  In tissue, the biologic
effect of a radiation depends upon the amount of energy
transferred to the tissue volume or critical target (i.e., the
amount of ionization) and is therefore a function of LET.

In radiation biology research, many different types and
energies of radiation are used and it become difficult to
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compare the results of the experiments based solely on LET and a more general term, the relative biologic effective-
ness, RBE, was developed.  In using RBE, it has become customary to use 250 kV x-rays as the standard reference
radiation.  The formal definition is:

RBE is initially proportional to LET and, as the LET for ionizing radiation increases, so does the RBE.  This
increase is primarily the result of higher ionization density and more optimal
energy deposition for high-LET radiations.  However, beyond 100 keV/μm of
tissue, the RBE decreases with increasing LET.  As more ionizations are
produced in the biological system, part of the energy deposited in the system is
wasted due to an overkill effect.  The quality factor (see Table 1-5) is a more
conservative upper limit of RBE used in radiation safety.

Although there has been much research in radiobiology, there are still some
elements of doubt about the specific cell structures which must be damaged to
kill or injure the cell.  Research has identified two major radiation processes
which may lead to cell impairment or death, indirect and direct action.

2.2.b  Indirect Action
Absorption of radiation energy may result in a chemical reaction called free-radical formation.  A free radical is a
free atom or molecule carrying an unpaired orbital electron in the outer shell.  An atom with an unpaired electron in
the outer shell usually exhibits a high degree of chemical reactivity.  The two substances in a cell likely to be
involved in free radical formation due to ionization are oxygen and water.  The free-radical reactions with these
molecules are described by:  H2O l H+ + OH-  and  O2 l O- + O+.

The hydroxyl radical (OH-) is the major oxidizing agent resulting from ionization of water.  Although free
radicals are extremely reactive, most of the reactions recombine to form oxygen and water in about 10-5 seconds
without causing any biological effects.  However, biological effects may occur if these free radicals interact with
other nearby chemical compounds which then diffuse far enough to damage critical cell components.  For example,
free radicals may act as oxidizing or reducing agents and may form peroxides when they react with water, these
may inactivate cellular mechanisms or interact with genetic material in the cell (Figure 2-3, top).

2.2.c  Direct Action
When the radiation energy is absorbed in the cell, it is possible for that radia-
tion to interact directly with critical elements in the cell.  The atoms in this
target molecule may be ionized or excited, initiating a chain of events which
lead to biological change or damage (Figure 2-3).  A whole body dose of 7 Gy
(700 rad) represents an absorption of only 1 calorie in a 70-kg person and
would produce a temperature increase of less than 0.002oC.  For acute whole-
body low-LET radiation exposure, the LD50/60 (see 2.3.a) in humans is about 4
Gy (400 rad).  Assuming it requires approximately 34 eV to produce each ion
pair and that 1 Sv of low LET radiation represents an energy absorption of 1
J/kg or 6.25 x 1018 eV/gm, then a median lethal dose produces approximately
7.35 x 1017 ion pairs per gram of tissue.   In soft tissue this dose represents
ionization of only 1 in 10,000,000 atoms.

Direct action is the dominant damaging process with high LET radiation
(e.g., a particles, protons, and neutrons) primarily because the ionization track
is very dense (see Figure 2-1).  In addition, direct action is associated with
radiation effects for which a zero threshold dose (see 2.7) is postulated (e.g.,
genetic effects).  In this zero threshold scenario, damage may be transmitted to
succeeding generations of cells, making the damage in this instance cumulative with radiation dose.
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2.2.d  Molecular Reactions
Cells consist mostly of water.  As noted above, ionization can lead to molecular changes and to the formation of
chemical species which may damage chromosome material.  This damage (as opposed to cell death) can take the
form of changes in construction and function of the cell and these changes may manifest themselves as clinical
symptoms such as radiation sickness, cataracts or, in the long term, cancer.  Although the processes leading to radia-
tion damage are complex, they are often considered as occurring in four stages.

The initial physical stage lasts only a fraction (~ 10-16) of a second.  Radiation energy is deposited in the cell
causing ionization. 
The physico-chemical stage lasts about 10-6 seconds.  Here the ions interact with
other water molecules resulting in the production of H+, OH-, H and OH.  While
the H+ and OH- are common in water, the other products, the free radicals H and OH, are chemically highly
reactive.  Another strong oxidizing agent produced is hydrogen peroxide, H2O2.
The chemical stage lasts a few seconds.  During this time period most of the free radicals recombine but some of
the reaction products may interact with important organic molecules of the cell.  These free radicals and oxidiz-
ing agents may attack the complex molecules forming the chromosomes and these agents may attach themselves
to a molecule or cause links in long chain molecules to be broken (Figure 2-3).
The biological stage has a time scale which may last from tens of minutes to tens of years depending on the
particular endpoint symptoms.  These changes may affect a cell in a number of ways as described below.

2.2.e  Possible Cellular Effects
When ionizing radiation strikes the body, it randomly hits or misses
millions of cells.  For the cells which are not hit, the radiation simply
passes through and no harm is done.  If a cell is hit directly, the cell
may be completely killed or, somewhat less likely, just damaged.
Because dead cells are rapidly removed by biological processes,
radiation Safety is primarily concerned with  cellular effects which
result in damage to crucial reproductive structures such as the
chromosomes and their components (e.g., genes, DNA, etc.).  

Radiation can produce several different types of damage such as
small physical displacement of molecules or the production of ion pairs.  If the energy deposited within a cell is
high enough, biological damage can occur (e.g., chemical bonds can be broken and affected cells may be damaged
or killed).  Some of the possible results from cellular radiation interactions include:

Repair - the damaged cell can repair itself so no permanent damage is caused.  This is the normal outcome for
low doses of low LET radiation commonly encountered in the workplace.
Cell death - the cell can die like millions of normal cells do naturally.  The dead cell debris is carried away by
the blood and a new cell is usually generated through normal biological processes to replace it.
Mutate - in a very small number of events, a damaged cell may exhibit a change in the cell's reproductive struc-
ture allowing the cell to regenerate as a potentially pre-cancerous cell.  Over a period of many years or decades,
this may result in a full-blown, malignant cancer.

2.2.f  Cellular / Organ Radiosensitivity
Generally, the most radiosensitive cells are those which (1) are rapidly dividing, (2) have a long dividing future
(e.g., those in an early immature phase which are still dividing) and (3) are undifferentiated (i.e., are of an unspe-
cialized type but will be capable of specialization at some future [adult] time).  Examples of this so-called Law of
Bergonie and Tribondeau include immature blood cells, intestinal crypt cells, fetal cells, etc.  Muscle and nerve
cells are relatively insensitive to radiation damage.  The radiosensitivity of various organs correlates with the
relative sensitivity of the cells within the organ.  Significant damage to these cells is often manifested by clinical
symptoms such as decreased blood counts, radiation sickness, birth defects, etc., and, in the long term, increased
cancer risk.

Cells are most sensitive when they are reproducing.  Additionally, the presence of oxygen in a cell increases
sensitivity to radiation.  Anoxic cells (i.e., insufficient oxygen) tend to be inactive and are thus less sensitive to
radiation.  One example of a very sensitive cell system is a malignant tumor.  The outer layer of cells reproduces
rapidly and also has a good supply of blood and oxygen.  During radiation therapy, as the tumor is exposed to
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radiation, the outer layer of rapidly dividing cells is destroyed, causing it to shrink in size and exposing the inner
layer of tumor cells.  Destroying the tumor is usually not a problem, but destroying it without destroying or signifi-
cantly damaging the surrounding healthy tissues is the goal of cancer therapy.  Therefore, fractionated radiation
doses are given to patients causing the tumor to gradually shrink and allowing the healthy tissues around the tumor
to have a chance to recover from any radiation damage.
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2.2.g  Cancer Induction
Cancer is a disease of more than 100 different forms.  Almost every body tissue can give rise to cancerous cells and
malignancies.  While each form of cancer has unique features, there are  also similar processes that underlie tumor
growth.  Scientists believe it is unlikely that a singular, key change or agent will be found to explain cancer and they
currently believe the steps involved in cell growth regulation and division likely trigger the source that ultimately
result in cancer.  Foremost is the cells’ gene diversity and their roles in carcinogenesis are being reported on at an
ever quickening pace.  While radiation is one of many carcinogens, research into the nature of cellular growth,
replication and development and their roles in cancer formation have identified both inherited (i.e., genetic) and
environmental factors as carcinogens.

Environmental Factors
Epidemiological studies have long identified relationships between unusually high exposures to particular agents
and specific types of cancer.  Additionally, having observed weak relationships between agents and specific types of
cancer, epidemiologists have suggested plausible biological rationales.  The problem researchers face in this evalua-
tion is that the interplay between genes and environment is dynamic, it is not a simple cause-and-effect process.
Some environmental agents associated with cancer (see also Section 2.8) are:

Tobacco smoke, primarily from cigarettes, is associated with 30% of all cancer deaths.  Besides lung cancer, it is
causally linked to cancers of the upper respiratory tract, esophagus, bladder, pancreas and is probably a cause of
some cancers of the stomach, liver, kidneys, colon, and rectum
Life style and diet appears related to cancer, both what we eat and what we don't eat.  It is connected to 30% of
cancer fatalities.  Animal (saturated) fat and red meat in particular are strongly linked to cancer of the colon and
rectum and are implicated in prostate and breast cancer as well. Not eating vegetables and fruits, which have a
salubrious effect as cancer blocking agents.  Overeating and resulting excessive growth is also a component to
develop cancers especially in early life. Of food or food additives only salt has been directly related to cancers
(nasopharynx, esophagus and stomach).  Alcoholic beverages can contribute to 3% of cancer fatalities (beyond
diet).  A sedentary lifestyle contributes to 3% of cancer fatalities.
Chemicals, many historically linked to the workplace, have been associated with a variety of cancers.  Their
uses and potential exposures are continually being limited in efforts to reduce risks.  Examples of common
industrially used chemicals that fall in this category are:  benzene (myelogenous leukemia), arsenic containing
pesticides (lung cancer), polychlorinated biphenyls (liver and skin cancers), mineral oils (skin cancer).  Many
carcinogenic chemicals are also teratogenic (i.e., causing birth defects - see Section 2.5), and acute exposures
during pregnancy should be followed by counseling by a qualified expert.  Air pollution (e.g., diesel exhaust),
particularly long-term exposure to high levels, is believed to in crease lung cancer risk.
Inherited genes are thought to be responsible for fewer than 5% of fatal cancers.  However, certain inherited
genes enhance susceptibility to many of the other factors.
Viruses in the form of DNA viruses, have been causally linked to 5% of cancer fatalities.  Human papillomavi-
ruses, primarily types 16 and 18, are linked to cervical cancer and hepatitis B and C are linked to liver cancer.
Radiation is a highly publicized source of cancer induction but only accounts for 2% of cancer fatalities.  
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Ionizing radiation, so called because it ionizes molecules, can cause gene damage or otherwise encouraging
tumor growth.  Radon (see Section 3.2), a naturally occurring, inert radioactive gas produced in the soil by
decay of uranium and thorium, has been associated with lung cancer among miners; however, aboveground
ambient levels of radon have not posed a significant cancer threat. Nuclear radiation (reactor byproduct
materials) and machine produced radiation (x-ray equipment and accelerators) in high levels have proven
carcinogenic; however the risk from low levels of radiation may be overestimated.
Non-ionizing radiation cannot ionize molecules.  Ultraviolet B from the sun can damage DNA and is associ-
ated with more than 90% of skin cancers, including melanomas. Radio frequency electromagnetic radiation
from cellular phones or microwave ovens has not been empirically linked to cancer. Electric and magnetic
fields from power lines and household appliances have not been clearly demonstrated contributors to cancer
or leukemia incidence.
Medical products and procedures accounts for about 1% of all cancers.

Considering that scientists have identified a great number of potential carcinogens, one may wonder how (i.e., by
what mechanism) they produce cancer.  A combination of interacting factors is most commonly required to develop
cancer.  Thus, tobacco in combination with any other factor (e.g. asbestos) increases the chance of cancer.

Genetic aspects of Carcinogenesis
Cancer is the general name for a group of diseases in which normal homeostatic cellular control is lost and cells
grow continuously, invading, crowding, and overwhelming the surrounding normal tissues. If left unchecked, this
unregulated growth results in the death of the organism. Most scientists believe that carcinogenesis, the process that
transforms a normal cell into a cancer cell, is a multistaged process. That is, any single event by itself is not suffi-
cient to turn a normal cell into a cancer cell. Only when the correct number, combination, and types of aberrant
alterations have accumulated in one cell will a cancer cell develop.  

Normal living (i.e., air pollution, tobacco smoke, diet, UV light, medicine, etc.) can produce a variety of cell
damage which slowly accumulates throughout a person’s lifetime. This accumulation of damage is the reason most
cancers occur late in life. Additionally, genetic background factors (e.g., sex, developmental stage, DNA repair
systems, hormones, growth factors, oncogenes, tumor suppressor genes, etc.), play a role in the cancer process.
While the identities of these crucial steps are still not completely clear, there are a number of good candidates

Normal cell division and growth is promoted by proto-oncogenes in response to signals from other cells.  The
growth is regulated by tumor suppressor genes which normally function to prevent neoplasia development by
inhibiting or putting the brakes on the cell’s growth and the division cycle.  DNA repair genes attempt to ensure
that each strand of genetic information is accurately copied during cell division.  

It is believed that cancer arises from changes initiated in one cell because one of these three genes is impaired.
This first step in carcinogenesis is the initiation stage.  A mutation (e.g., point mutation, chromosome rearrange-
ment, gene amplification, viral insertion) occurring in a proto-oncogene may activate it and change it into an
oncogene.  For example, ionizing radiation may break a proto-oncogene while another, unrelated gene in another
part of the genome breaks simultaneously, and the broken proto-oncogene is somehow fused to the unrelated gene
in just the right place, causing activation of the proto-oncogene into an oncogene (i.e., it becomes “switched on” and
is unresponsive to the “off” signal).  For the activated oncogene to convert the cell to a malignant cell, it is also
necessary to deactivate the tumor supressor genes.  With the tumor supressor genes deactivated, growth is promoted
and, if capable, the initiated cell may multiply.  But, the growth - cell division cycle still requires external stimula-
tion.  If through additional genetic alteration, these initiated cells become capable of independent, unregulated
growth and metastasis, then a full cancer may be produced.

Thus, a single exposure to low-level radiation does not really “cause” cancer.  To do so, the radiation would
have to: (1) activate one or more oncogenes and inactivate suppressor genes, (2) initiate, promote, or clonally
expand that cell many fold and (3) then convert one of those initiated cells by mutating other genes to have invasive
and metastatic abilities by a series of independent events in a single cell.  Rather, radiation may act as one or several
factors in a multistage process of initiation, promotion and progression.  These complex interactions have lead
scientists to question the validity of the linear-no threshold risk model (see Section 2.7) for individual exposures. 

2.3  Biological Effects
The effects on the human body as the result of damage to individual cells are divided into two classes, somatic and
hereditary.  Somatic effects arise from damage to the body's cells and only occur in the irradiated person.
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Hereditary (or genetic) effects result from damage to an individual’s reproductive cells making it possible to pass on
the damage to the irradiated person's children and to later generations.

2.3.a  Acute Radiation Syndrome
Detrimental effects have only been seen for
acute exposures, that is large doses of radia-
tion received in a short period of time.  Acute
whole body exposures in excess of 2 Gy (200
rad), i.e., much higher than is normally
received by radiation workers from a lifetime
of radiation work, may damage a sufficient
number of radiosensitive cells to produce
mild symptoms of radiation sickness within a
short period of time, perhaps a few days to a
few weeks.  The immediate somatic effects
may include symptoms such as blood changes, nausea, vomiting, hair loss, diarrhea, dizziness, nervous disorders,
hemorrhage, and maybe death.  Without medical care, half of the people exposed to a whole body acute exposure of
4 Gy (400 rad) may die within 60 days (LD50/60).  Regardless of care, persons exposed to an acute exposure exceed-
ing 7 Gy (700 rad) are not likely to survive (LD100).  Exposed individuals who survive acute whole body exposures
may also develop other delayed somatic effects such as epilation, cataracts, erythema, sterility and/or cancers.

Hair loss (epilation) is similar to skin damage and can occur after acute doses of about 5 Gy (500 rad).
Cataracts seem to have a threshold of about 2 Gy (200 rad) and are more probable from acute neutron doses.
Skin erythema (reddening) occurs from a single dose of 6 - 8 Gy (600 - 800 rad).
Sterility, depending on dose may be either temporary or permanent in males.  Although females require a higher
dose, sterility is usually permanent.  Permanent sterility usually requires doses exceeding 4 Gy (400 rad) to the
reproductive cells.

While these effects are severe, it must be remembered that acute exposures are very rare.  During the past 50 years
there has been fewer than 20 fatalities in the US which were directly attributable to acute radiation exposures and
certainly fewer than 200 injuries which showed the signs and symptoms of acute radiation syndrome.  The last non-
patient acute exposure at the University occurred in 1966.  This good record is a testament of the safety conscious-
ness of the worker.  Although there are radiation sources capable of producing acute injuries (cf. Chapter 9), all
these sources have radiation alarms within the room to alert users of higher than expected (alarms are set at 2 - 5
mR/hr) levels of radiation and all users of these sources receive additional training in the safe use of these sources.

Hematopoietic System Effects
The hematopoietic stem cells are the most radiosensitive tissues in the body.  Radiation doses of 2 Gy (200 rad) or
more can significantly damage the blood forming capability of the body.  Acute doses kill some of the mitotically
active precursor stem cells, diminishing the subsequent supply of mature red cells, white cells, and platelets.  As
mature circulating cells die and the supply of new cells is inadequate to replace them, the physiological conse-
quences of hematopoietic system damage become manifest.  Damage to bone marrow includes such symptoms as
increased susceptibility to infection, bleeding, anemia, and lowered immunity.  One of the principal causes of death
after total-body irradiation is infection.  For doses below 7 Gy (700 rad), the hematopoietic syndrome starts about 8
- 10 days post exposure with a serious drop in granulocyte and platelet counts.  Pancytopenia (i.e., reduction of all
types of blood cells) follows about 3 - 4 weeks later, becoming complete at doses above 5 Gy (500 rad).  Petechiae
(small hemorrhage under the skin) and purpura are evident, and bleeding may be uncontrolled, causing anemia.
There may be fever and rises in pulse and respiratory rates due to endogenous bacterial and mycotic infections.  The
infections may become uncontrolled due to impaired granulocyte and antibody production.  If at least 10% of the
hematopoietic stem cells remain uninjured, recovery is possible.  Otherwise, death occurs within 4 - 6 weeks.

Gastrointestinal System Effects
At doses above 7 Gy (700 rad), injury to the gastrointestinal tract contributes increasingly to the severity of the
manifest-illness phase.  Such high exposures inhibit the renewal of the cells lining the digestive tract.  These cells
are short lived and must be renewed at a high rate.  High exposures then lead to depletion of these cells within a few
days.  The physiological consequences of gastrointestinal injury may vary depending upon the region and extent of
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damage.  The small intestine contains the most sensitive of these tissues followed by the stomach, colon, and
rectum.  The mouth and esophagus respond similarly to the skin.  Thus, the result of high exposures is a breakdown
of the mucosal lining and ulceration of the intestine.  As the mucosa breaks down, bacteria can enter the blood-
stream and are unchallenged because of the curtailed production of granulocytes (cf. 2.3.a.1).  Beginning at
approximately 12.5 Gy (1250 rad), early mortality occurs due to dehydration and electrolyte imbalance from
leakage through the extensively ulcerated intestinal mucosa.  These conditions develop over a few days and are
characterized by cramping, abdominal pain, and diarrhea, followed by shock and death.

Combined Injury Effects
A combined injury occurs when a radiation
injury is superimposed with another type of
trauma.  Studies have suggested that, even if
two types of injuries are sublethal or
minimally lethal when given alone, together
these injuries may act synergistically to
increase mortality.  Figure 2-5  shows that
almost 100% mortality was observed in rats
given both 2.5 Gy (250 rad) gamma radia-
tion (no mortality) and a 33% burn (50%
mortality).  The importance of two types of
injury acting synergistically is demonstrated in Figure 2-6.  In mice, a 510 R exposure causes 26% mortality, but
combined with an open wound (which produces essentially zero mortality), mortality increased to 90%.  However,
in situations where the wound was closed early, the synergistic effect was reduced.  Combined injuries compromise
a host’s normal defensive processes and induce changes in the colonization resistance of the host’s epithelial
surfaces which can create lethal situations for otherwise benign assaults.

Remember, all acute somatic effects are the result of direct and indirect cellular damage by ionization and the
consequent reactions.  While workers may talk about a “hot” sample, this applies to activity and not temperature.
For example, an acute exposure of 4 Gy (400 rad) represents an absorption of energy of only about 67 calories.
Assuming a 70 kg individual, then if all the energy were converted to heat, it would represent a whole-body
temperature rise of only 0.002oC, which would cause no harm at all. 
 
2.3.b  Delayed Somatic Effects
The immediate or acute effects described above are largely the result of the killing of cells in some crucial popula-
tion.  Delayed or late effects are due to damage to cells that survive but retain some legacy of the radiation damage
(cf. 2.2.f.2).  This damaged cell then passes on the injury to its progeny.  If this cell is a germ cell, it may result in a
genetic mutation expressed in a future generation.  If the cell damaged is a somatic cell, the consequence may be
leukemia or cancer in the individual exposed.

Genetic (hereditary) effects and cancer are called stochastic effects.  A stochastic effect is one that might arise
from the injury of a few cells, or even a single cell, and theoretically has no threshold.  A cancer or genetic mutation
is an all-or-none effect for the individual concerned (i.e., either there is or there is not a cancer).  Increasing the
radiation dose does not increase the severity of the effect in that individual, it simply increases the frequency or
incidence of the effect in a population.  For example, a radiation-induced leukemia in a person may result from an
exposure to 0.01 Gy (1 rad) or to 1 Gy (100 rad).  But it will be the same leukemia and the person in whom the
leukemia was induced by the higher dose will not be more ill than the person in whom the leukemia was induced by
0.01 Gy (1 rad).  Thus, the probability of the biological effect occurring increases with radiation dose, but the sever-
ity of the biological effect when it occurs is not affected by the radiation dose. 

A non-stochastic effect is a somatic effect that increases in severity with increasing dose in the affected individ-
ual.  The severity is related to the number of cells and tissues damaged by the radiation.  Non-stochastic effects
(e.g., cataracts, acute radiation syndrome, etc.) are basically degenerative.  Larger doses of radiation are usually
required to cause a significant non-stochastic effect or to seriously impair health than are required to increase cancer
or mutation risks.  There is often a threshold dose for non-stochastic effects.  With erythema (a sunburn like injury),
the higher the radiation dose, the more quickly the redness appears and the longer it takes to completely heal.

Radiation damage to somatic cells may result in cell mutations and the manifestation of cancer (see Section
2.2.e and 2.2.g).  These delayed effects cannot be measured at the low radiation doses received by radiation
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Figure 2-6.  Combined InjuryFigure 2-5.  Radiation and Burns
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workers.  In fact, radiation worker populations exposed at currently allowed standards (see Table 2-6) have not
shown increased cancer rates when compared to the rest of the population.  The estimation of any (statistically)
small increased cancer risk is complicated by the facts that:

there is a long, variable latent period (> 5 to 30 years) from radiation
exposure to cancer manifestation (Figure 2-7).
a radiation-induced cancer is indistinguishable from spontaneous cancers.
the effects vary from person to person.
radiation workers may exhibit a "healthy worker" effect resulting from the
fact that their employment may also entail medical benefits and a healthy
lifestyle.
the normal cancer incidence is relatively high (i.e., the fatal cancer risk from
all causes in the U.S. is about 20% or one person in five).

Most regulations take a conservative approach to radiation-induced cancer risk, assuming the risk from radiation is
linearly related to the radiation exposure and that there is no threshold for effects.  For that reason, workers should
aim to keep their radiation exposure ALARA (As Low As Reasonably Achievable).  As an estimate, a single
exposure of 1 rem may carry with it an increased chance of eventually producing cancer in about 2 - 4 persons in a
10,000 person population.  Because of cellular repair, lengthening the duration for the same exposure should lower
the expected number of cancers.  However, effect-reducing measures do not enter into the risk equation because
dose-rate is not considered when establishing the dose limits from the risk model.  To compare radiation risks to
other risks, refer to Section 2.8, Radiation Exposure Risks and Appendix B-4.

2.3.c  Genetic Effects
Hereditary effects from radiation exposure could result from damage of chromosomes in the exposed person's
reproductive cells.  These effects could then theoretically show up as genetic mutations, birth defects or other condi-
tions in the future children of the exposed individual and succeeding generations.  Again, as with cancer induction,
radiation-induced mutations are indistinguishable from naturally-occurring mutations.  Chromosome damage is
continually occurring throughout a worker's lifetime from natural causes and mutagenic agents such as chemicals,
pollutants, etc.  There is a normal incidence of birth defects in approximately 5 - 10% of all live births.  Excess
genetic effects clearly caused by radiation have not been observed in human populations exposed to low-level radia-
tion exposure.  Even in Hiroshima and Nagasaki, no unequivocal evidence of radiation-related genetic damage
emerges.  However, because ionizing radiation has the potential to increase this mutation rate (e.g., an exposure of 1
rem may carry with it an increased chance for genetic effects of 5 - 75 per 1,000,000 exposed persons), it is essen-
tial to control the use of radioactive materials, prevent the spread of radiation from the work place, and ensure that
exposure of all workers is maintained ALARA.

2.4  Internal Radiation Exposure
Not all radiation is equally penetrating.  If you are
exposed to low LET radiation sources outside the
body (external radiation exposure), only high-
energy (> 300 keV) beta particles and gamma /
x-rays are potentially hazardous.  Table 2-4 lists
some commonly used, low-energy beta emitting
radioisotopes.  These are not external hazards
because beta emitters with maximum energies less
than 300 keV (0.3 MeV) do not significantly penetrate the skin’s protective layer.

However, when inside the body, radioisotopes emitting short range, high LET particulate (i.e., α, proton) radia-
tion are more damaging than low LET radiation.  Radioisotopes can enter the body by workers eating or drinking in
a radiation work area, by breathing in dusts, vapors or aerosols, or absorption through the skin.  The body treats
these radioisotopes as it does similar, non-radioactive elements.  Some is excreted through normal body processes,
but some may be metabolized and incorporated in organ systems which have an affinity for that element or chemi-
cal compound.

The hazard from an internal radionuclide is directly related to the length of time it spends in the body (Table
2-5).  Radioactive material not incorporated in an organ is rapidly excreted (i.e., usually about 32 hours) and
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Figure 2-7.  Leukemia Risk
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therefore poses only a slight hazard.  Radioiso-
topes incorporated in organs are more slowly
excreted.  Different organs have different affini-
ties for certain radionuclides, so the excretion
rate depends on the organ involved.  This natural
elimination rate, the biological half-life, T½b, is
the time required for the body to naturally reduce
the amount of a chemical or elemental substance
in the body to one-half of its original amount.
Simultaneously, the radioactive material is
decreasing by radioactive decay.  The combina-
tion of the biological and physical (T1/2) half-
lives, the effective half-life, T½e, (Table 2-5) is
less than either half-life and is calculated by the
equation at the right.

2.5  Irradiation During Pregnancy
The developing embryo is a system composed of
rapidly dividing cells with a good blood and
oxygen supply.  Although similar in radiosensi-
tivity to a tumor, an embryo manifests consequences of exposure to radiation  differently.  Teratogenesis is a
somatic effect which may be observed in children exposed to relatively high doses (> 0.3 Gy [30 rad]) of radiation
during the fetal and embryonic stages of development.  Among atomic bomb survivors, it was seen that the unborn
child was more sensitive to the effects of ionizing radiation than a child or adult and the increased sensitivity
seemed to be dependent upon fetal age.  However, ionizing radiation can impair only those developmental events
that are actually occurring at the time of exposure.  The most radiosensitive period for the unborn child is the first
trimester (i.e., first three months), particularly from weeks 2 to 8 of the pregnancy.  During this period, the various
organ systems are forming (i.e., organogenesis) from the rapidly differentiating cells and radiation damage could
produce physical abnormalities and may result in fetal death.  Among fetuses exposed to high radiation doses (i.e.,
greater than 1 Gy [100 rad]), some have exhibited growth abnormalities such as low birth weight, microcephaly,
mental retardation, etc.  Some 20 of the approximately 50 pregnancies of mothers in Hiroshima and Nagasaki
exposed to more than 0.01 Gy (1 rad), terminated in a child with severe mental retardation, significantly greater
than the 4 or 5 normally expected.  Besides higher incidence of these more obvious somatic injuries, epidemio-
logical studies have suggested that fetal radiation exposure may also result in a slight increase in the risk of child-
hood leukemia and solid tumors.  Although radiation is a known carcinogen, it should be noted that within the
Hiroshima-Nagasaki population of prenatally exposed survivors, no increase in mortality from childhood cancers
occurring in the first 10 years following birth was observed and no cases of leukemia were observed. 

Most of the research on fetal radiation effects has been performed on laboratory animals exposed to very high
radiation levels.  Some studies of children who were acutely exposed to low levels of radiation (e.g., > 0.1 Gy [10
rad]) as fetuses have caused regulators to suggest that, based on the linear-no threshold model (see Section 2.7),
even at lower doses, such as those allowed radiation workers, there may be an increased risk for fetal injury that
would usually be manifested as increased childhood cancer incidence.  Therefore, Federal agencies require that
users of radiation implement a Pregnancy Surveillance Program to insure that the fetus and, by extrapolation, the
pregnant worker be exposed to radiation doses less than 10% (i.e., 5 mSv [500 mrem]) of a radiation worker's
whole-body exposure limit (see Chapter 3).  It is believed that exposures at this level pose a negligible risk when
compared to other normal risks faced by the fetus.  Pregnant workers who desire to avail themselves of this protec-
tive standard should inform their supervisor and the Radiation Safety Office.  When notified, Radiation Safety will
meet with the worker to review their past exposure history, the lab’s radioactive work history, and provide
additional information to insure that the pregnant worker maintains her radiation exposure ALARA and well below
the 5 mSv (500 mrem) limit.  Additional information on the various risks to the fetus from radiation and other
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exposures and Pregnancy Surveillance Program guidance can be found in Appendix B.  These readings are taken
from several revisions of the Nuclear Regulatory Commission's pregnancy guides published as Regulatory Guide
8.13, "Instruction Concerning Prenatal Radiation Exposure."

2.6  Biological Hazards From Radioactive Compounds
Much of the research conducted at the University uses compounds which have radioactive material as components
of a compound (e.g., 3H steroids, 14C amino acids, 32P nucleic acids, 125I peptides, etc.).  These types of material are
specially compounded to provide information about metabolism or other cell processes.  Unlike "pure" radioactive
elements, these compounds will be processed differently by the body and perhaps may be stored for even longer
periods of time within the cells and organ systems they were designed to target.  For example, it is estimated that 3H
ingested in the form of thymidine is 9 times more hazardous than 3H ingested in the form of water (i.e., 9-times the
dose).  Those radionuclides which are incorporated into nucleic acids are of particular concern in radiation safety.

Damage to a cell's genetic material, particularly the DNA, is believed to be the major cause of harmful effects of
radiation leading to cell killing and mutations (cancers).  The cell's genetic material is found mainly in the nucleus.
If ingested by a worker or if they enter the body through cuts, needle sticks, or breaks in the skin, compounds which
contain radiolabeled nucleic acids have the potential of exposing the worker's DNA to radiation and may affect cell
replication or cause changes in genetic function.  Nucleic acids which use 3H, 14C, 32P, 33P, 35S, 45Ca and 125I are of
concern not only because the radioactive material can be incorporated in a cell's nucleus, but also because the radia-
tion emitted will be absorbed primarily within the cell, increasing the possibility that damage will occur.

Thus, persons who work with these radioactive nucleic compounds should take greater precautions (see
Chapter 5) to insure the radioactive material remains outside the body where it will pose only a minor hazard.
Good housekeeping and cleanliness are crucial.  Wear gloves and never mouth pipette any solutions, radioactive or
otherwise.  Additionally, at the completion of work with a radioactive compound, wash your hands and forearms
thoroughly and use radiation survey instruments (see Chapters 4, 5 , and 7) to check your hands, feet, clothing, and
work area (bench top and floor) for radioactive contamination before leaving the laboratory.

2.7  Radiation Risk Assessment
Despite new scientific information and epidemiological studies, the health effects of low-level radiation remains a
source of uncertainty and controversy.  Some studies have provided results that were quite reassuring with regard to
the hazards of radiation emissions from nuclear plants.  A major survey conducted by the National Cancer Institute,
for example, found no increased risk of cancer in 107 counties of the United States located near 62 nuclear power
plants. But other evidence was more disquieting, such as a cluster of cancer cases near the Pilgrim reactor in Massa-
chusetts and a high incidence of leukemia in children around the Sellafield reprocessing plant in Britain.  

Because of the inconsistencies of these low dose studies, much of our knowledge about the detrimental effects
of radiation comes from observing the effects of high doses of radiation on individuals and populations.  We know:

acute whole body exposures in excess of 7 Gy (700 rad) are not survivable.
low-energy X-ray skin exposures exceeding 2 - 3 Gy (200 - 300 rad) can produce skin reddening.
TB patients receiving pneumothorax treatments (in 1930s and 1940s) showed higher numbers of breast cancers
on the breast over the treated lung.
children with enlarged thymus glands who were treated with high doses of x-rays (in the 1930s through 1950s)
showed higher numbers of thyroid cancers 20 - 30 years (or more) after the treatment. 
Japanese survivors of the atomic bomb attacks exhibited excess cancer deaths.  About 80,000 survivors have
been followed.  By about 1985 this population had about 24,000 deaths, about 5000 caused by cancer with an
estimated 250 being in excess of the expected (and therefore considered to be radiation induced).

These effects were all the result of acute exposures (i.e., > 2 Gy [200 rad]) to the tissues of interest.  The question
facing scientists is whether there are similar, or any, risks from the low exposures allowed radiation workers.

When researchers investigated this question, they found there were no easy answers.  Based on the radiation
quality (see Table 1-4), some types of radiation (e.g., high LET) were found to be more damaging to cells than
others.  Other factors which have an impact on the effects of radiation include the individual's age, sex, physical
conditioning, total dose, and dose rate. Based primarily on observed effects in man (although some animal data was
incorporated), several models (Figure 2-8) were proposed to adequately represent the risks. 

In 1980, the Biological Effects of Ionizing Radiation (BEIR) III Committee suggested a linear-quadratic model
(i.e., CC B B CC B B  curve) as the model most accurate for low-dose rate, low-LET radiation (i.e., the type of exposure
received by most radiation workers).  This model seemed most representative of cellular response to radiation.  It
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implies that at low doses the effect is essentially linear,
since the square of a small dose will add little to the
frequency of the effect.  As the dose increases, the contri-
bution of the dose-squared term, the quadratic, becomes
important.  The point at which the contribution to the total
effect of the linear and quadratic terms in the dose-
response model are equal is called the crossover value.
Where this value has been estimated, it is usually found to
lie between 1 and 2 Gy (100 - 200 rad).  

However, the linear-quadratic model is primarily
applicable for acute exposures since low or protracted
doses present little opportunity for multiple events of a
given kind to occur.  Physically, at low doses and low
dose rates, cellular injury has an opportunity to be re-
paired so the consequent damage is usually less severe.
Other drawbacks of the BEIR III model were that it was age, sex and organ specific, resulting in many different
models for each of the different types of radiation, cancers, age, gender, etc.  The BEIR III general equation for
excess risk is E = α0 + α1D + α2D2.  

Primarily because of the BEIR III model’s complexity, the BEIR V Committee suggested that for cancer induc-
tion and genetic effects, “the frequency of such effects increases with low-level radiation as a linear, nonthreshold
function of the dose.”

Although there have been reductions in the allowable dose, the dose reductions made in 1946 from 30 rem per
year to 15 rem per year and in 1956 from 15 rem per year to 5 rem per year were not made because of any convinc -
ing evidence that individual workers who were exposed within the allowable level were being injured.  Rather limits
were reduced because a dose reduction was practical and prudent and could be accomplished without an unaccept-
able cost increase.  Research has not been able to establish an unambiguous link between radiation exposure and
cancer incidence in groups of radiation workers exposed to radiation within the established levels.

One result of the inability to demonstrate low-dose detrimental effects has been the suggestion that perhaps low
dose radiation exposure is benign or even hormetic.  Hormesis is characterized as a process whereby low doses of
an otherwise harmful agent could result in stimulatory or beneficial effects.  The phenomenon of hormesis is
commonly found in nature in biological response to harmful chemical and physical agents.  Just as with low dose
detrimental effects, radiation hormesis has not been unambiguously demonstrated in humans and most scientists are
not willing to advocate it as a definite effect of low doses of radiation exposure.

Thus, the model now accepted for regulatory purposes is a linear, no threshold model ( CCC  curve).  Depend-
ing upon basic assumptions, either the linear ( CCC curve) or the linear-quadratic ( CC B B CC B B   curve) model is
accepted.  The quadratic model ( B B B B  curve) is primarily related to high-LET (e.g., α, protons, neutrons) or high-
dose rate (e.g., acute) where cell killing predominates.  

The linear, no threshold model is a conservative model.  It assumes no cellular repair (i.e., no threshold) and it is
believed that the model will overestimate the actual number of fatal cancers produced in the exposed population and
consequently be safe-sided.  It was derived by extrapolating known, acute (high dose and high dose rate) exposure
data points in a linear or curvilinear fashion through the origin.  

To account for differences in response to low dose and low dose rate exposures, a correction factor, the dose
and dose rate effectiveness factor (DDREF), was used to produce the linear quadratic model.  The DDREF takes
into account the effects of cellular repair and the observations of epidemiology and animal studies.  The slope of the
low-LET dose-response relationship at high doses and high-dose rates is greater than the slope at low doses and
low-dose rates producing the change in slope seen in the linear-quadratic curve.  Current recommendations for the
DDREF are on the order of 2 or 3.  

The linear, no threshold relationship between (low) dose and relative cancer risk seems to naturally result from a
multistage process of carcinogenesis.  In this process, small doses of ionizing radiation simply add to the already
massive insults from chemicals, biological agents, oxidative stress, and normal mishaps of gene regulation, suppres-
sion, and expression.

Using risks calculated from the linear model, regulations are promulgated to address exposure of several groups
of populations.  The basic goal is to weigh the radiation risks to the groups involved with the benefits the workers,
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Figure 2-8.  Dose Response Models



patients, and society derive from the anticipated radiation exposure.  Obviously, there is no risk-benefit question
involved with exposing a person to 5 mSv (500 mrem) if that exposure allows a life-enhancing or lifesaving medical
diagnosis to be made.  Nor is there undue concern with exposing the population of the U.S. to an average of 0.01
μSv/yr (0.001 mrem/yr) from the radiation sources found in smoke detectors because of the early-warning from
these devices saves lives, protects property and benefits society.  But, what about exposing laboratory workers to
0.5 mSv/yr (50 mrem/yr) in the hope of finding the purpose of a specific DNA coded segment? 

Radiation workers derive some benefit from their work with radiation, specifically their livelihood.  All jobs
carry some risk (e.g., needle sticks in medical care,
auto accidents in transportation, construction
injuries, etc.), however, modern workers expect to
survive their work and retire in good health.
Whole body exposure limits for workers (see
Table 2-6) are set so there will be no immediate
(non-stochastic) effects from radiation exposure
and, even if the worker is exposed to the max-
imum permissible exposure year after year, the
calculated increased cancer risk (stochastic effect)
will be low.  In fact, although statistics suggest
that the worker population would be at an in-
creased risk for cancer induction, no increases in
cancers have been documented in working popu-
lations exposed to the current limits.

Organ specific limits (e.g., lens of eye, skin, etc.) are set at about 10% of the lowest (acute) dose which has ever
been shown to produce detrimental effects within that organ.  As will be seen in Chapter 3, weighing factors are
applied to specific organ system doses to insure that external and internal doses do not combine to become a more
hazardous dose.

Some workers (e.g., dishwashers, custodians, secretaries, maintenance workers, delivery people, etc.) may be
incidentally exposed to extremely small levels of radiation because their daily work takes them through areas where
radiation and radioactive materials are used.  Researchers must insure that the radiation exposure of those
non-radiation workers is much lower than exposure levels for radiation workers.  Exposure of individual members
of the general public from all (non-natural and nonmedical) sources is currently limited to 1 mSv/yr (100 mrem/yr).
Additionally, unborn children of radiation workers may be exposed when the mother is at work.  To insure the
unborn child's exposure is below 5 mSv (500 mrem) for the entire gestation period, the normal practice is to
maintain the radiation exposure of a "declared" pregnant worker below 5 mSv (500 mrem) during her pregnancy.

2.8  Radiation Exposure Risks
Use of the linear, no-threshold dose-response model (Figure 2-8), implies that radiation exposure carries some long-
term cancer risk.  The NRC estimates the risk from a single whole body radiation exposure of 10 mSv (1 rem) to
represent a risk of about 4 in 10,000 of developing a fatal cancer.  The linear model predicts that a worker who
receives a 50 mSv (5 rem) exposure would thus have a risk of 20 in 10,000 of developing a fatal cancer while a
worker who receives a 1 mSv (0.1 rem) exposure would have a risk of 0.4 in 10,000 of developing a fatal cancer.

But this (statistically) increased risk should not be taken as the only risk facing workers.  Not all cancers are
fatal; some potential cancers are easily cured (e.g., thyroid) while some are less easy to cure.  Thus, while the
natural incidence of cancer is approximately 30%, the natural incidence of fatal cancers is lower.  The U.S. cancer
fatality rate is approximately 20%, and 1 in 5 persons (2,000 in 10,000) will normally die of cancer induced from
one of many possible causes (e.g., smoking, food, alcohol, drugs, pollutants, natural background radiation, inherited
traits, etc.).  Integrating this estimate with the natural incidence for a group of 10,000 radiation workers, each
exposed to 10 mSv (1 rem) of occupational radiation, the model predicts 2,004 fatal cancers.  

The problem facing scientists is that the radiation cancers, if produced, are of such a low frequency that they are
indistinguishable among the high background rate of natural cancers.  To complicate matters even more, protracting
the exposure over an entire work year actually lowers the cancer risk by a factor 2 - 4 times less than the risk from a
single exposure.
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 ✝over entire gestation period for declared pregnant worker

0.11001 Members of the general public

0.5✝500✝5✝ Unborn child of radiation worker

0.55005 Minor (under 18 years old)

5050,000500 Thyroid

5050,000500 Hands, wrist, feet, ankles

5050,000500 Skin

1515,000150 Lens of eye

55,00050 Whole body

rem/yrmrem/yrmSv/yrRadiation Worker

Table 2-6.  Maximum Permissible Dose Limits



Risk is often expressed as a numeric value, or multiple, of background.  An excess relative risk of 5.21 implies
that whatever the spontaneously occurring risk (i.e., background), exposure to 1 Gy (100 rad) will increase that risk
5.2 times.  In a population with a natural rate of leukemia deaths of 7 per 100,000 persons per year, that number of
deaths would increase to 36 if every member of the population were exposed to 1 Gy (100 rad).  Similarly, an
increased risk of 20% in the same population would represent an increase of only 1.4 leukemia deaths per 100,000
persons per year (i.e., 7 x 0.2 = 1.4).

Another way to look at radiation risk is to compare the average number of days of life expectancy lost per 10
mSv (1 rem) radiation exposure to the projected average loss of life expectancy from other health risks (Tables 2-7
and 2-8).  In general, an individual who develops cancer loses an average of 15 years of life expectancy while
his/her coworkers suffer no loss.  The average US radiation worker exposure in 1992 was 3 mSv (0.3 rem) and the
UW's radiation worker average annual exposure is below 0.2 mSv (0.02 rem).  Assuming 3 mSv (0.3 rem) radiation
exposure per year from age 18 to 65 results in a projected estimate of life expectancy loss of 15 days. 

27 days Services51 days 10 mSv (1 rem) per yr from 18 to 65

27 days Trade15 days 3 mSv (0.3 rem) per yr from 18 to 65

40 days Manufacturing6 days Medical diagnostic radiation

60 days Government7 days Natural disaster (earthquake, flood)

160 days Transportation / Public Utilities74 days Home accidents

167 days Mining / Quarrying207 days Motor vehicle accidents

227 days Construction1 year Alcohol consumption (US average)

320 days Agriculture2 years Overweight (by 15%)

60 days All industries6 years Smoking 20 cigarettes a day

Estimated Life
Expectancy LossIndustry Type

Estimated Life
Expectancy LossHealth Risk

Table 2-8.  Industrial Accidents vs Life ExpectancyTable 2-7.  Health Risks vs Life Expectancy

The Biological Effects of Ionizing Radiation V (BEIR V) Committee suggested that the risk of cancer death is
0.08% per 10 mSv (1 rem) for acute doses (1-shot exposure) and might be 2 - 4 times less than that for chronic,
low-level, low-LET doses (i.e., 0.04% - 0.02% per 10 mSv [1 rem] exposure).  Because these estimates are an
average for all ages, sexes and all forms of cancers, there is significant uncertainty associated with the estimate.
Other agencies have suggested other estimates which differ primarily because of the different assumptions and risk
models used in the calculation.

Cervix (27)
Chronic lymphatic leukemia
Melanoma
Prostate
Uterus

Bladder
Bone (10 - 15)
Brain (27)
Kidney
Larynx (24)
Skin (24)

Gastrointestinal tract
Liver
Lung (25)
Lymphatic system
Pancreas
Salivary glands (20)

Leukemia (7 - 10)
Female breast (22)
Thyroid (20)

Very Low / AbsentLowModerateHigh

Table 2-9.  Susceptibility of Tissues to Radiation-Induced Cancer and some Mean Latent Periods (years)

What about radiation and pregnancy?  As noted earlier, although developmental effects have been seen in the
prenatally exposed atom bomb survivors, excess cancers have not been seen.  Additionally, some of the develop-
mental effects seen (e.g., microcephaly, low birth weight, etc.) may have been related to poor nutrition.  What can
one determine from looking as risk?  

There are also many ways to list risk from exposure.  One estimate (Table 2-10) is based upon time of exposure
post conception.  Notice that the first 15 weeks of pregnancy appears to be more sensitive, that the doses are
relatively large (usually greater the 0.1 Sv [10 rem]), and that there is a normal incidence of most of these outcomes
that, in some instances, is relatively large.
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But, Table 2-10 estimates risks
of detrimental effects.  What about
the risks of nothing happening, or
of radiation not producing effects.
Table 2-11 presents the percent
likelihood of not developing child-
hood chancer after a prenatal
(diagnostic x-ray) radiation
exposure.  This table assumes the
absolute incidence of childhood
cancer mortality to be about 2 in
3000 and state that the "increase in
childhood cancer is 1 - 2 cases in
3000 children each exposed to 10
mGy (1 rad) of in utero irradiation."
Again the risk of cancer from the
same dose is greater during the first
trimester.  For both of these tables,
the "risk factors have a great uncer-
tainty and an actual causal link
between low-dose in utero irradia-
tion and childhood cancer is not
definitely established."  

Essentially, there is probably a
study which supports any specific
opinion regarding the risk from radiation
exposure.  The linear, no threshold model
implies that radiation is always harmful,
regardless of how small the dose and,
theoretically, even a single gamma photon
can produce a fatal cancer.  To place this in perspective, let us quantify the risks an average person faces.  

Every hour, the average person is exposed to the following radiation from naturally occurring sources (see 3.2):
200,000,000 gamma rays from the soil; 400,000 cosmic rays and 100,000 neutrons from outer space; and the
emissions from 15,000,000 40K atoms and 7,000 uranium atoms that decay within our bodies, and from 30,000
naturally occurring radionuclides that decay within our lungs.  Neglecting the fact that many radionuclides emit
multiple radiations per decay, this means that a total of at least 215,537,000 radiations bombard our bodies every
hour.  Assuming an average life span of 75 years, one can calculate that a total of almost 1.5 x 1014 (i.e.,
150,000,000,000,000) radiations will have the potential of interacting with our bodies during our lifetime.  In the
U.S., approximately 20% of the population currently dies from cancer.  If we neglect all other sources of radiation,
and if we assume that natural background radiation is the source of all cancer fatalities in the U.S. today, this means
that each one of us has a 20% chance that one of these 1.5 x 1014 radiations will produce a fatal cancer in our bodies.
Then the chance of dying per photon or emitted particle that bombards our body is about one in 10 15, or about 1 in
1,000,000,000,000,000.

In summary, although the radiation effects from high radiation exposure are well known and documented, no
increase in the number of cancers nor genetic effects have been found in persons occupationally exposed within the
allowable limits (50 mSv/yr or 5 rem/yr) for a lifetime of radiation work.  Amongst the survivors at Hiroshima and
Nagasaki, no epidemic of congenital abnormalities occurred nor is there evidence that the health or development of
the children of the survivors has been measurably impaired.  Estimates of the genetic doubling dose (i.e., the dose
that would double the rate of occurrence of an effect) following acute exposure is in the neighborhood of 2 Gy (200
rad), and for chronic exposure approximately 4 Gy (400 rem). 

2.9  Review Questions - Fill-in or select the correct response
1. Free-radical formation is an                                   type of process which may lead to cell damage.
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'The normal incidence of congenital defects is about 3% and can vary by more than
a factor of 2 depending on the definition of a congenital defect

HThe normal incidence of childhood cancer is about 1 in 1500.
IMore than 50% of conceptions abort naturally, frequently before the woman is
aware she is pregnant.
Effects questionable.

1 in 2000 per 0.01
Sv (1 rem)H------

2nd & 3rd trimesters
are less sensitive
than 1st trimester

Childhood
Cancer

------
0.05 - 0.25 Sv
(5 - 25 rem)2 - 8 weeks

Congenital
Malformations'

Loss of 1 IQ point
for every 0.04 Sv
(4 rem)

0.1 Sv 
(10 rem)8 - 15 weeks

Intellectual
Deficit

1 in 250 per 0.01
Sv (1 rem)

0.1 - 0.4 Sv
(10 - 40 rem)

8 - 15 weeks
Severe Mental
Retardation

------
0.2 Sv 

(20 rem)
8 - 15 weeks

Growth
Impairment

------I0.05 - 0.1 Sv
(5 - 10 rem)

1 - 14 daysPrenatal Death

Estimated Risk

Possible
Threshold

Dose
Sensitive Period

(post-conception)Effect

Table 2-10.  Radiation Risk to the Conceptus

99.48%99.70%99.88%99.93%2nd / 3rd trimester
98.25%99.12%99.75%99.93%1st trimester
10 rad5 rad1 rad0 radGestation Age

Table 2-11.  Likelihood of NOT Developing Childhood Cancer



2.                                         effects result from damage to a person's cells and only effect the irradiated person.
3.                                         effects can be passed on to future generations.
4. Radiation damage to                                     is the basic cellular effect.
5. Acute radiation effects are / are not likely to occur at the University.
6. An acute whole body exposure of 0.25 Gy (25 rad) will / will not produce clinically detectable effects.
7. The lethal radiation dose to half the exposed population within 60 days (LD50/60) if there is no medical treatment

is approximately                        Gy (                      rad). 
8. A long term potential somatic effect of radiation exposure is                                  .
9. The NRC estimates that the fatal cancer risk from an occupational exposure of 10 mSv (1 rem) to be approxi-

mately                           per 10,000 persons.
10. The normal incidence of birth defects is approximately                            of all live births.
11. Beta emitters with maximum energies less than                         keV are not external radiation hazards.
12. Inside the body, radioisotopes emitting                                  radiation are the most hazardous.
13. An effect which may arise from the injury of a few cells and has no threshold is a                          effect.
14.                              discovered x-rays on 8 November, 1895.
15. The unborn child is more / less sensitive to radiation than the mother?
16. The pregnancy surveillance program goal is to keep fetal radiation exposure below             mSv  (            mrem).
17. Cataract formation is an example of a non-stochastic effect.    true  /  false
18. Unlike "pure" radionuclides, radioactive compounds used to provide information about cell processes are more /

less of an internal hazard?
19. The dose-response model accepted for regulatory purposes is the                        ,                                      model.
20. Among the general safety rules, good housekeeping and cleanliness are important.  Additionally, wear gloves

and                        mouth pipette any solution.
21. Eye irritations were reported by some early researchers (e.g., Thomas Edison) conducting experiments with

x-rays and fluorescent substances.    true  /  false
22. A 250 keV x-ray (similar to 51Cr in energy) has a LET of                 keV/μm and an RBE of               while a 3H

beta has a LET of                  keV/μm and an RBE of               .
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