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Health effects 

of ionising 

radiation

Interaction of electrons with water in our body

- our body consists of ∼∼∼∼ 65 % (55-78 %) of water

- interaction of electrons (ejected from atoms by ionising radiation) with body 
water is at the origin of most health effects of radiation from radioisotopes

First, hydrogen 

radicals (H●) and 
hydroxyl radicals (OH●) 

are formed

Combination of OH radicals and 

interaction of H radicals with oxygen 

in cells results in formation of 

strongly oxidising hydrogen peroxide 

(H2O2), very noxious for DNA
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3

Double-strand breakBreakage of H-bond

Pyrimidine dimer Loss of base

DNA-base 

damage

Cross linkage

Single-strand break

Repair by DNA-ligase

Repair by DNA-polymerase

Figure from: Radiobiologie en stralingsbescherming
V.J. de Ru et al, Lemma, Utrecht, 1996

Sensitivity of cells and tissues to effects of ionising radiation
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- DNA is the key molecule for regulation of cellular growth and differentiation

- DNA replication is essential for cell proliferation (cell development and 

division)

- effects of ionising radiation on DNA have most severe consequences for 

cell proliferation when they occur just prior to or at moment of DNA 

replication (G2 and M phase of cell cycle)

- tissues containing many cells with high rate of division are therefore most 

sensitive to effects of ionising radiation

Cell cycle

As DNA is a building block of chromosomes, ionising radiation 
also causes damage to chromosomes
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stralingsbescherming

V.J. de Ru et al, Lemma, Utrecht, 1996

Sensitivity of tissues and organs to effects of ionising radiation
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from most sensitive to least sensitive:

1. Stem cells* in skin, intestines, blood forming 

tissues, eyes and stem cells of male reproductive 

system (spermatogonia)

2. Cells during process of differentiation, e.g. 

spermatocytes

3. Specialised long-lived cells which do not divide but 

still have ability to divide, e.g. in liver, kidneys, 

pancreas, endocrine organs, 

4. Mature cells without differentiation, e.g. nerve cells, 

spermatozoa,..

* Stem cells: - have the potential to develop into different cell types during early life and growth. 
- in addition, in many tissues they serve as a sort of internal repair system, dividing 

essentially without limit to replenish other cells.

spermatogenesis

birth

spermatides

Figure from: Radiobiologie en stralingsbescherming
V.J. de Ru et al, Lemma, Utrecht, 1996
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Health effects of ionising radiation can be deterministic or stochastic

Probability Deterministic effects

Absorbed radiation dose

Severity 
of harm

threshold

- effect will occur in all persons 

- effect clinically manifest only above a 

threshold dose of radiation

- threshold dose different depending on 

sensitivity of individuals

- severity of harm increases with dose

- most relevant examples:

- erythema of skin and radiodermitis

- cataract (eye) 

- damage to intestinal mucosa

- hematologic disorders, resulting from 

cell depletion in bone marrow

- damage to gonads
Figure from: Radiobiologie en stralingsbescherming
V.J. de Ru et al, Lemma, Utrecht, 1996

Early radiation effects on skin (effects in epidermis)

- a few hours after doses > 5 Gy: early erythema similar to sunburn, caused by 

vasodilatation, edema, loss of plasma components from capillaries; 
reversible

- destruction of stem cells in basal layer results in absence of formation of new 

cells and desquamation (peeling off) of epidermis after 15-20 days; reversible 

if residual stem cells

- temporary hair loss (alopecia) during 3rd week after
dose of 5-10 Gy; regrowth after 1-3 months

- permanent hair loss after dose of 10-15 Gy 

Late radiation effects on skin (effects on dermis)

- more severe than early effects, because irreversible

- result of damage to blood vessels: ⇒⇒⇒⇒ stagnation of blood supply 

- ⇒⇒⇒⇒ necrosis (uncontrolled death of cells and tissues) and ulcerations

- after years: telangiectasia (dilated small blood vessels near the surface of skin)

- skin becomes thin, fragile

- skin looses elasticity

- permanent epilation

- disappearance of fingerprints

- areas of achromia and hyperchromia (change in pigmentation)

- longitudinal lines over nails

- risk for cancerisation

Fig.: Exposure to ionizing radiation; radiobiological
and pathogenic effects, I+ II Wambersie A, et al. Rev

Med Brux. 1996 17:27-38; 75-84.

Fig: Exposure to ionizing radiation; radiobiological
and pathogenic effects, I+ II Wambersie A, et al. Rev

Med Brux. 1996 17:27-38; 75-84.

Effects of ionising radiation on eyes

- lens of eye is highly radiosensitive

- cataract (clouding in the crystalline lens of the eye) following single dose of
2 Gy (after 8 years!) or after cumulative fractionated dose of 10 Gy

- lower radiation doses result in less severe clouding of lens during years, 

without sight problems
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A: Active epithelium gives rise to B:

elongated cell fibers; C: the fibers 

migrate inward toward the lens nucleus. 

Since there is no mechanism for removal 

of cells, radiation-damaged cells migrate 

inward and form opacities and 

eventually cataracts.

lens

Stem cells 

Figure from: Radiobiologie en stralingsbescherming
V.J. de Ru et al, Lemma, Utrecht, 1996
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Effects of ionising radiation on intestinal mucosa

- destruction of stem cells in crypts results in absence of formation of new 

cells and as a result, intestinal epithelium is progressively damaged 

- after serious damage to mucosa (4-7 days): loss of fluid and electrolytes, 

massive resorption of bacteria and toxins from intestines, with acute 

inflammatory response

- radiation dose of 10 Gy is always fatal

- clinical symptoms: nausea, vomiting, spasms, diarrhea, dry mouth because 

of fluid loss and aqueous diarrhea) 

(radiation hangover; bestralingskater); 

- = gastro-intestinal syndrome, most pronounced between 6th and 10th day 
after irradiation, but can start very soon or immediately after irradiation

Fig.: Exposure to ionizing radiation; 
radiobiological and pathogenic effects, I+ II 

Wambersie A, et al. Rev Med Brux. 1996 
17:27-38; 75-84.

Effects of ionising radiation on male gonads

- clear difference in radiosensitivity between spermatogonia, spermatocytes, 

spermatides and spermatozoa, but serious risk of genetic damage for all 

these cells

- radiation dose of 0.15 Gy causes significant decrease in number of sperm 

cells, but fertility can be restored (which can take up to a few years) 

- radiation dose of 5-6 Gy results in permanent sterility (spermatogonia are 

killed), but not immediate sterility because of relative radioresistance of 

spermatides and spermatozoa 

- Probability for genetic abnormality doubled upon conception during first 6 

weeks after serious irradiation of male gonads: 

⇒⇒⇒⇒ avoid conception during 6-12 months after such irradiation 

Effects of ionising radiation on female gonads

• Mature oocyte is most radiosensitive, but less than spermatogonia

• Temporary decrease of fertility after exposure of both ovaries to radiation

dose of 0.65 to 1 Gy

• Permanent sterility after radiation dose of 

- 2 to 20 Gy fractionated irradiation

- 3 to 10 Gy single exposure

• Threshold for permanent sterility decreases with age because of age-

dependent depletion of oocytes

• Effect of ionising radiation on production of estrogen hormone results in 

artificial start of menopause

• Risk for genetic abnormality following serious irradiation of ovaries prior to 

conception almost nihil: ‘all or nothing effect’ (no development of embryo after 

conception if oocyte is damaged)

Hematologic effects of sub-lethal dose of ionising radiation on 
bone marrow

- very rapid (within hours) decrease of number of lymphocytes (a type of white 

blood cell in the immune system; life time = 24 h): = most sensitive indicator 
of radiation damage

- temporary sharp increase in granulocytes (white blood cells; life time = 3 

days), followed after 1 day by a decrease with a minimum after a few weeks 
and slow recovery during weeks to 

months

- number of red blood cells unchanged 

during 1st week (mean life time = 
90- 120 days), followed by decrease 

during 1-2 months and then 

slow recovery

- number of thrombocytes (life 

time = 8-12 days) decreases 

gradually down to a minimum 
after about a month, very slow

recovery
Figure from: Radiobiologie en stralingsbescherming
V.J. de Ru et al, Lemma, Utrecht, 1996

Health effects of ionising radiation can be deterministic or stochastic

Probability
Stochastic effects

Absorbed radiation dose

Severity 
of harm

- Effect will occur in some persons, but 

not in all persons 

- no threshold dose of radiation

- severity of harm not dependent on 

radiation dose (‘all or nothing’)

- probability of occurrence proportional to 

dose (∼∼∼∼linear relationship)

- only two examples:

- cancer (= effect in somatic cells)

- abnormalities in descendants ( = 

effects on germ cells; genetic effect)

- mutations are at the origin of these effects

Figure from: Radiobiologie en stralingsbescherming. V.J. de Ru et al, Lemma, Utrecht, 1996

Estimation of fatal cancers caused by ionising radiation

Organ number of cancers per 104 persons per sievert

gonads -

stomach 110

lung 85

colon 85

bone marrow  (leukemia) 50

esophagus 30

urinary bladder 30

breast 20

liver 15

ovaries 10

thyroid 8

bone 5

skin 2

rest 50

total risk 500/104 persons/Sv

Serious genetic 

effects = 100

Radiation-induced cancers may take 10 - 15 years or more to appear

Thyroid cancer due to iodine-131 
uptake can be prevented with ‘cold’ 
potassium iodide
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Fig: Exposure to ionizing radiation; 
radiobiological and pathogenic effects, I+ 

II Wambersie A, et al. Rev Med Brux. 
1996 17:27-38; 75-84.

Higher sensitivity of embryo to ionising radiation: risks as function 
of time of irradiation 

• prior to conception (-21 to 0 d): no effects if born alive

• pre-implantation period (0-9 d after conception)

- prenatal death (if ≥ 0.1 Gy)

- if surviving, no abnormalities

• organogenesis (10 - 60 d after conception) = most critical period

- if radiation dose ≥ 0.2 Gy: malformations and neonatal death

- risk not significant if radiation dose < 0.1 Gy

- most abundant abnormalities:

body length (88%)

volume of brain (77%)

abnormalities of eyes (5%)

Higher sensitivity of embryo to ionising radiation: risks as function 
of time of irradiation 

• Development of brain : week 8-25

- mental retardation

IQ decreased with 30 points for radiation dose of 1 Gy

- microcephaly

• Foetal period: 60-270 d

- no congenital abnormalities

- smaller body length if dose ≥≥≥≥ 0.5 Gy

- increased risk for tumor as child or adult (if ≥ 0.1 Sv)
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Putting risk into perspective

Health risk Estimated life expectancy loss

Unmarried (man) 10 years

Smoking 20 cigarettes a day 6 years

Unmarried (woman) 4.5 years

Overweight by 15% 2 years

Alcohol (US average) 1 year

All accidents 207 days

All natural hazards 7 days

Occupational radiation dose of 15 days

3 millisievert (mSv) per year

The skin is a radiosensitive tissue 

Epidermis (75-150 µm)

Dermis (1.9 mm)

Early radiation effects

Late radiation effects

Basal cell layer with 
stem cells

Figure from: Het menselijk lichaam. National 
Geographic Society, translation Natuur en techniek, 

Maastricht; 1986  

Effects of ionising radiation on skin

33

Epidermis consists of stratum corneum (Co), layer of Malpighi (Ma) and basal 

cell layer (Ba). 

Basal cells contain the highly radiosensitive stem cells which continuously 

renew the epidermis (∼∼∼∼ every 15 days)

Radiation dose of 2 gray (2 Gy) kills 50 % of these stem cells 

Epidermis

dermis

Fig: Exposure to ionizing radiation; 
radiobiological and pathogenic

effects, I+ II Wambersie A, et al. 
Rev Med Brux. 1996 17:27-38; 75-

84. 

Effects of ionising radiation on intestinal mucosa

Stem cells at bottom of crypts form new cells which 

migrate to the top of villi where they desquamate.

Radiation dose of 2 gray (2 Gy) kills 50 % of these 

stem cells.

Fig.: Exposure to ionizing radiation; 
radiobiological and pathogenic effects, I+ II 

Wambersie A, et al. Rev Med Brux. 1996 
17:27-38; 75-84.

Hematologic effects of ionising radiation result in enhanced 
sensitivity to infections because of

• decreased number of circulating lymphocytes and granulocytes

• decreased production of antibodies

• granulocytes have reduced mobility

• less capacity to kill bacteria

• low number of thrombocytes is the reason for bleedings in skin,      

intestines and mouth (teeth), resulting in higher risk for entrance and 

resorption of bacteria

After serious radiation dose, persons must stay in ‘sterile’ room

Risk for cancer caused by ionising radiation

A: linear model without threshold dose

B: linear quadratic model

C: linear model with threshold dose

It has been difficult to estimate 

cancer induction risks, because 

most of the radiation exposures 

that humans receive are very close 

to background levels. 

At low dose levels the risk of 

radiation-induced cancers is so 

low, that if the risk exists, it is not 

readily distinguishable from normal 

levels of cancer occurrence. 

In addition, leukemia or solid 

tumors induced by radiation are 

indistinguishable from those that 

result from other causes.

Baseline risk of cancer induction is 

about 25 %. 
Figure from: Radiobiologie en stralingsbescherming. V.J. de Ru et al, Lemma, Utrecht, 1996
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Fig: Exposure to ionizing radiation; radiobiological
and pathogenic effects, I+ II Wambersie A, et al. Rev

Med Brux. 1996 17:27-38; 75-84.

Characteristics of radiation emitted by radioisotopes

- different kinds of radioisotopes (= radionuclides) emit different radiations: 

alpha, beta-minus (electrons), beta-plus (positrons), gamma rays, X-rays

- all radiations emitted by radioisotopes have the property to eject electrons 
from atoms with which they interact

- in this way, ion pairs are formed: positively charged ions and negatively 

charged electrons (e-)

- for this reason, radiation emitted by radioisotopes is called ionising radiation
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