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1. Radiation Physics
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• Factors Controlling the X-ray Beam 



History of 
Dental X-ray 
• Professor Wilhelm Conrad Roentgen 

discovered the X-ray in 1895

• Otto Walkhoff took first dental X-rays 
on himself (took 25 minutes)
• “It was a real torture but I felt 

tremendously happy when I saw 
the results. It was when I 
weighed up the importance of 
Roentgen’s discovery for future 
dentistry.”



Indications for Dental X-rays  

• Dental History
• Previous treatment 

• Clinical Signs and Symptoms 
• Dental Pain
• Trauma
• Caries
• Periodontal Disease
• Absence of teeth eg. delayed eruption
• Impacted teeth
• Implants, etc…



Nature of Radiation

• Radiation is the transmission of energy through space and matter.

• Occurs as particulate and electromagnetic radiation .



Electromagnetic Radiation (EMR)

1. Quantum Theory:
ØConsiders electromagnetic radiation as small discrete 

particles of energy called photons.
ØElectron volt (eV) is the unit of energy

Ø the amount of energy acquired by one electron accelerating 
through a potential difference of one volt.

2. Wave Theory:
ØMovement of photon energy through space as a 

combination of electric and magnetic fields.
ØFields oriented in planes at right angles to one another 

that oscillate perpendicular to the direction of motion.

γ rays, x-rays, UV rays, visible light, infrared radiation (heat), microwaves, and radio waves. All made up of photons.



x-ray photons have high energy and short wavelengths





Properties of X-ray

• Composed of photons (a quanta of energy)
• They are invisible
• They have high energy (short wavelengths & high frequencies)
• They have no mass or charge
• Travel at the speed of light
• Each x-ray photon travels in a straight line
• X-ray beam can be deflected and scattered
• Cannot be focused from their point of origin; they diverge 
• Can penetrate or may be absorbed by matter (other factors also involved)
• Cause some substances to fluoresce
• Can affect photographic film
• They are ionising radiation & can cause biological damage



Matter - Atoms & Electrons

• Atoms have electrons, protons and neutrons*
*Hydrogen does not have a neutron
• Atomic number = number of protons

• Electrons orbit around the nucleus in circular 
or elliptical shells/orbits.
• K, L, M, N, O (inner to outer shell)
• Electrons in the inner shells are more tightly bound 

than the more distant outer shells 
• Each shell has a limit on the number of electrons

• Electrons can move from one shell to another if 
additional energy is added to overcome the 
binding energy of the electron to their shell.



Ionising Radiation

• Ionisation is a process when an atom loses an electron and becomes a positive ion

• To ionise an atom, sufficient energy is required to overcome the electrostatic 
force (binding energy of the electrons to the nucleus) 
• The binding energy of an electron is related to the atomic number of the atom 

and the orbital type. 
• Large atomic number = large no. of protons in the nucleus 

à High bind energy of electrons electrons
à High energy is required to IONIZE atoms

• For molecules, exposure to ionizing radiation may also break chemical bonds, 
fragmenting the molecule è biological change!



X-ray Photon Production

• The production of x-ray photons requires 3 
important processes:

1. Production of electrons 
2. Acceleration of these electrons such that 

they have high kinetic energy
3. Impact of these electrons into other atoms



Dental X-ray Tubehead
• Primary components of a tube head include:

ØX-ray tube and power supply
• Other components:

• An electrical insulating material, usually oil, surrounds the 
x-ray tube (conducts heat away from the x-ray tube).

• Lead Casing/Glass: Removes scattered x-rays.
• Aluminium Filter: removes soft (low energy) x-rays from 

the primary beam.
• PID (position indicating device; 200mm in length) à

provides optimum distance (least divergence & 
unclearness)

• Collimator (opening) à restricts beam to usable size
• Entire tube head is supported by an arm that is mounted 

on a wall.
• Control panel available for adjusting: duration of exposure, 

and energy and exposure rate of the x-ray beam.



X-ray Tube

• Composed of a cathode (-ve) and an anode (+ve) within an evacuated glass/tube.

Power Supply
kVp & mA

Typically, kvP of an 
intraoral x-ray 
machine is 70kvp





Cathode (-)

• The cathode (-ve) consists of a tungsten filament and 
a molybdenum focusing cup. The filament is the 
source of electrons within the x-ray tube. 
• The filament is heated by the flow of current from the 

low-voltage source (~ 10 volts) and emits electrons at 
a rate proportional to the temperature of the 
filament.
• Focusing cup is also negatively charged.

• Concave shape and charge serve to focus the electrons into 
a beam that is aimed at the focal spot on the anode. 
(electron clouds)

• Electrons are then accelerated (gaining kinetic 
energy) by the second high-voltage source (60-100 
kilovolts) and move / are attracted to the positively 
charged anode (focal spot).



Tungsten Atom (Z = 74) 

• Electron volt binding energy decreases as the 
shell to nucleus distance increases.

• Tungsten has an K shell electron binding 
energy is approximately 70keV.

• It has a high atomic number (74), a high 
melting point, high thermal 
conductivity, and low vapor pressure at 
the working temperatures of an x-ray 
tube. 
• Tungsten has high thermal conductivity, thus 

readily dissipating its heat into the copper stem. 



Anode (+)

• Consists of a tungsten target in a copper stem.
• Typically, the target is placed at an angle (inclined about 20 

degrees) to the electron beam 
• to generate a much smaller (outgoing) beam à the more 

‘focused’ the beam, the sharper the radiographic image 
at the expense of generating more heat

• Target converts the kinetic energy of the colliding 
electrons into x-ray photons.

• Conversion of the kinetic energy of the electrons into x-
ray photons is an inefficient process as 99% of the 
electron kinetic energy converted to heat. 

• A target made of a high atomic number material is 
most efficient in producing x rays.

• Copper stem removes heat from the tungsten, reducing 
the risk of the target melting.
• Additionally, the insulating oil carries heat away from the 

copper stem.



Heat Production in Tungsten Target (on Anode)

• Most high-speed electrons interacting with the 
tungsten target release their energy as heat 
(99%) L

• Heat is produced the following ways:
1. The incoming electron is deflected by the cloud 

of outer-shell target electrons with a small loss 
of energy in the form of heat

2. The incoming electron collides with an outer 
shell target electron displacing the target 
electron to a more peripheral shell (excitation) 
or displacing the target electron from the atom 
(ionisation) with a small loss of energy in the 
form of heat



X-ray Production in Tungsten Target (on Anode)

• The remaining 1% of the high-energy electrons convert their kinetic 
energy into x-ray photons by the formation of Bremsstrahlung 
radiation and characteristic radiation.



Bremsstrahlung Radiation
Bremsstrahlung = “Braking” in German
• More than 70% of dental x-rays
• Electrons’ sudden stopping or decrease in 

speed by tungsten nuclei causes the electrons 
to lose kinetic energy à producing 
bremsstrahlung photons
• The closer the electron approaches the nuclei, 

the greater the braking effect, and the greater 
the energy of the resulting bremsstrahlung 
photons.
• High Z (atomic number) metals (more protons) are 

more effective in deflecting the path of the 
incident electrons.

• Large deflections produce high-energy photons
• Small deflections produce low-energy photons



Bremsstrahlung Radiation cont’d.

• Reality à more low energy 
• Resultant spectrum shows a large 

number of small energy photons and a 
small number of high energy photons, 
with a continuous spectrum in 
between 

• Note: Low energy photons have little 
penetrating power and do not 
contribute to a useful x-ray beam and 
a removed by filtration.

Continuous Spectrum



Characteristic Radiation

• Only a small fraction of dental x-rays
• Occurs when an incident electron (from 

the incoming beam) ejects an inner 
orbit electron from the tungsten target. 
• The electron vacancy is filled by an 

electron from an outer orbit. 
• A photon is emitted with energy equal 

to the difference in energy between the 
two orbits. 
• The energies of characteristic photons 

are discrete because they represent the 
difference of the energy levels of 
electron orbital levels and hence are 
characteristic of the target atom.



Characteristic Radiation cont’d.

• Discrete, specific energies 
(characteristic) ie. no 
continuous spectrum

Characteristic Radiation Spectra
(Tungsten Atom)



Spectrum of X-ray Photons 
(at 70 kVp & 100 kVp, Tungsten Target)
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result, they give up varying amounts of energy in the form of 
bremsstrahlung photons.  

  3.     Many electrons participate in many bremsstrahlung interactions 
in the target before losing all their kinetic energy. As a conse-
quence, an electron carries differing amounts of energy at the 
time of each interaction with a tungsten nucleus that results in 
the generation of an x-ray photon.     

  CHARACTERISTIC RADIATION 

 Characteristic radiation contributes only a small fraction of the 
photons in an x-ray beam. It occurs when an incident electron ejects 
an inner electron from the tungsten target. When this happens, an 
electron from an outer orbital is quickly attracted to the void in the 
defi cient inner orbital ( Fig. 1-15   ). When the outer-orbital electron 
replaces the displaced electron, a photon is emitted with an energy 
equivalent to the difference in the two orbital binding energies. The 
energies of characteristic photons are discrete because they represent 
the difference of the energy levels of electron orbital levels and hence 
are characteristic of the target atoms.   

  Factors Controlling the X-Ray Beam 
 An x-ray beam may be modifi ed by altering the beam exposure dura-
tion (timer), exposure rate (mA), energy (kVp and fi ltration), shape 
(collimation), and intensity (target-patient distance). 

  EXPOSURE TIME 

 Changing the time controls the duration of the exposure and thus the 
number of photons generated ( Fig. 1-16   ). When the exposure time is 
doubled, the number of photons generated at all energies in the x-ray 
emission spectrum is doubled, but the range of photon energies is 
unchanged.  

  TUBE CURRENT (mA) 

 The quantity of radiation produced by an x-ray tube (i.e., the number 
of photons that reach the patient and fi lm) is directly proportional to 
the tube current (mA) and the time the tube is operated ( Fig. 1-17   ). 
As the mA setting is increased, more power is applied to the fi lament, 
which heats up and releases more electrons that collide with the target 
to produce radiation. The quantity of radiation produced is expressed 
as the product of time and tube current. The quantity of radiation 
remains constant regardless of variations in mA and time as long as 
the product remains constant. For instance, a machine operating at 
10 mA for 1 second (10 mA) produces the same quantity of radiation 
when operated at 20 mA for 0.5 second (10 mA). In practice some 
dental x-ray machines fall slightly short of this ideal constancy. The 
term  beam quantity  or  beam intensity  refers to the number of photons 
an x-ray beam.  

  TUBE VOLTAGE (kVp) 

 Increasing the kVp increases the potential difference between the 
cathode and the anode, thus increasing the energy of each electron 
when it strikes the target. This results in an increased effi ciency of 
conversion of electron energy into x-ray photons and thus an increase 
in (1) the number of photons generated, (2) their mean energy, and 
(3) their maximal energy ( Fig. 1-18   ). 

 The ability of x-ray photons to penetrate matter depends on their 
energy. High-energy x-ray photons have a greater probability of pen-
etrating matter, whereas lower-energy photons have a greater proba-
bility of being absorbed. Therefore the higher the kVp and mean 
energy of the x-ray beam, the greater the penetrability of the beam 
through matter. A useful way to characterize the penetrating quality 
of an x-ray beam (its energy) is by its half-value layer (HVL). The 
HVL is the thickness of an absorber, such as aluminum, required to 
reduce by one half the number of x-ray photons passing through it. 

 FIG. 1-14      Spectrum of photons emitted from an x-ray beam gener-
ated at 70 kVp. The vast preponderance of radiation is bremsstrahlung, 
with a minor addition of characteristic radiation.    
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 FIG. 1-15      Characteristic radiation.  A,  An incident electron ejects an electron from in an inner orbital 
creating a photoelectron and a vacancy.  B,  An electron from an outer orbital fi lls this vacancy. 
 C,  A photon is emitted with energy equal to the difference in energy levels between the two orbitals. 
 D,  Electrons from various orbitals may be involved, giving rise to other photons. The energies of 
the photons thus created are characteristic of the target atom.    
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Factors Controlling the X-ray Beam 

1. Tube Voltage (kVp) 
2. Filtration
3. Tube Current (mA)
4. Duration (time in seconds)
5. Collimation
6. Target-Patient Distance 
• Inverse-square law



X-ray Altered by: Tube Voltage (kVp)

• Spectrum of photon energies 
showing that as the kVp
increases (mA constant) there is 
a corresponding increase in:

1. the mean energy of the beam, 
2. the total number of photons 

emitted, and
3. the maximum energy of the 

photons. 



X-ray Altered by: Filtration of Beam

• Filtration of an x-ray beam 
with aluminium results in the 
preferential removal of low-
energy photons, reducing the 
intensity of the beam but 
increasing its mean energy. 
(also decrease in no. of 
photons)

30



X-ray Altered by: Exposure Rate / Tube 
Current (mA)

• Spectrum of photon energies 
resulting from increasing the 
tube current (mA) while 
maintaining the tube voltage 
(kVp).

31



X-ray Altered by: Duration / Exposure Time

• As the exposure time 
increases the total 
number of photons 
increases, but the 
mean energy and 
maximum energy of 
the beams are 
unchanged.

32



X-ray Altered by: Collimation (shape of the beam)

• A collimator is a metallic barrier with 
an aperture in the middle used to 
reduce the size of the x-ray beam 

• Dental x-ray beams are usually 
collimated to a circle (7 cm in 
diameter)
• Less frequently, there are 

rectangular collimators in dentistry
• Typically, round collimators are built 

into open-ended aiming cylinders. 
• Rectangular collimators further limit 

the size of the beam to just larger than 
the x-ray film (intraoral x-ray films are 
rectangular), thereby further reducing 
patient exposure. 

88 PART IV ! IMAGING PRINCIPLES AND TECHNIQUES

 FIG. 7-13      Effect of brightness, contrast, and  γ  adjustment as illustrated by image transformation 
graphs  (left) , digital images  (middle),  and image histograms  (right).  The image adjustments are relative 
to those of  Figure 7-12 .  A,  Increase in brightness.  B,  Decrease in brightness.  C,  Increase in contrast. 
 D,  Decrease in contrast.  E,  Increase in  γ .  F,  Decrease in  γ .    
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x-ray beam to be equal to the equivalent of 1.5 mm of aluminum up 
to 70 kVp and 2.5 mm of aluminum for all higher voltages (see 
 Chapter 3 ).  

  COLLIMATION 

 A collimator is a metallic barrier with an aperture in the middle used 
to reduce the size of the x-ray beam and thereby the volume of irradi-
ated tissue ( Fig. 1-20   ). Round and rectangular collimators are most 
frequently used in dentistry. Dental x-ray beams are usually colli-
mated to a circle 2  3

4     inches (7 cm) in diameter. A round collimator 
(see  Fig. 1-20,  A  ) is a thick plate of radiopaque material (usually lead) 
with a circular opening centered over the port in the x-ray head 
through which the x-ray beam emerges. Typically, round collimators 
are built into open-ended aiming cylinders. Rectangular collimators 
(see  Fig. 1-20,  B  ) further limit the size of the beam to just larger than 
the x-ray fi lm, thereby further reducing patient exposure. Some types 
of fi lm-holding instruments also provide rectangular collimation of 
the x-ray beam (see Chapters 3 and 9). 

 Use of collimation also improves image quality. When an x-ray 
beam is directed at a patient, the hard and soft tissues absorb about 
90% of the photons and about 10% pass through the patient and 
reach the fi lm. Many of the absorbed photons generate scattered 
radiation within the exposed tissues by a process called  Compton scat-
tering  (see later). These scattered photons travel in all directions, and 
some reach the fi lm and degrade image quality. Collimating the x-ray 
beam thus reduces the exposure area and thus the number of scattered 
photons reaching the fi lm.  

  INVERSE SQUARE LAW 

 The intensity of an x-ray beam (the number of photons per cross-
sectional area per unit of exposure time) depends on the distance of 
the measuring device from the focal spot. For a given beam the inten-
sity is inversely proportional to the square of the distance from the 
source ( Fig. 1-21   ). The reason for this decrease in intensity is that an 
x-ray beam spreads out as it moves from its source. The relationship 
is as follows: 
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 where  I  is intensity and  D  is distance. Therefore if a dose of 1 Gy is 
measured at a distance of 2 m, a dose of 4 Gy will be found at 1 m 
and 0.25 Gy at 4 m. 

 Therefore changing the distance between the x-ray tube and 
patient has a marked effect on skin exposure. Such a change requires 
a corresponding modifi cation of the kVp or mA to keep constant the 
exposure to the fi lm or digital sensor.   

  Interactions of X-Rays with Matter 
 In dental imaging the x-ray beam enters the face of a patient, interacts 
with hard and soft tissues, and then strikes a digital sensor or fi lm. 
The incident beam contains photons of many energies but is spatially 
heterogeneous. That is, the intensity of the beam is essentially uniform 
from the center of the beam outward. As the beam goes through the 
patient, it is attenuated, that is, reduced in intensity. This attenuation 
results from interactions of individual photons in the beam with 
atoms in the absorber. The x-ray photons are either absorbed or scat-
tered out of the beam. In absorption interactions, photons ionize 
absorber atoms, convert their energy into kinetic energy of the ejected 
electron, and cease to exist. In scattering interactions, photons also 
interact with absorber atoms but then move off in another direction. 
The frequency of these interactions depends on the type of tissue 
exposed. Thus although the incident beam striking the patient is 
spatially homogenous, the remnant beam, the beam that exits the 

 FIG. 1-20      Collimation of an x-ray beam  (blue)  is achieved by restricting its useful size.  A,  Circular 
collimator.  B,  Rectangular collimator restricts area of exposure to just larger than the detector size.    
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 FIG. 1-21      The intensity of an x-ray beam is inversely proportional to 
the square of the distance between the source and the point of 
measure.    



X-ray Altered by: Intensity / Distance 

• Inverse Square Law = For a given 
beam, the intensity is inversely 
proportional to the square of the 
distance from the source 

• The intensity of an x-ray beam 
(the number of photons per cross-
sectional area per unit of 
exposure time) depends on the 
distance of the measuring device 
from the focal spot. 

2x distance = ¼ x Radiation
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2. Radiation Safety 



Contents
• X-ray & Tissue (eg. Patient) Interaction

• Direct and Indirect Damage

• Biological Effects of X-rays (& all other ionising 
radiation)

• Dosimetry 

• Other Sources of Ionising Radiation (Patient 
Education)

• How to minimise radiation in clinic? 



Patient Interactions with X-ray Photon

3 possible outcomes:

1. X-ray photons pass through patient 
without any interaction 

2. X-ray photons are completely 
absorbed by patient

3. X-ray photons are scattered (coherent 
and incoherent)



No Interaction with Tissues (Atoms)

• X-ray photon passes through 
atom unchanged

• These photons contact the film 
emulsion or receptor to produce 
an area of darker density

• ~9% of the primary photons



X-ray Absorption & Scattering 

• As the x-ray beam passes through tissues, photons get 
absorbed or scattered by the tissues, resulting in 
decreased energy of the beam
• Beam attenuation: reduction of the x-ray beam intensity 

as it passes through tissues. 
• In a dental x-ray beam, there are three means of beam 

attenuation: 
• 1) Photoelectric absorption (~27%)
• 2) Thompson/Coherent scattering  (~7%)
• 3) Compton/Incoherent scattering (~57% of the primary 

beam)



Photoelectric Absorption

• Incident photon interacts with an inner orbital electron 
of an atom in the patient. 
• Incident photon gives up all of its energy and ceases to exist.
• Incident photon ejects the electron from its inner orbital, 

and it becomes a recoil electron (photoelectron). 
• An atom that has participated in a photoelectric 

interaction is ionized as result of the loss of an electron. 
• Electron deficiency is instantly filled, releasing 

characteristic radiation
• The characteristic photons generated are of such low 

energy that they are absorbed within the patient and 
do not fog the film. 

• Primary contributor to diagnostic imaging.



Coherent Scattering / Thompson Scattering

• Occurs minimally (7%)
• Low-energy incident photon (<10 keV) interacts 

with a whole atom (patient’s)
• Atom becomes momentarily excited and incident 

photon ceases to exist.
• Excited atom returns to the ground state and 

generates another x-ray photon with the same 
frequency (energy) as the incident photon, 
however this secondary photon is emitted in a 
different direction than the path of the incident 
photon (scattered).

Coherent scattering contributes little to film fog (reduced image contrast)
* Too low energy



Compton Scattering

• About 57% of interactions in a dental x-ray beam 
exposure involve Compton scattering.

• Occurs when a photon interacts with an outer orbital
electron. 

• Recoil electron: collided electron receives kinetic energy 
and recoils from the point of impact. 

• Scattered photon: the path of the incident photon is 
deflected by this interaction and is scattered in a new 
direction.

• As with photoelectric absorption, Compton scattering 
results in the loss of an electron and ionization of the 
absorbing atom.

• Scattered photons travel in all directions, carry no useful 
information and degrade the image by reducing contrast. 
(film fog) L



Sources of Ionizing Radiation

• Natural Source
• Background radiation (cosmic, terrestrial, etc.)
• Approx. each person receives 2 mSv per year
• 1 day of background radiation = ~0.005mSv

• Artificial Source
• Medical & Dental
• Consumed products (potassium)
• Occupational
• Nuclear

• Natural >>> Artificial per year
http://4.bp.blogspot.com/-O_gmmpJVDfI/TaOT4rGGUYI/AAAAAAAAAC0/yCLtzvafE4k/s1600/ioniz.+radiation.gif



In the US study (2006)

Percent contributions of various sources of exposure to the total effective dose in the US population for 2006.

“Dentistry contributes only 2.5% of this 5% from 
conventional radiography/fluoroscopy category.” 
(S. White, ADJ 2012)



Radiation Dose Quantities and Units

1 Sv = 1000 mSv (milli) 

1 mSv = 1000 uSv (micro)
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  UNITS OF MEASUREMENT 

  Table 1-3    presents some of the more frequently used units for measur-
ing quantities of radiation. In recent years a move has occurred to use 
a modernized version of the metric system called the  SI system  (Sys-
t è me International d ’ Unit é s).  *   This book uses SI units. The SI system 
uses  base units  including the kilogram (kg) (mass), the meter (length), 
the second (time), the ampere (electric current), and the mole 
(amount of substance). SI-derived units, including newton (force) 
and joule (energy), evolve from these base units. The following units 
are SI-derived units with special names.  

  Exposure 
 Exposure is a measure of radiation quantity, the capacity of radiation 
to ionize air. The SI unit of exposure is air kerma, an acronym for 
 kinetic energy released in matter.  Kerma measures the kinetic energy 
transferred from photons to electrons and is expressed in units of dose 
(gray  [ Gy ] ), where 1 Gy equals 1 joule/kg. Kerma is the sum of the 
initial kinetic energies of all the charged particles liberated by 
uncharged ionizing radiation (neutrons and photons) in a sample of 
matter, divided by the mass of the sample. It has replaced the roentgen 
(R), the traditional unit of radiation exposure measured in air.  

  Absorbed Dose 
 Absorbed dose is a measure of the energy absorbed by any type of 
ionizing radiation per unit of mass of any type of matter. The SI unit 
is the Gy, where 1 Gy equals 1 joule/kg. The traditional unit of 
absorbed dose is the rad  (radiation absorbed dose) , where 1 rad is 
equivalent to 100 ergs per gram (g) of absorber. One gray equals 100 
rads.  

  Equivalent Dose 
 The equivalent dose (H T ) is used to compare the biologic effects of 
different types of radiation on a tissue or organ. Particulate radiations 
have a high LET and are more damaging to tissue than is low-LET 
radiation such as x rays. This relative biologic effectiveness of different 
types of radiation is called the radiation-weighting factor (W R ). For 
instance, deposition of 1 Gy of high-energy protons causes fi ve times 
as much damage as 1 Gy of x-ray photons. The W R  of photons, the 
reference, is 1. The W R  of 5 keV neutrons and high-energy protons is 
5 and the W R  of  α  particles is 20. To account for this difference, the 
H T  is computed as the product of the absorbed dose (D T ) averaged 
over a tissue or organ and the W R : 

 H W DT R T= ×      
 The unit of equivalent dose is the sievert (Sv). For diagnostic x-ray 

examinations 1 Sv equals 1 Gy. The traditional unit of equivalent dose 
is the rem  (roentgen equivalent man).  One sievert equals 100 rem.  

  Effective Dose 
 The effective dose (E) is used to estimate the risk in humans. For 
exposures to a part of the body, for instance, the jaws, the effective 
dose measures the equivalent whole-body dose. This allows the risk 
from exposure to one region of the body to be compared with the 
risk from exposure to another region. In addition to considering the 
relative biologic effectiveness of different types of radiation, it also 
considers the radiosensitivity of different tissues for cancer forma-
tion or heritable effect. The comparative radiosensitivities of differ-
ent tissues are measured by the W T . The tissue-weighting factors 
include red bone marrow, breast, colon, lung, and stomach, all 
0.12; gonads 0.08; bladder, esophagus, liver, and thyroid, all 0.04; 
bone surface, brain, salivary glands, and skin, all 0.01; and other 
specifi ed tissues totaling 0.12. Thus E is the sum of the products of 
the equivalent dose to each organ or tissue (H T ) and the tissue-
weighting factor (W T ): 

 E W HT T= ×Σ      

 The unit of effective dose is the Sv.  

  Radioactivity 
 The measurement of radioactivity (A) describes the decay rate of 
a sample of radioactive material. The SI unit is the becquerel (Bq); 1 
Bq equals 1 disintegration/second. The traditional unit is the curie 
(Ci), which corresponds to the activity of 1 g of radium (3.7  ×  10 10  
disintegrations/second). Accordingly, 1 mCi equals 37 megaBq 
and 1 Bq equals 2.7  ×  10  − 11  Ci.     
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 TABLE 1-3    
  Summary of Radiation Quantities and Units  

 QUANTITY  SI UNIT  TRADITIONAL UNIT  CONVERSION 

 Exposure  Coulomb/kilogram (C/kg)  Roentgen (R)  1 C/kg  =  3876 R 

 Absorbed dose  Gray (Gy)  rad  1 Gy  =  100 rad 

 Equivalent dose  Sievert (Sv)  rem  1 Sv  =  100 rem 

 Effective dose  Sievert (Sv)   —    —  

 Radioactivity  Becquerel (Bq)  Curie (Ci)  1 Bq  =  2.7  ×  10   −  11  Ci 

  Data from The NIST Reference on Constants, Units, and Uncertainty:  http://physics.nist.gov/cuu/Units/units.html.   

  *   The NIST Reference on Constants, Units, and Uncertainty:  http://physics.
nist.gov/cuu/Units/units.html.  

Units for measuring quantities of radiation 

Account for biologic effects



Radiation Dose Quantities and Units

• Absorbed dose: radiation (in Joules) received by patient (in kg) 
• Equivalent dose: radiation absorbed by an organ  

• It is used to compare biologic effects of radiation on different types of tissue or organ
• Unit is the Sievert (Sv)

• Effective dose: radiation absorbed by an organ, affecting the entire body. 
• Effective dose = equivalent dose x tissue weighting factors (WT) according to ICRP 2007

• Tissues are grouped into: 
• high risk (WT = 0.12), 
• moderate risk (WT = 0.4-0.8) & 
• low risk (WT = 0.01) 

• Example) 100mSv to skin (=low risk tissue, WT = 0.01) = 1mSv to body
• It is used to estimate the risk in humans. 
• Unit is the Sievert (Sv)



Tissue Weighting Factors & Radiosensitivity

Sensitive cells are more susceptible to damage:
• Cells with a high mitotic activity 
• Cells with a high metabolic activity
• Pluripotential (primitive) cells
• Eg. Children 

ICRP 2007 Tissue Weighting Factors



Intra-oral x-ray (bitewing / PA) = ~4µSv (0.004mSv) 
à Comparable to daily Australian background radiation (4-
5µSv at sea level)

OPG ~ 10µSv
Ceph view ~5µSv
CBCT varies from 5 to 1073 µSv (depends on many 
factors)



Annual Dose Limits (ARPANSA, 2020)

• Allowable annual dose limits in Dentistry (effective dosage) 
• Public: 1mSv / year (averaged over 5 years)
• Special clause: Can exceed in special circumstances (eg. Radiotherapy) as 

long as it is 1mSv averaged over 5 years
• Dental workers: 20mSv / year (averaged over 5 years) 
• No more than 50mSv in any one year
• If under 18 but over 16, limit is 6 mSv per year



Ionising Radiation & Cell Damage

1. It may pass directly through the cell without causing any damage
2. It may interact with cells and cause DAMAGE 

Cells can either: 
a) Repair itself
b) Mutate, or 
c) Die



Ionising Radiation & Cell Damage 
• Damage to cell walls, mitochondria, mRNA, nuclear membrane, DNA, etc.

• DIRECT damage:
• 25%-30% of total damage
• Direct damage to atoms / molecules eg. DNA

• INDIRECT damage:
• 70%-75% of total damage
• Radiolysis of water (in cells) à release of toxic free radicals

• Changes to DNA result in:
• Changes in genetically sensitive information
• Changes in structural protein synthesis
• Changes in enzyme structure and function and enzyme substrate



DNA Damage

• When only one strand is damaged 
(single strand defects/breaks), the 
other strand can be used as a 
template to guide the correction of 
the damaged strand. à repair
• Double strand breaks are hard to 

repair and often result in cell death. 
L



Direct Damage

• When an atom becomes ionized, it become unstable = free radicals, which are highly 
reactive and short-lived
• Free radicals then quickly stabilize by dissociation (breaking apart) or cross-linking à

Structurally and functionally different molecules and a consequent biologic change. 



  C H A P T E R  2 

 Radiobiology 

   Radiobiology  is the study of the effects of ionizing radiation on 
living systems. This discipline requires studying many levels of 
organization within biologic systems spanning broad ranges 

in size and temporal scale. The initial interaction between ionizing 
radiation and matter occurs at the level of the electron within the fi rst 
10  − 13  second after exposure. These changes result in modifi cation of 
biologic molecules within the ensuing seconds to hours. In turn, the 
molecular changes may lead to alterations in cells and organisms that 
persist for hours, decades, and possibly even generations. These 
changes may result in injury or death.  

   Radiation Chemistry 
 Radiation acts on living systems through direct and indirect effects. 
When the energy of a photon or secondary electron ionizes biologic 
macromolecules, the effect is termed  direct.  Alternatively, a photon 
may be absorbed by water in an organism, ionizing some of its water 
molecules. The resulting ions form free radicals (radiolysis of water) 
that in turn interact with and produce changes in biologic molecules. 
Because intermediate changes involving water molecules are required 
to alter the biologic molecules, this series of events is termed 
 indirect.  

  DIRECT EFFECT 

 In direct effects, biologic molecules (RH, where  R  is the molecule and 
 H  is a hydrogen atom) absorb energy from ionizing radiation and 
form unstable free radicals (atoms or molecules having an unpaired 
electron in the valence shell). Generation of free radicals occurs in less 
than 10  − 10  second after interaction with a photon. Free radicals are 
extremely reactive and have very short lives, quickly reforming into 
stable confi gurations by dissociation (breaking apart) or cross-linking 
(joining of two molecules). Free radicals play a dominant role in 
producing molecular changes in biologic molecules. 

 Free radical production: 

 RH x-radiation R H e+ → + ++ −i
     

 Free radical fates: 
 Dissociation: 

 R X Yi i→ +      
 Cross-linking: 

 R S RSi i+ →      

 Because the altered biologic molecules differ structurally and func-
tionally from the original molecules, the consequence is a biologic 
change in the irradiated organism.  Approximately one third of the bio-

logic effects of x-ray exposure result from direct effects.  However, direct 
effects are the most common outcome for particulate radiation such 
as neutrons and  α  particles.  

  RADIOLYSIS OF WATER 

 Because water is the predominant molecule in biologic systems (about 
70% by weight), it frequently participates in the interactions between 
x-ray photons and biologic molecules. A complex series of chemical 
changes occurs in water after exposure to ionizing radiation. Collec-
tively these reactions result in the radiolysis of water. 

   photon H O H OH+ → +2
i i

     
 Although the radiolysis of water is complex, on balance water is 

largely converted to hydrogen and hydroxyl free radicals. When dis-
solved oxygen is present in irradiated water, hydroperoxyl free radicals 
may also be formed: 

 H O HOi i+ →2 2      

 Hydroperoxyl free radicals contribute to the formation of hydro-
gen peroxide in tissues: 

 HO H H O2 2 2
i i+ →      

 HO HO O H O2 2 2 2 2
i i+ → +      

 Both peroxyl radicals and hydrogen peroxide are oxidizing agents 
and are the primary toxins produced in the tissues by ionizing 
radiation.  

  INDIRECT EFFECTS 

  Indirect effects  are those in which hydrogen and hydroxyl free radicals, 
produced by the action of radiation on water, interact with organic 
molecules. The interaction of hydrogen and hydroxyl free radicals 
with organic molecules results in the formation of organic free radi-
cals. About two thirds of radiation-induced biologic damage results 
from indirect effects. Such reactions may involve the removal of 
hydrogen: 

 

RH OH R H O

RH H R H

+ → +
+ → +

i i

i i

2

2      

 The OH  •   free radical is more important in causing such damage. 
 Organic free radicals are unstable and transform into stable, altered 

molecules as described in the earlier section in this chapter on direct 
effects (p. 18). These altered molecules have different chemical and 
biologic properties from the original molecules. 
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Dissociation & Cross-linking

Breaking apart

Joining of two molecules

Formation of structurally and 
functionally different molecules

Molecule (RH) becomes Free Radical R*



Indirect Damage

~75% of cell is water Oxidative damage to cells Further toxic damage to cells 



Biological Effects of Ionizing Radiation

Stochastic and Non-stochastic Effects
1. Stochastic effects on somatic tissues
2. Stochastic effects on genetic tissues
3. Non-stochastic effects / Deterministic effects (always on 

somatic tissues)



1. Somatic Stochastic Effect

• ‘Somatic’ = body cells
• Probability of the change occurring (not severity) of which, is greater for a higher 

radiation dose 
• No safe dose (= no threshold) 
• Therefore, every exposure has the possibility of producing a stochastic effect
• Cancer



2. Genetic Stochastic Effect
• Reproductive organs
• Damage to gonad / reproductive cells can 

result in congenital abnormality of the 
offspring 
• No safe threshold
• Risk of inducing a heritable mutation is 

estimated to be about 2 in 100,000 per mSv



3. Non-stochastic / Deterministic Effect

• Somatic tissues
• Severity of the change is proportional to dose
• There is a threshold dose below which no effect is seen 
• Biological Changes: loss of somatic function (> 1Gy è not seen in dental)
• Xerostomia, loss of taste, skin reddening, hair loss, cataract formation
• Severe = death





Non-stochastic Stochastic (linear type)

Likelihood of effect is random, 
but increases with with 
increasing dose







3 accidents (>100mSv)

1. Fukushima Daiichi nuclear accident
2. Chernobyl 
è On-site workers received ~6 Sv (= 6000mSv), 

died in a month
3. Three Mile Island (TMI) nuclear power plant 
accident



Cumulative Effect of X-ray

Repeated exposures of ionising radiation  

This applies to radiotherapy.
Typically, 2 Gy is delivered 
daily for a weekly exposure 
of 10 Gy. The radiotherapy 
course continues for 6 to 7 
weeks until a total of 60 to 70 
Gy is administered. 

There is evidence that dose accumulated over a long period carries less risk than the same dose received over a short period.



ALARA / ALARP / ALADA
•As
• Low
•As 
•Reasonably 
•Achievable

Principle of radioprotection stating 
that whenever ionizing radiation has 
to be applied to humans, animals or 
materials exposure should be as low 
as reasonably or diagnostically  
achievable / practicable / acceptable . 
It is fundamental to the principles of 
radiation protection.

ALWAYS!



Minimising Exposure for Patient

• Only take radiographs when necessary
• Adequate filtration 
• Adequate collimation
• Constant potential rectification
• Lead apron and thyroid shield *
• Fastest film or intensifying screens (in Analogue system)
• Use digital imaging 
• Minimize technical errors
• Well-maintained equipment



Minimising Exposure for Dental Staff

• Avoid the primary beam
• Increase Distance (inverse square law), at least 2m

• Shielding
• Position
• Most of the measures already mentioned to protect the patient



the intensity of an X-ray beam at a given point is inversely proportional to 
the square of the distance from the source of radiation.

Inverse square law



Dentist’s Responsibilities

• Patient Care
• Determination of the clinical NEED to take X-ray
• Radiography and dose determination
• Processing technique (analogue films)
• Maintenance of radiographic records
• Maintenance of radiographic equipment
• Interpretation & Diagnosis (get help from DMF Radiologist)
• All 3D imaging legally requires radiologist’s report in WA



Probability of Child’s Death from Diagnostic X-ray (dental or medical) 
VS. Probability of Child’s Death from Maternal Smoking 

à 10 x annual patient radiation dose <<<<< 1 cig/day maternal smoking

Irradiating Pregnant Women




