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The basis of X ray diagnostics: absorption

photoeffectCompton-

scattering

transmitted radiation

detector

Interactions of X-ray

photon:

elastic scattering

photoeffect

Compton scattering
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(no interaction)
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Dependence on E Dependence on Z
Energy range in 

soft tissue

tm ~ 1/E3 ~ Z3 10 – 100 keV

sm
Slowly decreases with 

increasing E
~ Z/M 0.5 – 5 MeV

km
Slowly increases with 

increasing E
~ Z2 > 5 MeV

Elastic 

scattering

~ 1/E2 ~ Z2
< 10 keV

contribution of absorption processes depends on the photon 

energy and the atomic number 
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Photoeffect and Compton scattering

are the main contributors to image

formation.
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Increasing photon energy decreases

attenuation by decreasing the photoeffect. In

the low energy regime τm is dominating the

attenuation process.

τm depends strongly on

the atomic number:

33Zm t 

Change in photon energy can have a 

profound effect on the absorption process.
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U1 U2<

(30 keV) (2 MeV)

*Mean values

Photoeffect* 36% 0%

Compton scattering* 51% 99%

Pair production* 0% 1%

Photonenergy – picture quality
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Photonenergy – picture quality

photonenergy: 60 keV 120 keV

contrast ratio: 200:1 60:1

exposition: 141 mAs 6 mAs

dose: 7,6 mGy 1,4 mGy
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Improving picture quality

with collimators with filtering out soft X ray

to reduce scattered radiation

– short exposure time to reduce unsharpness due to patient move
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In case ofa  given photon energy: 
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The photon-energy dependence of the relative mass attenuation coefficient of the 

different tissue types of the human body is shown in Fig. 2. It can be seen from the 

figure that best photon energy regime for X-ray diagnostic imaging is between 10 - 

100 keV, where photoeffect dominates and Compton effect plays a partial role 

(see Fig. 1.). At photon energies exceeding 100 keV the mass attenuation 

coefficients of the tissues are almost identical. Therefore, in this high-energy 

regime the basis of tissue contrast is their density difference, which provides much 

less distinction than mm. However, at smaller energies the absorption of radiation 

increases strongly (mm ~ 1/E 
3
), therefore it does not participate in the image 

formation but increases, unnecessarily, the radiation hazard of the patient. 

 

Sometimes we change the absorption of some organs (e.g. stomach, intestines, and 

blood vessels) artificially in order to highlight them. Contrast materials are used 

for this purpose, which considerably increase the diagnostic value of the acquired 

images. Depending on whether the applied contrast material absorbs better or 

worse than the surrounding tissues, it is called positive or negative contrast agent, 

respectively. 

 

Let us see, how we get a high-resolution, sharp image on the photographic plate. 

 

- We have to apply a point source of X-ray (see title figure). To achieve this, 

the electron beam should be focused at a very small spot (e.g., d = 0.2 mm) on 

the anode of the X-ray tube (W, Mo), which may overheat the anode material. 

This technical difficulty can be eliminated by rotating the anode, as the 

glowing spot of the anode cools down sufficiently during one turn. 

 

- The X-ray source should be placed at the longest possible distance from the 

examined part of the body, so that the half shadow effect can be reduced (see 

title figure). However, because radiation intensity is inversely proportional to 

the square of the distance, to provide sufficient intensity for the examination, 

X-ray tube of higher power and thus larger size is required. 

 

¾ The X-ray spectrum (Fig. 3) is rather wide and of heterogeneous wavelength 

distribution, containing unwanted, long-wavelength components. Small-

energy X-ray photons are mostly absorbed and do not contribute to the image 

but cause needless radiation hazard to the examined patient. In addition, 

photons in this energy regime are strongly scattered (see Fig. 1, elastic 

scattering) which decreases considerably the sharpness of the image. By 

placing an aluminum plate (Z = 13) of sufficient thickness in the X-ray beam 

path the long wavelengths can be filtered out (the radiation will be “harder”, 

Fig. 3). Optimal wavelength range that is needed for the examination can be 

set by choosing the proper anode voltage (lmin = h c / e Uanode) and by using a 

filter (lmax). While shorter wavelength radiation (Uanode = high) is used for the 

imaging of body parts containing bones as it needs larger penetration depth, 

for the soft tissues longer wavelengths (Uanode = low) are sufficient. 

 

¾ The cross-sectional area of the X-ray beam can be regulated with the beam 

definer made of lead (Fig. 4), so that only the body parts of interest are 

exposed. It minimizes the radiation hazard of the patient and it reduces the 

amount scattered radiation. “Back scattering” effect on the metal platform 

under the patient can be eliminated by lead shielding placed under the 

photographic plate. 

 

¾ Time of exposure has to be appropriately short, because the movement of the 

patient blurs the image. 

 

 
 

Fig. 4. The collimator removes the 

scattered radiation. 

 

 
 

Fig. 3. The long-wavelength regime of 

X-radiation can be blocked with an 

aluminum filter. 

 

 contrast medium, contrast material 

 Kontrastmittel 

 kontrasztanyag 

 

Long wavelengths are required especially for 

imaging soft tissues. Because of the strong 

wavelength dependence of “soft” X-ray 
radiation, even small differences in atomic 

number give visible contrast, but scattering 

causes considerable blurring of the image. To 
reduce this, a collimator is placed above the 

photographic plate (Fig. 4). The collimator 

(thousands of narrow holes in a thick lead 
plate) passes only on-axis beams; scattered 

rays (with altered directions) are absorbed in 

the wall of the holes. During exposure the 
collimator is moved in X-Y direction in order 

to collect a continuous image unblocked by 

the lead grid. Resolution of the X-ray image 
is determined by the array parameters of the 

collimator (raster). 
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Mammogram showing 

malignant tissue

Spectrum of X ray used in 

mammography

Characteristic lines of Molybdenum (Mo)
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Intraoral radiography

Extraoral radiography
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Panoramic dentistry imaging

In panoramic imaging, the film and the

source are rotated around the patient’s

head, taking several individual images

in a series.

Combining these overlapping images

results in a panoramic image of the

maxilla and the mandible.
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Effective atomic number
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material Zeff

air 7,3

water 7,7

soft tissue 7,4

bone 13,8

33

effm ZCt 
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Zeff                          ρ (g/cm3)

H2O             7.7                          1

Soft tissue 7.4                          1

Bone 13.8                    1.7 - 2.0

Air 7.3                    1.29 - 10-3

Positive contrast → higher attenuation to surroundings

Zeff > Zenvironment → μ > μenvironment

Negative contrast → lower attenuation to surroundings

Zeff < Zenvironment → μ < μenvironment

Applying contrast materials
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Applying contrast materials

lower densityhigher Zeff

Iodine or barium compounds
56BaSO4 , 53J

air, CO2
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Digital Subtraction Angiography (DSA)

with contrast material native contrast - native
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Summation image

X ray

source

filmbody

J0 J

xeJJ  0

Intensity changes are proportional with the

total attenuation across the body!
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This information is missing!
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Solution:

CT - computed tomography

1979 – Nobel price in medicine

Godfrey Hounsfield Allan Cormack
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„Siretom” head
scanner (1974)

128x128 pixel image
(1975)

Brief history:

• 1967: first CT image

• 1972: prototype of CT

• 1974: first clinical CT image

• 1976: whole body CT

• 1979: Nobel price

• 1990: spiral CT

• 1992: multislice CT

• 2006: 64 slices

• multiplex and hybrid CT: 

SPECT-CT, PET-CT, 

“Dual-source” CT

First lab CT of brain
slice

modern
CT 

Prototype CT (EMI)
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“n” independent equation for „n” unknowns

➔ unambigous solution exists!

Illustration of math principle

D1 D2

D3
D4

Δx

D = D1 + D2

D = D3 + D4

D = D1 + D3 D = D1 + D4


i

iDD
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Voxel :

volume element

Pixel :

picture element

X ray tube

detector

J0

J

J0

J

object digital image
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First generation CT

k-th pozition

Single detector
Translation and rotation
Parallel beams
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First generation CT

Single detector
Translation and rotation

Parallel beams
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Second generation CT

Multiple detectors
Translation and rotation

narrow fan beams 
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Detector array
Rotations only

Wide fan beams

Third generation CT
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Detector ring fixed
Rotation of X ray source only

Wide fan beams

Fourth generation CT
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Electron gun instead of X ray tube. Electron beam directed to fixed W-target.

Fifth generation CT
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Fifth generation CT
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Comparison of CT generations
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3D reconstructions
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Spiral CT

Precise 3D reconstruction

faster data acquisition

Conventional
CT slice

Spiral CT 
slice
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Dentistry: Cone beam CT

• Cone-beam computed tomography (CBCT), C-arm CT, cone beam 

volume CT, flat panel CT

• Conical X ray beams

• Volumetric data produced, needs digital image reconstruction

• Dentistry, interventional radiology, radiotherapy
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Image reconstruction

– density matrices (Di) ➜ attenuation coefficients (mi)

– Hounsfield units

Hounsfield scale

water

water
CT 1000H





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CT contrast enhancement
„windowing”

Lung window

Brain window Bone window

soft tissue window

Same thoracic image 

with different

windowing
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Brief summary of CT

• Imaging is based on the differences in X ray absortion / attenuation

• 3D image that can viewed and manipulated, and combined with
other imaging techniques

• Spiral CT: one slice – 1-1.5 s, total time:  30-60 s 

• Multislice spiral CT  (up to 256 detector): one slice – 0.4-1 s, total:  
5-15 s

Limitations of CT

• Ionizing radiation

• Dose can be as high as 50-100-times the conventional X 
ray!

• Indirect exposition due to scattered radiation



Department of Biophysics and Radiation Biology
Dora Haluszka, PhD
assistant professor

X-ray image intensifier

Manipulation under X-ray control

Smaller patient exposure

X-ray source

X-ray

1st luminescent 

screen
electrodes light

2nd luminescent 

screen
photocathode
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Absorption of X-ray

Mass-attenuation coefficient

Basic concept of X-ray imaging

Optimal setting of X-ray tube

Summation image – role of the atomic number

Contrast materials

Panoramic X-ray

X-ray image amplifier

Concept of CT

Hounsfield unit

Generations of CT

Checklist


