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Introduction
In planar projected images of the patient, important details may be hidden by

over-laying tissues. By using slice-imaging techniques (tomography), selective

demonstration of morphologic properties, layer by layer, may be performed.

Computerised tomography, CT, is an ideal form of tomography yielding se-

quence images of thin consecutive slices of the patient and providing the op-

portunity to localise in three dimensions. Unlike conventional, classical tomog-

raphy, computerised tomography does not suffer from interference from struc-

tures in the patient outside the slice being imaged. This is achieved by irradi-

ating only thin slices of the patient with a fan-shaped beam. Transaxial images

(tomograms) of the patient’s anatomy can give more selective information than

conventional planar projection radiographs. Compared to planar radiography,

CT images have superior contrast resolution, i.e., they are capable of distin-

guishing very small differences in tissue-attenuation (contrasts), but have infe-

rior spatial resolution. An attenuation difference of 0.4% can be visualised but

the smallest details in the image that can be resolved must be separated at

least 0.5 mm. In conventional planar radiography, the lowest detectable con-

trast is larger but details of smaller size can be separated.

Principles of operation
Two steps are necessary to derive a CT image. Firstly physical measurements of

the attenuation of X rays traversing the patient in different directions and sec-

ondly mathematical calculations of the linear attenuation coefficients, µ, all

over the slice. The procedure is as follows. The patient remains stationary on

the examination table while the X-ray tube rotates in a circular orbit around

the patient in a plane perpendicular to the length-axis of the patient (figure 1).

A fan-shaped beam of variable thickness (1-10 mm), wide enough to pass on

both sides of the patient is used. The X-ray tube is similar to but more powerful
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than those used in planar radiography. The image receptor is an array of sev-

eral hundred small separate receptors. Readings from the receptors are fed in

to a computer which, after numerous calculations, produces a tomogram of the

patient, i.e., a map of linear attenuation coefficients µ.

Figure 1. (a) Third-generation CT scanner. The X-ray tube and the receptor ar-

ray are located on opposite sides of the patient and both rotate around the pa-

tient during data acquisition. In this particular situation the receptor array

consists of about 700 pressurised Xenon detectors. (b) Fourth-generation CT

scanner. Here, only the X-ray tube rotates around the patient; the receptor ar-

ray which is situated in the outside of the scanning frame remains stationary.

The receptors are made from solid-state material and can be as many as 4000.

Both scanners use fan-beams and about 1000 projections. The data acquisition

time is a few seconds and a 512x512 image matrix can be viewed just a few

seconds after the data acquisition is completed. Reprinted with permission from

[1].
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The arrangement of the X-ray tube and the receptors have changed during the

years, the different technical solutions being named ‘generations’. CT scanners

used today are third- or fourth-generation (see figure 1). An arrangement

whereby the X-ray tube and the receptor array rotate together is typical of the

third generation of CT scanners, whereas the fourth generation has a complete

ring of receptors that remains stationary and only the X-ray tube rotates. CT

scanners are now available in which the X-ray tube circles the patient while the

examination table move continuously, so that the X-ray tube moves in a spiral

orbit around the patient. These are called spiral CT scanners.

CT was one of the first forms of digital radiology. The receptors measure the X

rays coming through a slice of the patient in different positions forming one

projection of the patient. The reading in any one receptor is a measure of the

attenuation in the patient along the path of a particular ray. Behind a homoge-

neous object, the receptor reading is equal to   I = I0 ⋅e− µ⋅x , where I0 is the re-

ceptor reading without the object and µ the linear attenuation coefficient for the

object, x is the object thickness along the path of that ray and e the base of the

natural logarithm (e≈2.718). For an inhomogeneous object such as a patient,

the product µx is a sum over all the different tissue-types, i, Σµixi.

When the readings from the receptors have been stored in the computer,

the tube is rotated to another angle and a new projection profile measured. Af-

ter a complete rotation, the table with the patient is moved a small distance and

the next slice can be measured.

Given data from sets of projection profiles through all volume element (vox-

els) in a slice of the patient for sufficient numbers of rotation angles (projec-

tions), it is possible to calculate the average linear attenuation coefficient, µ, for

each voxel. This procedure is called reconstruction. Each value of µ is assigned

a grey scale value on the display-monitor and is presented in a square picture

element (pixel) of the image.
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Reconstruction algorithms
The computer reconstructs an image, a matrix of µ-values for all voxels in a

slice perpendicular to the rotation axis. The procedure to reconstruct the image,

based on the many projections at different angles, is made with a reconstruc-

tion algorithm. An algorithm is a mathematical method for solving a specific

problem. The problem here is to find the µ-values in each voxel based on all the

measured data in the projection profiles.

Several types of reconstruction algorithms are available: filtered back-

projection, direct Fourier and algebraic reconstruction techniques. The method

used for medical CT scanners is filtered back-projection. Figure 2 show the im-

aging geometry of a very simple object, two disks of different diameters and at-

tenuation coefficients. The projection profiles at three different rotation angles

are schematically shown. Figures 3a-c show images where one projection profile

is projected back on to the whole image matrix. The projection profile changes

with the rotation angle (0°, 24° and 48°) and figures 3d-f show the tomogram

image using an increasing number of projections in the back-projection proce-

dure; 5, 25 and 125 projections in figures 3d-f respectively. In all images the

details are smeared out over the whole image area. This effect will occur even

with many projections. If each projection is filtered (using a specific mathemati-

cal filter) before the back-projection procedure, the details and all µ’s will be

correctly reconstructed. Figures 3g-i shows examples of filtered back-projection

for the same object. The filtering procedure removes the smearing-out of the

detail. One needs approximately 1.5 times more projections than there are pix-

els along one side in the reconstructed image. Insufficient numbers of projec-

tion cause the streak-shaped artefacts seen in figures 3d, e, g, and h.

Typical medical CT scanners today use a fan-beam, have about 700 recep-

tors (3rd generation) or 4000 receptors (4th generation), use 1000 projections,
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complete data acquisition in approximately 1-2 seconds and acquire only a few

seconds to reconstruct the 512x512 image matrix with 12 or 16 bits depth.

Figure 2. Schematic illustration of the geometry in a CT examination. Two cir-

cular objects (disks) are imaged and their projection profiles, measured with the

receptor array, are shown for three different rotation angles: 0°, 24° and 48°.

The disks have different diameters (d1=10 cm, d2=5 cm) and linear attenuation

coefficients (µ1=1 cm-1, µ2=0.5 cm-1). I0 is the reading in the receptor without the

object and   I0 ⋅e− µ1 ⋅d1 the reading with the object.
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a  b  c 

d  e  f 

g  h  i 

Figure 3. An example of image reconstruction of the two circular disks in air in

figure 2 using unfiltered (d-f) and filtered (g-i) back projection. Figures (a)-(c)

show images of the projections at 0°, 24° and 48°. Figures (d)-(f) show the re-

constructed tomogram using increasing number of projections in the unfiltered

back-projection procedures; 5, 25 and,125 projections respectively. For a tomo-

gram of high quality, a large number of projections is required. With unfiltered

back projection the images of the disks are concentrated in the right positions

but also smeared out over the whole image regardless of the number of projec-

tions used. In (g)-(i) the same disks are reconstructed using filtered back pro-

jection. The filtering procedure corrects for the smeared-out information, pro-

vided sufficient numbers of projections are used in the reconstructions.
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Display of CT numbers, NCT

In the display the measured µ-values can be distributed over a grey scale with

the lowest values of µ black and the highest white. In conventional planar radi-

ography, one talked about the four ‘X-ray elements’, gas (air), fat, soft tissues

(including blood, muscle, liver, brain, cartilage) and bone that were distinguish-

able in the image (see chapter 2, figure 2). Most soft tissues have linear at-

tenuation coefficients very similar to that of water over a large photon-energy

interval. This is the reason for defining a CT number, NCT as

  
NCT = 1000⋅

µ − µw
µw

,

where µ is the average linear attenuation coefficient for the material in a given

voxel and µw that for water. NCT is given in the dimensionless unit Hounsfield, H

(named after the Nobel Prize winner of 1979 Godfrey N. Hounsfield). The CT

number scale has two fixed values independent of photon energy. For vacuum

(˜ air or body gas) NCT,vac ≡ -1000 and for water NCT,water ≡ 0.

Alternatively the µ-values may be graphically displayed. Figure 4 shows the

variation of NCT with photon energy. Normalisation with µw in the equation

above diminishes the variation of NCT with energy especially for materials with

atomic numbers similar to that of water. All the soft tissues mentioned in con-

nection with the X-ray elements fulfil this condition. This is why, NCT for these

tissues may be the same for all users over a broad energy interval (40-150 keV)

including the spectra used in clinical CT scanners. NCT for fat and especially for

bone vary however in different applications (figure 4).
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Figure 4. The variation of CT numbers, NCT, with photon energy. The values of

NCT are normalised to water which substantially reduces the variation of NCT

with energy, especially for materials with atomic numbers similar to that of

water. The NCT are therefore the same for all CT scanners. The NCT for fat and

especially for bone vary, however, with the application. Legends: compact

bone (ρ=1.85 g/cm3): _______; adipose tissue (fat, ρ=0.93 g/cm3): - - - -; muscle

(ρ=1.05 g/cm3): -.-.-.-; lung tissue (ρ=0.26 g/cm3): ..........; water (ρ=1.00 g/cm3):

the solid line (_______) at NCT=0. Plexiglas: *______*,  is a common phantom material

used for testing the performance of the scanner. Its higher density (ρ=1.17

g/cm3) yields a NCT larger than zero for photon energies above 40 keV. The in-

serted figure show NCT in an expanded scale.
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Image display
To maximise the perception of medically important features, images can be

digitally processed to meet a variety of clinical requirements. Assignments of

grey values on a display-monitor to the CT numbers in the computer memory

can be adjusted to suit special application requirements. A look-up table lists

the relationship between stored CT numbers and their corresponding grey scale

values. Examples are given in figure 5. A linear look-up table produces the sim-

plest possible relationship between input and output values.

Contrast can be enhanced by assigning just a narrow interval of the CT num-

bers to the entire grey scale on the display-monitor. This is called ‘window

technique’, the range of CT numbers displayed on the whole grey scale being

called the ‘window width’ and the average value the ‘window level’. Changes in

window width alter contrast and changes in window level select the structures

in the image displayed on the grey scale, i.e., from black to white. Examples of

different window widths and levels are shown in figure 5. As the window width

is made narrower, part of the image is displayed over the whole grey scale but

only over the window width centred around the window level. These structures

benefit from the higher contrast, whereas structures on the lower and higher

sides of the window width (low and high CT numbers) are either completely

black or white. As the window width is made even narrower, the contrast of the

structures displayed increases.

Combinations of these techniques enable small differences in tissue at-

tenuations and composition to be visualised provided the precision in the

measured CT numbers is high enough, i.e., if the image quality is sufficient.
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Figure 5. A tomogram of the thorax. The images show the effect from changes

in window width and window level. Figure (a) show a wide range of CT numbers

between -1000=NCT=1000, and the contrast is low; (b) show CT numbers be-

tween 0=NCT=500 which displays some soft tissue and bone; (c) show a narrow

range of CT numbers between -100=NCT=100, which displays soft and adipose

tissue and the skin with higher contrast. As the window width decreases, the

contrast of tissues centred around the window level increases. Structures out-

side the window width are displayed either completely black or white (see

schematic diagrams of look-up tables above).
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Image quality
In a digital imaging system image quality and absorbed dose in the patient are

interrelated. Image quality can be expressed in terms of quantum noise, con-

trast and resolution. Contrast, which is primarily determined by differences in

CT numbers, can be manipulated as discussed in the previous section. Since

only a thin slice of the body is irradiated at a time, scattered photons are not

such a large problem as in planar radiography.

Precision in the measurement of CT numbers is limited by quantum noise.

The stochastic nature of quantum noise can be shown by inspecting a tomo-

gram of a homogeneous object. All pixels do not have the same CT number but

a random spread in CT numbers is found. This is because attenuation and ab-

sorption of X-ray photons are stochastic processes and only limited numbers of

X-ray photons are detected and used to construct the image. The larger the

number of X-ray photons absorbed in the receptors, the larger the precision

and the lower the quantum noise.

Figure 6a-c show tomograms of a cylinder-shaped plexiglas container contain-

ing water and disk-shaped details of varying contrasts and diameters. The

numbers of photons used in the reconstruction of the image decreases 10 times

going from figure 6a to 6b and from 6b to 6c. The detectability of the small low

contrast details is significantly reduced when fewer X-ray photons are used

since this increases quantum noise.

The number of X-ray photons absorbed in the receptors depends on the X-

ray tube charge (the product of X-ray tube current (mA) and exposure time (s)),

the energy spectrum of the photons and the thickness of the patient (larger

numbers for high tube potential and thin patients), the efficiency of the receptor

(larger for thicker receptors) and the receptor area (larger for large receptor ar-

eas).
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a  b  c 

d  e  f  g 

Figure 6. Tomogram of a cylinder-shaped plexiglas container (1 cm thick wall)

containing 20 cm water and low contrast details of increasing contrast (1, 2, 4,

8, 16% higher) and diameter (0.5, 1.0, 1.5, 2.0, 2.5 cm). In (a)-(c), the numbers

of X-ray photons used in the reconstruction of the image is decreases by a fac-

tor of 10 between each tomogram which significantly reduces the detectability

of small, low-contrast details (at the lower left in the images). The percentages

of quantum noise in the projection data in (a),  (b) and (c) are 0.1%, 0.316%,

and 1%, respectively. Examples of artefacts are shown in (d)-(g); d: partial vol-

ume effect (a 3 mm diameter steel pin in the upper left corner), e: ring artefacts

(due to poorly calibrated receptors), and f: the beam hardening effect in a 8 cm

disk of bone (darkening towards the disk centre). With a lower window level (g),

the beam hardening effect in the surrounding water is also visualised. Note also

the partial volume effect in water in the vicinity of the water-bone boundary.

The receptor area is proportional to the slice thickness and voxel size (=pixel

size) and is therefore related to the image resolution. If the resolution in the im-

ages is doubled (pixel size halved), the number X-ray quanta required to retain



14

the same noise level as with the larger voxels is increased by 24=16 times. This

means that in order to make use of the increased spatial resolution, one needs

to increase the dose to the patient sixteen times.

For a  25 cm thick patient, the pixel side for a 256x256 matrix would be

just below 1.0 mm and for 512x512 matrix 0.5 mm. A less noisy image can be

achieved by changing from a 512x512 to a 256x256 matrix, at the expense of a

loss in spatial resolution.

Artefacts
Practical computerised tomography is based on physical measurements fol-

lowed by mathematical computations. The computations are based on idealised

assumptions that do not entirely correspond to physical reality. This creates

artefacts or errors in the measurement and reconstruction of the µ-values.

Artefacts in the image are patterns that do not correspond to the patient’s

real anatomy. An example is shown in figure 6d. The streak patterns originates

from the high-absorbing steel detail in the water. Such artefacts are caused by

metal or other high-density objects (bone) in the slice. If the detail in one pro-

jection is covered by one receptor (one ray) and not in another projection, the

voxel will be assigned the wrong µ-value. This is the partial volume effect and is

a particular problem in CT of the head. It can be reduced by using smaller re-

ceptor areas.

Concentric rings in the image may be caused by poorly calibrated or mal-

functioning receptors (figure 6e).

Beam hardening artefacts are found when a spectrum of photon energies is

used. As the beam traverses the patient, the low-energy photons are more likely

to be absorbed thereby increasing the mean energy of the beam. An increased

mean energy corresponds to a lower µ-value and if a homogeneous object is im-

aged, the central parts of the object are assigned too low values of NCT and thus
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seem less dense (blacker). Figures 6f and 6g show this effect when a bone cyl-

inder in a water phantom is imaged. The type of effect is accentuated if the path

length is large or the material has a high atomic number. It can be reduced by

filtering the X-ray spectrum (see chapter 2, figure 4) before the patient with

thick aluminium or copper filters.

Detected scattered radiation creates similar artefacts as beam hardening.

To minimise this problem, the fraction of scattered photons should only be

about 1% of the total radiation but is in reality often more.

Patient movement during exposure also causes artefacts and it is therefore

important to keep the exposure times short. With ultra-fast CT scanners, sub-

second data acquisition time can be achieved which enables cardiac motion to

be imaged. This type of scanner is sometimes referred to as fifth-generation CT

scanner.

Absorbed doses
The absorbed doses in the patient in CT examinations constitute a large portion

(about 20%) of the total dose from medical diagnostic X-ray examinations. This

is partly due to the increased number of CT scanners in operation. Image qual-

ity has improved considerably and the additional important information gained

may also have increased the usefulness of the technique. The number of slices

per patient has increased, probably since the time to perform and reconstruct

the image has been much shortened. The dose per slice has however not been

reduced. Part of the improved image quality has been achieved by reducing

quantum noise. Much of this reduction has come about by increasing patient

irradiation.

To asses doses in CT the dose at the centre of the gantry is measured. Tables

are available [2] to convert measured doses to effective dose [3] in the patient
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(see chapter 2 for definition), provided the technique parameters are known.

Some of the most frequent routine CT examinations in the United Kingdom in

the late eighties were head, abdomen, chest and pelvis. Their relative frequen-

cies  and effective doses are listed in table 1 [4]. The quotients of the effective

doses in these examinations using conventional radiography procedures (CR) to

the effective doses in CT are also given. It should be noted that the information

gained from conventional and CT examinations are different and comparison of

doses not entirely fair. In view of the relatively high doses in CT, the UK Royal

College of Radiologists and the National Radiological Protection Board [5] sug-

gest that all patients subjected to CT examinations should be individually re-

ferred to an experienced radiologist who will be able to advise whether CT is the

most appropriate procedure to be adopted.

Table 1. Effective doses in common routine CT examinations and the relative

frequencies of these examinations. The data originates from a survey of 20

English hospitals [5). Quotients, ECR/ECT, are the ratios between the effective

doses in the patient from conventional radiography (CR) examinations and ef-

fective doses in CT.

Examination Frequency Effective dose, E ECR/ECT

(%) (mSv)

Head 34.9 1.8 0.06

Abdomen 11.6 7.2 0.16

Chest   7.9 8.3 0.01

Pelvis   5.6 7.3 0.13
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