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Περίληψη 

 Από την ανακάλυψη των ακτινών Χ και της ραδιενέργειας, 100 χρόνια πριν, 
έχουν ανακαλυφθεί διάφοροι τρόποι για την παραγωγή ακτινοβολίας και τεχνητά 
ραδιενεργά υλικά. Οι ακτίνες Χ χρησιµοποιήθηκαν στην ιατρική µόλις 6 µήνες από 
την ανακάλυψη τους το 1895. Έτσι αναπτύχθηκε η Ακτινολογία, κλάδος της 
Ιατρικής, που ασχολείται µε την χρήση απεικονιστικών µεθόδων για την διάγνωση 
µιας ασθένειας. Τέτοιες τεχνικές απεικόνισης είναι η Ακτινογραφία, η Υπολογιστική 
Τοµογραφία (ΥΤ), η Μαγνητική Τοµογραφία και ο υπέρηχος. Η εργασία αυτή 
ασχολείται µε την Υπολογιστική Τοµογραφία. 

 Ο Υπολογιστικός Τοµογράφος χρησιµοποιεί ακτίνες Χ σε συνδυασµό µε 
υπολογιστικούς αλγορίθµους για την απεικόνιση των ιστών του σώµατος. Ο πρώτος 
εµπορικά διαθέσιµος ΥΤ ανακαλύφθηκε το 1972 από τον Sir Godfrey Hounsfield, ο 
οποίος το 1979 µοιράστηκε το Νόµπελ στην Ιατρική µε τον Cormak. Από τότε έχουν 
σηµειωθεί πολλές εξελίξεις στην τεχνολογία του ΥΤ. Μια πολύ σηµαντική πρόοδος 
στην απεικόνιση µέσω ΥΤ είναι η ανακάλυψη του ΥΤ πολλαπλών τοµών στα τέλη 
της δεκαετίας του ’90. Οι τελευταίες πρόοδοι αφορούν την χρήση δύο λυχνιών για 
την παραγωγή ακτινών Χ, που έχει σαν αποτέλεσµα την βελτίωση της χρονικής 
διακριτικότητας και χρήσης του ΥΤ στην απεικόνιση της καρδιάς. Τέλος η χρήση ΥΤ 
256 τοµών αυξάνει την δυνατότητα κάλυψης µεγάλου µήκους. 

 Αυτές οι ανακαλύψεις είχαν σαν αποτέλεσµα την επέκταση της χρήσης του 
ΥΤ τα τελευταία 30 χρόνια. Ο αριθµός των εξετάσεων αυξάνεται σταθερά µε 
αποτέλεσµα να έχει γίνει ο ΥΤ η κυριότερη πηγή ακτινοβολίας ανάµεσα σε όλες τις 
ακτινοδιαγνωστικές εξετάσεις. Αν και οι εξετάσεις ΥΤ αποτελούν περίπου το 5% του 
συνολικού αριθµού ακτινολογικών εξετάσεων, συνεισφέρει περίπου το 40% της 
συνολικής δόσης σε ασθενείς από την ακτινοδιαγνωστική. Για αυτό το λόγο η 
Ευρωπαϊκή Ένωση, σε µια κατευθυντήρια οδηγία για την προστασία από ιοντίζουσες 
ακτινοβολίες, ταξινόµησε τον ΥΤ σαν µια διαγνωστική διαδικασία υψηλής δόσης και 
σηµείωσε την ανάγκη µείωσης της δόσης στον ασθενή. 

 Προσπάθειες για τη µείωση της δόσης από ΥΤ έχουν γίνει από διεθνείς 
οργανισµούς όπως η International Commission on Radiological Protection (ICRP). Η 
ICRP, το International Atomic Energy Agency (IAEA) και η European Commission 
(EC) έχουν προτείνει τον καθορισµό επιπέδων αναφοράς για τις πιο συχνές εξετάσεις 
ΥΤ µε σκοπό την ανάπτυξη στρατηγικών για τη µείωση της δόσης από ΥΤ. Τα 
επίπεδα αναφοράς πρέπει να προκύπτουν από έρευνες µεγάλης κλίµακας. Για αυτό το 
λόγο οι ποσότητες της δόσης που χρησιµοποιούνται πρέπει να είναι εύκολο να 
υπολογιστούν, αλλά να αντανακλούν σωστά τη δόση στον ασθενή και να επιτρέπουν 
τον υπολογισµό του κινδύνου που προέρχεται από τη χρήση της ακτινοβολίας. Η 
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ποσότητα που χρησιµοποιείται ευρέως στη ∆οσιµετρία από ΥΤ είναι ο Computed 
Tomography Dose Index, CTDI, ο οποίος είναι το ολοκλήρωµα του προφίλ της δόσης 
κατά τον άξονα z για µια απλή περιστροφή της λυχνίας των ακτινών Χ διαιρεµένο µε 
το γινόµενο του πλήθους των τοµών (Ν) µε το πάχος µιας τοµής (Τ). Ένα άλλο 
µέγεθος που χρησιµοποιείται είναι το Γινόµενο ∆όσης Μήκους (Dose Length 
Product, DLP) το οποίο συνυπολογίζει τον όγκο του ασθενή ή του οµοιώµατος που 
έχει ακτινοβοληθεί κατά τη διάρκεια µιας  πλήρους εξέτασης. 

 Ο κύριος σκοπός αυτής της εργασίας είναι η µέτρηση του CTDI και του DLP 
για τις πιο συχνές εξετάσεις ΥΤ στο Πανεπιστηµιακό Γενικό Νοσοκοµείο Πατρών. 
Ακόµα υπολογίζεται το µέσο µήκος εξέτασης και η µέση ενεργός δόση για κάθε 
εξέταση. Επίσης ελέγχεται η αξιοπιστία των ενδείξεων της δόσης στην κονσόλα του 
ΥΤ. 

 Επιλέχτηκαν τέσσερις εξετάσεις ΥΤ λόγω της συχνότητας τους, αυτές είναι: η 
εξέταση κεφαλής, θώρακα, κοιλίας και αυχένα. Τα πρωτόκολλα αυτών των 
εξετάσεων συγκρίνονται µε τις συστάσεις της European Commission. 

 Συνολικά συλλέχτηκαν δεδοµένα από 120 ασθενείς, 30 για κάθε εξέταση. 
∆εδοµένα που αφορούσαν τις παραµέτρους της σάρωσης κάθε ασθενή συλλέχτηκαν 
από την κονσόλα του ΥΤ, ο οποίος είναι ένας GE LightSpeed 16. Επιπλέον 
συλλέχτηκαν δεδοµένα σχετικά µε το φύλλο, την ηλικία και το βάρος του ασθενή που 
υποβλήθηκε σε εξέταση. 

 Υπολογίστηκε η µέση τιµή του CTDIw, του DLP  και της ενεργού δόσης για 
κάθε πρωτόκολλο και συγκρίθηκαν µε τα όρια που προτείνει η European Commission 
σαν DRL. 

 Επιπλέον, έγινε αξιολόγηση της τιµής της δόσης όπως αυτή εµφανίζεται στην 
κονσόλα του ΥΤ. Για αυτό το λόγο έγιναν µετρήσεις σε ένα οµοίωµα κεφαλής και σε 
ένα οµοίωµα σώµατος κατάλληλο για την δοσιµετρία ΥΤ. Επιπλέον, 
χρησιµοποιήθηκε ένας θάλαµος ιονισµού και ένα ηλεκτρόµετρο. Έτσι µετρήθηκε η 
τιµή του CTDI  για κάθε πρωτόκολλο χρησιµοποιώντας τις ίδιες παραµέτρους 
σάρωσης. Οι τιµές που µετρήθηκαν συγκρίθηκαν µε τις ενδείξεις του ΥΤ αλλά και µε 
τις τιµές που έχει δηµοσιεύσει το Imaging Performance Assessment of CT scanners 
(ImPACT). 

 Τέλος παρουσιάζονται µέσες τιµές του CTDIw, του DLP και της Ενεργούς 
∆όσης όπως αυτές µετρήθηκαν σε άλλα νοσοκοµεία στην Ελλάδα και σε άλλες 
χώρες. 
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PREFACE 

 Since the discovery of X rays and radioactivity more than 100 years ago, 

different ways of producing radiation and radioactive materials artificially have been 

found. The first use of X rays was in medical diagnosis, within six months of their 

discovery in 1895. Diagnostic radiology is concerned with the use of various imaging 

modalities to aid in the diagnosis of disease. These imaging modalities are 

radiography, computed tomography (CT), magnetic resonance imaging (MRI), 

ultrasound and nuclear imaging techniques, this thesis treats of the computed 

tomography.  

 CT imaging uses X rays in conjunction with computing algorithms to image 

tissues in the body. The first commercially viable CT scanner was invented by Sir 

Godfrey Hounsfield in 1972, who in 1979 shared the Nobel Prize in Medicine with 

Cormack. Since the invention of the first CT scanner numerous developments were 

made. An important advance in CT imaging was the advent of multidetector row 

(MDCT) systems in the late 1990s. The most recent developments relate to the 

introduction of CT scanners with two X ray tubes for improvement temporal 

resolution in cardiac CT imaging, and the use of 256 slice CT scanners to increase the 

longitudinal coverage. 

 These developments resulted in a continuing expansion of CT practice over 

the last 25 years. Numbers of examinations have been steadily increasing and CT has 

become a major source of exposure in diagnostic radiology. Although CT accounts 

about 5% of all X-ray examinations, it contributes up to 40% of the resultant 

collective dose from diagnostic radiology1. Therefore the European Union, in an 

ionizing radiation protection directive, has classified computed tomography as a high 

dose diagnostic procedure and has pointed to the need to reduce the dose to the 

patient2. 

 Efforts towards dose reduction in CT have been recommended by international 

organizations such as the International Commission on Radiological Protection 
                                                           
1
 Jessen, Shrimpton, Geleijns, Panzer, Tosi, 1999, “Dosimetry for optimization of patient 

protection in computed tomography”, Applied Radiation and Isotope, 50:165-172. 
2 Council Directive 96/29 EURATOM. Laying down basic safety standards for the protection 
of the health of workers and general public against the dangers arising from ionizing 
radiation. OJ L 159:29-6 (European Commission – Radiation Protection Division) (1996). 
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(ICRP). The ICRP, the International Atomic Energy Agency (IAEA), and the 

European Commission (EC) have all recommended the setup and the implementation 

of CT dose guidance levels for the most frequent examinations to promote strategies 

for the optimization of CT doses3. These dose guidance levels should be derived using 

data from a wide scale survey. Therefore, it is of great interest whether there are dose 

quantities whose values are easy to obtain, which can correctly reflect the patient dose 

and allow assessment of the risk associated with the CT examination. The most 

widely used CT Dose Quantity is the computed tomography dose index (CTDI), 

which integrates the long axis dose profile resulting from a single slice rotation of the 

x-ray tube. Another important dose quantity is the Dose Length Product (DLP), which 

includes the patient, or the phantom volume irradiated during a complex examination. 

 The main purpose of this study is the measurement of CTDI and DLP during 

the most frequent CT examinations at the University Hospital of Patras. Also scan 

lengths used for the same type of examinations will be monitored. For the same types 

of examinations effective doses will be calculated. 

 Four CT examination was selected because of their frequency, Routine Head, 

Routine Chest, Routine Abdomen and Cervical Spine. The protocols of these exams 

were compared with the European Commission’s recommendations. 

 Data were collected from 120 patients, 30 for each examination.  Data on 

the scanning parameters and the patient dose were selected from the CT scanner, a GE 

LightSpeed 16. Moreover, data were collected about the sex, the age and the weight 

of the patient undergone the examination. 

 The mean values of CTDIw, DLP and Effective Dose were calculated for each 

protocol and were compared with the recommendations of European Commission. 

 Moreover, an evaluation of the dose indication of the CT scanner was made. 

Using a head and a body CT Dose phantom made by PMMA, an ionization chamber 

and an electrometer, the CTDI was measured for each examination protocol. These 

values were compared with the indications of CT and the correspondent values 

published by ImPACT.  

 Finally, a comparison of the mean values of CTDIw, DLP and effective Dose 

with values of other hospitals in Greece and other countries was made. 

                                                           
3 European Communities, “European guidelines on quality criteria for Computed 
Tomography”, EUR 16262 (Luxembourg, 1999).  
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Chapter 1 

 Computed Tomography 

1.1 Introduction 

 X ray computed tomography, or CT, is an imaging modality that produces 

cross sectional images representing the x ray attenuation properties of the body4. 

Computed tomography is an evolution of planar radiographs which uses X rays. The 

first CT scanner was produced in 1972 by Godfrey Hounsfield at EMI in England. 

Images are produced by the same way as projection radiography, they are collected 

for many angular orientations of the x ray tube and detectors and an image of the 

cross-section is computed from these projections. 

 Since the introduction of helical computed tomography (CT) in the early 

1990s, the technology and capabilities of CT scanners have changed tremendously 

(helical and spiral CT are equivalent technologies). The introduction of dual-slice 

systems in 1994 and multislice systems in 1998 (four detector arrays along the z-axis) 

has further accelerated the implementation of many new clinical applications. The 

number of slices, or data channels, acquired per axial rotation has increased, with 16- 

and 64-slice systems now available (as well as models having 2, 6, 8, 10, 32, and 40 

slices). Soon even larger detector arrays and axial coverage per rotation will be 

commercially available, with results from a 256-slice scanner having already been 

published. These tremendous strides in technology have resulted in many changes in 

the clinical use of CT. Each clinical application prompts the need for discussion of 

radiation risk versus medical benefit. 

 

 The importance of radiation dose from x-ray CT has been underscored 

recently by the attention given in the scientific literature to issues of dose and the 

                                                           
4 Suetens, P., Fundamental of Medical Imaging, Cambridge University Press, 2002. 
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associated risk. The dose levels imparted in CT exceed those from conventional 

radiography and fluoroscopy and the use of CT continues to grow, often by 10% to 

15% per year5. Thus, CT will continue to contribute a significant portion of the total 

collective dose delivered to the public from medical procedures involving ionizing 

radiation. The rapid evolution of CT technology and the resultant explosion in new 

clinical applications, including cardiac CT, combined with the significance of CT 

dose levels, have created a compelling need to teach, understand, and use detailed 

information regarding CT dose. 

 

 

1.2 History and Generations 

 Since the first CT scanner that was made in 1972 there is an evolution in the 

models thanks to technological improvements. CT scanners are classified in 

generations. 

 The first generation (1G) scanners consist of a single source, collimated to a 

pencil - thin beam and a single detector that move in unison along a linear path 

tangent to a circle that contains the patient. After making a linear scan, the source and 

detector apparatus are rotated so that a linear scan at different angle can be made, 

Figure 1.1a. 

 A second generation (2G) scanner has additional detectors, forming a detector 

array, arranged along a line or a circle. As in the 1G scanner the source and the 

detector array move linearly in unison, to cover the field of view (FOV). The source 

in a 2G scanner is collimated as a fan beam, so that energy is kept within the slice but 

spread over the detector array, Figure 1.1b. 

 The third generation (3G) scanners have a fan beam that covers the image 

region with the source held in a single position. The source and detector array do not 

perform a linear scan. Instead they simply rotate in synchrony. To obtain a sufficient 

number of samples per projection, there must be a large number of detectors. This 

generation of scanners allows a dramatic decrease in scan time, Figure1c. 

                                                           
5 Linton OW, Mettler FA, Jr. (2003), “National conference on dose reduction in CT, with an 
emphasis on pediatric patients.” Am J Roentgenol 181:321- 329. 
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 The fourth generation (4G) scanners have a single rotating source with a 

stationary 360 degree ring of detectors. The source is outside the detectors with slight 

gaps between the detectors through which the x rays can be fired. Collimation cannot 

be used in this geometry since a detector must receive energy from a source that 

moves through many positions. This causes an increase in the scattered radiation 

received by the detectors. Although than detection efficiency of a 4G scanner is 

higher than that of a 3G scanner, Figyre1.1d. 

 
 
Figure 1.1: Diagram demonstrating the evolution of four generations of CT scanners.  

 

 The fifth generation (5G) scanners (Electron Beam Computed Tomography, 

EBCT) use a flying electron beam, steered electromagnetically, to hit one of four 

tungsten anode strips that encircle the patient. X rays are generated when the electron 

beam strike the tungsten anode; the resultant radiation is collimated into a fan beam, 

which passes though the patient and is detected on the other side by a stationary ring 

of detectors, as in 4G CT systems, Figure 1.2. A full set of fan bean projection data 

can be acquired in about 50 milliseconds. 
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Figure 1.2: Electron Beam CT, also known as fifth generation CT. Diagram shows electron-
beam CT scanner architecture. Target is a long continuous tungsten strip that makes a 210° 
arc around the patient. Electron beam and focal spot traverse the entire arc in 50–100 msec. 
Detector array does not move.  

 

 As sixth generation (6G) CT scanners can be considered the helical CT which 

was developed in 1980s. A helical CT scanner consists of a conventional arrangement 

of the x ray source and detectors whish can continuously rotate. While the tube is 

rotating and acquiring projection data, the patient table is set into motion, sliding the 

patient through the source-detector plane, Figure 1.3. With this geometry and 

movement the position of the source carves out a helix with respect to the patient. 

Continuous rotation of the large mass comprising the x ray source and detectors 

requires what is called slip ring technology in order to communicate with the 

controlling stationary hardware. With helical CT, full 60 cm torso scan can be 

obtained in about 30 seconds and a full 24 cm lung study in 12 seconds 

 

Figure 1.3: Scanning geometry in helical (spiral) CT.  

 A seventh generation (7G) scanner is emerging with the advent and growth of 

multislice CT scanners (MDCT). In these scanners, a thick fan beam is used, and 



17 

 

multiple (axial) parallel rows of detectors are used to collect the x rays within this 

thick fan. Essentially, multiple 1-D projections are collected at the same time using 

this geometry. This leads to more economical use of the x ray tube since less of the 

generated beam must be absorbed by lead and reduces the time needed for an 

examination. 

 The advantages of MDCT can be summed up by the acronym RSVP which 

means: 

1. Resolution: spatial resolution is improved along the z axis. 

2. Speed: scanning time is reduced for particular body regions. 

3. Volume: increased volume able to be scanned. 

4. Power: improved power usage of the x ray tube.  

 When a multiple detector array is combined with a helical scanner, the pitch of 

the helix can be larger, and full 3-D scans can be faster. Currently available MDCT 

scanners utilize third-generation CT geometry in which an arc of detectors and the x-

ray tube(s) rotate together, Figure 1.4. All MDCT scanners use a slip-ring gantry, 

allowing helical acquisition at rotation speeds as fast as 0.33 seconds for a full 

rotation of the x-ray tube about the isocenter. 

 

Figure 1.4: (Left) SSCT arrays containing single, long elements along z-axis. (Right) MSCT 

arrays with several rows of small detector elements6. 

                                                           
6 Lee W. Goldman, Department of Radiation Therapy and Medical Physics, Hartford 
Hospital, Hartford, Connecticut, 2007, Principles of CT and CT Technology, Journal of 
Nuclear Medicine Technology, 35(3):115-128. 
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 The most recent development in the CT technology is the introduction of Dual 

Source CT scanners. Dual source CT uses two x ray sources and two detector arrays 

offset at 90 degrees. The structure of Dual source CT improves temporal resolution in 

cardiac CT imaging (Figure 1.5). The use of 256 slice CT scanners increase the 

longitudinal coverage and permit the imaging of whole organs in a single rotation of 

the x ray tube. 

 

Figure 1.4: Schematic illustration of the acquisition principle of dual-source CT by using two 
tubes (A and B) and two corresponding detectors. Because of the 90° offset between the two 
detectors, the half-scan sinogram in parallel geometry can be split up into two quarter-scan 
sinograms (indicated as black and gray quarter circles), which are simultaneously acquired by 
the two acquisition systems. 

 

1.3 Basic Principles 

 Computed tomography is a diagnostic imaging procedure that uses a 

combination of X rays and computer technology to produce detailed cross sectional 

images (slices) of the body. A CT scanner is composed by an x ray source which 

rotates in a continuous arc around the patient and detectors which detect and measure 

the transmitted through the body photons. The transmission data are related to the sum 

of all the attenuation coefficients in the X-ray beam path. The average transmission 

for each beam path is measured and stored in the computer. The patient’s cross 

section is divided into a matrix of voxels. By collecting data at many angles and 

paths, enough information is obtained to calculate the attenuation coefficient of each 

voxel. This process is called reconstruction. The attenuation values are represented as 

gray levels in a 2-dimensional image of the slice. 

 To carry out reconstruction, consider the row of voxels through which a 

particular ray passes during data collection, Figure1.5. Ni is the transmitted x-ray 

intensity for this ray measured by the detector. No is the x-ray intensity entering the 
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subject (patient) for this ray. A derived measurement Xi is related to a simple sum of 

the attenuation values in the voxels along the path of the ray; for the row of voxels in 

Figure 1.5, this relationship is  

,                                            1.1 

where and  is the attenuation of voxel i. Similarly,  

 

Figure 1.5 Reconstruction matrix. Hounsfield envisioned scanned slice as being composed of 
matrix of small boxes of tissue called voxels, each with attenuation coefficient m. x-Ray 
transmission measurements (Ni) can be expressed as sum of attenuation values occurring in 
voxels along path of ray for Ni. 

measurements for all rays at all positions and angles can be expressed as sums of the 

attenuation values in voxels through which each ray has passed. Note that the quantity 

X i is known; it is calculated from each detector measurement Ni with the known X 

and Y voxel dimensions (W) and the known x-ray intensity entering the patient (No). 

In Hounsfield’s scanner, No was directly measured by a reference detector sampling 

the x-ray intensity exiting the x-ray tube. Modern scanners determine No from routine 

calibration scans.  

  The attenuation coefficient for each voxel (which is the average of all the 

attenuation coefficients contained within the corresponding voxel) is calculated using 

computer instructions called algorithms and afterwards is converted to a CT-number 

(specified in Hounsfield Units) which is calculated by: 
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                             1.2 

where uvoxel is the calculated voxel attenuation coefficient, uwater is the attenuation 

coefficient of water, and K is an integer constant standardized as 1,000. The units are 

Hounsfield units to honor the inventor. 

 Thereafter the image is formed by assigning gray scale values to the CT-

numbers. Each pixel has a gray scale value corresponding to its CT-number and the 

final image is formed by combining and displaying the individual gray scale values of 

the pixels. On this scale, water and consequently each water-equivalent tissue with 

µtissue=µwater, has the value 0 HU by definition. Air corresponds to a CT-number of -

1000 HU and bone up to 2000 HU. The Hounsfield scale has no upper limit. For 

medical scanners a range from – 1024 HU to +3071 HU is typically provided with 

4096 grey levels.  

Table 1.1 Representative values of CT numbers 

Material CT number in Hounsfield Units 
Bone +100 to 2000 HU 
Liver 40 to 60 

Muscle 10 to 40 
Kidney 30 

Water 0 
Fat -50 
Air -1000 

 Human observers can typically discern up to a maximum of 60 to 80 gray 

levels. Therefore, the complete gray scale is assigned to the CT-number interval of 

interest only, the so-called window; values above the chosen window will be 

displayed as white, and the values below the window as black. To chose the desired 

CT-number interval only the centre and the width of the window have to be adjusted. 

The centre is chosen corresponding approximately to the mean CT-number of the 

interesting structures, while the window width determines the contrast in the image. 

For the display of very small attenuation differences as given in the brain, for 

example, a narrow window is chosen. For large differences, as presented by the lung 

or the skeleton, for example, a wide window is chosen. (Kalender 2000) 
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1.3 CT Instrumentation 

1.3.1 X ray Source 

 Hounsfield, in his initial experiments, used low-energy gamma ray, 

monochromatic radiation.7 He later conducted experiments using an x ray tube 

because of several limitations imposed by monochromatic radiation source, such as 

the low radiation intensity rate, large source size, low source strength and high cost. 

Subsequently, CT scanners were manufactured with X ray tubes because tubes 

provided high radiation intensities necessary for clinical, high contrast CT scanning. 

The components of the x ray system include the x ray generator, x ray tube, the X ray 

beam filter and collimators along with the X ray generator. 

 The x ray tubes used in medical imaging employ peak voltage of between 25 

and 150 kV to accelerate electrons from a heated cathode towards an anode target. X 

rays are produced either as a result of radiative energy loss by electron’s slowing 

down in the target material (bremsstrahlung) or by radiative transitions of electrons 

within the atoms of the target (characteristic x-rays).8  

 Moreover, for most diagnostic examinations, and all interventional 

procedures, x-ray spectra from a tungsten target are used. In the chapter 2, the 

production of x rays and their physical properties are discussed. 

1.3.2 Filtration and Collimation 

 The x-rays generated by a CT x-ray tube require collimation and filtration that 

is somewhat different than that in projection radiography systems.  

 Filtration of the emitted x ray spectrum is caused by inherent and added 

attenuators in the path of the x ray beam. Inherent filtration result from the x ray tube 

port thickness and elemental composition. The lowest energies in the spectrum are 

preferentially attenuated, with essentially no energy exiting the tube below about 15 

keV. Added filtration refers to any attenuators placed in the beam to purposely alter 

the effective energy, selection of specific energy ranges, or the intensity distribution 

of the x ray beam. Since CT image formation requires the x-ray source to be 

approximated as a monoenergetic source, in order to make the actual CT x-ray source 

                                                           
7 Seeram E., “Computed Tomography: Physical Principles, Clinical Applications & Quality 
Control” , Saunders,2nd Edition, 2001. 
8 Journal of the ICRU Vol. 5 No 2 (2005) Report 74, Oxford University Press 
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more monoenergetic in practice, more filtering is employed than is typically in 

projection radiography systems. Aluminum filtration is generally employed to remove 

the low-energy end of the bremsstrahlung spectrum, which would otherwise be 

absorbed in the superficial tissues of the patient without contributing to the final 

image. An additional filter of, for example, copper may also be used in some 

situations to further harden the spectrum. To prevent the low-energy characteristic x 

rays produced in the copper filter from reaching the patient, the aluminum filter 

should be between the copper filter and the patient. 

 Collimators define the size and shape of the x ray field that emerges from the 

output port of the x ray tube. CT requires fan-beam geometry rather than the cone-

beam geometry used in projection radiography. Collimation into a fan, typically 

between 30 to 60 degrees in fan angle, is accomplished using two pieces of lead that 

form a slit between them. This collimation is placed as close to the patient as 

possible.9 A motor controls how wide the slit is, so that the fan thickness can be 

selected by the operator. In multislice CT systems, the thickness of the fan is typically 

larger than in single-slice systems in order to cover the width of the multiple 

detectors. 

 

Figure 1.5: Standard fan-beam configuration of a so-called 3rd generation CT system 

where an x-ray tube and a detector arc are both continuously rotating around the 

patient. 

 

                                                           
9 Jerry L. Prince, Jonathan Links, Medical Imaging: Signals and Systems, Prentice Hall, 1st 
Edition, 2005. 
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1.3.3 CT Detectors 

 To be useful in CT, a detector must exhibit several characteristics that are 

essential for CT image production. These include efficiency, response time, dynamic 

range, high reproducibility and stability. The conversion of x-rays to electrical energy 

is based on two fundamentals principles. Some detectors convert x-ray energy first 

into light, and then the light is converted into electrical energy. These are called 

scintillation detectors. Other detectors convert x-ray energy directly to electrical 

energy and are called gas ionization detectors. 

 Most modern scanners use solid-state detectors, these detectors contain a 

scintillation crystal in the first stage. The crystal may be a cadmium tungstate, sodium 

iodide, bismuth germinate or cesium iodide crystal. X-rays interact with the crystal 

mainly by photoelectric effect, producing photoelectrons. These electrons are excited 

and emit visible light when they spontaneously de-excite. This scintillation process 

results in a burst of light. The light is then converted to electric current using a solid-

state photo-diode which is attached tightly to the scintillator. 

 The other type of CT detector is based on the principle of ionization. A gas 

ionization detector consists of a series of individual gas chambers usually separated 

by tungsten plates carefully positioned so that they act as electron collection plates. 

When x-rays fall on the individual cells (chambers), ionization of the gas results 

producing positive and negative ions. The positive ions migrate to the negatively 

charged plate, whereas the negative ions are attached to the positively charged plate. 

This migration of ions gives rise to a small signal current that varies directly with the 

number of photons absorbed. 

 An important concept related to the detector dimensions is the slice thickness. 

In a typical CT scanner the axial response is a rect function whose width is the slice 

thickness. The maximum slice thickness is equal to the detector height, 15 mm in the 

typical case. Smaller slice thickness are created by further restricting the beam using 

movable blades in the x-ray tube collimator. 

 

 

1.3.4 Gantry, Slip Ring and Patient Table 

  The gantry of a CT system holds the x-ray tube and the detectors so that they 

can be rotated around the patient rapidly. The fan angle, size of the detector array, and 
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the separation between the x-ray tube and detector array must be capable of imaging a 

50 cm field of view. A full 2-D scan in less than 1 sec is required. The gantry can 

typically be tilted in order to facilitate acquisition of nonaxial slices. 

 Most modern scanner is capable of continuous rotation without requiring a 

“rewinding” of the source and detectors. Since there are large voltages that must go to 

the x-ray tube and hundreds of signals that must be transmitted out of electrical 

design, which the slip ring solves. A slip ring comprises a large contact with the 

rotating cylinder. The x-ray tube and detectors are mounted inside the cylinder and are 

in continuous electrical contact with the controlling and data processing electronic 

hardware. 

 The patient table, in helical scanners is an integral part of the data acquisition 

hardware, since it must be moved in synchrony with the source and detector rotation. 

Even in single slice, the table’s positioning capabilities must be quite flexible. 
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Chapter 2 

 X ray Production 

 

 X rays were discovered by Roentgen in 1895 while studying cathode rays in a 

gas discharge tube10. He named this new type of radiation which can penetrate opaque 

substances, produce fluorescence, blacken a photographic plate, and ionize a gas, x 

rays. The nature of x rays was extensively studied and many other properties were 

revealed. The understanding of their nature was enhanced when they were classified 

as one form of electromagnetic radiation.  

 X rays are produced when highly energetic electrons interact with matter, with 

the conversion of their kinetic energy into electromagnetic radiation. An x ray is 

comprised of an electron source, an evaluated path for electron acceleration, a target 

electrode, and an external energy source to accelerate the electrons. 

 

2.1 The X Ray Tube 

 The x ray tube consists of a glass envelope  which has been evacuated in high 

vacuum. Sealed in the tube there are a cathode (negative electrode) and an anode 

(positive electrode). The cathode is a tungsten filament which when heated emits 

electrons, a phenomenon called thermionic emission. The anode consists of a thick 

copper rod at the end of which is placed a small piece of tungsten target. When a high 

voltage is applied between the anode and the cathode, the electrons emitted by the 

filament are accelerated toward the anode and achieve high velocities before striking 

the target. In most systems the anode is rotated so that the electrons strike only a small 

portion at any one time and the rest of the anode can cool. These systems have a 
                                                           
10 Faiz M. Khan,” The physics of Radiation Therapy”, Lippincott Williams & Wilkins,  2nd 
Edition, 1984, USA. 
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rotor/stator system which rotates the anode in order to avoid melting the anode target 

area. The x rays are produced by the sudden deflection or acceleration of the electron 

caused by the attractive force of the tungsten nucleus. The x rays are emitted from the 

tube through a radio-translucent exit window in the glass envelope. Figure 2.1 is a 

schematic representation of a conventional x ray tube. 

 

Figure 2.1 Schematic representation of a rotating-anode diagnostic X-ray tube. 

 

2.1.1. The anode 

 The material of the anode should have high melting point and high atomic 

number. The high melting point permits more heat to be deposited without damage to 

the surface and the high atomic number increases the efficiency of radiative emission 

relative to a low atomic number target. Tungsten is the most widely used anode 

material, with Z = 74, is a good target material. In addition tungsten has a melting 

point of 3370°C. This is necessary because energy transferred by the electrons is 

converted into heat in a large portion (about 0.5% of the energy carried by the 

electrons to the anode is emitted as x rays at the x ray tube voltages used for 

diagnostic imaging11). 

                                                           
11 Bushberg J., Boone J. Seibert J. A., Leidholdt Jr., Lippincott, “The essential physics of 
medical imaging”, Williams & Wilkins, 1st Edition, 1994, USA. 
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 There are two common anode configurations in a modern X ray tubes: 

stationary and rotating. By far the most common is the rotating anode design, because 

it permits a much greater power input and x ray output flux. The stationary anode is 

the simplest x ray tube configuration. It consists of a tungsten insert embedded in a 

massive copper block. The copper serves a dual role: a. it physically supports the 

tungsten insert: and b. being an excellent heat conductor, it removes heat efficiently 

from the tungsten target. On the other hand, stationary anodes have a small target area 

that limits the heat dissipation and thus limits the x ray output. 

 The rotating anode is a solid tungsten disc connected to a bearing-mounted 

shaft that spins during the production of x rays. A large anode surface is available to 

distribute the instantaneous thermal energy load, and the large mass of the anode 

serves as a heat sink. The heat generated in the rotating anode is radiated to the oil 

reservoir surrounding the tube. Rotation is accomplished by an induction motor, 

comprised of the bearing-mounted rotor/anode assembly and an external stator. The 

stator, a wire-wrapped “doughnut” outside the x ray tube glass envelope, surrounds 

the rotor. Alternating current passing through the stator windings produces a rotating 

magnetic field about the stator. The ferromagnetic portions of the copper/iron 

laminated rotor are attracted by the magnetic field, causing the rotor to spin. Low or 

high speeds are achieved by supplying either a single-phase (60 Hz) either a 3-phase 

(180 Hz) alternating current to the stator windings, respectively. 

 The focal track area of the rotating anode is determined by the average radial 

distance (r) and the radial incremental width ∆r of the focal track and is equal to the 

product of the circumference (2πr) and the incremental width (∆r). 

 An important requirement of the anode design is the optimum size of the 

target area from which the x rays are emitted. This area, which is called focal spot, 

should be as small as possible for producing sharp radiographic images. However, 

smaller focal spots generate more heat per unit area of target and, therefore, limit 

currents and exposure.  The target is mounted on a steeply inclined surface of the 

anode. So, anode angle is defined as the angle of the target surface to the central axis 

of the x ray tube output port. The anode angles in diagnostic x ray tubes range from 7° 

to 20°. Focal spot size is defined in two ways. The actual focal spot size is the area on 

the anode that is struck by electrons. The effective focal spot size is the length and 
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width of the emitted x ray beam as projected down the central axis of the x ray tube. 

Because of the anode angle is less than 45°, the projected effective focal spot length is 

smaller than the actual focal spot, Figure 2.2. The effective and the actual focal spot 

lengths are related by: 

Effective focal length = Actual focal length * sinθ,                    2.1 

where θ is the anode angle. The dimensions of the actual focal spot are chosen so that 

the effective focal spot results in an approximate square. 

 

Figure 2.2 The effective focal spot size varies with the anode angle. For the same actual focal 

spot size the effective focal spot is smaller for smaller angles. 

 

2.1.2. The cathode 

 The source of electrons in the x ray tube is the cathode, comprised of a helical 

filament made of tungsten wire and surrounded by a negatively charged focusing cup, 

as shown in Figure 2.1. The function of the cathode cup is to direct the electrons 

toward the anode so that they strike the target in a well defined are, the focal spot.  

Since size of the focal spot depends on the size of the filament, the diagnostic tubes 

usually have two separate filaments to provide “dual focus”, namely one large and 

one small focal spot. 

 A filament circuit supplies a potential difference on the order of 10 Volts to 

drive a selectable filament current of 3 to 6 Amperes. Electric resistance to electron 

flow heats the filament to very high temperatures, releasing surface electrons via a 
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process called thermionic emission. The rate of electron emission depends on the 

filament temperature, which is determined by the filament current. 

 The focusing cup most of the times has the some potential with the filament, 

while in other cases a more negative voltage than the filament is kept. This decreases 

the size of the focal spot with a biased focusing cup. When the filament current flows 

without an applied voltage between the anode and the cathode, an electron cloud 

builds up around the filament. Equilibrium is achieved whereby the rate of electrons 

emitted by the filament is equal to the rate of electrons returning to the filament. The 

number of electrons populating the space charge cloud is determined by the filament 

temperature, which is governed by the filament current. 

 Tube current flow between the cathode and the anode only when the x ray tube 

voltage is applied. The tube current has a magnitude typically 5 to 10 times less than 

the filament current. For a constant filament current, the tube current is strongly 

depended on tube voltage below approximately 40 kVp, and is relatively independent 

above 40 kVp. Above 40 kVp, all the electrons in the cloud surrounding the filament 

are pulled toward the anode. Very little change in tube current occurs with an increase 

in tube voltage. Below 40 kVp, however, not all the electrons in the cloud are 

instantaneously accelerated toward the anode. Tube current in this space charged 

limited situation is strongly influenced by the applied voltage. 

 

2.2 Physics of x ray production 

 X rays are produced when the electrons that have been accelerated by the 

potential difference between the cathode and the anode reach the anode and they 

interact with the material of the anode. X rays are produced by the conversion of 

electron kinetic energy into electromagnetic radiation. There are two different 

mechanisms by which x rays are produced. The first is result of radiative energy loss 

by electron’s slowing down in the target material, bremsstrahlung x rays. The second 

is result of radiative transitions of electrons within the atoms of the target, 

characteristics x rays. But, the vast majority of the interactions produce unwanted heat 

collision interactions with electrons in the target. The two mechanisms are discussed 

in the following paragraphs. 
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 The shape of the spectrum is shown in Figure 2.3 and depends on the voltage 

applied to the x ray tube (kVp), the waveform of the generator, the target material and 

the its angle and the amount of inherent and added filtration in the x ray beam. 

 

Figure 2.3: Typical photon fluence x-ray spectra used for medical imaging. Top tube voltage: 
80 kV constant potential, tungsten anode; filtration: 3 mm Al, anode angle 16 HVL1: 2.98 
mm Al.   

2.2.1. Bremsstrahlung 

 The process of bremsstrahlung (a German term meaning braking radiation) is 

the result of radiation collision between high speed electrons and nucleus. This occurs 

when an energetic electron comes in close proximity to the large electric field of the 

target nucleus. The electron is decelerated, resulting in loss of kinetic energy, which is 

converted in x rays, Figure 2.4. This phenomenon is predicted by Maxwell’s general 

theory of electromagnetic radiation12. According to this theory, energy is propagated 

through space by electromagnetic fields. As the electron, with its associated 

electromagnetic field, passes in the vicinity of a nucleus, it suffers a sudden deflection 

and acceleration. As a result, a part or all of its energy is dissociated from it and 

propagates in space as electromagnetic radiation. 

                                                           
12 Faiz M. Khan,” The physics of Radiation Therapy”, Lippincott Williams & Wilkins,  2nd 
Edition, 1984, USA. 
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Figure 2.4 Creation of bremsstrahlung radiation. Electrons interact with an atomic nucleus of 
the target atom via coulombic attraction, causing a conversion of kinetic energy to 
electromagnetic (x ray) energy. 

 The amount of energy lost by each electron during the bremsstrahlung process, 

and thus the energy of the x ray photon that is produced, is determined by the distance 

between the electron and the nucleus. As the columbic force of attraction varies strong 

with the distance, so the resulting bremsstrahlung photon may have any energy up to 

the initial energy of the electron. A bremsstrahlung spectrum shows the number of x 

ray photons as a function of their energy. The unfiltered bremsstrahlung spectrum 

demonstrates a wedge shaped relationship between the number of photons and the x 

ray energy, Figure 2.5. In the spectrum is obvious that the highest energy is 

determined by the peak voltage applied between the electrodes in the x ray tube. The 

filtered bremsstrahlung spectrum shows that the lower energy x rays are absorbed 

while traversing the x ray tube enclosure and additional filters. The most probable x 

ray energies are typically about 1/3 to 2/3 of the maximum x ray energy in the 

spectrum.13 

                                                           
13 Bushberg J., Boone J. Seibert J. A., Leidholdt Jr., Lippincott, “The essential physics of 
medical imaging”, Williams & Wilkins, 1st Edition, 1994, USA. 
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Figure 2.5 The distribution of energies in an X ray spectrum.Unfiltered 

bremsstrahulg spectrum and typical spectrum with inherent and added filtration. 

 The energy loss per atom by electrons depends on the square of the atomic 

number (Z2). Thus the probability of bremsstrahlung production varies with the Z2 of 

the target material. The efficiency of x ray production depends on the target material’s 

atomic number and the acceleration potential, the voltage applied to the tube. The 

term efficiency is defined as the ratio of output energy emitted as x rays to the input 

energy deposited by electrons. 

Efficiency = 9 * 10-10 * Z * V                                            2.2 

where V is the tube voltage in volts. 

 

2.2.2. Characteristic x rays 

 The second mechanism of x ray production gives rise to characteristic x rays. 

In this case, an electron, with kinetic energy E0, may interact with the atoms of the 

target by ejecting an orbital electron, such as a K, L, or M electron, leaving the atom 

ionized, Figure 2.6. The original electron will recede from the collision with energy 

E0 – ∆E, where ∆E is the energy given to the orbital electron. A part of ∆E is spent in 

overcoming the binding energy of the electron and the rest is carried by the ejected 

electron. When a vacancy is created in an orbit, an outer orbital electron will fall 

down to fill the vacancy. In so doing, the energy is radiated in the electromagnetic 

radiation. This is called characteristic radiation, i.e., characteristic of the atoms in the 

target and of the shells between which the transitions took place.  
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Figure 2.6: An incident electron ionizes the sample atom by ejecting an electron from an 
inner-shell (the K shell, in this case). De-excitation, in turn, produces characteristic X-
radiation (above) or an Auger electron (below). Secondary electrons are ejected with low 
energy from outer loosely bound electron shells, a process not shown. 

 A variety of energy transitions occur from adjacent and non adjacent shells in 

the atom, giving rise to several discrete energy peaks superimposed on the continuous 

bremsstrahlung spectrum. The most prevalent characteristics x rays in the diagnostic 

energy range due to K shell vacancies, which are filled by electrons from the L, M 

and N shells. Even unbound electrons have a small probability of being captured by 

an unstable atom. Energy transitions are designed by the shell capturing the electron 

with a subscript of α or β, e.g., Kα. The subscript α refers to an adjacent shell 

transition (L � K or M � L) and the subscript β refers to a non adjacent shell 

transition (M � K or N � K). A Kα x ray is therefore less energetic than a Kβ x ray. 

Also, within electron shells are discrete energy states designated with subscripts of 1, 

2, and 3, and result in the fine energy splitting that is commonly seen in the total x ray 

spectrum.  

 If the transition involved an electronic descending from the L shell to the K 

shell, then the photon emitted will have energy , where EK and EL are 

the electron binding energies of the K shell and the L shell, respectively. In the case of 

tungsten, an L shell electron dropping into the K shell vacancy results in a 

characteristic x ray energy of: 

                2.3 
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 Characteristic K x rays are emitted only when the electrons impinging on the 

target exceed the binding energy of the K shell electrons. Acceleration potentials must 

therefore be greater than 69.5 kVp for tungsten and 20 kVp for molybdenum targets 

to produce K shells x rays. As the energy of the incident electrons increases above the 

threshold energy for characteristic x ray production, the percentage of characteristic x 

rays increases relative to the bremsstrahlung x rays, Figure 2.7. Characteristic x 

rays other than K x rays are unimportant in diagnostic imaging because they almost 

entirely attenuated by the tube window and added filtration. Table 2.1 lists the 

electron binding energies of the most important target materials14. 

Table 2.1 Electron binding energies (keV) of common X ray tube target material 

 Tungsten Molybdenum Rhodium 

Shell    

K 69.5 20.0 23.2 

L 12.1/11.5/10.2 2.8/2.6/2.5 3.4/3.1/3.0 

M 2.8-1.9 0.5-0.4 0.6-0.2 

 

 

Figure2.7 Bremsstrahlung and characteristic radiation spectra are shown for a tungsten anode 

with x-ray tube operation at 80, 100, 120, and 140 kVp and equal tube current. 

 

                                                           
14 Bushberg J., Boone J. Seibert J. A., Leidholdt Jr., Lippincott, “The essential physics of 
medical imaging”, Williams & Wilkins, 1st Edition, 1994, USA. 
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2.3 X ray Interactions 

 

 The radiation of an x ray beam is called ionizing radiation because it has 

enough energy so it can produce ionization of the atoms. When an x ray beam passes 

through a medium, interactions between photons and matter can take place with the 

result that energy is transferred to the medium. The initial step in the energy transfer 

involves the ejection of electrons from the atoms of the absorbing material. These 

high speed electrons transfer their energy by producing ionization and excitation of 

the atoms along their path. If the absorbing medium consists of body tissues, 

sufficient energy may be deposited within the cells, destroying their reproductive 

capacity. Ionizing photons interact with the atoms of a material or an absorber to 

produce high speed electrons by 3 major processes: Photoelectric Effect, Compton 

Effect and pair production. However, most of the absorbed energy is converted into 

heat, producing no biologic effect. 

 In diagnostic Radiology only the photoelectric effect and the Compton Effect 

are important. The pair production is a phenomenon that requires energies greater 

than 1.02 MeV. 

2.3.1 Photoelectric Effect 

 The photoelectric effect is a phenomenon in which a photon interacts with an 

atom and ejects one orbital electron. In this process, the entire energy  of the 

photon is transferred to the atomic electron, Figure 2.8. The kinetic energy of the 

ejected electron (photoelectron) is equal to: 

                                                   2.4 

where  is the binding energy of the electron. Interactions of this type can take place 

with electrons in the K, L, M or N shells. 
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Figure 2.8 The Photoelectric Effect the absorption of radiation by an electron and the ejection 

of the electron. 

 After the electron has been ejected from the atom, a vacancy is created in the 

shell, thus leaving the atom in an excited state. The vacancy can be filled by an outer 

orbit electron with the emission of characteristic x rays. There is also a possibility of 

emission of Auger electrons, which are monoenergetic electrons produced by the 

absorption of characteristic x rays internally by the atom.  

 The probability of photoelectric absorption depends on the photon energy as 

illustrated in Figure 2.9, where the mass photoelectric attenuation coefficient (τ/ρ) is 

plotted as a function of photon energy. Between the τ/ρ and photon energy there is the 

following relation: 

                                                         2.5 

 The graph in Figure 2.9 has discontinuities, which are called absorption edges, 

and correspond to the binding energies of L and K shells. When the photon has an 

energy that just equals to the binding energy of L shell, resonance occurs and the 

probability of photoelectric absorption involving the L shell becomes very high. 

Beyond this point, if the photon energy is increased, the probability of photoelectric 

attenuation decreases approximately as  until the next discontinuity, the K 

absorption edge. 

 The data for various materials indicate that photoelectric attenuation depends 

strongly on the atomic number of the absorbing material. The following approximate 

relationship holds: 
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                                                          2.6 

 This relationship forms the basis of many applications in diagnostic radiology. 

The difference in Z of various tissues such as bone, muscle and fat amplifies 

differences in the x ray absorption, provided the primary mode of interaction is the 

photoelectric. This Z3 dependence is also exploited when using contrast media such as 

BaSO4 mix with Hypaque. 

  

Figure 2.9: Mass attenuation coefficient (µ/) of several materials encountered in diagnostic 
x-ray imaging are illustrated as function of energy. The mass attenuation decreases at a rate of 
approximately 1/E3 for low energy (10 to 100 keV) and increases as a function of atomic 
number (Z) of attenuating material as approximately Z3. With higher Z, presence of 
"absorption edges" results from increased attenuation of x-rays by photoelectric absorption 
event at energies equal to binding energies of electrons in the specific element. 

 

2.3.2 Compton 

 In the Compton process, a photon interacts with an atomic electron as though 

it was a free electron. The term, free, means that the binding energy of the electron is 

much less than the energy of the bombarding photon. In the interaction, the electron 

receives more energy from the photon and it is emitted at an angle φ, Figure 2.10. The 

photon, with reduced energy, is scattered at an angle θ. 
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Figure 2.10: The Compton Effect, a photon interacts with an electron and scatters in angle θ 
and the electron is emitted in angle φ. 

 The Compton process can be analyzed in terms of a collision of two particles, 

a photon and an electron. By applying the laws of conservation of energy and 

momentum, one can derive the following relationships: 

                                                 2.7 

                                                  2.8 

                                             2.9 

Where   ,  and E are the energies of the incident photon, scattered photon and 

electron, respectively and , where  is the rest energy of the 

electron (0.511 MeV). 

 The probability to happen the Compton Effect decreases with increasing the 

photon energy. This is apparent at the plot of Compton electronic coefficient eσ 

against photon energy, Figure 2.11. Furthermore, since the Compton interaction 

involves essentially free electrons in the absorbing material, it is independent of 

atomic number Z. It follows that the Compton mass attenuation coefficient (σ/ρ) is 

independent of Z and depends only on the number of electrons per gram. Although 

the number of electrons per gram of elements decreases slowly but systematically 

with atomic number, most materials except hydrogen can be considered as having 
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approximately the same number of electrons per gram15. Thus σ/ρ is nearly the same 

for all materials. 

 

 

2.3.3 Attenuation 

 An x ray beam emitted from a target consists of a large number of photons, 

usually with a variety of energies. In order to understand a kind of beam there are 

many terms to describe it: 

1. Fluence Φ 

The quotient dN by dα, where dN is the number of photons that enter an 

imaginary sphere of cross-sectional area dα: 

                                                         2.10 

2. Fluence rate or flux density φ 

The fluence per unit time: 

                                                         2.11 

3. Energy Fluence Ψ 

                                                           
15 Faiz M. Khan,” The physics of Radiation Therapy”, Lippincott Williams & Wilkins, 2nd 
Edition, 1984, USA. 

Figure 2.11: Comparison of 
Photoelectric and Compton Interaction 
Rates for Different Materials and 
Photon Energies 
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The quotient of  by dα, where  is the sum of the energies of all the 

photons that enter the sphere of cross sectional area dα: 

                                                       2.12 

4. Energy Fluence Rate or energy flux density ψ 

The energy fluence per unit time: 

                                                         2.13 

 

 When a photon beam, with intensity I, passes through a material will interact 

with the material. Some photons will be scattered, other will be absorbed. The 

probability of photon attenuation can be expressed per thickness of attenuator and is 

called linear attenuation coefficient, µ, typically expressed in units of inverse 

centimeters cm-1.  

 An exponential relationship exists between the incident primary photons I0 and 

the transmitted I photon intensity, with respect to thickness x: 

                                                       2.15 

 The term of half value layer can be defined now as the thickness of an 

absorber required to attenuate the intensity of a beam to half its original value. That 

means that when x = HVL, I / I0 = 1/2: 

                                                          2.16 

 For a monoenergetic beam the HVL does not change with absorber thickness. 

However, an x ray beam is not a monoenergetic beam, but consists of a spectrum of 

photon energies. As it is mentioned, the mass attenuating coefficient, µ, depends on 

the energy; this means that the different energies will be attenuated by different 

portions. The photons with greater energy will attenuated less than the less energetic 

photons of the beam. So, as the thickness of the absorber increases, the average 

energy of the transmitted beam increases, this phenomenon is called beam hardening. 

Thus, by increasing the filtration thickness in an x ray beam, increases the HVL and 

the penetrating power of the beam. 
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2.3.4 Attenuation Coefficient 

 The attenuation coefficient, as it has already mentioned, depends on the energy 

of the photons and the nature of the material. Since the attenuation produced by a 

thickness x depends on the number of electrons presented in that thickness, µ depends 

on the density of the material. The mass attenuation coefficient µ/ρ is the linear 

attenuation coefficient µ divided by the density ρ of the material. This is a more 

fundamental coefficient than the linear coefficient, since the density has been factored 

out and its dependence on the nature of the material does not involve density but 

rather the atomic composition. The mass attenuation coefficient has units of cm2/g. 

 Attenuation of a photon beam by an absorbing material is caused by four 

major types of interactions at the energies that are used in diagnostic radiology. These 

four processes are coherent scattering, the photoelectric effect, the Compton Effect, 

and the pair production. Each of these processes can be represented by its own 

attenuation coefficient, which varies in its particular way with the energy of the 

photon and with the atomic number of the absorbing material. The total attenuation is 

the sum of individual coefficients for these processes: 

                                        2.17 

Where , ,  and  are the attenuation coefficients for coherent scattering, the 

photoelectric effect, the Compton effect, and the pair production, respectively. 
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Chapter 3 

 Dose Quantities 

3.1 Introduction 

 Medical ionizing radiation sources provide by far the largest contribution to 
the population dose from artificial sources and most of this contribution comes from 
diagnostic X rays (above 90%)16. CT procedures result in organ doses in the range of 
10–100 mGy, generally below the level required to produce deterministic effects. 
Figure 3.1 shows the mean effective doses for some examination types, and Figure 3.2 
the relative contributions to the total collective dose derived from all diagnostic X ray 
examinations, as reported in the UNSCEAR 2000 report17 for the first health care 
level in 1991–1996. 

 

Figure 3.1 Effective doses from diagnostic X ray examinations and interventional procedures 
in health care level I (1991–1996). 

                                                           
16 IAEA, “Dosimetry in diagnostic Radiology”, TRS 457, Vienna, 2007 
17 UNITED NATIONS, Sources and Effects of Ionizing Radiation, 2000 Report to the 
General Assembly, Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 
UN, New York. 
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  The effective doses are the highest in the interventional procedures, 

angiography and CT. The differences between Figures 3.1 and 3.2 result from the 

different examination frequencies employed. For example, CT accounts for about 6% 

of the total frequency of all X ray examinations and for about 40% of the collective 

effective dose. In interventional procedures and angiography, the average effective 

doses per examination are higher than in CT but, owing to their low frequencies, the 

percentage contributions to the collective dose are only about 5–7%. As an example 

of a low effective dose, chest radiography accounts for about 30% of the total 

frequency but for only about 3% of the collective effective dose from all X ray 

examinations. 

 

 Figure 3.2: Contribution to collective dose from various types of diagnostic X ray 
examinations in health care level I. 1991-199618 

 It is generally recognized that even a 10% reduction in patient dose is a 

worthwhile objective for optimization. Numerous surveys have shown wide variations 

                                                           
18 IAEA, “Radiological protection of patients in Diagnostic and interventional radiology, 
nuclear medicine and radiotherapy”, Vienna, 2001 



45 

 

in the magnitude of absorbed dose to the patient for the same type of x-ray procedure 

performed at different facilities or even within the same facility19. This has focused 

attention on the possibility of using reference values as guidance for the levels that 

can be achieved using good radiographic technique and appropriate x-ray equipment. 

As an aid to the optimization of absorbed dose to the patient, reference values (ICRP, 

1991b) can be specified. The ICRP introduced the concept of diagnostic reference 

levels (DRLs) for patients as a tool for optimization and quality assurance, requiring 

regular assessment of patient doses and comparison with the reference dose levels20.  

 For diagnostic radiology, these levels, which are a form of investigation level, 

apply to an easily measured quantity at the surface of a simple standard phantom or a 

representative patient. The ICRP recommends that diagnostic reference level (DRL) 

values should be selected by professional medical bodies and reviewed at intervals 

that represent a compromise between the necessary stability and the long-term 

changes in the observed distributions. DRLs are intended to act as thresholds to 

trigger internal investigations by departments where typical practice is likely to be 

well away from the optimum and where improvements in dose-reduction are probably 

most urgently required. Typical levels of dose in excess of a reference dose value 

should either be thoroughly justified or reduced. In general, patient doses should 

always be reduced to the lowest levels that are reasonably practicable and consistent 

with the clinical purpose of the examination. 

 DRLs are aimed at the management of patient doses consistent with the 

clinical imaging information that is required. This means that in individual cases, the 

exceeding of DRLs may be justified in terms of a clinical requirement, for example, 

need for additional diagnostic information, or the unexpected difficulty of a 

procedure. Diagnostic reference dose values should not be applied locally on an 

individual patient basis, but rather to mean doses observed for representative groups 

of patients21.  

                                                           
19 ICRU Report No.74, “Patient Dosimetry for x rays used in medical Imaging”, Oxford 
University Press, 2005. 
20 ICRP 1996, International Commission on Radiological Protection, Radiological Protection 
and Safety in Medicine, ICRP Publication 73. Ann. ICRP 26(2) (Oxford: Pergamon Press). 
21 European Communities, “European guidelines on quality criteria for Computed 
Tomography”, EUR 16262, Luxembourg, 1999.  
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 They should be revised as technology and techniques develop. The European 

Union, in the directive towards “health protection of individuals against the dangers 

of ionizing radiation in relation to medical exposures”, it requires extensive dose 

measurements and establishment of diagnostic reference levels. 

 In practice, DRLs have frequently been set using the distribution of dosimetric 

quantities observed in national surveys, by taking the third quartile value (75 % of the 

results are equal to or below this value) of the observed distribution22. Periodic 

monitoring of the dosimetric quantities in the UK for common conventional x-ray 

examinations has shown that the mean and third quartile values of the observed 

distributions dropped by about 30 % since an earlier national survey in the 1980s23 24. 

3.2 Quantities for CT dosimetry 

 The dosimetric quantities used for DRLs are presented in this section. In the 

past, various quantities have been used for specification of the dose in diagnostic 

radiology and there has been ambiguity because the same name has been used for 

different quantities. Here will be used the quantities as are used in EUR 16262 

EUROPEAN GUIDELINES ON QUALITY CRITERIA FOR COMPUTED 

TOMOGRAPHY on patient dosimetry for X rays used in medical imaging. 

3.2.1 Criteria for the selection of a dose quantity 

 Reference doses are intended to allow comparison of performance. In order to 

achieve this objective for CT, reference doses had to be expressed in terms of 

quantities which fulfill the following criteria: 

1. provide a meaningful indication of patient exposure, taking into account the details 

of scanning technique used by individual centers for particular examinations; 

2. well-defined and simple to measure or easy to determine in order to encourage 

widespread use at CT centers of all sizes and levels of sophistication; 

                                                           
22 Shrimpton, P.C., et al. (1986) A National Survey of Doses to Patients Undergoing a 
Selection of Routine X-Ray Examinations in English Hospitals, NRPB-R200, London, UK. 
23 Shrimpton, P.C., et al. (1986) A National Survey of Doses to Patients Undergoing a 
Selection of Routine X-Ray Examinations in English Hospitals, NRPB-R200, London, UK. 
24 Hart, D., et al. 1996c, Doses to Patients from Medical X-ray Examinations in the UK 1995, 
Report NRPBR289 
(London, UK: Her Majesty’s Stationary Office). 
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3. applicable to all current and new types of scanner and to all common techniques, 

including helical scanning; 

4. Consistency of approach with other reference doses and dose descriptors already in 

widespread use25. 

 There are a number of dosimetric quantities that are employed routinely under 

various circumstances to characterize exposure from CT scanners. One of the most 

practical measurements concerns the computed tomography dose index (CTDI). This 

quantity is simple and can easily be determined free-in-air on the axis of rotation of 

the scanner for a single scan (CTDIair). This approach has formed the basis for 

national surveys in several countries. By itself, CTDIair is only a coarse indicator of 

patient exposure for an examination, for example, the relationship between CTDIair 

and effective dose for a standard examination varies by up to a factor three between 

models of scanner as a result of inherent differences in design, and in particular the 

use of shaped beam filtration.  

 In practice, it is more convenient to measure CTDI over a fixed length of 

integration using a pencil ionization chamber with an active length of 100 mm. This 

provides a measurement of CTDI100, expressed in terms of absorbed dose to air 

(mGy). Comparing the properties of the various dose quantities, it has been decided to 

take the CTDI100 at the surface and centre of the head or body CT dosimetry 

phantoms as an adequate basis for specifying reference doses for CT. From these 

measurements a weighted CTDI (CTDIw), representing the average dose to a single 

slice, and an associated dose-length product (DLP) for a complete examination, can 

be derived. 

 Measurements with phantoms offer the advantage of taking into account 

differences in dose distribution arising from scanner design, particularly if 

measurements are not confined to the phantom surface. However, any such dosimetric 

approach should utilize well-defined and commonly available phantoms in order to 

gain wide acceptance. 

                                                           
25 European Communities, “European guidelines on quality criteria for Computed 
Tomography”, EUR 16262 (Luxembourg, 1999).  
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 Effective dose is certainly a useful indicator of patient exposure, although it is 

also not particularly suitable as a reference dose quantity since it cannot be measured 

directly and its definition may be subject to further changes. 

3.2.2 Computed Tomography Dose Index (CTDI) 

 The principal dosimetric quantity used in CT is the computed tomography 

dose index (CTDI). This quantity relates particularly to the fan - shaped beams used in 

CT. This is defined as the integral along a line parallel to the axis of rotation (z) of the 

dose profile (D(z)) for a single slice, Figure 3.3, divided by the nominal slice 

thickness T: 

                                                 3.1 

Where  

D(z) = the radiation dose profile 

N = the number of tomographic sections imaged in a single axial scan. This is equal to 

the number of data channels used in a particular scan. The value of N may be less 

than or equal to the maximum number of data channels available on the system, 

and 

T = the width of the tomographic section along the z-axis imaged by one data channel. 

In multiple-detector-row (multislice) CT scanners, several detector elements may 

be grouped together to form one data channel. In single-detector-row (single-

slice) CT, the z-axis collimation (T) is the nominal scan width. 
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Figure 3.3: The dose profile of a slice with thickness 10 mm. Slice thickness for CT scanners 
is usually equivalent to full width at half maximum of dose profile. 

 The CTDI is always measured in the axial scan mode for a single rotation of 

the x-ray source, and theoretically estimates the average dose within the central region 

of a scan volume consisting of multiple, contiguous CT scans [Multiple Scan Average 

dose (MSAD)] for the case where the scan length is sufficient for the central dose to 

approach its asymptotic upper limit. 

3.2.3 CTDIFDA 

 A quantity in wide-spread use is the particular definition of CTDI given by the 

Food and Drug Administration (FDA), i.e. CTDIFDA, in relation to measurements in a 

phantom for the purposes of compliance testing of CT systems in the USA. It involves 

the integration of D(z) over a distance of 14 times the slice thickness, where D(z) is 

the dose at a point z on any line parallel to the z (rotational) axis for a single slice of 

nominal thickness T.  

                                        3.2 

Unfortunately, the limits of integration were not similarly expressed in terms of NT, 

allowing for the potential underestimation of the MSAD by the CTDI.  
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 The scattering media for CTDI measurements were also standardized by the 

FDA26. These consist of two polymethylmethacrylate (PMMA, e.g., acrylic or 

Lucite™) cylinders of 14-cm length. To estimate dose values for head examinations, a 

diameter of 16 cm is to be used. To estimate dose values for body examination, a 

diameter of 32 cm is to be used. These are typically referred to, respectively, as the 

head and body CTDI phantoms. 

 

3.2.4 CTDI100 

 In practice, a convenient assessment of CTDI can be made using a pencil 

ionization chamber with an active length of 100 mm so as to provide a measurement 

of CTDI100 expressed in terms of absorbed dose to air (mGy). CTDI100 represents the 

accumulated multiple scan dose at the center of a 100-mm scan and underestimates 

the accumulated dose for longer scan lengths. It is thus smaller than the equilibrium 

dose or the MSAD. The CTDIa,100, like the CTDIFDA, requires integration of the 

radiation dose profile from a single axial scan over specific integration limits. In the 

case of CTDI100, the integration limits are ±50 mm, which corresponds to the 100-mm 

length of the commercially available “pencil” ionization chamber. 

                                           3.3 

Unit: J/kg. The special name for the unit of CT Dose index is gray (Gy). 

 There is the normalized value of CTDI100, nCTDI100. This value is normalized 

to unit tube current – exposure time product, PIt, thus: 

                                                3.4 

 The use of a single, consistent integration limit avoided the problem of dose 

overestimation for narrow slice widths (e.g., <3 mm). CTDI100 is acquired using a 100 

mm long, 3 cm3 active volume CT “pencil” ionization chamber and the two standard 

CTDI acrylic phantoms [head (16-cm diameter) and body (32-cm diameter)]. The 

measurement must be performed with a stationary patient table. 

                                                           
26 AAPM Report No.96, “The measurement, Reporting, and Management of Radiation Dose 
in CT” , 2008 
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3.2.5 Weighted CTDI (CTDIw) 

 A weighted ‘CT dose index’ was first introduced by Leitz et al.27. 

Measurements of CTDI100 can be carried out on standard CT dosimetry phantoms at 

the centre (CTDI100, c) and 10 mm below the surface (CTDI100, p). The phantoms are to 

be placed centrally in the gantry of the CT scanner with their longitudinal axis 

coinciding with the axis of rotation of the scanner. Such measurements of CTDI in the 

standard head or body CT dosimetry phantom may be used to provide an indication of 

the average dose over a single slice for each setting of nominal slice thickness. On the 

assumption that dose in a particular phantom decreases linearly with radial position 

from the surface to the centre and then the average dose to the slice is approximated 

by the weighted CTDI (CTDIw): 

                 3.5 

where CTDIPMMA,100,p represents an average of measurements at four different 

locations around the periphery of the phantom. CTDIw is a useful indicator of scanner 

radiation output for a specific kVp and mAs. Values of CTDIw can vary with nominal 

slice thickness, especially for the narrowest settings28. 

 The subscript n is used to denote when the value of CTDIW has been 

normalized to unit tube current–exposure time product, PIt, thus: 

                                                3.6 

Unit: J·kg–1·C–1. If the special name gray is used, the unit of the normalized weighted 

CT air kerma index is Gy/C or Gy·A–1·s–1. 

 The International Atomic Energy Agency (IAEA) and the International 

Commission on Radiation Units and Measurements recently pointed out that in 

measurements obtained by using an air kerma calibrated ionization chamber, the 

measured quantity is air kerma and that in air-tissue interfaces (such as the air cavity 

in a CT phantom), the absorbed dose in air is impractical to measure. For this reason, 

the IAEA and the International Commission on Radiation Units and Measurements 

                                                           
27 LEITZ, W., AXELSSON, B., SZENDRO, G., (1995), “Computed tomography dose 
assessment — a practical approach”, Radiat. Prot. Dosim. 57 377–380. 
28 IAEA, “Dosimetry in diagnostic Radiology”, TRS 457, Vienna, 2007 
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have proposed using the CT air-kerma index rather than the weighted CT dose 

index29. However, since the majority of surveys have been based on weighted CT 

dose index measurements, this thesis is also based on these measurements. 

3.2.6 Volumetric CT Dose Index (CTDIVOL) 

 With the advent of multi– detector row systems, the term volumetric CT dose 

index (CTDIvol) was introduced to represent dose for a specific scan protocol. A 

protocol almost always involves a series of scans, so, it is essential to take into 

account any gaps or overlaps between the x-ray beams from consecutive rotations of 

the x-ray source.  

  CTDIvol is derived by dividing the weighted CT dose index by pitch, and was 

introduced to account for variations in radiation exposure in the z direction when the 

pitch is not equal to 1. So, CTDIVOL takes into account the helical pitch or axial scan 

spacing thus: 

                                  3.7 

where N is the number of simultaneously acquired tomographic slices, T is the 

nominal slice thickness, and I is the distance moved by the patient couch per helical 

rotation or between consecutive scans for a series of axial scans (table increment per 

axial scan). 

Unit: J/kg. The special name for the unit is gray (Gy). 

The quantity p is named pitch factor and is defined as the ratio of the table increment 

per rotation (I) to the total nominal beam width (N*T), 

                               3.8 

The normalized value is: 

                                             3.9 

                                                           
29 Tsapaki V, Aldrich JE, Sharma R, Staniszewska MA, Krisanachinda A,Rehani M, Hufton 
A, Triantopoulou C, Maniatis PN, Papailiou J, Prokop M, 2006,  “Dose Reduction in CT 
while Maintaining Diagnostic Confidence: Diagnostic Reference Levels at Routine Head, 
Chest, and Abdominal CT—IAEA-coordinated Research Project”, Radiology, 240(3):828-34.  
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 Whereas CTDIw represents the average absorbed radiation dose over the x and 

y directions at the center of the scan from a series of axial scans where the scatter tails 

are negligible beyond the 100-mm integration limit, CTDIvol represents the average 

absorbed radiation dose over the x, y, and z directions. It is conceptually similar to the 

MSAD30. The CTDIvol provides a single CT dose parameter, based on a directly and 

easily measured quantity, which represents the average dose within the scan volume 

for a standardized (CTDI) phantom. CTDIvol is a useful indicator of the dose to a 

standardized phantom for a specific exam protocol, because it takes into account 

protocol-specific information such as pitch. Its value may be displayed prospectively 

on the console of newer CT scanners31. 

 While CTDIvol estimates the average radiation dose within the irradiated 

volume for an object of similar attenuation to the CTDI phantom, it does not represent 

the average dose for objects of substantially different size, shape, or attenuation or 

when the 100-mm integration limits omit a considerable fraction of the scatter tails32. 

Further, it does not indicate the total energy deposited into the scan volume because it 

is independent of the length of the scan. That is, its value remains unchanged whether 

the scan coverage is 10 or 100 cm. It estimates the dose for a 100-mm scan length 

only, even though the actual volume-averaged dose will increase with scan length up 

to the limiting equilibrium dose value. 

3.2.7 Multislice Scan Average Dose (MSAD) 

 In the clinical situation, a CT examination is normally composed of several 

slices, which can either be contiguous or with an inter-slice spacing and the multiple 

scan average dose (MSAD) has been defined to cover such circumstances. For a 

sufficient number of slices such that the first and the last in the series do not 

contribute any significant dose over the width of the central slice, MSAD. The MSAD 

represents the average dose over a small interval (-I/2, I/2) about the center of the scan 

length for a scan interval I, but requires multiple exposure for its direct measurement. 

This quantity has been recommended by the American Association of Physicists in 

                                                           
30 AAPM Report No.96, Boone JM., 2007 “The trouble with CTDI 100” Med Phys 
34:1364−1371. 
31AAPM Report No. 96, Boone JM., 2007 “The trouble with CTDI 100” Med Phys 
34:1364−1371. 
32AAPM Report No. 96, Boone JM., 2007 “The trouble with CTDI 100” Med Phys 
34:1364−1371. 
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Medicine (AAPM) in relation to the specification and acceptance testing of CT 

scanners and has been reported in surveys of CT practice in the USA.  

                                                 3.10 

where T is the slice thickness and I the increment between successive slices.  

 

Figure 3.4: Single and multiple slice profiles: (a) seven contiguous slices and (b) increment 

(I) equal to 1.5 times slice thickness (T) 

 

 

3.2.8 Dose Length Product (DLP) 

 To better represent the overall energy delivered by a given scan protocol, the 

absorbed dose can be integrated along the scan length to compute the Dose-Length 

Product (DLP). So, the DLP is a dose quantity that describes the dose to the patient 

for a complete examination (and thus the potential biological effect).  

                                          3.11 

where i represents each serial scan sequence forming part of an examination and N is 

the number of slices, each of thickness T (cm) and radiographic exposure C (mAs), in 

a particular sequence. Any variations in applied potential setting during the 

examination will require corresponding changes in the value of  used. DLP 

is the CT equivalent of the dose – area product (DAP) for conventional radiography 
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and can be considered as an expression of the total energy imparted to the patient33. 

DLP is the most important parameter that can be linked with dose examinations, 

because it varies greatly with the scan length for a given examination type34.  

 In the case of helical scanning the equation 3.11 is converted to: 

                                         3.12 

where for each of i helical sequences forming part of an examination, T (cm) is the 

nominal irradiated slice thickness, A is the tube current (mA) and t is the total 

acquisition time (s) for the sequence.  is determined for a single slice as in 

serial scanning. 

 In helical CT, data interpolation between two points must be performed for all 

projection angles. Thus, the images at the very beginning and end of a helical scan 

require data from z-axis projections beyond the defined “scan” boundaries (i.e., the 

beginning and end of the anatomic range over which images are desired). This 

increase in DLP due to the additional rotation(s) required for the helical interpolation 

algorithm is often referred to as overscanning. For MDCT scanners, the number of 

additional rotations is strongly pitch dependent, with a typical increase in irradiation 

length of 1.5 times the total nominal beam width35.  The implication of overscanning 

with regard to the DLP depends on the length of the imaged body region. For helical 

scans that are short relative to the total beam width, the dose efficiency (with regard to 

overscanning) will decrease. Overscanning may significantly affect the patient 

effective dose from CT examinations performed on MDCT scanners. Therefore, an 

estimation of the patient effective dose from MDCT examinations should always take 

                                                           
33 Jessen, Shrimpton, Geleijns, Panzer, Tosi, 1999, “Dosimetry for optimization of patient 
protection in computed tomography”, Applied Radiation and Isotope, 50:165-172. 
34 D. Papadimitriou, A. Perris, A. Manetou, M. Molfetas, N. Panagiotakis, M. Lyra-
Georgosopoulou, K. Hourdakis, S. Kottou, G. Tosi, D. Origgi and S. Vigorito “A survey of 
14 Computed Tomography scanner in Greece and 32 scanners in Italy. Examination 
frequencies, Dose reference values, effective doses to organs”, Radiation Protection 
Dosimetry, 104:47-53. 

35 AAPM Report No.96, “The measurement, Reporting, and Management of Radiation Dose 
in CT” , 2008 



56 

 

into consideration the effect of z overscanning36.  So, for the same anatomic coverage, 

it is generally more dose efficient to use a single helical scan than multiple helical 

scans. 

3.3. Quantities related to stochastic and deterministic effects 

 

 The fundamental dosimetric quantity in radiological protection is the absorbed 

dose, D. At low dose levels, the mean absorbed doses in organs or tissues in the 

human body are taken to be indicators of the probability of subsequent stochastic 

effects; at high dose levels, absorbed doses to the more heavily irradiated sites within 

the body are taken to be indicators of the severity of deterministic effects (ICRP, 

1991b, 2000). In view of the obvious difficulties in measuring the distribution of 

absorbed dose within the body during medical x-ray imaging, more practical 

dosimetric quantities have evolved which can be directly measured or readily 

estimated from closely related measurements. The risk-related quantities can be 

obtained from the practical dosimetric quantities such as CTDIVOL and DLP, using the 

dose-conversion coefficients in Section 3.4. 

 

 The threshold doses for deterministic effects are not approached in most 

applications in diagnostic radiology, this occurs only in some applications of 

interventional radiology. If deterministic effects are considered to be a possibility, the 

absorbed dose to the more heavily irradiated regions of tissues at the surface of the 

body is the radiation quantity of interest. The more heavily irradiated tissues will 

usually comprise those localized areas of the skin that lie within the primary x-ray 

beam for the longest time during these interventional procedures.  

3.3.1 Organ and Tissue Dose 

 The ICRP has recommended that the appropriate dosimetric indicator for the 

probability of stochastic radiation effects is the average absorbed dose in a tissue or 

organ (ICRP, 1991b). In ICRU Report 51 (1993b) the mean absorbed dose in a 

                                                           
36Tzedakis A, Damilakis J, Perisinakis K, Stratakis K, Gourtsoyiannis N, “ The effect of z 
overscanning on patient effective dose from multidetector helical computed tomography 
examinations”, Medical Physics, 2005, 32(6):1621-9. 
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specified organ or tissue T has been given the symbol DT and is defined either as the 

integral of the absorbed dose Dt over the mass of the tissue divided by its mass mT 

                                             3.13 

where Dt is the absorbed dose at a point in tissue material t. 

 The mean absorbed dose in a specified organ or tissue is further simply 

referred to as organ dose. The subscript T can be replaced by a specific organ, for 

example, stomach, Dstomach
37. 

Mean glandular dose 

 The ICRP commends the use of the mean dose to the glandular tissues within 

the breast for breast dosimetry in diagnostic radiology. This quantity has been referred 

to in the literature as both ‘mean glandular dose’ and ‘average glandular dose’. The 

term mean glandular dose and the notation DG are used in this Code of Practice. 

 

3.3.2 Equivalent dose HT 

 The probability of stochastic events is found to depend not only on the 

absorbed dose but also on the type and energy of the radiation depositing the dose. 

The ICRP has, therefore, recommended that for radiological protection purposes, 

organ dose should be weighted for radiation quality by a radiation weighting factor, 

wR
38. Values of wR have been selected by the ICRP to be representative of the relative 

biological effectiveness of specified types and energies of radiation incident on the 

surface of the body in inducing stochastic effects at low doses (ICRP, 1991b). The 

present weighted absorbed dose has been given the name equivalent dose and the 

symbol HT. The ICRP uses a radiation weighting factor of unity (1 Sv/Gy) for photons 

of all energies, so for the x rays used in medical imaging organ dose, DT, expressed in 

Gy is numerically equal to equivalent dose, HT, expressed in Sv. 

                3.14 

                                                           
37 For stochastic effects, the ICRP [3.13] recommends that that the average absorbed dose in a 
tissue or organ is the appropriate dosimetric indicator. For deterministic effects, however, the 
dose to the most heavily irradiated region(s) is more relevant and mean absorbed dose in a 
localized region of tissue of interest is the required quantity [3.1]. 
 
38 ICRU Report No.74, “Patient Dosimetry for x rays used in medical Imaging”, Oxford 
University Press, 2005. 
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Unit: J/kg. The special name for the unit of equivalent dose is sievert (1 Sv = 1 J/kg). 

 The radiation weighting factor is intended to provide a rough indication of the 

changes in the biological effectiveness with radiation quality. 

 

3.3.3 Effective dose 

 The relationship between the probability of stochastic effects and equivalent 

dose also depends on the organ or tissue irradiated. In medical x-ray imaging more 

than one organ is often irradiated. It might therefore be useful to combine the doses to 

different tissues in such a way that the combined value is likely to correlate well with 

the total of the stochastic effects. For the radiological protection of workers and the 

whole population, the ICRP has defined the factor by which the equivalent dose in a 

tissue or organ has to be weighted, called the tissue weighting factor, wT.  

 Effective dose, E, is a dose descriptor that reflects this difference in biologic 

sensitivity. It is a single dose parameter that reflects the risk of a non uniform 

exposure in terms of an equivalent whole-body exposure. The effective dose is 

defined as the sum of the weighted equivalent doses in all the tissues and organs of 

the body. It is the sum over all the organs and tissues of the body of the product of the 

equivalent dose, HT, to the organ or tissue and a tissue weighting factor, wT, for that 

organ or tissue, thus: 

                                                     3.15 

Unit: J/kg. The special name for the unit of effective dose is sievert (Sv). 

 As it is desirable that a uniform equivalent dose to the whole body should give 

an effective dose numerically equal to that uniform equivalent dose (ICRP, 1991b), 

the sum of the tissue weighting factors is normalized to unity 

                                                        3.16 

 The values of the tissue weighting factor proposed by the ICRP are 

independent of the type and energy of the radiation incident on the body. The 

consequences following an absorbed dose also depend on the distribution of the dose 

in time. The effect of all exposure conditions other than those dealt with by the 
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radiation and tissue weighting factors is covered by using different values of the 

coefficients relating equivalent dose and effective dose to the probability of stochastic 

effects, rather than by using additional weighting factors in the definitions of the 

quantities. The values of both the radiation and tissue weighting factors depend on 

current knowledge of radiobiology and may change from time to time. 

Table 3.1 Typical effective dose values for several common CT imaging exams. 

CT exams Typical Effective Dose values(mSv) 

Head CT 1 - 2 

Chest CT 5 – 7 

Abdomen CT 5 – 7 

Pelvis CT 3 – 4 

Abdomen & pelvis CT 8 – 14 

Coronary artery calcium CT 1 – 3 

Coronary CT angiography 5 – 15 

Note: Average background radiation from naturally occurring sources ≈ 3.0 mSv (range 1−10 mSv) 

 Another way to calculate the effective dose for a particular scanning protocol 

from a measurement of CTDIair is by utilizing scanner-specific normalized organ dose 

data determined for a mathematical anthropomorphic phantom using Monte Carlo 

techniques39. Alternatively, broad estimates of effective dose (E) may be derived from 

values of DLP for an examination using appropriately normalized coefficients: 

E = EDLP × DLP                                                    3.17 

where DLP (mGy cm) is the dose-length product as defined in Equations 3.11 and 

3.12 and EDLP is the region-specific normalized effective dose (mSv mGy-1 cm-1). 

General values of EDLP appropriate to different anatomical regions of the patient 

(head, neck, chest, abdomen or pelvis) have been published by the European 

Commission, Table 3.2. In this study, the estimation of the effective dose is done 

using this method. 

                                                           
39 Jones DG and Shrimpton PC, Normalized organ doses for x-ray computed tomography 
calculated using Monte Carlo techniques, Chilton, NRPB-SR250 (1993). 
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Table 3.2 Normalized values of effective dose – length product (DLP) over various 

body regions40. 

Region of body 
Normalized effective dose,  

EDLP (mSv mGy-1 cm-1) 

Head 0.0023 

Neck 0.0054 

Chest 0.017 

Abdomen 0.015 

Pelvis 0.019 

  

 Moreover the European Commission has proposed reference dose values for 

some CT examination. These values are proposed on the basis of the third quartile 

values from wide scale survey data. These values depend on the body region 

examined, Table 3.3. 

 

Table 3.3 Proposed European Commission reference levels and region specific 
normalized effective doses for some routine CT examinations. 

Examination CTDI w (mGy) DLP (mGy cm) 
Head 60 1050 

Neck   

Chest 30 650 

Abdomen 35 780 

Pelvis 35 570 

3.4. Conversion coefficients for the assessment of organ and 

tissue doses 

 A conversion coefficient, c, relates the dose to an organ or tissue to a readily 

measured or calculated dosimetric quantity, thus: 

                                                           
40European Community, “European guidelines on quality criteria for Computed 
Tomography”, EUR 16262 (Luxembourg, 1999).  
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                               3.18 

 For stochastic effects, the specified dosimetric quantity is either the mean 

absorbed dose in an organ, DT or in a specialized tissue of interest, such as glandular 

tissue in the breast. For deterministic effects, the specified dosimetric quantity is the 

absorbed dose to the more heavily irradiated regions of tissues at the surface of the 

body.  

 Suffixes are added to c to indicate the two quantities that are related, for 

example the coefficient: 

                                                 3.19 

relates the organ dose, DT, to the incident air kerma, Ki. 

 For CT, when stochastic effects are of interest, the specified dosimetric 

quantity is the organ dose, DT, and the CT Dose Index, CTDI, may be used as 

normalization quantity. Thus  

                                                3.20 

Unit: (J/kg)/(J kg), or Gy/Gy. 
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Chapter 4 

Materials & Methods 

 In this study, patient doses are measured for four types of examinations and 

will provide useful sets of data for the establishment of meaningful reference dose 

values. First, information was collected in relation to standard protocols established 

for some common CT examinations and standard (average-sized) patients. These 

particular examinations were selected as representing the bulk of core practice for 

adult patients.  A questionnaire (Appendix 1) was completed for each type of 

examination. 

 Secondly, information on the actual scan sequence used for individual 

patients, since they may differ from the standard protocols was collected. This 

revealed wide variations in patient dose for the same type of examination. Such 

variation in performance between hospitals suggested a significant potential for dose 

reduction without detriment to patient care (NRPB, 1990). 

 Finally, measurements of CTDI were made on CT dosimeter phantoms 

(PMMA), head and body, with a pencil ionization chamber dosimeter. The dosimetry 

method employed was based on the one proposed by the European Guidelines for 

Quality Criteria in Computed Tomography.The CTDIPMMA measurements were 

compared with the doses that the CT scanner provides and the corresponding values 

given by the ImPACT. 
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4.1 Materials 

4.1.1 CT scanner 

 In this study, measurements were taken from the CT scanner of the University 

Hospital of Patras. The CT scanner is a General Electric LightSpeed 16.  The GE 

LightSpeed16, Figure 4.1, is a third generation multi-slice helical CT scanner. 

  The CT scanner featuring a 53 kW generator, 6.3 MHU tube and gantry 

rotation time of 0.5 seconds. It is capable of imaging 16 slices per rotation with main 

collimations of 16 x 0.63 mm and 16 x 1.25 mm. In addition, 2 x 0.63, 1 x 1.25, 1 x 5 

and 4 x 3.75, 8 x 1.25 and 8 x 2.5 mm slice modes are also available. It has 24 parallel 

rows of solid-state detectors, covering 20 mm in the z-direction at the iso-centre. A 

summary of the main features of the scanner is presented in Table 4.1. 

Table 4.1 Main Features of CT scanner General Electric LightSpeed 16 

Scanner Gantry  

Generation  3
rd 

 

Aperture (cm)  70  

Maximum scan field of view (cm)  50  

Nominal slice widths for axial scans (mm)  0.63, 1.25, 2.5, 3.75, 5, 7.5, 10  

Tube and Generator  

Generator power rating (kW)  53.2  

Anode heat capacity (MHU)  6.3  

Maximum anode cooling rate (kHU/min)  840  

Guaranteed tube life (revolutions)  One year warranty, unlimited rotations  

Detection System  

Number of elements along z-axis  24  

Effective length of each element at 

isocentre (mm)  
16 x 0.63, 8 x 1.25  

Scanning  

Scan times (s)  
0.3 (partial scan), 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 2.0, 

3.0, 4.0  

Helical pitches (range and increment, 

quoted relative to x-ray beam width)  

8 slice: Pitch 0.625, 0.875, 1.35 and 1.675  

16 slice: Pitch 0.5625, 0.9375, 1.375 and 1.75  
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Maximum continuous scan time (s)  120  

 

 

 

4.1.2 Equipment 

 The basic quantities used in CT dosimetry, as already have been described, are 

the CT Dose Indices Ca,100  and CW. For the measurement of these quantities the 

equipment that is necessary is the following: 

• CT ionization chamber and electrometer calibrated for CT beam qualities; 

• Thermometer and barometer; 

• Head and body phantom (for the measurement of CTDIPMMA,100,c and 

CTDIPMMA,100,p). 

4.1.2.1 CT ionization chamber and electrometer 

 The standard “pencil” ionization chamber, first described by Jucius RA and 

GX Kambic 41(1977), and Suzuki A and Suzuki MN (1978) employs the principle of 

                                                           
41 R. A. Jucius, G. X. Kambic, “Radiation Dosimetry in Computed Tomography”, Appl. of 
Opt. Instr. Eng. in Med. VI, 127: 286-295, 1977. 
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volume averaging42. The pencil ionization chambers are available with a diameter of 

10 mm, a sensitive length of 100 mm, and an active volume of 3 cm3, Figure 4.2. The 

CT chamber is designed for non-uniform exposure from a single scan or a number of 

scans43. Their response is designed to be uniform along the entire length of the 

sensitive volume, with a conversion factor determined in the conventional manner. 

 

Figure 4.2 Pencil ionization chamber used for dosimetry of CT examinations. The active 
volume of the chamber is 3 cm3 and the active length 100 mm. 

 The ionization chamber that is used in this study is the VICTOREEN CT 

Probe, model 6000-100 and are designed to be used with VICTOREEN Phantoms. Its 

specifications are listed in the Table 4.2. The chamber is connected, via 0.9 m of low 

noise flexible cable terminated with a male BNC size triaxial connector. It is designed 

to be readout on the NEROTM or Model 400M+. 

Table 4.2: Specifications of VICTOREEN CT Probe, model 6000-100. 

CT Probe  

Detector Type Vented air ionization chamber 
Volume 3.2 cc 
Sensitive Length 10.0 cm 
Chamber Material: Clear Acrylic 

Inside Diameter: 6.4 mm 
Wall Thickness: 54mg/cm2 

Electrode Material: Aluminum. 
Diameter :0.64 mm 

Sensitivity 10 R cm/nC 
Factor Calibration 100 kVCP , 5.5 mm Al HVL 
Energy Response +5%, 1 mm Al to 10 mm Al HVL 

Uniformity along z axis: +3% over central 90% of active 
length 

                                                           
42 AAPM No. 39, “Specification and Acceptance Testing of Computed Tomography 
Scanners”, 1993 
43 IAEA, “Dosimetry in diagnostic Radiology”, TRS 457, Vienna, 2007 
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Beam Orientation Normal to chamber axis 
Phantom Adapter Outside diameter: 1.27 ±0.04 cm  

  

 The electrometer that is used is a VICTOREEN Model 4000M+. It is a self-

contained, noninvasive X-ray Test Device. In a single exposure, it can measure 

simultaneously: kVp, exposure or air kerma, Exposure Rate or air kerma rate and 

time. It is calibrated for both tungsten anode (W/Al) and Molybdenum (Mo/Mo) 

anode x ray tubes. Additionally, it has an external ion chamber port that accepts a 

variety of accessory ionization chambers for various applications, including pencil 

shaped ionization chambers for CT dosimetry. 

 It can compute the tube potential with ±3% accuracy. Five separate, selectable 

filter pairs ensure optimum accuracy over the maximum range with minimum 

filtration dependence. A separate internal ionization chamber measures tube output.  

Table 4.3: Specifications of VICTOREEN Model 4000M+. 

Measured Quantities 

Kilovoltage Measured during the first 300 ms of exposure: 

• kVp average 

• kVp effective 

• kVp maximum 

Accuracy: ±3% 

Time Measured during entire exposure; reference to 75% rise/fall kV time. 

Accuracy: Within 2% or 2 ms, whichever is greater 

Range: 1ms to 10 sec 

Exposure  Measured during entire exposure, kVp corrected. 

Accuracy: ±10% 

Range: 10 mR to 10 R 

 

 For the measurement of the CT Dose Index, CTDI, the chamber is positioned 

parallel to the rotation axis of the scanner inside a cylindrical phantom. For a single 

scan (except for a multislice), the primary beam does not usually cover more than 

about 10% of the full length of the chamber. At the same time, the CT chamber 

detects the scattered radiation generated in the phantom by the primary beam, thereby 
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allowing quantification of the total exposure of a patient. This unique use of the CT 

chamber requires that the response of the active volume be uniform along its entire 

axial length, a restriction that is not required of other cylindrical full immersion 

chambers44.  

 They are usually calibrated in terms of air kerma by exposing the entire 

sensitive volume to a uniform x-ray field. Because the dose profile rapidly falls to 

zero away from the position of the CT slice, the pencil ionization chamber will also 

measure CTDI to a very good approximation45.  

 For the measurement the chamber should be mounted in such a way that its 

length axis corresponds to the axis of rotation of the gantry and that its centre 

corresponds to the centre of the slice, or the centre of the slices for a multi-slice 

scanner, Figure 4.3. The measurement with the ionization chamber should be made 

for a single rotation. When the rotation differs from 360° this should be noted. The 

value of CTDI is obtained from the ionization chamber reading as already it has been 

discussed in 3.2.2. 

 

Figure 4.3 Schematic diagram of the arrangement for measurement of CTDI. 

4.2.2 Dosimetry Phantoms 

 For a measurement of CTDIW, the CT dosimetry phantoms should be used. 

The CT phantoms are constructed from polymethyl methacrylate, PMMA (density = 

                                                           
44 IAEA, “Dosimetry in diagnostic Radiology”, TRS 457, Vienna, 2007 
45 ICRU Report No.74, “Patient Dosimetry for x rays used in medical Imaging”, Oxford 
University Press, 2005. 
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1.19 ± 0.01 g/cm3), and each is a right circular cylinder. The head and body phantoms 

have diameters of 160 mm and 320 mm, respectively, with lengths of 14-16 cm 

(available from several dosimeter and radiological accessory manufacturers). All 

phantoms have holes at a depth of 1 cm (center to phantom edge) from the outer 

surface, at the 3, 6, 9 and 12 o’clock positions, and along the cylinder axis, Figure 

4.4a. Dosimeter holes at other radial locations may also be provided. Acrylic plugs, 

provided for each hole, are removed when dosimeters are inserted. Each hole should 

be suitable for the insertion of a 100 mm long CT ionization chamber. 

 The CT Dose Phantoms that are used in this study are the models 76-414 76-

415, Figure 4.4b. This phantom consists of two parts: a body phantom and a head 

phantom. Both are made of solid acrylic, 15 cm thick, with diameters of 32 cm and 16 

cm, respectively. Each part contains five probe holes, one in the center and four 

around the perimeter, 90° apart and 1 cm from the edge. The inside diameter of the 

holes is 1.31 cm. Each part includes five acrylic rods for plugging all the holes in the 

phantom. The CT Dose Phantoms were designed in accordance with the Food and 

Drug Administration’s performance standard for diagnostic x-ray systems. 

 

Specifications of the CT phantoms  

Weight Body phantom: 32 lb (14.5 kg); 

Head phantom: 8 lb (3.6 kg) 

Optional accessories Carrying Case (Model 89-414) 

CT Head Dose Phantom with five plugs (Model 76-414) 

CT Body Dose Phantom with five plugs (Model 76-415) 

 

 For the measurement the phantom should be fixed on the table in such a way 

that its longitudinal axis coincides with the axis of rotation of the gantry and that its 

centre corresponds to the centre of the slice, or the centre of the slices for a multi-slice 

scanner. The pencil ionization chamber should be inserted in the phantom in such a 

way that its centre corresponds to the longitudinal central plane of the phantom for 

each of the five measurement positions, i.e., one at the centre and four at 1 cm below 

the surface. Unused holes should be plugged. 
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Figure 4.4 a. Standard dosimetric phantoms for CT of the body. The small circles indicate the 

positions of the bores for inserting a CT ionization chamber. A PMMA plug is shown on the 

left. Head phantom: a = 160 mm, b = 10 mm. Body Phantom: a = 320 mm, b = 10 mm. b. CT 

Dose Phantom kit for Adult Head and Body Model 76-414-415 

 

4.2 Method 

 A survey was made on which type of examinations are more frequent at the 

clinical practice at Hospital of Patras. This survey revealed that the examinations 

which are more frequent are the routine head, the routine chest, the routine abdomen 

and the cervical spine. 

 Information on the standard protocol that is used was collected for each type 

of examination. Technique parameters such as kilovoltage (kV), tube current–

exposure time product (mAs), slice thickness T, slice increment I, pitch and table 

speed were fixed for standard sized patients. Three of the above examinations, routine 

chest, routine abdomen and cervical spine, were performed using helical acquisition 

mode. Only the head examination was performed using axial acquisition mode 

without the administration of contrast media. On the other hand, in the examinations 

of the trunk was usual the use of contrast media. 

 For each type of examination a random sample of 30 standard sized patients 

was taken. The standard sized patient is 70 ±10 Kg and 170 ± 10 mm. 120 patients 
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were included in total. Dose data given by the CT console, CTDIVOL and DLP, was 

also collected. 

 The next step of this study was the measurement of the doses on the 

corresponding PMMA phantoms (head or body), for each protocol. These 

measurements were done to help to the verification of the indications of the console. 

For the measurement the pencil shaped ionization chamber was used. It is important 

to note that CTDI was determined for a single axial rotation. In each measurement the 

combinations of the pre-patient collimation, beam filter and tube voltage were 

employed as are used clinically. Moreover the head or body phantom was used for the 

phantom measurements as appropriate. Special care were taken to interpret correctly 

both N, the number of simultaneously acquired slices per rotation (also referred to as 

the number of data channels used during the acquisition), and T, the nominal 

thickness of each acquired slice (which is not necessarily the same as the nominal 

width of the reconstructed slice). The product, NT, should reflect the total nominal 

width of the X ray beam. 

 

4.2.1 Questionnaire survey 

 The purpose of the questionnaire survey was to estimate patient doses caused 

by CT practice. The content of the questionnaire was in accordance to the European 

Guidelines46 and NRPB Report47. Each questionnaire included the following 

information:  

a. type of the examination and anatomical region; 

b. anatomical range diagram 

c. sequences 1 - 4 

d. for each scan sequence, a condition of whether contrast agents were used or 

not. 

e. for each scan sequence, the nominal beam collimation, the scanned field of 

view, the tube voltage, the tube rotation time the tube current, the mA, the use 
                                                           
46 European Community, “European guidelines on quality criteria for Computed 
Tomography”, EUR 16262 (Luxembourg, 1999) 
47 Shrimpton P C, Lewis M A, Dunn M, NRPB W67, “Doses from Computed Tomography 
Examinations in the UK – 2003 Review”,2005 
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or not of an Auto Dose Reduction, the use of axial or helical scanning, the 

number of axial slices/ scan length, the table increment/pitch, the 

overscan/table speed (mm/rot), the reconstruction interval and the imaged slice 

thickness; 

f. for each scan sequence, the CTDIw, CTDIVOL or DLP as displayed on the 

console. 

g. Patient data age and weight. 

h. Whether the image is acceptable or not. 

 In Appendix I the questionnaires used for each type of examination are presented. 

 

 

4.2.2 PMMA measurements 

 For the measurement of CTDIPMMA,100,c and CTDIPMMA,100,p (and hence of 

CTDIW), the ionization chamber is supported by the phantom, which is placed on the 

couch top. The measurement arrangement is shown in Figure 4.5.  

 

Figure 4.5 Arrangement for the measurement of the Weighted CT Dose Index, CTDIW. 

 The standard phantoms were orientated so that one of the peripheral dose 

measurement holes corresponds to the position of the maximum air kerma at a depth 

of 10 mm below the phantom surface. 

  The distribution of the air kerma at a depth of 10 mm below the phantom 

surface will not be uniform because of the presence of the patient couch and the effect 
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of any overscan. Voltage ramping at the start of a scan can also give rise to a localized 

increase. 

 To determine the reproducibility the measurements of CTDIW were obtained 

with three sets of readings in each phantom hole. This will establish whether there is 

any variation due to overscan. Measured data and exposure parameters were be 

recorded on a worksheet, Appendix II. The procedure is as follows: 

1. The gantry tilt was set to 0°. 

2. The head phantom was positioned in the head holder on the scanner couch. The 

phantom was oriented so that one of the peripheral measurement bores is at the 

position of dose maximum. 

3. The phantom was aligned and centered on the scan plane with its axis coincident 

with the scanner rotation axis. 

4. The chamber was inserted in its plastic sleeve and was placed the whole assembly 

in the central dosimetry hole so that the center of the chamber’s active volume is 

in the central plane of the phantom. PMMA plugs were in all other holes in the 

phantom. 

5. The desired scanner parameters and a single axial rotation were selected. 

6. The dosimeter reading, M1c, was recorded for a single rotation of the scanner. 

7. Two more exposures were made and the dosimeter readings, M2c and M3c were 

recorded. 

8. This procedure was repeated for the four peripheral holes in the phantom to obtain 

three readings, M1p, M2p, M3p, for each peripheral position. 

9. All relevant scanner settings including tube voltage, beam filter, slice thickness 

and tube loading were recorded. 

10. Steps 5–9 were repeated for the other appropriate sets of scanner parameters that 

correspond to the selected protocols using the appropriate phantom. 

11. The temperature and pressure were also recorded. 

Helical CTDIW 

 The CTDI is a quantity that can only be measured in axial mode. A helical 

CTDI value cannot be measured directly, as CTDI is a single slice measurement. In 

this case the helical scanning must be converted into an axial. So, the corresponding 

axial scanning use the same tube current, the same kVp, the same time, the same z 

axis collimation and the same number of data channels. If is not possible to achieve 
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the same detector configuration in axial mode then is used this one which is most 

closely matching to the used in helical mode. 

 In order to obtain a relative dose for helical scanning, the entire length of the 

chamber can be scanned firstly in axial mode (contiguous slices) and secondly in 

helical mode, at pitch 1, Figure 4.6. The ratio of the 2 doses provides a correction 

factor, Ka
�

h, which then is used to convert axial CTDIs into helical CTDI’s. 

 

 

Figure 4.6: Two scans of the CT chamber are taken to calculate the correction factor Ka
�

h. 
The first scan is taken in axial mode and the second in helical mode. 

 The pencil chamber of active length l is not really measuring exposure (X), or 

air kerma, but rather the integral of the single rotation dose profile D(z). Although the 

exposure (or air kerma) meter may convert the charge collected into an apparent 

exposure reading in roentgens (R) (or air kerma reading in milligray [mGy]), the 

measured value, actually represents the average exposure (or air kerma) over the 

chamber length l. That is,  

.1 

 So, the CTDI100 is calculated according to the formula:     

                        4.2 

where 

C = the unitless chamber calibration factor which is required to correct the meter 

reading for temperature and pressure and into true exposure (if the calibration and 

measurement beam qualities differ sufficiently to require it). 
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 One must use the f factor (f ) appropriate to the task at hand to convert 

exposure (R) to absorbed dose (rad): 

• 0.78 rad/R for calculation to dose to acrylic (e.g., CTDIFDA). 

• 0.94 rad/R for tissue dose estimates. 

• 0.87 rad/R for dose to air and calculation of or comparison to CTDI100 or 

CTDIw. 

 When an ion chamber measurement is given in air kerma (mGy), care must be 

taken to indicate which f factor is used, if any, since the chamber reading and CTDI 

value are both given in units of mGy: 

• 1.06 mGy/mGy for dose to tissue, 

• 0.90 mGy/mGy for dose to Lucite, 

• 1.00 mGy/mGy for dose to air 
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Chapter 5 

Results 

 An introduction in the idea of computed tomography, the interactions of x rays 

with matter and the dose quantities of CT has been made n the chapters 1, 2 and 3. 

The materials and the method of this study were discussed in the previous chapter. In 

the current chapter the results of the study are presented. Firstly, are presented the 

protocols that are used in the University Hospital of Patras. Then the results of the 

survey on the actual patient dose are listed. And last but not least, the results of the 

measurements of CTDI on CT dose phantoms are shown. 

5.1 Used Protocols 

 The first step was to investigate which type of examination are more frequent 

and thus contribute more to the collective dose from diagnostic radiology. So through 

a brief but reliable research in the University Hospital of Patras, it was observed that 

the most frequent examinations are the routine head, the routine chest the routine 

abdomen and the cervical spine, so these are the types of examinations that are 

studied. 

 In the Table 5.1 the protocols are presented, including information on the kVp, 

the mA, the slice thickness and the increment. The routine head protocol consist of 

two sequences, both of the series are made in axial mode, the first one scans the skull 

base and uses 140 kV, 180 mA and slice thickness 2.5 mm, the second one scans the 

skull’s hemispheres and the parameters of the scan are 120 kV, 160 mA with slice 

thickness 5.0 mm. The routine chest examination is made in helical mode and uses 

120 kV, the tube current is not constant because of the use of an automatic exposure 
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control (AEC) system. The AEC systems adjust the tube current with the diameter of 

the patient, smart mA. The slice thickness is 7.5 mm and the pitch factor equals with 

0.935:1. The examination of abdomen is made in helical mode also, and uses 120 kV, 

the tube current is not constant because the use of the AEC system. The slice 

thickness is 7.5 mm and the pitch factor equals with 1.375:1. Last but not least the 

cervical spine examination is made in helical mode and uses 120 kV, the tube current 

equal to 140 mA, the slice thickness is 1.250 mm and the pitch factor equals with 

0.935:1.  

Table 5.1 Details of examination protocols, including kilovoltage (kVp), tube current 

(mA), slice thickness T and slice increment I.  

Scanner Examination kVp mA N T (mm) I/pitch 

(mm) 

Mode 

LightSpeed 

16 

Head 140 180 4 2.5 10 Axial 

 120 160 4 5.0 20 Axial 

Chest 120 155*  7.5 0.938 Helical 

Abdomen 120 190*  7.5 1.375 Helical 

Cervical Spine 140 360*  1.250 0.938 Helical 

*At these protocols the program smart mA is used in order to minimize the dose to the 

patients. This has as a result the change of mA used according to the cross section of the 

patient. 

 

 The European Commission has published some examples of good imaging 

technique for almost every type of examination. The parameters that contribute to the 

fulfillment of the Diagnostic Requirements and affect the patient dose are the slice 

thickness, inter-slice distance / pitch factor, volume of investigation, exposure factors 

and gantry tilt. Exposure factors are defined as the settings of x-ray tube voltage 

(kVp), tube current (mA) and exposure time (s). In general, one to three values of 

tube voltage (in the range between 80 and 140 kV) can be selected. At given values of 

tube voltage and slice thickness, the image quality depends on the product of x-ray 

tube current (mA) and exposure time (s), expressed in mAs. Absolute values of mAs 

necessary for an imaging task will depend on the type of scanner and the patient size 

and composition. In the Table 5.2 are presented the examples of European 

Commission of CT technique parameters which facilitate good imaging performance 
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for the routine head, the routine chest and the routine abdomen protocols. 

Unfortunately, there are no recommendations for the cervical spine examination. 

Table 5.2 Recommendations of European Commission on the parameters of the CT 

scanning of the selected examinations. 

Examination kV Slice Thickness (mm) Pitch / Interslice distance  

Head Std 2-5/5-10 P=1/ contiguous 

Chest 120 7-10 P=1.0-1.5 / contiguous 

Abdomen 120 7-10 P =1.0/ contiguous 

 Tables 5.1 and 5.2 show the parameters of the protocols that are used at the 

hospitals and the recommendations of European Commission correspondingly. It can 

be seen that the protocols used at the University Hospital of Patras are in accordance 

with the European Commission recommendations.  

5.2 Patient Data 

 Since it has been decided which types of examinations are of great interest and 

its protocols are known, the next step of this study deals with the collection of 

information of actual patient doses. At least 10 patients are needed for each protocol, 

as it is recommended from the European Commission, EUR 16262. Here, in order to 

be more accurate, data were collected from more patients, so for each protocol 30 

patient data were collected. 

 The patients that are included in the survey were selected in order to 

correspond to the typical patient (weight 70±10 kg). So, patients with weight out of 

the edges were rejected. Moreover, patients with gross abnormalities were also 

rejected. 

 The doses to patients at the University Hospital of Patras are expressed in 

terms of CTDIVOL, DLP and effective dose, Table 5.3. The CTDIVOL for routine head 

protocol varied from 66.52 to 82.41 mGy with mean value equal to 71.65. The DLP 

for the same examination had a mean value of 1073 mGy cm, the minimum value was 

923.22 mGy cm and the maximum 1394.65 mGy cm. The effective dose was 

calculated from the DLP of each examination using the conversion factors given by 

the European Commission and varied from 2.123 mSv to 3.208 mSv with mean value 

equal to 2.469mSv. Knowing that when the increment is equal with the product N*T 
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the CTDIVOL is equal with CTDIW, a comparison between these values with the DRLs 

given by the European Commission can be done, Figure 5.1. So, it is observed that 

these values are higher than the recommendations of European Commission for 

CTDIW. Moreover, during the process of data collection it was observed that the DLP 

value was over the recommended at seven cases and the mean effective dose is a little 

higher than the recommendations, Figure 5.2. 

 

Figure 5.1 The CTDIW of Head Examination. The black line shows the DRL. 

 

 

Figure 5.2 The DLP of Head examinations, the black line demonstrate the DRL. 

 

 The examination of the cervical spine is made in helical mode, the dose 

quantities are presented in Table 5.3. The CTDIVOL varied from 49.56 mGy to 71.9 

mGy with mean value equal to 59.57 mGy, Figure 5.3. The DLP for the same 
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examination had a mean value of 1149 mGy cm, the minimum value was 854.73 mGy 

cm and the maximum 1517.83 mGy cm, Figure5.4. The effective dose was calculated 

from the DLP of each examination using the conversion factors given by the 

European Commission and varied from 4.62 mSv to 8.20 mSv with mean value equal 

to 6.20 mSv. 

 

Figure 5.3 The CTDIW of cervical spine examination. 

 

 

Figure 5.4 The DLP of cervical spine examination. 

 The examination of abdomen at the hospital of Patras is a protocol that may 

include a second scan with the use of contrast media (Table 5.4). From the 30 patients 

undergone the examination, in 18 cases the examination included two scan sequences. 

For a single scan the mean CTDIVOL was equal to 13.89 mGy with minimum 7.17 
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mGy and maximum 20.96 mGy (Table 5.3). The mean DLP was 672.9 mGy cm with 

minimum 301.0 mGy cm and maximum 1029.1 mGy cm. The effective dose was 

calculated from the DLP of each complete examination using the conversion factors 

given by the European Commission and varied from 5.16 mSv to 31.62 mSv with 

mean value equal to 15.0 mSv. 

  In order to compare these values with the EC recommendations it is necessary 

to calculate the CTDIW: 

                                     5.1 

The values of CTDIW were well within proposed EC when the protocol was 

completed in one scan. On the other hand, in some cases of double scan the total 

CTDIW was higher than the recommendations, in 10 of the 17 cases which included 

double scan the total CTDIW was higher than the recommendations, Figure 5.5. The 

DLP six times exceeded the EC DRLs for single scan, although the CTDIW was below 

the recommendations, because of large scan length. Totally in 16 cases the DLP 

exceeded the EC recommendations, Figure 5.6, these were also cases were the 

effective dose was higher than the recommendations. 

 

Figure 5.5 The CTDIW of abdomen examination 
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Figure 5.6 The DLP of abdomen examination. 

 Finally, the examination of routine chest at the hospital of Patras is in helical 

mode. 30 patients included in the survey, in 8 cases the protocol included two scan 

sequences (Table 5.4). For a single scan the mean CTDIVOL was equal to 13.262 mGy 

with minimum 8.51 mGy and maximum 23.69 mGy (Table 5.3). The mean DLP was 

442.9 mGy cm with minimum 260.8 mGy cm and maximum 781.9 mGy cm. The 

effective dose was calculated from the DLP of each complete examination using the 

conversion factors given by the European Commission and varied from 4.43 mSv to 

26.58 mSv with mean value equal to 9.87 mSv. 

 

Figure 5.7 The CTDIW of chest examinations. 
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Figure 5.8 The DLP of chest examinations. 

 Then, the value of CTDIW was calculated and it was observed that they were 

well within proposed EC when the protocol was completed in one scan. On the other 

hand, in two cases of double scan the total CTDIW was higher than the 

recommendations, Figure 5.7. The DLP of a single scan exceeded the EC DRLs three 

times, although the CTDIW was below the recommendations, because of large scan 

length. Totally in 8 cases the DLP exceeded the EC recommendations Figure 5.8, 

these were also cases were the effective dose was higher than the recommendations. 

 

Table 5.3 Range and mean values of volumetric computed tomography dose index 

(CTDIVOL), dose length product (DLP) and effective dose. The results are compared with 

European Guidelines (EG). 

  ΠΓΓΠ EG 

Examination  Mean  Range  

Head CTDIVOL mGy* 71.65 66.52-82.41 60 

 DLP mGy cm 1073 923.22-1394.65 1050 

 Eff. Dose mSv 2.47 2.123-3.208 2.4 

Cervical 

Spine 

CTDIVOL mGy 59.57 49.56-71.9 - 

CTDIW mGy** 55.88 46.49-67.44 - 

DLP mGy cm 1149 854.73-1517.83 - 

Eff. Dose mSv 6.20 4.62-8.20 - 

Abdomen CTDIVOL mGy 13.89 7.17-20.96 - 

 CTDIW mGy** 19.10 9.86-28.82 35 
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 DLP mGy cm 633/1015 301.0-1029.1 780 

 Eff. Dose mSv 9.49/15.22 5.16-31.62 11.7 

Chest CTDIVOL mGy 13.26 8.51-23.69 - 

 CTDIW mGy** 12.44 7.98-22.22 30 

 DLP mGy cm 442.9/580.6 260.8-781.9 650 

 Eff. Dose mSv 7.53/9.87 4.43-26.58 11.1 

 

 

 

 

 

 

Table 5.4 The total number of patients who undergone each examination, the number of 

single and double scan scans and the mean scan length of each examination. 

Examination Single 

scan 

Double 

scan 

Mean scan length 

mm 

Head 30 0 149 

Cervical 

Spine 
30 0 176 

Abdomen 13 17 407 

Chest 22 8 301 

 

 

5.3 Dosimeter Measurements on phantoms 

 

 The patient data collected from the indications of the CT scanners are only one 

part of this study. The other part is the measurements carried out for each CT scanner 

with a pencil shaped ionization chamber. These were made to verify the indications of 

the CT scanners. The measurements of CTDI have done with the method that is 

described in paragraph 4.3. The measurements of CTDI are presented in the Table 

5.5, the first column correspond to the measurements made in the standard CT 



86 

 

dosimetry phantoms (CTDIW). These values are compared with the indications of the 

CT scanner (second column), and the values published by ImPACT (2004). 

 The calculation of CTDI for the protocol of routine head as it divided in two 

sequences, need the measurement of CTDI of each sequence. The total CTDI of this 

protocol is calculated by taking account of the scan length of each sequence. The 

worksheet used for the measurements is included in the Appendix II.  

 The indication of the dosimeter is expressed in mR, in order to convert this 

measurement in mGy the following relation is used: 

               5.2 

where 

C = 12.47 

f = 0.  78 mGy/mR, since the phantom is acrylic, 

and  the Temperature and Pressure correction factor. 

 The ImPACT values are calculated using the following data given for the CT 

scanner LightSpeed 16. The first table gives the values of CTDI for some tube 

voltages measured on head and on body phantom. The second table gives a correction 

factor for the z collimation. 

Scanner Scanner kVp CTDI (Head, mGy/100mAs) CTDI (Body, mGy/100mAs) 

Group   Air Centre Perip Air Centre Perip 
GE LightSpeed 16 GE.l 80 13,0 7,1 7,6 10,7 1,7 3,8 
GE LightSpeed 16 GE.l 100 21,9 13,4 13,6 19,9 4,2 8,1 
GE LightSpeed 16 GE.l 120 32,2 21,1 20,8 29,3 7,2 13,8 
GE LightSpeed 16 GE.l 140 43,9 29,7 29,0 40,0 10,8 18,6 

 

 

 

 

 

Scanner 
Group 

Collimation 
setting 

Sub-
group 

Collimation 
(mm) 

Rel. 
CTDI 

GE.l 1 GE.l.1 20 0,86 
GE.l 2 GE.l.2 15 0,94 
GE.l 3 GE.l.3 10 1,00 
GE.l 4 GE.l.4 5 1,26 
GE.l 5 GE.l.5 1,25 1,31 
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 The values that are indicated by the CT scanner are larger than both the 

measured and the ImPACT. Moreover the measured values are in good approximation 

with the ImPACT values especially for the cervical spine and the chest protocol. It 

must be noticed that the measured by the pencil shaped ionization chamber values are 

always smaller than the indication of the CT. The difference is due to the 

underestimation in the determination of CTDIp and CTDIc using a 100 mm length 

dosimeter. CTDI in the periphery and the center of the head PMMA phantoms is 

underestimated by 12 – 15 % and 18 – 21 % respectively. So, the underestimation of 

CTDIw using values of CTDIp and CTDIc measured with a 100 mm long pencil 

ionization chamber is 15% and 27% for measurements performed using the head and 

body PMMA phantoms, respectively48. 

 Table 5.5 The CTDIW values as measured on CT phantoms, as indicated by the CT 

scanner and as calculated by the ImPACT. 

 

Protocol 

CTDI W (mGy) 

Measured Indication ImPACT 

Head a 94.54 111.92 105.24 

b 46.69 59.44 57.24 

Cervical Spine 84.53 89.59 84.19 

Abdomen 11.71 14.20 15.16 

Chest 7.64 8.69 9.28 

 

                                                           
48Perisinakis K et al, 2007, “Determination of the weighted CT Dose Index in modern multi 
detector CT scanners”, Physics in Medicine and Radiology, 52:6485-6495. 
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Chapter 6 

Discussion 

 In the last years several researches have been done on the doses delivered to 
patients undergone CT examinations. Some of them were made in Greece; Tsapaki et 
al. presented a study on the application of European Commission reference dose 
levels in Crete49. Papadimitriou et al. presented a survey of 14 CT scanners in Greece 
and 32 scanners in Italy50 and Hatziioannou et al. A contribution to the establishment 
of diagnostic reference levels in CT51. Moreover, wide scale surveys were made in 
UK, Taiwan, Iran, Italy and Tanzania. 

 6.1 Comparison of used protocol 

 In Table 6.1 are presented the different examination protocols used among 26 
CT scanners for routine head examination as published by Hatziioannou et al., 4 
protocols as published by Tsapaki et al. and the protocol used in University Hospital 
of Patras. 

Table 6.1 Protocol parameters used for the routine head examination 

Head kVp mAs Slice thickness(mm) 
This study 120,140 320, 360 5.0, 2.5 
Hatziioannou 
et al. 

120 374 10, 5 

 120 600 10, 3 
 130 249 10, 5, 3 
 120 285 10 
 125 450 8, 4 

                                                           
49Tsapaki V, Kottou S, Papadimitriou D, “Application of European Commission reference 
dose levels in CT examinations in Crete, Greece”, 2001, The British Journal of Radiology, 
74(885):836-40. 
50 D. Papadimitriou, A. Perris, A. Manetou, M. Molfetas, N. Panagiotakis, M. Lyra-
Georgosopoulou, K. Hourdakis, S. Kottou, G. Tosi, D. Origgi and S. Vigorito, “A survey of 
14 CT scanners in Greece and 32 scanners in Italy Examination frequencies, Dose reference 
values, effective doses and doses to organs”, Radiation Protection Dosimetry, 104:47-53, 
2003. 

51 K Hatziioannou, E Papanastassiou, M Delichas, P Bousbouras, “A contribution to the 
establishment of diagnostic reference levels in CT”, The British Journal of Radiology, 
76:541-545, 2003. 
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 130 200 3 
 120 300 10, 5, 3 
 120 260 10, 5 
 120 350 5 
 120 375, 450 10, 5 
 120 302 10, 5 
 130 300 10, 3 
 120 300 10, 5 
 120 435 10, 5 
 125 500 8, 4 
 120 400 10, 5 
 120 600 10, 5 
 120 390 10, 5 
 120 320 10, 5 
 120 450, 400 10, 5 
 120 260 10, 5 
 120 616 10, 5 
 130 249 10, 5 
 120 390 10, 5 
 120 300 10, 5 
 120 300  10, 5 
 120 450 10 
Tsapaki et al. 120 210 10, 3 
 120 210 10, 3 
 120 322 10, 3 
 120 160 10, 5 
  

 From the data of Table 6.1 it is obvious that in the University Hospital of 
Patras the protocol of routine head uses relatively high tube voltage, comparing with 
the rest protocols. Moreover the slice thickness is the smallest among the 31 and the 
product tube current and time is at the middle of the used values. 

 In Table 6.2 are presented the different examination protocols used among 4 
CT scanners for routine chest examination as published by Tsapaki et al. and the 
protocol used in University Hospital of Patras. The University Hospital of Patras uses 
the smallest Slice thickness and the lowest mAs. 

Table 6.2 Protocol parameters used for the routine chest examination 

Chest kVp mAs Slice thickness(mm) Pitch/ Increment 
This study 120 93 7.5 0.938 
Tsapaki et al. 120 210 10 10 
 120 210 10 10 
 120 332 10 10 
 120 160 10 10 
 

 In Table 6.3 are presented the different examination protocols used among 4 
CT scanners for routine abdomen examination as published by Tsapaki et al. and the 



91 

 

protocol used in University Hospital of Patras. The University Hospital of Patras uses 
the smallest slice thickness and the lowest mAs. Moreover in Patras the pitch is equal 
to 1.375 in contrast with the CT scanners in Crete were the increment is equal with 
the slice thickness (contiguous slices). 

Table 6.3 Protocol parameters used for the routine abdomen examination 

Abdomen kVp mAs Slice thickness(mm) Pitch/ Increment 
This study 120 152 7.5 1.375 
Tsapaki et al. 120 210 10 10 
 120 210 10 10 
 120 332 10 10 
 120 160 10 10 
 

6.2 Comparison of CTDIw, DLP and Effective Dose measured in 

Greece 

 In Table 6.4 are presented the values of CTDIw as measured in this study at 
the patients. At the study of Hatziioannou the value of CTDIw correspond to the mean 
CTDIw as measured in CT phantoms using pencil shaped ionization chamber on 27 
CT scanners. At the study of Tsapaki, were measured the values of CTDIw for a 
random sample of patients on 4 CT scanners and at the study of Papadimitriou was 
included 14 CT scanners in Greece.  In Table 6.5 are presented the mean values of 
DLP of this study and of the rest studies in Greece. At the chest and the abdomen 
examination the first value correspond to the mean value of single scan and the 
second to the mean value of DLP independent of the number of scans.  

Table 6.4 Measured mean values of CTDIw 

  CTDIw (mGy) 
Examination 
type 

This study Hatziioannou 
et al. 

Tsapaki et 
al. 

Papadimitriou 
et al. 

162622 EN 
ref. value 

Head 71.65 57.9 27-52 68 60 
Chest 12.44 19.0 13.9-26.9 21 30 
Abdomen 19.10 22.4 13.9-26.9 23 35 
Cervical Spine 55.88 49.2 - 48 - 
 

Table 6.5 Measured mean values of DLP 

  DLP (mGy cm) 
Examination 
type 

This study Hatziioannou 
et al. 

Tsapaki et 
al. 

Papadimitriou 
et al. 

162622 EN 
ref. value 

Head 1073 677 430-758 919 1050 
Chest 442.9/580 401 348-807 429 650 
Abdomen 633.7/1015 464 278-582 493 780 
Cervical Spine 1149 295 - 621 - 
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 There are no DRls for effective dose. However, since effective dose provides a 
direct estimation of radiation risk and is useful for comparison with other radiological 
examinations, it should always be calculated. For the purpose of this study, broad 
estimation of effective dose was satisfactory, since DLP is shown to have a strong 
correlation with effective dose.52 Table 6.6 presents mean values of effective dose for 
the examination protocols included in this study. This table also presents effective 
dose results of Hatziioannou et al., Tsapaki et al., Papadimitriou et al. and the 
reference values of the European Commission. The values found in our study are 
comparable with their values in the case of chest examination. Generally the values 
found in this study are higher than the others. 

Table 6.6 Effective dose and the EC reference values. 

  Effective Dose (mSv) 
Examination 
type 

This study Hatziioannou 
et al. 

Tsapaki et 
al. 

Papadimitriou 
et al. 

16262 EN 
ref. value 

Head 2.47 1.56 1.4 2.1 2.4 
Chest 7.53/9.87 6.82 10.9 7.3 11.1 
Abdomen 9.50/15.2 6.96 7.1 7.4 11.7 
Cervical Spine 6.20 1.59 - 3.4 - 
 

6.3 Comparison of CTDIw, DLP and Effective Dose measured in 

other countries. 

 

 Table 6.7 gives the mean values of CTDIw, DLP and effective doses 
determined in this study and published elsewhere. The present values of CTDIw are 
close to other published data, but the mean value for the head examination is higher 
than all the others measurements. The mean value of CTDIw for the chest 
examination is the higher than UK, but the DLP is higher than UK and close to the 
values of Taiwan, Italy, Poland and Ireland because of the mean scan range in this 
study is longer than in these countries. Similar results are shown for effective doses. 
All the values in the present study are lower than the EC, except the mean values of 
CTDIw, DLP and effective dose for routine head examination. 

 The mean value of CTDIw for abdomen examination is higher than UK and 
Tanzania, but the mean DLP value is higher of also Taiwan, Italy, Poland, Ireland and 
UK. 

                                                           
52Hidajat N, Maurer J, Schroder RJ, Nunnemenn A, Wolf M, Pauli K, Felix R, “Relationships 
between physical dose quantities and patient dose in CT”, British Journal of Radiology, 1999, 
72(858):556-561. 
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 The mean CTDIw value for cervical spine is lower than Italy and higher than 
Berlin, although the DLP value is two and four times the value of Berlin and Italy, 
respectively. The great difference that is observed is result of the large mean scan 
length used in this study. 

Table 6.6 Comparison of present results on CTDIw, DLP and effective dose with 
previously published data for routine examinations. Data are mean values. 

 Greece Taiwan
53

 

Italy
54

 

Wales
55

 

Poland
56

 

Tanzania
57

 

Ireland
58

 

Berlin
59

 

UK
60

 

 CTDIw (mGy) 

Head 71.65 55 59.6 46 19 43 57.5 49.6 51 

Chest 12.43 20 19.7 17 21.3 17 18.5 17.41 6.4 

Abdomen 19.10 22 24.3 22 23.7 17 19.1  9.5 

C. Spine 55.88  57.9     31.5  

 DLP (mGy cm) 

Head 1073 665 725 731 386 913 817 587 386 

Chest 442/580 455 473 663 447 783 434 502 203 

Abdomen 633/1015 453 517 745 550 982 433  446 

C. Spine 1149  272     422  

 Effective Dose (mSv) 

Head 2.47 1.6 1.7   2.1 1.6   

Chest 7.51/9.87 8.4 8.0   13 7.6   

                                                           
53 Tsai H Y, Tung C J, Yu C C, Tyan Y S, “Survey of Computed Tomography scanners in 
Taiwan: Dose descriptors, dose guidance levels and effective doses”, Medical Physics, 2007, 
34(4):1234-1243 
54 Origgi D, Vigorito S, Villa G, Bellomi M, Tosi G,” Survey of Computed Tomography 
techniques and absorbed dose in Italian hospitals: a comparison between two methods to 
estimate the dose-length product and the effective dose and to verify fulfillment of the 
diagnostic reference levels”, Eur. Radiol.,2006, 16(1):227-237. 
55 Hiles P A, Brennen S E, Scott S A, Davies J H, “A survey of patient dose and image quality 
for computed tomography scanners in Wales”,  J. Radiol Prot, 2001, 21:345-354. 
56Tsapaki V, Aldrich JE, Sharma R, Staniszewska MA, Krisanachinda A,Rehani M, Hufton 
A, Triantopoulou C, Maniatis PN, Papailiou J, Prokop M, 2006,  “Dose Reduction in CT 
while Maintaining Diagnostic Confidence: Diagnostic Reference Levels at Routine Head, 
Chest, and Abdominal CT—IAEA-coordinated Research Project”, Radiology, 240(3):828-34.  
57 Ngaile J E, “Towards establishment of the national reference dose levels form computed 
tomography examinations in Tanzania”, J. Radiol Prot, 2006, 26:213-225. 
58Clarke J, CranleyK, Robinson J, Smith PH and Workman A, “Application of draft European 
Commission reference levels to a regional Ct dose survey”, Br J radiol, 2000 73(865):43-50 
59 Hidajat N, Maurer J, Schroder RJ, Nunnemenn A, Wolf M, Pauli K, Felix R, “Relationships 
between physical dose quantities and patient dose in CT”, British Journal of Radiology, 1999, 
72(858):556-561 
60 Tsapaki V, Aldrich JE, Sharma R, Staniszewska MA, Krisanachinda A,Rehani M, Hufton 
A, Triantopoulou C, Maniatis PN, Papailiou J, Prokop M, 2006,  “Dose Reduction in CT 
while Maintaining Diagnostic Confidence: Diagnostic Reference Levels at Routine Head, 
Chest, and Abdominal CT—IAEA-coordinated Research Project”, Radiology, 240(3):828-34. 
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Abdomen 9.49/15.2 7.4 7.8   15 7.0   

C. Spine 6.20  1.5       
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Chapter 7 

Conclusions & Future Work 

 The Routine Head protocol has very high CTDIw compared with the 
recommendation of European Commission (EC), but the DLP of the whole 
examination is a little higher than the value recommended. A revision of the scanning 
parameters should be done from the medical physicist in order to reduce the value of 
CTDIw. 

 The Routine Chest protocol has low CTDIw and DLP. Even if the second scan 
is taking into account the values of CTDIw and DLP are below the limits of EC. 

 The Routine Chest protocol has a CTDIw below the limits of EC. But the final 
DLP is very high when the second scan made for the half cases is considered. For this 
reason, special care should be taken from the CT operators. When a second scan is 
necessary, this should be made for the minimum possible length. 

 Last but not least, the Cervical Spine protocol has a normal value of CTDIw 
comparing with values published in Greece. But, the value of DLP for this 
examination is extremely high because of the very large scan length. 

 A future work about the dose delivered by a CT could be the establishment of 
DRLs for CT examinations in Greece. Another open issue on the CT Dosimetry is the 
dose delivered by a Dual Source CT (DSCT). Also the advantages from the use of a 
DSCT in cardiac imaging due to its high time resolution could be investigated. And 
finally a comparison of a DSCT with other methods of cardiac imaging should be 
made. 
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Appendix I Questionnaires 
 

 

 

Εξέταση  : ΚΕΦΑΛΙ (Ενήλικας) 
 Παροχή πληροφοριών για κάθε αξονική ή ελικοειδή αλληλουχία σάρωσης της εξέτασης. 

1 2 3 4 
Σηµειώστε την αρχική και την 
τελική θέση στην εικόνα µε 

γραµµές. 

    
Περιγράψτε την ανατοµική περιοχή 

που έχει εξετασθεί 
    

Στάνταρ ακολουθία ή 
Προσαρµοσµένη σε αντιστοιχία µε 

τα αρχικά δεδοµένα 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

Χρήση σκιαγρφικού 
Αν ναι , λεπτοµέρειες 

� ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ 

Ονοµαστική τιµή ευθυγράµµισης 
δέσµης (mm) Collimation 

    

Τάση λυχνίας (kV)     
Χρόνος περιστροφής λυχνίας (s)      

Ρεύµα λυχνίας (mA)     
Εµφανιζόµενα mAs 
mAs �  mAs/τοµή �   

effective mAs � 

    

Αυτόµατο Σύστηµα Μείωσης 
∆όσης  (AEC) Ναι/Της 

    

Axial Helical � Axial 
� Helical 

� Axial 
� Helical 

� Axial 
� Helical 

� Axial 
� Helical 

Κίνηση τράπεζας 
(mm) 

Pitch     

Αλληλοεπικάλυψ

η 
Ταχ. Τράπεζας 

(mm/ περ.) 
    

Πάχος εικόνας της τοµής (mm)     

CTDIVOL  mGy     

DLP  mGy cm     

Χαρακτηριστικά ασθενούς Ποιότητα εικόνας 
Φύλλο   
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 Ηλικία   
Βάρος   
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Εξέταση  : ΑΥΧΕΝΑ (Ενήλικας) 
 Παροχή πληροφοριών για κάθε αξονική ή ελικοειδή αλληλουχία σάρωσης της εξέτασης. 

1 2 3 4 
Περιγράψτε την ανατοµική περιοχή 

που έχει εξετασθεί 
    

Στάνταρ ακολουθία ή 
Προσαρµοσµένη σε αντιστοιχία µε 

τα αρχικά δεδοµένα 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

Χρήση σκιαγραφικού 
Αν ναι , λεπτοµέρειες 

� ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ 

Ονοµαστική τιµή ευθυγράµµισης 
δέσµης (mm) Collimation 

    

Τάση λυχνίας (kV)     
Χρόνος περιστροφής λυχνίας (s)      

Ρεύµα λυχνίας (mA)     
Εµφανιζόµενα mAs 

mAs �   
mAs/τοµή �   

effective mAs � 

    

Αυτόµατο Σύστηµα Μείωσης 
∆όσης  (AEC) Ναι/Της 

    

Axial Helical � Axial 
� Helical 

� Axial 
� Helical 

� Axial 
� Helical 

� Axial 
� Helical 

Κίνηση τράπεζας 
(mm) 

Pitch     

Αλληλοεπικάλυψ

η 
Ταχ. Τράπεζας 

(mm/ περ.) 
    

Πάχος εικόνας της τοµής (mm)     

CTDIVOL  mGy     

DLP  mGy cm     

Χαρακτηριστικά ασθενούς Ποιότητα εικόνας 
Φύλλο   
Ηλικία   
Βάρος   
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Εξέταση  : ΘΩΡΑΚΑ (Ενήλικας) 
 
 

Παροχή πληροφοριών για κάθε αξονική ή ελικοειδή αλληλουχία σάρωσης της εξέτασης. 

1 2 3 4 
Σηµειώστε την αρχική και την 
τελική θέση στην εικόνα µε 

γραµµές. 

    
Περιγράψτε την ανατοµική περιοχή 

που έχει εξετασθεί 
    

Στάνταρ ακολουθία ή 
Προσαρµοσµένη σε αντιστοιχία µε 

τα αρχικά δεδοµένα 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

Χρήση σκιαγραφικού 
Αν ναι , λεπτοµέρειες 

� ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ 

Ονοµαστική τιµή ευθυγράµµισης 
δέσµης (mm) Collimation 

    

Τάση λυχνίας (kV)     
Χρόνος περιστροφής λυχνίας (s)      

Ρεύµα λυχνίας (mA)     
Εµφανιζόµενα mAs 
mAs �  mAs/τοµή �   

effective mAs � 

    

Αυτόµατο Σύστηµα Μείωσης 
∆όσης  (AEC) Ναι/Της 

    

Axial Helical � Axial 
� Helical 

� Axial 
� Helical 

� Axial 
� Helical 

� Axial 
� Helical 

Κίνηση τράπεζας 
(mm) 

Pitch     

Αλληλοεπικάλυψ

η 
Ταχ. Τράπεζας 

(mm/ περ.) 
    

Πάχος εικόνας της τοµής (mm)     

CTDIw (ένδειξη κονσόλας) mGy     

CTDIVOL  mGy     

DLP  mGy cm     

Χαρακτηριστικά ασθενούς Ποιότητα εικόνας 
Φύλλο   
Ηλικία   
Βάρος   
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Εξέταση  : ΚΟΙΛΙΑ (Ενήλικας) 
 Παροχή πληροφοριών για κάθε αξονική ή ελικοειδή αλληλουχία σάρωσης της εξέτασης. 

1 2 3 4 
Σηµειώστε την αρχική και την 
τελική θέση στην εικόνα µε 

γραµµές. 

    
Περιγράψτε την ανατοµική περιοχή 

που έχει εξετασθεί 
    

Στάνταρ ακολουθία ή 
Προσαρµοσµένη σε αντιστοιχία µε 

τα αρχικά δεδοµένα 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

� Routine 
� Ad-hoc 

Χρήση σκιαγρφικού 
Αν ναι , λεπτοµέρειες 

� ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ � ΝΑΙ  � ΟΧΙ 

Ονοµαστική τιµή ευθυγράµµισης 
δέσµης (mm) Collimation 

    

Τάση λυχνίας (kV)     
Χρόνος περιστροφής λυχνίας (s)      

Ρεύµα λυχνίας (mA)     
Εµφανιζόµενα mAs 

mAs �   
mAs/τοµή �   

effective mAs � 

    

Αυτόµατο Σύστηµα Μείωσης 
∆όσης  (AEC) Ναι/Της 

    

Axial Helical � Axial 
� Helical 

� Axial 
� Helical 

� Axial 
� Helical 

� Axial 
� Helical 

Κίνηση τράπεζας 
(mm) 

Pitch     

Αλληλοεπικάλυψ

η 
Ταχ. Τράπεζας 

(mm/ περ.) 
    

Πάχος εικόνας της τοµής (mm)     

CTDIw (ένδειξη κονσόλας) mGy     

CTDIVOL  mGy     

DLP  mGy cm     

Χαρακτηριστικά ασθενούς Ποιότητα εικόνας 
Φύλλο   
Ηλικία   
Βάρος   
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Appendix II Worksheets 

CT Scanner: 

Head 

Dosimeter model Victoreen model 6000-100 

Calibration coefficient 9.122*10
-1

 (R/nC) / 7.991*10
6
 (Gy/C) 

Manufacturer of phantom 76-414-415 

Condition during Measurement 

Pressure, P  P0=734.9 mm Hg 

Temperature, T  T0 = 20.5 C 

KTP=    

Scanner Settings1 

kV : 140  mA :180  time : 2 sec 

T : 2.5  N :4 mAs :360 

Free in air 

M1 : M2 : M3 : 

Mean M = 

Ca,100 
 

PMMA 

Position M1 M2 M3 Mean M 

Κέντρο     =  

0    
Peripheral 

 = 

 

 

3    

6    

9    

12    

CPMMA,100,c  
 

CPMMA,100,p  
 

Cw  
 

Scanner Settings2 

kV : 120 mA : 160 time : 2 sec 
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T : 5.0 mm N :4 mAs :32O 

Free in air   

M1 : M2 : M3 : 

Mean M =   

Ca,100 
 

PMMA   

Position M1 M2 M3 MEAN M 

Κέντρο     = 

0    

Peripheral 

 = 

 

3    

6    

9    

12    

CPMMA,100,c  
 

CPMMA,100,p  
 

Cw  
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CERVICAL SPINE 

Dosimeter model Victoreen model 6000-100 

Calibration coefficient 9.122*10
-1

 (R/nC) / 7.991*10
6
 (Gy/C) 

Manufacturer of phantom 76-414-415 

Condition during Measurement 

Pressure, P  P0=734.9 mm Hg 

Temperature, T  T0 = 20.5 C 

KTP=    

Scanner Settings 

kV : 140 mA :360  time : 0.8 sec 

T :  0.625 mm N : 16 mAs : 288 

PITCH = 0.938:1  Helical thickn =1.25mm Intervall = 0.625 mm 

Free in air 

M1 : M2 : M3 : 

Mean M = 

Ca,100 
 

Υπολογισμός Συντελεστή KA
�

H = A1/A2= 

Α1 �Μέτρηση σε Axial , contiguous, όλο το μήκος του Θαλάμου 

A2 � Μέτρηση σε Helical , p=1, όλο το μήκος του Θαλάμου 

PMMA 

Position M1 M2 M3 Mean M 

Κέντρο     =  

0    
Peripheral 

 = 

 

 

3    

6    

9    

12    

CPMMA,100,c  
 

CPMMA,100,p  
 

CW  
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CHEST 

Dosimeter model Victoreen model 6000-100 

Calibration coefficient 9.122*10
-1

 (R/nC) / 7.991*10
6
 (Gy/C) 

Manufacturer of phantom 76-414-415 

Condition during Measurement 

Pressure, P  P0=734.9 mm Hg 

Temperature, T  T0 = 20.5 C 

KTP=    

Scanner Settings 

kV : 120 mA :155  time : 0.6 sec 

T :  1.25 mm N : 16 mAs : 93 

PITCH = 0.938:1  Helical thickn = 7.5mm Intervall = 7.5 mm 

Free in air 

M1 : M2 : M3 : 

Mean M = 

Ca,100 
 

Υπολογισμός Συντελεστή KA
�

H = A1/A2= 

Α1 �Μέτρηση σε Axial , contiguous, όλο το μήκος του Θαλάμου 

A2 � Μέτρηση σε Helical , p=1, όλο το μήκος του Θαλάμου 

PMMA 

Position M1 M2 M3 Mean M 

Κέντρο     =  

0    
Peripheral 

 = 

 

 

3    

6    

9    

12    

CPMMA,100,c  
 

CPMMA,100,p  
 

CW  
 



106 

 

 

ABDOMEN 

Dosimeter model Victoreen model 6000-100 

Calibration coefficient 9.122*10
-1

 (R/nC) / 7.991*10
6
 (Gy/C) 

Manufacturer of phantom 76-414-415 

Condition during Measurement 

Pressure, P  P0=734.9 mm Hg 

Temperature, T  T0 = 20.5 C 

KTP=    

Scanner Settings 

kV : 120 mA :190  time : 0.8 sec 

T :  1.25 mm N : 16 mAs : 152 

PITCH = 1.375:1  Helical thickn = 7.5mm Intervall = 7.5 mm 

Free in air 

M1 : M2 : M3 : 

Mean M = 

Ca,100 
 

Υπολογισμός Συντελεστή KA
�

H = A1/A2= 

Α1 �Μέτρηση σε Axial , contiguous, όλο το μήκος του Θαλάμου 

A2 � Μέτρηση σε Helical , p=1, όλο το μήκος του Θαλάμου 

PMMA 

Position M1 M2 M3 Mean M 

Κέντρο     =  

0    
Peripheral 

 = 

 

 

3    

6    

9    

12    

CPMMA,100,c  
 

CPMMA,100,p  
 

Cw  
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