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ABSTRACT:

This study was conducted with the aim to evaluate the performance of three CT scanners in 

Khartoum Sudan through extensive quality control measurements. Image quality was assessed 

using a CATPHAN 412 CT image qualityPhantom. Image quality parameters evaluated were: 

CT Image noise, uniformity, CT number linearity, Low Contrast Resolution, High Contrast 

Resolution. Measurements were performed in accordance with guidelines set out by the Institute 

of Physical Sciences and Engineering in Medicine (IPEM 91). Image quality parameters tested 

were within the acceptable limit specified in the relevant CT guidelines.

Measured slice thickness ranged between 9.66 -  10.5 mm for large slice and 5.25 -  5.88 for 

medium slice. The correlation coefficient (R) between the measured and the reference CT 

number was better than 0.99 for all CT scanners. High resolution for large slice was 7 LP/ cm 

and 8 LP/ cm for small slice. Low contrast resolution with 1 .0 % nominal level ranged between 

2- 3 mm diameter of disc for large slice and 4-7 mm diameter disc for small slice. The measured 

noise ranged between 1.4 - 3.4 HU for large slice and 2.92 — 4. 08 HU for small slice. 

Uniformity ranged between -3.08 to 2.075 HU for large slice and -3.22 to 1.4 HU for small slice 

thickness. The results indicate that routine maintenance, service and calibration, as well as the 

frequent quality control of CT scanners play a key role in achieving the best performance of the 

system. Since computed tomography (CT) contributes the most to the collective dose compared 

to other radiological examinations, it is a necessity for quality control and quality assurance 

programs to be established in each radiology department.
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Chapter One 

Introduction

1.1 General introduction

Computed tomography (CT) was introduced into clinical practice in 1970 and 

revolutionized of x-ray imaging by providing high quality images which reproduced 

transverse cross sections of body . The technique offered in particular improved low 

contrast resolution for better visualization of soft tissue , but with relatively high 

absorbed radiation dose. The initial potential of the CT imaging modality has been 

realized by rapid technological developments , resulting in a continuing ot CT

practice . As a result , the number of examination are increasing to the extent that CT

has made substantial impact on not only patient care but also patient and

population exposure from medical x-rays.

The diagnostic requirements are presented as image criteria , which in CT are 

basically of two different types.: anatomical and physical image criteria, the anatomical 

image criteria include requirements which must be fulfilled when specific clinical 

question are posed . These criteria may be defined in terms of visualization or 

critical reproduction of anatomical features. Evaluation of image quality based on 

anatomical criteria takes into account both the anatomy of the area under

examination and the contrast between different tissues which is essential the 

detection of pathological changes . The physical image criteria are measurable by 

objective means. They include picture element noise, low contrast resolution, spatial 

resolution, linearity, uniformity and stability of the CT number, slice thickness and dose. It 

is mandatory for departments having CT scanner to employ a suitable quality assurance 

programme to maintain performance at optimal levels. Special measures are required to 

ensure optimization of performance in CT, and of patient protection. The range and 

flexibility of scanner setting in CT may adversely affect the level of image quality and 

patient dose achieved in practice. There is, therefore, a need to establish quality criteria for
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CT which will provide the required clinical information in its optimal form, with minimum 

dose to the patient.

1.2 Quality control (QC):

Quality control may be defined as a program that periodical!} tests the performance of 

imaging equipment e.g. a CT scanner and compares its performance with some standard. If 

the scanner is performing sub- optimally, then steps must be initiated to correct the 

problem. The goal of a QC program is to ensure that every image created by the U 1 scanner 

has adequate quality sufficient for the intended clinical diagnosis. High quality images 

provide the radiologist maximum information, improve the chances for correct diagnosis, 

and ultimately contribute to quality patient care. The definition of QC consists of two 

parts. Quality assurance requires a measurement of the CT scanners performance to ensure 

the scanner is operating at some acceptable level. Unfortunately, quality assurance does not 

prescribe what to do if the standards are not met. Quality control carries the concept of 

quality assurance one step further if the quality is inadequate, then steps are taken to correct 

the problem [1].

It is known from experience that if the exposure rate drops below the minimum le\el. the 

radiologist will notice that the images have become excessive]} noisy and the radiolog} 

staff will complain. At the other extreme (the upper limit), we wish to maintain the 

exposure to our patients at a level such that a further increase in dose }iclds little 

improvement in image quality. We want to test the unit frequently enough to determine 

whether a change in the image has occurred before the radiologist indicates that the images 

are too noisy.

The frequency of any QC test depends on many variables including:

U The inherent variability of the process or equipment

2. The age, reliability, and frequency of use of the equipment

3. The criticality of the element in the imaging chain.
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If a process is quite variable, then it must be monitored more frequently than one that is 

inherently stable. Often, older equipments is less reliable and less stable .This equipment 

will have to be monitored more frequently than newer, more stable equipment.

In a new QC program, or with new equipment, data should be acquired more frequently in 

order to obtain a greater amount of baseline data rapidly. This also provides valuable 

experience to those carrying out the QC program over a short period of time. This larger 

amount of data allows determination of the variability in the processes, and hence, the 

testing frequencies required providing appropriate monitoring. Many of the QA tests for 

conventional scanners (or helical and multislice units operating in the axial mode) can now 

be performed using testing phantoms and protocols designed by the manufacturers. The 

results of all QA tests should be compared to any manufacturer's limiting values and to the 

results of acceptance testing.

1.2.1 Daily QC tests;

CT Number Accuracy of Water, Image Noise, Image Uniformity, and Artifacts.

These tests are combined since they are all obtained from the same CT phantom scans. 

They are also the most critical tests to be performed on a CT scanner, since they are 

sensitive to a wide range of CT scanner problems. This test involves imaging a water -  

filled (or uniform, water equivalent ) phantom and using the statistics function of the CT 

scanner to determine the average CT number and standard deviation of the image noise in a 

RIO in the image. The image is also inspected for any nonuniformities or artifacts. The test 

for nonuniformities may also be performed quantitatively by obtaining average CT 

numbers over different areas of the image, e.g., central and four outer areas. Artifacts 

include the presence of “ring artifacts” which can be caused by miscalibration of the 

detector in a third generation CT scanner or extra -focal radiation from the tube of a fourth 

scanner. Nonuniformities include shading or variations in the CT number over different 

parts of the other and central to outer areas of the phantom.
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1.2.2 Monthly to Semiannually QC tests

More complete versions of the above tests should be performed on a monthly to semi

annual basis, depending upon available resources. In these tests image should be obtained 

using at least two different phantom sizes (e.g., head, body). Image should be obtained at 

all slice thicknesses used clinically .It is important that artifact scans be obtained at every 

slice and also in helical modes if possible. If more than one kV and/or mA is used 

clinically, image should be obtained with those techniques. Images should also be obtained 

using different scan times and different reconstruction algorithms.

1.2.2.1 Image slices Thickness:

This test should be performed monthly to semiannually at all available slice thicknesses 

using an appropriate test phantom, such as aluminum or wire ramps for axial mode or a 

bead phantom for helical mode. The imaged slice thickness is usually taken as the full 

width at half maximum (FWHM) of the slice profile.

1.2.2.2 . CT Number Accuracy (linearity):

This test should be performed monthly to semiannually. A phantom containing a variety of 

materials with a wide range of CT numbers is scanned in axial mode using a set technique. 

The CT numbers of the materials are measured in the image and compared with standard 

values from the manufacturer and with previously measured values. Some typical materials 

used are polyethylene, water, PMMA, polycarbonate, nylon, polystyrene, and Teflon. The 

measured values should remain relatively constant for a particular CT scanner. Large 

changes indicate mal-functions or calibration problems. The values obtained for identical 

materials can differ substantially for different CT scanners, due to differences in kV. 

filtration, detector absorption, and beam hardening corrections. When the CT number thus 

obtained is plotted against linear attenuation coefficient, a straight line should result with a 

correlation coefficient very close to 1.00, although the slope of this line will be equal to the 

CT constant used (typically 1000) divided by the linear attenuation coefficient for water at 

the effective beam energy in use. For a scanner that uses a CT constant of 1000 that is 

operated at 120 kVp with a hardened beam, the slope of the regression line should be 5200.

4



Although this value will differ between scanners, it should remain constant luitmn - 5lJ  ̂

for a given system over time.

1.2.2.3 Spatial Resolution (Image Sharpness)

This test should be performed monthly to semiannually. In the axial mode, this te>t m mo'O 

commonly performed by imaging phantoms containing suitable resolution objects in the \~

y plane. These objects may be a series of rods of varying sizes that will image un dots. or a

series of plates of varying sizes that will image as lines. Because there is more a lsuaii/e. 

the plate phantoms may sometimes indicate better resolution than rod phantoms. In ah

cases, the phantoms should be of high-contrast constructions with differences ot t\ picali> 

1000 HU between the rods or plates and surrounding material, the use of significant!} 

lower contrast phantoms (e.g., 100 HU) is not recommended, though they could be used to 

give measurements related to the modulation transfer function (MTF).

1.2.2.4 Low contrast detectability

This test should be performed quarterly too annually. It is important to per-form this test in 

a way that minimizes the variations due to its subjectivity. Low-contrast detectabi 1 ity 

phantoms should contain objects of less than 1% (10 HU) contrast, due to the improved 

imaging capabilities of modem CT scanners. The test phantom may contain objects ot 

varying size and/or contrast. The phantom should first be scanned using typical clinical 

techniques, then using techniques. Higher and lower than those in clinical use. in the 

images, the smallest size objects that are perceivable at each contrast and technique leve 

should be recorded .Visibility of large objects should improve with increasing technique. 

Small object visibility will also improve, but will ultimately be constrained by spatial 

resolution limitations. To minimize errors due to the stochastic nature of the image, for 

each size and contrast several objects should be available for viewing. Because of the 

inherent Subjectivity of this test, the performance of a particular scanner over time can 

probably be more precisely monitored using the image noise numbers. [2
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1.3 Literature review:

Hourdakis C.J et al ( 2006 ) presented the results of a quality control survey performed 

in 270 systems in Greece in wide country from the January 1999 until 2004 the Greek 

Atomic Energy Commission ( GAEC ) is the competent authority in Greek for radiation 

protection issue in this aspect, GAEC performed inspections and quality control test in all 

radiological installations , in order to verily compliance with the Radiation Protection 

Regulations ( RPRs ) . Image quality was assessed from measurements of noise, 

uniformity, accuracy, linearity of CT number, high contrast resolution, low contrast 

delectability and slice thickness inaccuracy .the rest image parameters were assessed using 

a standard RMI-461 Phantom. The results showed that the overall performance of the CT 

scanners in Greece is quite good, since no scanner was found with all the assessed 

parameters out of the suggested limits. [ 3]

Smyth et al (2006) were reported the image quality obtained from a commercial flat panel 

detector system in objective and subjective terms in image obtained from rotational 

angiographic acquisitions, and was compared it with the images obtained from a modem 

multi- detector CT scanner. In that image quality was assessed using a CATPHAN 500 

model and an AAPM CT performance phantom model such as image noise , CT number 

accuracy , CT number consistency , low contrast resolution, surface dose and modulation 

transfer Function. It was that modem multi- detector CT scanner much better than flat 

panel. Low contrast resolution was much worse and the surface dose was higher for the flat 

panel detector than the CT scanner. There was an inaccuracy in CT number determination 

and the noise was greater by a factor of two or three. Limiting resolution was better on 

images from the CT scanner. In this study was sure that the poor low contrast resolution 

from flat panel detector was expected given the resolution of ± 10 Hounsfield units. Was 

recommend that these systems should not be considered as diagnostic CT scanners. And the 

images obtained from this type of equipment are of sufficient quality for at least some 

clinical applications, such as detection of brain haemorrhages in the vascular suite. [4]
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Hye Jung Park et a] ( 2009) , presented the result of evaluation from the relationship 

between subjective parameters determined by reviewer ( spatial resolution . low contrast 

resolution . and artifacts ) and objective parameters ( the CT number of water . noise and 

image uniformity ) in CT phantom image evaluation . In this study were reviewed the ( 1 

results of phantom image evaluation conduced by Korean Institute for Accreditation of 

Medical Image (KIAM I) from May 2007 to June 2007. Was compared the objective 

parameters against the pass or fail groups for the subjective parameters, in this sludv to pass 

the CT phantom image evaluation, there should have been no artifacts in the image. Was 

fond that subjective CT image parameters evaluated by a reviewer correlate with 

objectively measured parameters, especially noise. And a stricter noise standard might be 

able to improve the subjective parameters results, such as low contrast resolution.

Geoffrey k.korir et al (2011) .was assessed the level of compliance to quality assurance 

standards in computed tomography facilities in Kenyan hospital .A quality assurance 

inspection and physical image quality assessment in eighteen representative computed 

tomography facilities were completed .A quantitative method was developed and used to 

score the results obtained from the physical image quality measurements using the 

American Association of Physicists in Medicine ( AAPM ) water phantom . Inspection w as 

done in order to establish the level of compliance with internationally recognized standards 

such as those stipulated in the European Guidelines Quality Criteria for protection against 

Ionizing radiation. The overall findings placed the national quality management 

performance at 50 ± 3%, while image quality and quality assurance performance were 61 - 

3 % and 37 ± 3%, respectively .The quality assurance assessment benchmarked the 

country's level of quality management system compliance in diagnostic radiologv. During 

accreditation appraisal, the scrutiny was scored from each stage in the medical imaging 

chain per facility will encourage continual implementation of the quality improvement 

process. [6]

Ricard Betancourt Benita et al (2008). this study was presented development U

quantitatively evaluate imaging systems by measuring standard parameters related to image 

quality such as the Modulation Transfer Function ( MTF ) . the Noise Power Spectrum (



NPS). uniformity ,linearity and noise level among others. First, the methods was evaluated 

the aforementioned parameters was been investigated using a cone beam l' i image s\ item 

different exposure techniques, phantoms, acquisition modes of the Mat Panei Detector 

(FPD) and reconstruction algorithms relevant to a clinical environment .second uas  used 

the results of the first part of the study, a set of parameters for the QC program was 

established that the yields both, an accurate depiction of the system image quaht\ and an 

integrated program for easy and practical implementation. Practiced in our cone beam L I 

imaging system .lastly QC program was implemented in our cone beam C 1 imaging

system[7].

1.4 Study Objectives

General objective:

The aim of this study was to carry out performance quality control m computed 

tomography scanners.

Specific objectives:

To test

1- CT number of water, noise and image uniformity.

2- High- contrast (spatial) Resolution.

3- Low contrast Resolution.

4- Slice thickness.

5- Linearity

1.5 Thesis outline

Chapter one:

This chapter is general introduction to the computed tomography and presents the goai

of quality control. The published literature and studies done on the research subject

were reviewed in this chapter to know about bases and methods of assessing the quality

control. The objectives of this study were also mentioned in this chapter.

8



Chapter two:

This chapter explores the computed tomography, hardware of C T. computer ^\stem>.

image reconstruction, Data presentation, Biologic effects and safet\. and image quaiitj

as Image contrast, spatial resolution, blur and visibility of detail, noise and artifacts.

Chapter three:

This chapter describes the materials and methods used in this research to assess the

quality control.

Chapter four;

This chapter consists of: presentation of the results in tables and figures, discussion ot

the results.

Chapter five: conclusion and recommendations

9



Chapter Two 

Theoretical Background 

2.1 Introduction to computed tomography (CT):

Since the first CT scanner was developed in 1972 by Sir Godfrey Hounsfield. C Y uses X- 

rays to generate cross-sectional, two-dimensional images of the body, images are acquired 

by rapid rotation of the X-ray tube 360° around the patient. The transmitted radiation is 

then measured by a ring of sensitive radiation detectors located on the gantry around the 

patient (Fig. 2.1). The final image is generated from these ineasurements utilizing the basic 

principle that the internal structure of the body can be reconstructed from multiple X-ray 

projections.
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Early CT scanners acquired images a single slice at a time (sequential scanning). However 

during the 1980s significant advancements in technology heralded the development ot slip 

ring technology, which enabled the X-ray tube to rotate continuously in one direction 

around the patient. This has contributed to the development of helical or spiral C l. In spiral 

CT the X-ray tube rotates continuously in one direction whilst the table on which the 

patient is lying is mechanically moved through the X-ray beam. The transmitted radiation 

thus takes on the form of a helix or spiral. Instead of acquiring data one slice at time 

information can be acquired as a continuous volume of contiguous slices. This allows 

larger anatomical regions of the body to be imaged during a single breath hold, thereby 

reducing the possibility of artifacts caused by patient movement. Faster scanning also 

increases patient throughput and increases the probability of a diagnostically useful scan in 

patients who are unable to fully cooperate with the investigation.

The next generation of CT scanners is now commercially available. These multislice or 

multidetector machines utilize the principles of the helical scanner but incorporate multiple 

rows of detector rings. They can therefore acquire multiple slices per tube rotation, thereby 

increasing the area of the patient that can be covered in a given time by the X-ray beam.

Pith:

Pith is the distance in millimeters that the table move during one complete rotation of the x- 

ray tube, divided by the slice thickness (millimeters). Increasing the pitch by increasing the 

table speed reduces dose and scanning time, butte at the cost of decreased image resolution. 

2.2 Hardware:

Gantry

The gantry is mounted framework that surrounds the patient in a vertical plane .It contains 

a rotating scan frame onto which the x-ray generator, x-ray tube, and other components are 

mounted. The gantry house imaging components such as the slip rings, x-ray tube, high 

tension generator, collimators, detectors, and DAS.

The x-ray tubes of slip -ring scanners require high instantaneous power and therefore 

have larger anodes with a typical diameter of 5inches or more. Scanners may incorporate an



on board oil the scanner, these ratings enable a larger selection of exposure techniques ( 

generally 80, 100,120, 130, and 140 kv and 30,50,65,100,125,150,175,and 200 mA ).

Two important features of the gantry are the gantry aperture and gantry tilting range. The 

gantry aperture is the opening in which the patient is positioned during the scanning 

procedure. The technologist can approach the patient form both the front and back of the 

gantry. Most scanners have a 70 cm aperture that facilitates patient positioning and helps 

provide access to patients in emergency situations.

The CT gantry must be capable of tilting to accommodate all patient and clinical 

examinations. The degree of tilt varies between systems, but ±12 to±30 degrees are 

standard. The gantry also includes asset of laser beam to aid patient positioning. [1,8]

2.2.1 THE X-RAY SOURCE

X-rays are produced when highly energetic electrons interact with matter and convert their 

kinetic energy into electromagnetic radiation .A device that accomplishes such a task 

consists of an electron source to accelerate the electrons. Specifically , the X- ray tube 

insert contains the electron source and target within an evacuated glass or metal envelope 

the tube housing provides shielding and a coolant oil bath for the tube insert ; collimators 

define the X-ray field ; and the generator is the energy source that supplies the voltage to 

accelerate the electrons . The generator also permits controls of the X-ray output through 

the selection of voltage, current, and exposure time. These components work in concert to 

create a beam of X-ray photon. Tungsten use as the target material in t x-ray tube is based 

on the criteria that target must have high atomic number and the high melting point .the 

efficiency of x-ray production depends on the atomic number ,and for that reason ,tungsten 

with Z=74 is a good target material .in addition , tungsten , which has a melting point of 

3370 C° ,is the element of choice for with standing intense heat produced in the target by 

the electronic bombardment. The rotating anodes used in diagnostic x-ray to reduce the 

temperature of the target at any one spot. The heat generated in the rotating anode is 

radiated to the oil reservoir surrounding the tube.

An important required of the anode design is the optimum size of the target area from

which the X-rays are emitted, this area , which is called the focal spot, should be as small
12



as possible for producing sharp radiographic images .However , the smaller focal spots 

generate more heat per unit area and therefore , limit currents and exposure .

In diagnostic radiology, the target angles are quite small ( 6 - 7  degrees) to produce 

apparent focal spot sizes ranging from 0.1 to 2.2 mm.

The cathode assembly in a modem X -ray tube consists of a wire filament , a circuit to 

provide filament current , and a negatively charged focusing cup is to direct the electron 

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

Since size of focal spot depends on the filament size. The material of the filament is 

tungsten, which is chosen because of its high melting point [10].

2.2.2, Filtration

Filtration is the removal of x -ray as the beam pass through a layer of material. 

Attenuation of the x- ray beam occurs because of both the inherent filtration of the tube 

and added filtration includes the thickness (1 to 2 mm) of the glass or metal insert at the 

x-ray tube port . Glass (Si02) and aluminum have similar attenuation properties (Z= 14 

and Z= 13, respectively) and effectively attenuate all x-rays in the spectrum below 

approximately 15 keV.

Added filtration refers to sheets of metal intentionally placed in the beam to change its 

effective energy. In general diagnostic radiology, added filters attenuate the low -  energy x 

-ray in the spectrum that have virtually no chance of penetrating the patient and reached the 

x-ray detector. Because the low -  energy x-ray are absorbed by the filters instead of the 

patient, the radiation dose is reduced. Aluminum (Al) is the most common added filter 

material. An indirect measure of the effective energy of the beam is the half value layer 

(HVL). The HVL is usually specified in millimeters of aluminum. At a given kVp, added 

filtration increases the HVL Bow -tie filters are used in computed tomography (CT) to 

reduce dose to the periphery of the patient, where x- ray paths are shorter and fewer x-ray 

are required [10] .

The image quality of CT specifically suffers from the attenuation, i.e. radiation with a 

larger wave length, is more strongly attenuated when passing through matter than high -  

energy x-ray. Fig 2.2 shows beam hardening of x-ray spectrum.
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Fig.2.2 Beam hardening of an X-ray spectrum produced by a tungsten anode ( anode angle 

10° , acceleration voltage Ua = 120 KV) due to filtering by a flat, 2.5mm source side- 

mounted aluminum filter and a 0.2mm copper filter respectively. The amount of intensity 

reduction depends on the wavelength. The intensity of the high -  energy bremsstrahlung of 

the copper-filtered spectrum is even higher than the intensities of the characteristic Ka and

K3 lines.

1

As a consequence, the center of the polychromatic X-ray is shifted to higher energies or 

harder radiation. This is the origin of what is called beam hardening, which produces
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artifacts in the reconstructed images, because today it is standard to consider the x-ray to be 

monochromatic within the mathematical reconstruction process. [12]

2. 2 .3. Collimation

A CT scan samples a thin slab of tissue; ideally only the imaged slab is irradiated, and its 

thickness equals the selected slice width. Inaccuracies arise from scanner &sign limitations 

and calibration of collimator settings. Most systems collimate the z axis dimension of the x- 

ray beam at both the source (patient collimation) and detectors (post patient collimation). 

Width of the imaged slice (from sensitivity profile) is determined by both sets of

collimators. Width of the tissue irradiated (from radiation profile) is a function only of the 

prepatient collimator. Measurements of radiation and sensitivity profiles are best 

interpreted together 

2.2.4. X-ray detectors

The CT detectors used nowadays are either flat panel detectors consisting of a 2D 

array of pixels, or straight or curved line detectors consisting of a ID array of

pixels .ID line detectors yield a higher accuracy, are more efficient and resist higher

X-ray energies allowing thicker objects to be measured. However, the use of a line 

detector is more time consuming as only one slice is measured during one rotation 

of the work piece and as the object should be displaced in the Y direction for ever\ 

new slice to be measured. Measuring. The higher accuracy results from the fact that 

line detectors allow to use collimated X-ray beams (fan beam rather than cone 

beam) and yield less pixel interaction or scatter(no adjacent pixels in V-direction,

thin shielding plates separating pixels in the X-direction, collimating plates in Y- 

direction below and above detector pixel array): Basically, there are three detector

principles. Either the output of the detector is proportional to the total number of 

photon impacts (counting-type detectors), or it is proportional to the total photon 

energy (scintillation-type detectors or 'indirect' detectors).or it responds to cnerg\ 

deposition per unit mass (ionization detectors) [48]. The most successful and widely 

used detectors are 'indirect' ones. They are often based on amorphous silicon
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TFT/photodiode arrays positioned behind X-ray scintillators that convert the X-ra\s 

into visible light [13].Nowadays, standard commercial 2D detectors have a maximum 

resolution of 2048 x 2048 pixels at a pixel size of 200 mm and common!} 

withstand powers up to about 250 keV (although high power panels are showing 

up). At high power (80 keV to 10 MeV),ID detectors are commonly used, which 

may include over 3000 pixels at 250 mm pitch .['9]

2.2.5. Data -  Acquisition System (DAS):
*

The transmitted fraction It/ I through an obese patient can be less than 10" thus it is the 

task of the data-acquisition system (DAS) to accurately measure It over a dynamic range ot' 

more thanlO4, encode the results into digital values, and transmit the values to the system 

computer for reconstruction. DAS consisting of precision preamplifiers, eurrent-to-voltage 

converters, analog integrators, multiplexers, and analog-to-digital converters. Alter

natively, some manufacturers use the preamplifier to control a Synchronous Voltage-to- 

Frequency Converter (SVFC), replacing the need for the integrators, multiplexers, and 

analog-to-digital converters. The logarithmic conversion required in to performed with 

either and analog logarithmic amplifier or a digital lookup table, depending on the 

manufacturer. Sustained data transfer rates to the computer are as high as 10 Ylb}tes/s for 

some scanners. This can be accomplished with a direct connection for systems having a 

fixed detector array. Flowever, third-generation slip-ring systems must use more 

sophisticated techniques. At least one manufacturer uses optical transmitters on the rotating 

gantry to send data to fixed optical receivers.[13]

2.3. Computer System:

Various computer systems are used by manufacturers to control system hardware, acquire 

the projection data, and reconstruct, display, and manipulate the tomographic images. 

Which uses 12 independent processors connected by a 40-Mbyte/s multibus Multiple 

custom array processors are used to achieve a combined computational speed of 200 

MFLOPS (Million Floating-Point Operations per Second) and a reconstruction time of 

approximately 5 s to produce an image on a 1024 ><1024 pixel display? A simplified UNIX
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operating system is used to provide a multitasking, multiuse- 

tasks. [13]

environment n U)l dinut

-

f t

FIG 2.3 Schematic drawing of the a typical CT scanner installation, consisting of (1,) 

control console,(2) gantry stand, (3) patient table,(4) head ho:der. and (5 (laser imager.

2.4. Image reconstruction:

2.4.1Tomographic Image:

In projection radiography and fluoroscopy the image is a two dimensional projection ot the 

attenuating properties of all the tissue along the paths of the x- rays .the photon emitted b\ 

the X-ray tube are collimated by a beam limiting device .then they enter the patient, where 

they may be scattered, absorbed or transmitted without interaction .the primary photon 

recorded by the image.

The tomographic image is a picture of a slab of the patient's anatomy. 1 he 21) C 1 image

corresponds to a 3D section of the patient, so that even wi.h CT: three dimensions are
17



compressed into two. However, unlike the case with plain film imaging, the C f slice 

thickness is very thin (1 to 10 mm) and is approximately uniform. The 21) array of pixels 

(short for picture element) in the CT image corresponds to an equal number of 3D voxels 

(volume elements) in the patient. Voxels have the same in plane dimensions as pixels, but 

the also include the slice thickness dimension. Each pixel on the Cl' image displays the 

average x-ray attenuation properties of the tissue in the corresponding voxel.fig below

Fig.2.4 A pixel (picture element) is the basic two dimensional

element of a digital image. Computed tomographic (CT) images are typically square arrays 

containing 512x 512 pixels, each pixel representing 4096 possible shades of gray (12 bits) 

.Each pixel in the CT image corresponds to a voxel in the patient. [ 10]

2.4.2. Reconstruction principles:

Computed Tomography (CT) is a two step process: (1) the transmission of an \-ra\ beam is 

measured through all possible straight line paths as in a plane of an object, and (2) the 

attenuation of an x-ray beam is estimated at points in the object. Initially . the transmission 

measurements will be assumed to be the results of an experiment performed with a narrow 

monoenergetic beam of x -  ray that are confined to a plane . The designs of devices that 

attempt to realize these measurements are described in the preceding section, one forma



consequence of these assumptions is that the logarithmic transformation of the measured x- 

ray intensity is proportional to the line integral of attenuation coefficients .In order to 

satisfy this assumption , computer processing procedures on the measurements of x-ray 

intensity are necessary even before image reconstruction is performed. These linearization 

procedures will reviewed after background.

Both analytical and iterative estimations of linear x-ray attenuation have been used for 

transmission CT reconstruction. Iterative procedures are of historic interest because an 

iterative reconstruction procedure was used in the first commercially successful C I 

scanner. They also permit easy incorporation of physical processes that cause deviations 

from the linearity. Their practical usefulness is limited. The first scanner required 20 

minutes to finish its reconstruction .using the identical hardware and employing an 

analytical calculation, the estimation of attenuation values was performed during the 4.5 

minute data acquisition and was made on a 160 x 160 matrix. The original iterative 

procedure reconstructed the attenuation values on an 80 x 80 matrix and consequent!} 

failed to exploit all the spatial information inherent in transmission data.

Analytical estimation, or direct reconstruction, uses a numerical approximation of the 

inverse Radon transform. The direct reconstruction technique (convolution 

backprojection) presently used in x-ray CT was initially applied in other areas such as radio 

astronomy [Bracewell and Riddle, 1967] .

These investigations demonstrated that the reconstructions from the discrete spatial 

sampling of bandlimited data led to full recovery of the cross- sectional attenuation. The 

random variation (noise) in x- ray transmission measurements may not be bandlimited 

.subsequent investigators have suggested various bandlimiting windows that reduce the 

propagation and amplification of noise by the reconstruction. [13] .

2.4.3. Reconstruction Algorithms:

The foundation of the mathematical package for image reconstruction is the reconstruction 

algorithm, which may be one of four types.

1. Simple back projection. In this method, each x-ray transmission path through the bod} is 

divided into equally spaced elements, and each element is assumed to contribute equally n>
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the total attenuation along the x-ray path. By summing the auuiuation lor each eiemem

over all x-ray paths that intersect the element at different angular orientation^. I i I n a;

summed attenuation coefficient is determined for each element. When this cueiVicient : 

combined with the summed coefficient is determined for each element. \\ nen tl s

coefficient is combined with the summed coefficient for all other elements in the anatomic 

section scanned by the x-ray beam, a composite image of attenuation coefficient'- %
S  ,  Nobtained. Although the simple backprojection approach to reconstruction algorithm 

straightforward, it produces blurred images of sharp features in the object.

2. filtered backprojection. This reconstruction algorithm often referred to as the convolution 

method. Uses a one- dimensional integral equation for the reconstruction or' a two-

dimensional image. In the convolution method of using integral equations, adeblurrin u

function is combined (convolved) with the x-ray transmission data to remove most ol the 

blurring before the data are backprojected. The most common deblurring function .s a filter 

that removes the frequency components of the x-ray transmission data that responsible for 

most of the blurring in the composite image .one of the advantages of the convolution 

method of image reconstruction is that the image can be constructed while \-ra\ 

transmission data are being collected. The convolution method is the most popular

reconstruction algorithm used to day in CT.

3. Fourir transforms. In this accroach. 1 h angular

orientation is separated into frequency components of various amplitudes, similar to the 

way a musical note can be divided into relative contributions of different frequencies, f rom 

these frequency components, the entire image is assembled in "frequencies >»pacc‘ into a 

spatially correct image and then reconstructed by an inverse Fourier transform process.

4. Series expansion. In this technique, variations of which are known as ART (Algebraic 

Reconstruction Technique), ILST (Integrative Least- Squares Technique), and SIR l 

(simultaneous iterative reconstruction technique), x- ray attenuation data at one angular 

orientation are divided into equally spaced elements along each of several rays. 1 hese data 

are compared with similar data at different angular orientations, a nd differences in the \-ra> 

attenuation at the two orientations are added equally to the appropriate dements. I hi

2 0
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process is repeated for all angular orientations, with a decreasing fraction o f  the u t t e n u a t m o

differences added each time to ensure convergence of the reconstruction data, 

method, all-ray attenuation data must be available before reconstruction can oegin.j i

i i \ t n

2.5. Data representation

2.5. l.Hounsfield Unit (HU):

Each pixel is assigned a numerical value (CT number), which is the average ot'an ihe

attenuation values contained within the corresponding voxel. This number s compared. 1  T

the attenuation value of water and displayed on a scale of arbitrary unitb named Uounsfieid 

units (HU) after Sir Godfrey Hounsfield. This scale assigns water as an attenuation value 

(HU) of zero. The range of CT numbers is 2000 HU wade although some modern scanners 

have a greater range of HU up to 4000. Each number represents a shade of grey w ith ~ I00b 

(white) and -1000 (black) at either end of the spectrum Fig. 2. 5
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. 2.5. The Hounsfield scale of CT numbers

2.5.2-Windows level and windows width

Whilst the range of CT numbers recognized by the computer is 2000. the human eye cannot 

accurately distinguish between 2000 different shades of grey,. Therefore to allow the 

observer to interpret the image, only a limited number of HU are displayed. A clinical 1\ 

useful grey scale is achieved by setting the WL and WW on the computer console to a 

suitable range of Hounsfield units, depending on the tissue being studied, t he term 

‘window level’ represents the central Hounsfield unit of all the numbers within the window

width. The window width covers the HU of all the tissues of interest and these ar \ w

displayed as various shades of grey. Tissues with CT numbers outside thi> range are 

displayed as either black or white. Both the WL and WW can be set independently on the 

computer console and their respective settings affect the final displayed image. For 

example, when performing a CT examination of the enest, a WW of 350 and \W. o! -40
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are chosen to image the mediastinum (soft tissue), whilst an 

WL o f--600 are used to assess the lung fields (mostly air)

ptimal VVW of 500 ana

CT Number

Fig 2.6. The concept of how the window and level values are used to manipulate the 

contrast of the CT image is illustrated. The level is the CT number corresponding to the 

center of the window. A narrow window produces a very high contrast image, 

corresponding to the large slope on the figure. CT number below the window (lower than 

pi) will be displayed on the image as black; CT numbers above the window (higher titan p: ) 

will be displayed as white. Only CT numbers between pi and p: will be displaycd in a 

meaningful manner.

2.6 Quality Assurance (QA) & Quality Control (QC)

2.6.1 Dosimetry and safety

Radiation doses are relatively high in CT. For example, the effecti\c dose of a C 1 of the 

head is l-2mSv and of the chest, abdomen or pelvis on the order of 5-8 mSv each. A low-

dose lung CT is responsible for an effective dose of 1.5- 2 mSv and a whole-bod\ sercenin

for 7 mSv or more. This is on the order of 10 to 100 times higher than a radiographic image 

of the same region. The possible harm is too high to be neglectcl and the patient dose must 

be kept as low as possible. Taking the required image quality into account, this can be done
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by a correct use of the equipment and by keeping the equipment in optimal condition. The 

dose can be limited by a low integrated tube current (mA s) and a limited scan range. Some 

scanners apply a modulated tube current to reduce the dose. They use a larger tube current 

in views with higher attenuation. Optimal condition of the equipment requires a dail\ 

calibration of the CT scanner by performing a number of blank scans (i.e.. scans w ith only 

air inside the gantry). Image quality and constancy must be checked by phantom 

measurements. Maintenance and safety inspections must occur several times a \ear. A 

useful indicator of the absorbed dose before starting an examination with a specific 

scanning protocol is the CT dose index (CTDI). It is defined as the dose absorbed b_\ a 

standard cylindric acrylic phantom for one 360° rotation of the x-ray tube

CTDI = V -7 - -  -I D u ja -
0  %

D (z) is the radiation dose profile along the z-axis, n the number of detector row s and n / 

the total detector width. Two different standard phantoms exist, i.e.. a head phantom with a 

diameter of 16 cm and a body phantom with a diameter of 32 cm. By using a large 

integration interval the scattered radiation out-sides the scanned slab is taken into account 

as well. Hence, the CTDI value also reflects the absorbed dose obtained b\ circular 

scanning a series of adjacent slices. For practical reasons the measurement along the z-axis 

is typically limited to 100mm, yielding the standardized CTDI 100 value. It is assumed that 

the scatter is negligible beyond this integration interval. This is a valuable assumption for 

older systems. For cone-beam CT, however, an integration interval of 100 mm is not 

sufficient.[14 ]

2.6.2 Image quality

The quality of a medical image is determined by the imaging method, the characteristic of 

the equipment, and the imaging variable selected by the operator. Image quality is not a

single factor but is a composite of the at least five factor : contrast. blur. noise . artifacts 

. and distortion .
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2.6.2.1. Image contrast:

Contrast means difference. In an image, contrast can be in the form ot ditteren shade 

gray , light intensities , or colors . Contrast is the most fundamental characteristic oi d n

image. An object within the body will be visible in an image onl\ it it lias sufficient 

physical contrast relative to surrounding tissue. However, image much be\ond mat required 

for good object visibility generally serves no useful purpose and in m\ ease is undesirable. 

The contrast present in a medical image is the result of a number of different steps that 

occur during image acquisition, processing, and display. [15]

2.6.2.1.1 Contrast Resolution:

Low -- contrast resolution, or tissue resolution, is the abilitv of an imaue s\stem to
7  7  m ' «•

demonstrate small changes in tissue contrast. In CT, this is sometime referred to as the 

sensitivity of the system, contrast resolution can also be stated in terms ot the ability of the 

CT unit to image objects to 2 to 3 mm in the size that vary slightly in density from the 

environment in which they are located . In this case , the term low - contrast deiectabihty is 

used to describe the contrast resolution in CT. An advantage of CT is that contrast 

resolution is significantly better than in conventional radiography. CT can image tissue that 

varies only slightly in density and atomic number. Whereas radiograph} can discriminate a
sso, to 0.5%.density difference of about 10%, CT can detect density difference from 0 . 

depending on the scanner.

Low -  contrast resolution in CT is affected by several factors including photon flux, slice 

thickness, patient size sensitivity of the detector, reconstruction algorithm, image display, 

recording, and noise.

The photon flux depends on kVp, mAs, and beam filtration. These factors affect both the 

quality and quantity of photon s that reach the detector. In addition, the size of the patient 

affects the attenuation of the beam and thus the photon ilux at the detector. Whereas 

increased technique factors (kVp and mAs) increased photon flux, increased beam filtration 

and patient size reduce photon flux because of its greater radiation attenuation. In C 1. thc^c 

factors optimized to improve low' -  contrast resolution.
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Slice thickness also influences low -  contrast resolution. In CT, collimation controls the 

slice thickness; very thin slice require very narrow collimation. This type of collimation 

reduces the scattered rays that intercept the detector and thus improves contrast resolution. 

However, as the slice thickness decreases, the technique factor must also increase. Detector 

sensitivity affects contrast resolution in that CT detector must be capable of discriminating 

among small differences in x-ray attenuation, which is required to measure small 

differences in soft tissue contrast in the order of at least 1%.

The effect of the reconstruction algorithm in on contrast resolution is dramatic .the low 

spatial frequency algorithm can be used for image smoothing, which “may enhance the 

perceptibility of low- contrast lesions such as metastases”.

Noise affects low -  contrast resolution in CT. in this context, noise refers to quantum noise. 

If too few photons are detected, then the image appears as “noise” and low-contrast 

resolution is degraded. Together, noise and spatial resolution capability at low contrast are 

called low- contrast resolution. To improve both contrast and spatial resolution, the 

radiation dose must be increased so that more photons are available at the detector to 

generate stronger signals.

2.6.2. 2.Spatial resolution:

The spatial resolution of an imaging system can be defined in terms of the smallest spacing 

between two objects that can be imaged clearly. For example, the spatial resolution of a 

conventional x-ray system with direct film exposure is approximately 0.01 mm while that 

of a CT scanner is approximately 1 millimeter. A satellite orbiting the earth’s surface can 

record an object that is a few feet in size. In each case, the distance between separate 

objects that a device can record is one measure of its spatial resolution. This conceptual 

definition of spatial resolution is used widely in medical imaging. Another more 

quantitative definition specifies the resolution of an imaging system in terms of its “point 

spread function”, We can determine the Point Spread Function (PSF(x, y)) of the system 

by recording the optical density (OD) values across the point image using a scanning 

optical microdensitometer if the image is recorded on a sheet of film, or by extracting 

digital values if the image is recorded digitally. The graph of the measured values (OD or
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other), when converted to relative exposure, as a function of po-ution is the point -proud 

function. Ideally, one would see an exact representation of the object m the image, m mat 

the width of the image would exactly match the width of the object, i fo\\e\ or. the image oi 

the point object is always blurred by the imaging system. The amount of niurrmg o> a 

point spread function .[1]

2.6.2.2.1High Resolution CT:

The maximum high -  contrast spatial resolution that may be achieved on a C i wan is about 

20 lp/ cm, although generally it is less than this. Note that resolution m l l   ̂ more 

commonly expressed in term of line pairs per centimeter rather than per millimeter 

High -contrast spatial resolution within the scan plane is clearly limited b\ the pixel m/ c 

The pixel size is dependent on matrix size and Field Of View (FOV ).

Pixel size -  FOV/ (matrix size)

For example, a 512 x 512 matrix used with the a 40 cm FOV has pixel size of just under

0. 8 mm, implying a resolution of about 6 lp/ cm .However, because FOV is selectable, so m 

effect is pixel size .Therefore, although pixel size may determine the limit to resolution on 

aparticaular reconstructed image, it is not an intrinsic limitation; here are other factors that 

determine the maximum resolution that may obtained for a particular scanner. A second 

reconstruction parameter that can affect resolution is the algorithm used. Certain algorithms 

are designed specifically for bony structures and serve to enhance the edges ol nigh 

contrast structures. These algorithms provide improved spatial resolution at the cost ot 

increased noise.

A factor intrinsic to the scanner is the width of the projection path of \-ra\ beam as it 

passes through the patient. This is affected by focal spot size, the geometry of the (i.e. 

Source to isocentre and source to detector distance), and the physical size of the sensiti\e 

area of the detector itself. A further factor is the sampling frequence or number of 

projection sampled on each rotation. Within limits, spatial resolution increases with 

sampling frequency. The spatial resolution in the transaxial plane is not significant!} 

different when comparing axial and helical scanning. Spatial rest lution in the z direction.

1. e. parallel to the rotation axis, depends on slice thickness, in single -  slice helical scanning



using the simple form of interpolation, data collected outside the reconstructed section 

contributed to the transaxial image; the resolution in the z - - direction is thus reduced. 1 he 

greater the pitch, the greater is this effect. It is seen to a much lesser extent in multislice 

scanners because of the algorithms that are applied to overcome the cone beam effect. [8] 

2.6.2.3. Blur and visibility of detail:

Structures and object in the body vary not only in physics contrast hut also in size. Object 

range from large organs and bones to bones to small structural features such as trabecula 

patterns and small calcifications .it is the small anatomical features that add detail to a 

medical image. As blurring increases, the visibility of the smaller objects is reduced. In 

each imaging modality, there are specific sources of image blurring. In conventional 

radiography, visibility of detail is limited by blurring from three sources: the focal spot 

size, the type of receptor, and motion. Unlike radiography, which is affected b\ blur only 

during image acquisition, during the scanning step of the image forming process, blurring is 

produced by the finite size of the focal spot and by the finite size of the radiation detector, 

similar in principle to the blurring associated with radiographic receptors. In some CT 

scanners, the user can choose the focal spot size and, obviously, would select the small 

focal spot to give the greatest detail. In a few scanners, the user can select and change the 

effective size of the detector, again, for maximum detail; a relatively small detector 

aperture should be used.

In the image reconstruction process, the section of tissue that was imaged is subdivided into 

individual tissue voxels, each of which has a dimension. All structures within an individual 

voxel are mixed together and represented by a single CT number. In principle, voxel: when 

is three -  dimensional blur. We cannot see anv detail within a voxel: when look at imaues 

we are seeing voxel side by side .to achieve an image with high detail, it is necessarv to use 

small voxels.

There are three protocol factors that can be adjusted that control voxel size and image 

detail: field of view, matrix size, and section thickness. The face dimension of a v oxel is 

the ratio of the field of view to the matrix size. The other cimension of the voxel is the 

section thickness, which, in most instances, will be the largest dimension. Section thickness



is typically adjusted from about 1 to 10 mm. The final laclor that determines tin amount t >

blurring produced in a CT image is the reconstruction filter. Reconstructs f ' T )iit ill t e i aw

mathematical operations that are used to alter characteristics of the image In certain oisc\ 

it is desirable to use a so called smoothing filter, which in principle, is a binn ing Inter. ,15; 

2.6.2.4 Noise:

Visual noise affects visibility of low contrast objects. In an image with low noise, we can 

see more low contrast lesions. As the image noise increases, fewer and fewer low contrast 

objects are visible. Noise is caused by the variation in attenuation coefficients between 

individual voxels. In CT we, are measuring the attenuation coefficients of the individual 

tissue voxels. If we have two voxels of identical tissue, we would expect to measure- 

identical attenuation coefficient values, and when these are translated into ( i numbers nc 

would expect to get similar numbers. In reality we do not. Fig 2.7. Two \oxels of she same 

tissue produce different Cl' numbers. This is statistical variation that is visualized as image 

noise.

Tig 2.7 Diagram illustrates how noise results because the same ti 

CT numbers

sue can produce different

One way of evaluating noise is to produce a CT image of a comainer of water. Water is

homogeneous and has a defined CT number of zero. However, a CT scan of water reveal S
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variations in pixel brightness because of the noise can be quantified .it we count and do a 

statistical analysis of the number of pixels within a region of interest and the various ( 1 

number, the resultant statistical distribution would most likely be a bell -  shaped curve. 1 he 

amount of spread or deviation can be evaluated by the determining the standard deviation, 

which is the easiest and an excellent way of quantifying the amount of noise in CT images. 

All CT systems have the software capability of defining a region of interest and measuring 

and calculating the standard deviation. To decrease noise, we must measure the attenuation 

coefficient values for each voxel more precisely. A more precise measurement can be made 

by the increasing the number of X-ray photons absorbed in each voxel during the imaging 

process. The more photons in a voxel, the more precise the measurement will be and this 

will reduce the CT number error that appears in the image as noise.

The quantity of radiation photon absorbed can be controlled in two ways: adjusting the size

of voxel and the exposure .obviously, a large voxel will intercept and absorb more photons

than a small voxel and will result in decreased noise in the imajje. the other \\a\ of
*

controlling the quantity of absorbed radiation photon per voxel is by increasing the total 

radiation imparted to the patient. This is controlled through the milliampere seconds. By 

increasing the milliampere seconds we deposit more photons in each voxel of tissue, which 

results in less statistical variation, therefore less noise in the image.

The mathematical filters selected in the image reconstruction process can also be used to 

control noise. Many CT systems have 10 or 12 filters with different characteristics, fhe 

smoothing noise by using a smoothing filter, we increase the blurring and decrease 

visibility of detail. The so called edge enhancing or detail enhancing filter has essentially an 

opposite characteristic. Filters of this type might be selected when the primary goal is 

visualization of small detail. CT equipment manufacturers generally recommend which 

filters are useful for specific procedures. Unfortunately, noise is a form of image detail. 

Anything we do to sharpen an image and increase detail, such as use of small voxels or 

edge enhancing filters, will also increase visibility of noise. [ 16
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2.6.2.4.1. Signal to Noise Ratio (SNR):
The concept of signal-to-noise ratio (abbreviated SNR or S/N) is used to describe the 

relationship between the signal amplitude and the size of the noise. In radiograph}, both 

the signal and the noise must be measured in the same units, relative exposure lor a film 

image, electric potential (volts) for an electronic image, or photon fiuence (or exposure, 

etc.) for a radiographic signal. Once both are measured in the same1 units, they can be 

divided by one another to estimate the signal-to-noise ratio.

2.6.2.4.2. Detection Quantum Efficiency (DQE):

An imaging device that is perfect in terms of its noise performance is one that produces an 

output signal with the same signal-to-noise ratio as its incoming signal, i.e. does not alter 

the SNR. It is difficult, if not impossible, to improve the signal-to-noise ratio w ithout 

degrading some other aspect of system performance (e.g. spatial or temporal resolution).

By way of definition, if an instrument or device receives information or data with a 

signal-to-noise ratio of SNRin, from which it produces information or data w ith a signal-to- 

noise ratio of SNRoul, then the detection quantum efficiency (DQE) of the instrument or 

device is

DQE
SNR in

\

VSNRour ,
A "perfect" device is one which preserves the signal-to-noise ratio of all signals presented 

to it and which therefore has a DQE of 1. [22]

2.6.2. 5. Artifacts:

Artifacts are image errors that may emerge due to a variety of reasons. Artifacts can 

originate from a simplification of the reconstruction method -  to date usual!} the filtered 

backprojection -- which assumes monochromatic radiation or continuous representation of 

the projection signal .Artifacts may also stem from the use of special sampling technologies 

and detector arrangements, or simply from defective detector elements. Corrective actions 

may only be taken If the causes of such artifacts are known .such counter -measures are in 

fact very important, since the filtered backprojection has the disadvantage that artifacts are



projected back over the entire image so that the overall diagnostic value of the image is 

reduced or completely destroyed. [12]

2.6.2.5.1. Partial -volume artifacts:

Because the x-ray beam diverges in a direction perpendicular to the slice, a projection 

measured in one direction may be slightly different from the projection taken along the 

same path but in the opposite direction. This provides one reason for requiring a full 360 

scan of the patient. The inconsistencies in the data can be compensated b\ combing data 

from opposite directions. A different but related partial volume effect arises iroin the 

observation that the anatomical structures do not in general intersect the section at right 

angles. Along, thin voxel could well have on end in soft tissue and the other end in bone. 

As a result reconstructed p would have an intermediate value that did not correspond to any 

real tissue at all.[ 11].

2.6.2.5.2. Beam -  hardening artifacts:

As the beam passed through the patient, the low energy photons are filtered out and the 

beam becomes harder. This causes the attenuation coefficient and thus the Cl number ot a 

given tissue to decrease along the beam path. The reconstruction process assumes a 

homogeneous, i.e. monoenergetic, x-ray beam. The tissues towards the patient are 

invariably crossed by hardened beams, whereas those nearer the surface are for a significant 

part of the rotation time crossed by photon beams that have noi been filtered to the same 

extent. The result is that CT numbers are lower in the centre of the patient than they should 

be. This effect may be described as cupping. In some situation, it max also result in dark 

streaks in the image. It can be corrected to some extent by a beam hardening algorithm. 1 he 

effect may also be reducing with the bow tie filter that provides progressive!} increased 

filtration of the outer rays of the fan beam. [11]

32



2.6.2.5.3. Motion artifacts:

Motion artifacts occur when the patient moves during the acquisition. Small motions cause 

image blurring, and larger physical displacements during CT image acquisition produce 

artifacts that appear as double images or image ghosting. If motion is suspected in a C 1 

image, the adjacent CT scans in the study may be evaluated to distinguish fact from 

artifacts. [10]

2.6.2.5.4. Ring artifact:

The ray passing from the tube focus to a particular detector in the row of detectors traces 

out a circle as the gantry rotates about the patient. The CT numbers of the voxels that lie on 

the circle are calculated from the signal derived from that detector alone. Therefore, should 

that detector Malfunction, the CT number in that ring will be incorrect and a light or dark 

ring will be seen in the image, depending on whether the detector is giving too low or high 

a signal .An operational feature of CT scanners is that when they switched on each day 

automatic calibration programmes are run to check and adjust the calibration of the 

detectors to ensure that they provide a balance response. [8] .

2.6.2.5.5. Metal artifacts:

Metal artifacts are caused by the presence of subvolumes with a much higher absorption 

compared to the rest of the part (e.g. steel insert in the aluminum cylinder head). They 

appear as star like high brilliancy distortions inducing larger errors and inaccurate 

measurement near the metal components.

2.6.2.5.6. Aliasing artifacts:

Aliasing artifacts are caused by the presence of part geometry that are larger than the Held 

of view. Some literature also denotes artifacts due to undersampling at the level of image 

capture or reconstruction as (aliasing artifacts) [9] .

33



C hapter Three

Materials and Methods

3.1 Materials and Methods:

Image quality was evaluated for three CT scanners (Siemens -  somatom sensation io. ui_ 

speed -dual , Toshiba -Aquilon, in Alribat University Hospital . Baraha Medical Uil> 

Alamal National Hospital respectively ) :

Image quality was assessed using the computed tomography image qualilx test phantom. 

CATPHAN 412 model (the phantom laboratory, Salem, NY). The specific pertormance 

parameter evaluated in the CT phantom testing included: the CT number of water, noise, 

uniformity, linearity, low contrast resolution, high contrast resolution, images were 

acquired using a standard image protocol reconstruction algorithm. Different C i slices ! 

10, 5 ,3and 2 mm) were acquired using 120 peak tube voltage under automatic current 

modulation (ACM). ACM varies the mAs automatically depending on the "egion ot 

phantom being imaged similar to automatic exposure control (ABC) feature used m 

radiography. Fig 3.1 show CATPHAN 412 phantom.
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Fig 3.1 Catphan 412 module

3.1.1 C T P  401  C T  n u m b er  L in e a r ity :
To perform the CT number linearity test, a CTP 401 sensitometry module was used. This 

module contains four materials of differing attenuation properties: air ( 75%N. 23.2 % O .

1.3 % Ar ) , LDPE ( C2H4 ) , Teflon ( CF2 ) and acrylic ( C5H80 2 ). The diameter of the 

material (1.2 cm) was positioned symmetrically at 1.8 cm from edge of the phantom. 

Images were generated with CT scanner operated in axial mode. CT number was measured 

on softcopy image on the CT scanner console using the supplied measurement tools. A 

circular region of interest was drawn in centre of each material and the area, mean pixel 

value for region of interest were generated . The CT number of each material was taken to 

be the mean pixel value.
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3.1.2 C T P  401 Im a g es  S lice  W idth:

To evaluate the slice width (Z mm).

1. Section One CTP 401 was used, which has two pairs of 23° wire ramps, one pâ  s or er;ec 

parallel to the x axis; the other pair to the y axis. These wire ramps were used to estimate 

slice width measurements.

2. Measurement was made for the Full Width at Half Maximum (FWHM) iength or any ot tne to r

wire ramps. To find the FWHM of the wire from the scan image, the CT number values need to 

be determined for the peak of the wire and for the background.

3. To calculate the CT number value for the maximum of the wire, we close down tne C T

"window" opening to 1 or the minimum setting. Then we move the CT scantier "level to tne 

point where the ramp image just totally disappears. The CT number of the level at this 

position is taken as peak or maximum value.

4. To calculate the value for the background we used the region of interest function to identify 

the '"mean" CT number value of the area adjacent to the ramp. Used the aoove CT values, 

determine the half maximum:

a. First calculate the net peak... (CT # peak - background = net peak CT s; . Calculate 

the 50% net peak... (net peak CT # t  2 = 50% net peak CT fc) Calculate the hair 

maximum CT number... (50% net peak CT # + background CT 4 -  half maximum C 

. Now that you have determined the half maximum CT number, you can measure 

the full width at half maximum of the ramp. Set the CT scanner leve at the naif 

maximum CT value and set your window width at 1. Measured the iength of the 

wire image to determine the FWHM. Multiply the FWHM by 0.42 to determine the 

slice width.

3.1.3 C T P  4 4 6  H igh  R eso lu tio n s:

High resolution was evaluated visual in the CTP 446 section .The section has a to Co line 

pair/cm. high resolution test pattern. The targets are 5. 6. 7. 8. 9. 10. II. 1C. 15. 14. 15. io. 

17. 18. 19 and 20 line pair/cm ± .5 line pair at the 20 line pair test. The chart m iow .̂  the
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pattern gap at the different line pairs. The gauge is '! achim Iron 

and cast into epoxy.

3.1.4 C T P  2 6 3  L o w  C o n tra st R eso lu tion :

\  ■  * V \  I  V * :  I '  I  -  J  • I “
i _  i > 1 i  1 1 k i : i \. r . w i  i L x : !  h  i > j  * .

The low contrast resolution was assessed using CTP 263 sections coniaimna mw ^■■nuwx

target discs arranged in the four groups with nominal contrast of m pc t  \

>  '  \ P 4
% +  i

1.0% and decreasing diameters 15mm. 12mm , 9 mm . 7 mm . 5 mm . 4 mm . e inn;, .me _ 

mm. The Actual contrast Levels are measured by making Region m inwix-x (k< >. ■ 

measurements over the larger target, and in the local background area. 1 o determine acma. 

contrast levels, the background Area were measured adjacent to the measured target

;  f  .because "cupping'* and" capping" effects cause variation ol ( I numbers Ira n eic 

region to another. Position the region of interest to avoid the target edge-, li e region, m 

interest was taken in range (10 -20 mm") in diameter .the low Contrast measurements were

"noisv".
• /

3.1.5 C T P  4 8 6  U n iform ity  & N o ise  E va lu a tio n :

The image uniformity module is cast from a uniform material. The centre ot Lite section 

CTP486 is water axial image were acquired and analyzed on the C I scanner console using

the supplied measurement tools ; a circular region of interest ( 0.2-2 cm i si/e w d r a w  n

in centre of the area , mean pixel value and standard deviation ( in pixel \aiue ; lor the 

region of interest were displayed . The CT number of water was taken to me mean pixel 

value and the noise was taken from standard deviation.
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C h ap te rs  F o u r

Results and Discussion

4.1. Results:

Table 4.1 Parameter standards used in CT phantom Image testing

Parameter

CT number of water

CT number of calibration

Image uniformity

Noise

Spatial resolution

Low contrast resolution

Slice thickness

( 5mm and 10 mm in thickness)

CT number linearity

CT number

CT Number of Air

CT Number of LDPE

CT Number of Acrylic

CT Number of Teflon

♦ ♦** *ft

♦  ♦ ♦--A---1auttKiarci

0±5HU

o±T3h u
ft 4 f t  f t  ♦ *  ♦ ♦  ♦  f t *

Within 5HU between center and peripheral 

region

£ 4  HU For large slice thickness, and

£  35 HU for high resolution

f t  * ♦  ♦

5 Ip/cm for large slice thickness, and 10 

lp/cm for high resolution
M > a f t  ♦ f t  ♦ ♦

2mm hole at 1.0%

W ithin*! mm

Correlation coefficient R 1 0.9*4

♦ a f t  ♦ ♦  ♦  a » f t

-1000±30HU

-lOOtlOHU
♦  a » f t f t  a»

♦ ♦  ♦ ♦  f t « f t  ♦  ♦  ♦ • *  •

I20±I0HU
♦ ♦ ♦

990±10H U



Table 4.2 Slice Width (Zmm) and FWHM of the slice sensitivity profile. The nominal slice 
width of the image acquired is 10, 5, and 6 mm. The result obtained for various CT 
scanners as shown

Machine Set

slice

FWHM Z mm 

(FWHM*0.42)

IPEM91

remedia level

Acceptance

GE 10 23 9.66 accept

6 15 5.88 accept

Siemens 10 23.6 9.91 ±1 mm accept

5 12.6 5.29 accept

Toshiba 10 25 10.5 accept

5 12.5 5.25 accept



6.00 S3 Toshiba

Slice thickness
5.00

S3 Siemens

Fig.4.1. Slice thickness accuracy for various CT scanners. The accuracy of the slice 

thickness is reported for both large and medium slice. The Catphan 404 module containing 

angled wire ramps was multiplied by FWHM used to calculate slice thickness. The error of 

the measured slice thickness is reported.
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Table 4.3 CT number linearity, measured CT number of air, LDPE, Acrylic and Teflon in 

section CTP 404 in catphan phantom.

M ac h in e S lice k V p m A s R IO C t C t C t C t C o rre la tio n A ccep tan ce

th ic k n ess m m n u m b e r n u m b e r n u m b e r n u m b e r

m m o f  a ir o f o f o f

L D P E A cry lic T e flo n

GE 6 120 300 11.7 -985 -99 115.52 924 0.999 accept

Siemens 10 120 360 30 -1024 -132 122.8 1089 0.999 accept

Toshiba 10 120 150 3 -1020 -104 121.9 972 0.999 accept

Plot of the reference CT number of each material VS measured value for each material is 
shown in Fig. 4.2.
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Fig.4.2 Expected Cl’ versus measured C'l' number obtained in the t h r e e  Cl Ncanncrs nil:* 

Siemens and Toshiba) with the materials present in the CTP 404 (atphan 4 \2  phantom and 

the reference HU numbers provided by the manufacturer.
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Table 4.4 High resolution, measured as the minimum size group visible in a bar pattern 

lp/cm the reslut obtained for vaiorous CT scanner .in catphan phantom 446in section CTP 

.perform in large slice thinkness and high resolution slice are shown

Machine Slice thickness mm kVp mAs Algorithm used LP/cm Acceptance

GE 10 120 300 - 7 Accept

5 120 300 - 8 No accept

Siemens 10 120 360 H31sS201F0 7 Accept

5 120 360 H31sS201F0 7 No accept

Toshiba 10 120 150 HP53.0 7 Accept

5 120 150 HP53.0 8 No accept

3 120 150 HP53.0 7 No accept
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Table 4.5 low contrast resolution , measured as visible small diameter of discs at contrast 

level 1.0%, 0.5% ,0.3% and 0.1% in section CTP 263 in catphan phantom. The result 

obtained for various CT scanner performed at large slice thickness and high resolution slice 

are shown

Machine kVp Rotation

time(s)

mA RIO Slice
mm2 thicknes

s mm

Small Small 
Diameter Diameter 
of Disc at of Disc at

Small Small 
Diameter Diameter 
of Disc at of Disc at

0.1% 0.3% 0.5% 1.0%

GE 120 3 100 211.2 10 Not

visible

3 3 2

120 3 100 185.3 5 Not

visible

Not

visible

4 3

Siemens 120 7.2 50 103 10 Not

visible

7 5 3

120 7.2 50 103 5 Not

visible

9 4 3

Toshiba 120 0.6 250 81 10 Not

visible

7 4 3

120 0.6 250 81 5 Not 9 7 4

visible
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■  g e
t—\ ~ .

C o n tra s t  L e v e l %

Fig .4.3. Low contrast detectability, illustrate number of detectable discs at contrast level 
1.0%, 0.5% , 0.3%and 0.1% in the section CTP 423 module in catphan phantom 412 
,with insert 8 disc with different diameter .

45



Table 4.6 Uniformity, measured as Average CT Number in the uniform section ol water

The result obtained for various CT scanners perfonned at different slice thickness arc- 

shown .

Machine kvp mAs RIO

mm

Slice

thickness

CT number Acceptance

(mm) Average Max.Dev SI). DEV

GE 120 300 21 10 -3.08 0.651 -1.98 Accept

120 300 21.74 5 -2.43 1.277 -1.53

120 300 21 2 -3.226 0.66 -2.1

Siemens 120 100 22 10 0 1.074 l.l Accept
120 100 22 5 1.38 1.54 >

120 100 22 2 1.4 1.374 3.3

Toshiba 120 150 103 10 2.075 0.64 2.8 Accept

120 150 85 5 1.075 1.56 2.8

120 150 141 3 0.85 2.14 3.4
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Table 4.7 noise, measured as standard deviation of CT number in the uniform section of 

water .The results obtained for various CT scanner performed at different slice thickness 

are shown.

Machine kVp mAs Rotation 

time (s)

RIO

mm2

Slice

thickness

Mm

Noise Acceptance

GE 120 300 3 21 10 1.46 accept

120 300 3 21.7 5 2.03

120 300 3 21 2 2.92

Siemens 120 100 0.75 22 10 3.4 accept

120 100 0.75 22 5 5

120 100 0.75 22 2 4.08

Toshiba 120 150 0.6 103 10 2 accept

120 150 0.6 85 5 3

120 150 0.6 141 3 3.6
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Fig. 4.4. Slice thickness versus Noise. The curve was obtained for three ( I >cannei>. Noise 

measured as standard deviation for uniform section of water C IV 486 module in catphan 

phantom 412 for GK and Toshiba Cl' scanner and customs solid water phantom b\ Siemens 

manufactory for Siemens Cl' scanners.
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4.2 Discussion:

As presented in Tables 2-6, graphically shown in figures 1-4. show that tne overall 

performance of the image quality parameters of CT scanners were w ithin the acceptable 

limit although some systems showed one or more parameters exceeding the tolerance hunt 

The accuracy of the slice thickness , small, medium and large were within the acceptable 

limit ±lmm) (Table 4.2) for the three CT scanners under study. The accuracy ot (. 1 slice 

thickness measured in helical mode was poorer than slice thickness determined w ith L I 

scanner operated in axial mode. This can be attributed to the table motion and subsequent 

interpolation process characteristic of helical CT, which results in broadening of the 

response function of the detector array. [ 16]. The accuracy of CT number is important tor 

the characterization of tissue .in cases, where the CT scanner is connected to a treatment 

planning system for the planning of a radiotherapy treatment scheme, the accurate 

representation of tissues in terms of CT number, is crucial.

In Table 4.3, CT numbers for various materials measured in this study are presented. It is 

well known that CT number is related to linear attenuation coefficient, which is a function 

of X-ray effective energy and the composition of body part being imaged. Ideally, the 

comparison between the measured and the nominal (given by the phantom manufacturer). 

For the CT number linearity test, Cl' number was measured for various materials 

Correlation between the measured and reference CT number values were determined, l he 

results are presented in Table 4.3. Since, the most useful CT number range in clinical use 

is approximately between -300HU (corresponding to the lung) and 150HU (muscle, brain 

etc) the linearity of CT number was evaluated in range of CT numbers -1000 Hi. to 990 

HU.

Measured CT number ranged from -1000HU (air) to 990HU (Teflon). I'he three (.1 

scanners had linearity within the limit demonstrated by a correlation coefficient that was 

around 0.999. The spatial resolution is the ability to differentiate closely located small 

objects. Spatial resolution for was measured by viewing the images of the appropriate 

phantom sections. These strongly depend on viewing conditions, that is zoom, field of 

view, window width and window level as well as on the monitor intensity contrast.
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viewing distance. The spatial resolution, is calculated as the minimum size group \ isittic ,r 

a bar pattern lp/cm .The of resolution measured for the three CT scanners are presented ,r. 

the Table (4.4). The measured spatial resolution ranged from 5 Ip.cm to 7 Ip cm but wnn 

high resolution (small slice thickness) is less the limit 10 Ip/cm were found in range 7 u> 8 

lp/cm .In radiographic imaging, the X-ray tube focal spot size and blur occurring in th<. 

image receptor are the primary causes of reduced resolution. Although focal spot st/.e dose 

affect CT spatial resolution, CT resolution is generally limited by the size of the detector 

measurements (referred to as the aperture size) and by the spacing of detector 

measurements used to reconstruct the image .this concept, called sampling. |211 

Low contrast resolution is the ability to distinguish two lesions with a minor density 

difference and is the most important parameter affecting the C f  image quality. In the 

present study low contrast resolution was measured by quantifying the smallest disc visible 

in each low contrast disc at 1.0%, 0.5%, 0.3% and 0.1% contrast. The viewing of image 

disc depending on the window width and window level as well as on the monitor intensity. 

contrast, viewing distance .all viewing parameters were adjusted accordingly, in order to 

see a many discs as possible. Low contrast resolution measured for all scanners are 

presented in Table 4.5. Contrast resolution is measured using different slice thickness, had 

value within the range between 2 and 3 mm diameter at nominal contrast 1.0% this value . 

The measured contrast lies within the limit for the GE CT scanner under study. I or the 

other CT scanner the measured resolution is low but still within the acceptable limit. 

Regarding the low-contrast sensitivity, Cheng et al. [20] found that the total number ol 

discs visible with a nominal contrast level of 1% was 7, while targets with 0.5 and 0.3% 

nominal contrast were all invisible regardless of their size. Yoo et al. [I9| put the number 

of visible disc inserts in 4.2 ± 0.4, and Kim et al. [18].

The measured minimum resolvable low contrast target for all CT scanners included in this 

study in ranged from 3 to 7 mm at 0.5% and from 3 to 9 mm at 0.3%. The very low contrast 

levels of 0.3%, the reduced noise levels are reflected in the ability to resolve small. U>w 

contrast targets.
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The uniformity describes the ability of the CT scanner to image a homogenous materia. as 

uniform as possible .It shows the distribution of CT numbers, at an\ tegion v t  tne muge. 

around a single value. The uniformity was measured as maximum deviation •> *.: i jumper 

of water in all performed slice thickness. AS shown in Table (4.6) the C 1 v.anncr> .% ,:h 

uniformity value range 2.14 to 0.65 HU, which is acceptable comparing to suggested hint 

of 5 HU [Ref.].

The image noise for all the assessed scanners was found to be in range 1.46 to 5.4 Hi tor 

large slice thickness and from 2 to 5 HU for medium and small slice thickness which is 

below the limit of <  4HU for large slice and 35HU  for small slice. As shewn in iabie

(4.7). Theoretically, the image noise depends on the number of photons and varies with the 

reciprocal of the square root of tube current (mA), time and image slice width.

Noise2 a  (mAs*slice width)"1

This exact relationship may not hold if additional corrections are applied in processing 

but noise will increase if tube current-exposure time product (mAs) or slice width arc 

reduced[4]. As observed in fig 4.7 for all CT scanners. The noise is lightly increases in 

smalls slice, but still within the acceptable limit.

51



Chapter Five

Conclusions and Recommendation

5.1 Conclusion

The objective of this study was to evaluate quality control of three C l scanners used lor 

diagnostic radiology at different hospitals in Khartoum. The image quality was evaluated in 

terms of noise, uniformity, CT number linearity, slice thickness accuracy, low contrast and 

high contrast resolution, according to guidelines set out by IPEM N0.9I The result 

showed that the overall performance of the CT scanners evaluated in the three hospital m 

Khartoum state is quite good, since no one scanner was found with all the assessed 

parameters out of the suggested limits. These findings suggest that the actual tT  

performance depends more on the operational status of each CT scanner rather than on 

technical and design characteristics and on the age of the system

5.2 Recommendations

The routine maintenance, service and calibration, as well as the frequent quality control of 

CT scanners play a key role in achieving the best performance of the sy stem. Since the 

computed tomography (CT) contributes the most to the collective dose compared to other 

radiological examinations, it is a necessity for quality control and quality assurance 

programs to be established in each radiology department.
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