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Abstract 
 

The PhD project aimed to develop methodologies for optimisation of automatic 

tube current modulation (ATCM) performance for the four most important 

computed tomography (CT) scanner manufacturers (Toshiba, GE, Philips and 

Siemens scanners). Since the human body to which ATCM response is elliptical in 

shape, the project started with an investigation of differences between 

dosimetry in cylindrical and elliptical phantoms. The ATCM systems modulate the 

tube current in both the x-y plane and z-axis, therefore phantoms made from 

multiple sections of different size ellipses were designed for quality control of 

the ATCM performances and evaluated by comparing with a conical phantom 

developed by imaging performance and assessment of CT (ImPACT) evaluation 

centre, UK. In order to link the project into patient dose optimisation, CT 

scanners in which patient doses were high were identified and the link with 

patient size evaluated. Since the large variations in patient dose may be 

influenced by scan parameters, the phantom developed was used to carry out 

measurements on CT scanners and investigate some factors and attribute 

reasons for the high doses. Finally changes in CT scanner protocols were 

recommended.  

 

The results from the elliptical phantom showed that the doses in the centre and 

anterior were larger than in the cylinder, while doses in the lateral periphery 

were similar. Differences in ratios of doses between the two phantoms for 

different CT scanners are linked to the beam profiles produced by the individual 

bow tie filters. Phantoms made from multi elliptical sections demonstrated 

similar trends for the Philips and Siemens ATCM systems. However, the abrupt 

changes in attenuation provoked the ATCMs to increase tube current aggressively 

with the GE and Toshiba systems. A phantom like a wedding cake with broader 

sections and smaller differences in attenuation circumvented these effects. The 

volume weighted CT dose index (CTDIvol) increased significantly with patient size 

for Toshiba and GE scanners whilst the changes for Siemens and Philips scanners 

were less marked. However, the use of Philips the D-DOM ATCM option led to a 

significant increase in patient dose. The reconstruction filter and image 

thickness are major factors influencing patient dose for the Toshiba CT scanner.    
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1 Introduction  

1.1 Rationale 

Computed Tomography (CT) scanner technology has been developed significantly 

since the first CT scanner was constructed in early 1970s (Kalender, 2005).  

Initial CT scanners were single slice axial, but technological development has 

seen the introduction of helical and multi-slice models.  Modern scanners are 

capable of imaging simultaneously  64, 128 or even 320 parallel slices in one 

rotation (Geleijns et al., 2009). Beam width has increased significantly from a 

standard of 10 mm to current beam widths of up to 160 mm. The use of CT has 

been increasing rapidly; there have been 12-fold and 20-fold increases in CT in 

European countries and the United States over the last 20 years (Hall and 

Brenner, 2008). Moreover CT is a high radiation dose examination and makes the 

largest contribution to the patient radiation dose from medical exposures. CT 

now accounts for 50% , 68% and 70 % of the collective dose in European 

countries, the United Kingdom and the United States, respectively (Martin, 2008; 

Hart et al., 2010).  Because the use of CT has been increasing rapidly, there has 

been growing concern about potential heath effects from the high doses that can 

be delivered (Amis et al., 2007; Berrington de Gonzalez et al., 2009; Smith-

Bindman et al., 2009), and patient dose from CT examinations has become a 

cause for concern among radiological professionals. 

 

The standard method for CT dosimetry measurement has been the CT dose index 

(CTDI).   This is designed to measure the output for a single CT slice or a limited 

number of slices, but is also used for measurements inside phantoms simulating 

parts of the body for the purpose of patient dose assessment.  Scans with an 

axial slice include most of the radiation within the length of the standard 100 

mm pencil chamber used for the measurement. However the advent of multi-

slice systems with 64, 128 or more slices when used to irradiate a phantom 

result in a significant amount of scatter beyond the 100 mm length of the 

chamber (Boone, 2007; Brenner et al., 2006; Dixon et al., 2005 ; Dixon, 2003; 

Geleijns et al., 2009; Morgan and Luhta, 2004; Nakonechny et al., 2005 ). 

Moreover, in this case, a typical CTDI phantom which is only 150 mm long is not 

of sufficient length since it is unable to include contributions from radiation 

scattered beyond its length. Thus the link between the standard CT dosimetry 
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methodology and patient dose begins to break down. At the present time, there 

is no consensus on the technique for measuring the dose from helical scan series 

or the most suitable phantom. Systems that more accurately reflect the true 

dose require large phantoms that are impractical for routine measurements. 

 

A literature survey of papers published in the last ten years has shown many 

studies (AAPM Task Group, 2010; Boone, 2007; Brenner et al., 2006; Dixon, 2003; 

Dixon and Ballard, 2007; Morgan and Luhta, 2004; Nakonechny et al., 2005 ) that 

have proposed  alternative techniques for CT dosimetry. These have focused on 

CT dosimetry for longer body scans to measure a cumulative dose at the centre 

of the phantom, )0(LD and to identify an equilibrium scanning length, Leq, which 

is the length that scatter radiation is sufficiently remote to make negligibly 

small additional contribution.  Several studies have aimed to evaluate the 

relationship between patient size and CT dose in order to minimize patient dose 

(Israel et al., 2010; Zarb et al., 2010; Meeson et al., 2010). However, there is no 

study that links together practical CT dosimetry and patient dose, and tackles 

the dosimetry investigation required to establish the relative performance of the 

options available on the scanners that can be used in optimisation of dose. 

Health Physics has primary responsibility for carrying out routine patient dose 

measurements as well as providing CT users with scientific advice on 

optimisation on a substantial number of CT scanners of different types. 

Objectives of the first phase of this PhD project were to investigate alternative 

techniques and phantoms for assessment of CT dose and scanner performance.  

These will be used to investigate the reasons why doses for patients on certain 

scanners are high and determine changes that might be implemented to 

minimize the high doses while maintaining an acceptable level of image quality. 

Finally, the practical application of different methods proposed for scanner dose 

assessment will be investigated.  

 

Automatic tube current modulation (ATCM) systems are now available on CT 

scanners (Kalra et al., 2004b; Lee et al., 2008; Rizzo et al., 2006; Söderberg and 

Gunnarsson, 2010) and used in the majority of patient examinations, so failure 

to test them is to omit a major component of the imaging system. At the present 

time, the routine quality control of CT scanners carried out by Health Physics 

does not include ATCM testing because there is no evaluation method and 
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standard phantom.  With the ATCM system, although different CT manufacturers 

work on slightly different bases, the tube current is modulated while scanning 

according to the patient size, shape and attenuation. Therefore, the ideal 

phantom for testing these systems should be able to support evaluating how tube 

current, image quality as well as dose vary according to changes in patient size 

and shape. ImPACT developed a phantom for ATCM system assessment, that is a 

conical in shape increasing in size along the z-axis. The diameters in the x and y 

axis have a ratio of 3:2, which is approximately for an abdomen (Keat et al., 

2005). The phantom has been used by several studies (Field, 2010; Keat, 2006).  

However, phantoms of this type are difficult for a workshop to construct and are 

expensive to manufacture. The second phase of the project aimed to develop 

and investigate new phantoms for ATCM system testing. The ATCM systems of 

different CT manufacturers were then tested using the developed phantoms and 

the phantoms were evaluated by comparing to the ImPACT conical phantom.  

 
 

Audit of CT patient dose data accessed from Radiology Information Systems (RIS) 

by Health Physics has revealed high doses for some patients on a number of CT 

scanners in the West of Scotland.  CT chest abdomen pelvis (CAP) is one of the 

more popular CT examinations and the patient doses for this were high in some 

scanners, although ATCM systems had been implemented.  It was uncertain 

whether these high doses related to the size of the patient or to other factors, 

so it was necessary to study how dose varied with patient size. There have been 

a number of studies of relationships between patient size and radiation dose 

received under ATCM systems (Israel et al., 2010; Meeson et al., 2010; Zarb et 

al., 2010) and on the optimisation of image noise and dose as a function of 

patient size (Siegel et al., 2004; Verdun et al., 2004; Li et al., 2012). The 

patient diameter and cross sectional area provide better estimates of patient 

size (AAPM, 2011) for study of the relationship with CTDIvol and DLP (Meeson et 

al., 2010; Zarb et al., 2010) since weight ignores more subtle differences in a 

patient’s build and symptoms such as distended abdomen (Israel et al., 2010). 

There have been a number of studies evaluating relationships between radiation 

dose and image noise in phantoms or patients of different size in single CT 

scanners (Meeson et al., 2010; Schindera et al., 2008; Siegel et al., 2004). But 

none have investigated and compared these relationships for studies on patients 

with CT scanners from different manufacturers.  



   22 

The ATCM systems have options for users to set the desired image quality levels 

and other scanning options. Individual CT users can set up their own protocols. 

Variation from site to site in the user selected scanning parameters had a 

substantial influence on the radiation doses and image quality for patients. 

Knowing how to use the ATCM system correctly and efficiently is very important 

for dose and image quality optimisation. Efficient use of the ATCM system needs 

a knowledge of ATCM options available on the scanner and an understanding of 

how all user selectable parameters including, for example,  tube voltage (kVp), 

pitch factor, rotation time, slice thickness and reconstruction filter as well as  

the output value for image quality interact and change image quality and 

exposure factors. The last phase of the project focused on the study of 

relationships between patient dose, image noise and patient size under ATCM 

and investigating the effect of changing scan parameters and image quality 

settings on ATCM system operation. Since ATCM systems for individual CT 

scanner manufacturers aim to achieve a constant image noise for patients of 

differing size and shape. They define the noise as the standard deviation of the 

CT number in a uniform water phantom, this PhD project measured the image 

noise as the primary image quality indicator.                      

                                                                                                                                                                                                                                                                                

1.2 Project Goals  

The PhD project has final goals to identify options for future CT dosimetry in 

order to devise methodologies which will fulfil the requirement of quality 

assurance measurement and investigate methods of optimising patient dose in 

CT examinations 
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1.3 Thesis structure 

The thesis is comprised of nine chapters. The introduction and literature review 

are in chapters 1 and 2. Results and discussions of individual components are in 

chapters 3-8, while the summary of the project is shown in chapter 9.  The main 

work of the project can be divided into three major parts. Overall picture of the 

project is shown in figure 1-1, parts 2 and 3 are summarised in a form of a chart 

shown in figure 1-2. 

 

 Part 1: Investigation of methodologies for CT dosimetry – details are 

shown in chapter 3.  

 Part 2: Development and evaluation of phantoms of different designs for 

ATCM system tests - details are shown in chapters 4-5   

 Part 3: CT optimisation of patient dose and image quality – details are 

shown in chapters 6-8.   
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Figure 1-1 Research Idea 
 

Specification to develop 
phantom to give more 
complete assessment of 
scanner dose performance 

Identify high dose 
procedure from 

retrospective data

DRL establishment 
of CT examinations 
for patients 

Evaluate the 
relationship 
between patient 
size and DLP

Determine whether 
procedures can be 

optimized to reduce 
dose without affecting 

image quality

Identify CT scanners in 
which patients doses are 

high and study link to 
patient size

Assess value of the 
new measurement 

The new alternative 
techniques for CT 

dosimetry

Carry out measurement  
on scanners where       

doses are high

Identify cause of 
high doses

Optimization 
of exposure 
parameters

   In Consultation with       radiologists and radiographers 
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Study dose distribution, image noise 
using the developed phantoms

Compare doses, image noise from 
different scanners

Determine influence of different CT 
scanner settings (e.g. mA range, as 
well as image quality setting) on 
operation of ATCM

Investigate optimization of scanner 
settings to minimise patient doses and
maintain diagnostic image quality

Try to decide the best form of phantom for 
testing the ATCM operation on different 
scanners

Measurements of patient 
dimensions linked to patient 
dose survey results

 
Figure 1-2 Summary of works for the second and third parts of the project 

 

1.4 Overview 

Chapter 2 provides details regarding basic knowledge of physics in CT, CT image 

quality, CT dosimetry, limitation of traditional CTDI measurement and 

alternative dosimetry techniques. The chapter also contains details for 

principles of different ATCM systems employed by individual CT scanners and 

custom made phantoms for the ATCM system tests.     

 

Chapter 3 focused on the development of methodologies for practical 

implementation of proposed alternative CT dosimetry techniques.  Single Scan 

Dose Profile (SSDP) on CT scanners were measured using Gafchromic film in 

cylindrical and elliptical phantoms, these were used to simulate and calculate 

the cumulative dose at the centres )0(LD of phantoms for various scan lengths 

(L). This was to confirm concerns that the current CTDI measurement using a 100 

mm pencil chamber and a 150 mm long phantom length significantly 

underestimated the total dose. The central cumulative doses from helical scans 

measured by a 20 mm chamber were investigated at different scan lengths. 

Responses of the ATCM systems for the simple elliptical phantom were 

evaluated.  
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Chapters 4 and 5 aimed to understand responses of the ATCM systems for 

different CT scanner manufacturers. Alternative designs of phantom had been 

developed, which comprised multiple elliptical sections of different dimensions. 

The concept of the design is to reflect the varying dimensions along the length 

of the human body. The ImPACT phantom has been compared with multi-ellipse 

phantoms for assessing ATCM systems in terms of the dynamic changes in tube 

current and the image noise. The study was performed on CT scanners from four 

different manufacturers; Philips, Siemens, GE and Toshiba. The aims were to 

evaluate options for the design of phantoms, suitable for checking that ATCM 

systems are functioning correctly and to investigate the modes of operation of 

the ATCMs on different scanners, in order to gain knowledge on optimisation of 

image quality and patient dose. 

 

Chapter 6, responses for ATCM systems were tested in an arthopomorphic 

phantom.  A study carried out by scanning an abdomen pelvis phantom on 

different CT scanners. Entrance surface air kerma (ESAK) and image noise levels 

from CT abdomen pelvis examinations were measured. Routine protocols of 

individual CT scanners were evaluated in order to identify reasons for any high 

patient doses. Dose reduction potentials from the ATCM techniques were 

compared to fixed tube current techniques used by individual scanners.  

 

In chapter 7, data on the patient DLPs received from CT CAP examinations 

within hospitals in the West of Scotland has been reviewed and reasons for high 

doses for a small proportion of patients on a number of CT scanners were 

investigated. In order to determine how different factors affect patient dose it is 

necessary to study how dose varies with patient size. This study involved 

measurement of dimensions from cross sectional patient images generated for 

patients with a range of different doses identified using the accession number in 

order to establish relationships between dose and patient size for different 

scanners. A detailed understanding of the interaction between scanner settings, 

patient dose and image quality were required, based on which recommendations 

for optimised scanning protocols could be made.  Results were linked with those 

from chapter 5.  
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Chapter 8 focused on optimising exposure parameters. Variations from site to 

site in the user selected scanning parameters, identified from the results 

obtained from chapter 7, had shown that exposure parameters selected had a 

substantial influence on the radiation doses and image quality for patients under 

ATCM. Knowing how to use the ATCM system correctly and efficiently is very 

important for dose and image quality optimisation. Efficient use of the ATCM 

system needs knowledge of ATCM options available on the scanner and an 

understanding of how all user selectable parameters interact. Effects of changes 

in scan parameters on tube currents, dose, image noise and image quality were 

investigated in this chapter.  Finally, strategies for CT optimisation in the West 

of Scotland, as an outcome of this study, were concluded.  
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2 Background and Related Work  

The Computed Tomography (CT) scanner has been of outstanding benefit to 

medicine, through creating cross sectional images of the human body based on 

x-ray attenuation properties from computer processing of the data collected.  

 

2.1 Development of CT scanner Technology 

2.1.1 Design of CT Scanners 

The first CT scanner was developed in the early 1970s by Hounsfield, a computer 

engineer in England (Kalender, 2005). The first generation used a pencil beam 

having only one detector acquired image data by a ‘translate-rotate’ method. 

The combination of the x-ray tube and detector moved in a linear motion across 

the patient (translate) and this was followed by a one degree rotation and this 

procedure repeated for 180 degree. The total scan time was more than 24 hour 

in the first generation of CT.  

 

The second generation of the CT was introduced in 1972. The x-ray source was 

changed from the pencil beam to a narrow fan shaped beam, together with 

multiple detectors. The principle of the second generation CT was still ‘translate 

and rotate’. The beam irradiated a line of detectors, so the number of 

translation step could be reduced and this gave a significant decrease in total 

scan time.  

 

Instead of sampling a transmission profile from the pencil and the narrow fan 

beam, a larger fan beam coupled with a large array of detector arc in the third 

generation was installed in 1975. These are able to measure a complete 

projection, the translation motion becomes obsolete and the systems are 

operated with only a rotation. The x-ray tube and detector array rotates as one 

through 360 degree. In the fourth generation of CT, the detector configuration 

was changed into a stationary circular array of fixed detectors completely 

surrounding the patient. With the third and fourth generations of CT scanners, 

data accumulation times as short as 1 second are achievable. However, there is a 

disadvantage in the fourth generation CT scanner, since there is a need for many 

more detector elements, and also the x-ray tube is closer to the patient than the 
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detectors, a geometric magnification and also scatter artefact are large (Hendee 

and Ritenour, 2003).   

 

            
                  

  (a)       (b) 

 

       
 

  (c)       (d) 

Figure 2-1 CT scanners in the (a) first, (b) second, (c) third and (d) fourth generations 
 

After the year 1975 CT scanners have been developed from the concept of the 

third CT generation and were single slice axial with the detector array 

containing long elements along z-axis. Both of the x-ray tube and the detectors 

which are opposite to each other rotate around the patient, the scan is taken 

slice by slice and after each slice the scan stops and moves to the next slice and 

information is obtained. This is called conventional or sequential CT. 
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2.1.2 Helical CT 

In 1989, technological development has seen the introduction of helical CT, with 

slip-ring technology invention in 1988. Slip rings are electro-mechanical devices. 

The design consists of sets of parallel conductive rings concentric to the gantry 

axis which connect to the x-ray tube, detectors and control circuit by sliding 

contactors. The x-ray source detector assembly is allowed to rotate continuously 

and a continuous scan is taken. The patient is moved continuously through the 

scan field in the z-direction while the gantry performs multiple 360o rotations in 

the same direction in a spiral fashion. The helical CT is referred to as ‘volume 

scanning’, a potential advantage of the helical CT technique is a reduction of 

patient motion as it is a much quicker process.  

 

In a conventional CT scanner, as discussed earlier, the slice would be moved into 

a particular z position, and the gantry rotated through 360 degrees to acquire all 

projections. However, for spiral scanning, new projections are interpolated from 

those available at z-positions different from that of the reconstructed slice. The 

simplest approach is to estimate a value at a certain position using known data 

from nearby points of 360o linear interpolation algorithm to derive an 

interpolated. A slightly more sophisticated approach is to recognise that points 

repeat every 180 degrees, half the fan angle, and interpolate new rays from 

projections in opposite directions (Keat, 2005a, Keat, 2005b and Peter, 2002)  

  

2.2 Multi Slice CT  

Multi-slice CT (MSCT) has been introduced by Elscint since 1992 (Kalender 2005). 

The MSCT can be called in other terms such as multi row CT, multi detector row 

CT (MDCT).  Because a helical CT scan covering the patient body is a high 

workload for an x-ray tube, a limitation is imposed by x-ray tube heating. 

Solutions to this heat issue are to develop x-ray tubes with higher heat 

capacities or more effectively widen the x-ray beam in the z-direction. When 

multiple detector rows can be used, CT can collect data from several slices at 

the same time. Therefore, the scan time and the heat requirement of x-ray tube 

is reduced.  Under these conditions, the projections are not collected on a slice-

by-slice basis. However, virtual projections can be constructed for each required 

reconstructed slice by suitable interpolation from the adjacent projections. 
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2.2.1 MSCT Detector  

MSCT is different from single slice CT (SSCT) in terms of the detector 

configuration as illustrated in figure 2-2a, the detectors of MSCT are in an array 

segmented in the z axis which means there are more rows of detectors next to 

each other allowing for simultaneous acquisition of multiple images in the scan 

plane with one rotation (Goldman, 2008 ; Bongartz et al., 2004).    

 

An early detector design of the first modern MSCT from GE scanner consists of 16 

rows of equal 1.25 mm elements in z axis (figure 2-2b), for the acquisition of 4 

slices, the combinations of slice widths that can be acquired simultaneously are:  

, 4 × 1.25 mm, 4 × 2.5 mm, 4 × 3.75 mm and 4 × 5 mm. These can acquire up to 4 

images per rotation with the maximum beam width of 20 mm. The results from 

thin slices can be combined to get thicker slices (ImPACT, 2002).  Another 

detector configuration used at the beginning of the MSCT era from a Siemens 

scanner is called an adaptive array detector which consists of detector elements 

of different sizes. Individual elements of the adaptive array can be linked to 

acquire four slices simultaneously.  

 

 
   (a)      (b) 

                        

Figure 2-2 (a) Single and eight-slice detector scanners and (b) multi detector of 16 rows, 4-
slice from GE scanner 
 

 

 

 

 

Single Slice Detector Eight-Slice Detector 

X-ray Tube 

z-axis 
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16-slice GE CT scanners were introduced in 2002, detector element arrays are in 

the form of an adaptive array which consists of 16 x 0.625 millimetre inner 

detector elements, and eight outer elements which are double the size of the 

inner elements. This allows the simultaneous recording of 16 thin slices. 

Alternatively, the inner 16 elements can be linked to get thicker slices.  

 

By 2005, 64 slice CT scanners were announced. Detector array configurations of 

some manufacturers are shown in figure 2-3. The design of Siemens scanner is 

different. They use a periodic motion of the focal spot in the longitudinal 

direction (z-flying focal spot) to double the number of simultaneously acquired 

slices. Each of the 32 detectors collects two measurements separated by 0.3 

mm, therefore the net result gives a total of 64 slices (Goldman, 2008). At the 

present time, modern CT scanners are capable of imaging simultaneously 128 or 

even 320 parallel slices in one rotation (Geleijns et al., 2009). Beam width has 

increased significantly from a standard of 10 mm to current beam widths of up 

to 160 mm. 

 

  
       

Figure 2-3 Diagrams of 64-slice detector designs in z-direction for different CT scanner 
manufacturers  
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2.2.2 CT scanner collimation and filtration 

Collimation reduces unnecessary radiation to patients and improves the quality 

of the images.  A distinction can be made between two types of collimator in CT 

scanners, pre-patient and post-patient collimators.  The pre-patient collimator 

effectively limits the amount of x-radiation that reaches the patient.  The post-

patient collimator which is positioned directly in front of the detectors is used to 

block scattered photons from reaching the detectors, thus preventing image 

artefacts. 

There are two major types of filtration utilized in CT scanner; mathematical and 

physical filters. The physical filter is discussed in this section. Beside an inherent 

filtration provided by the x-ray tube, there are two filters inserted for CT 

scanners. The common filter is a flat filter which is made from aluminium or 

copper. This filter is used to remove low energy photons that will be absorbed in 

the patient or reduce the beam-hardening artefact (Bongartz et al., 2004). The 

other type is a bow-tie filter or beam shaping filter which is made from 

polytetrafluoroethylene (PTFE), aluminium or Teflon. Because the human body 

shape is elliptical, the radiation passing through such a shape is not uniform. The 

bow tie filter is used for shaping the beam in the x-y plane; it absorbs off axis 

the radiation at the edge of field of view.  The advantages of using the bow-tie 

filter are maintaining a more uniform x-ray field at the detector (Mahesh, 2009).  

Modern CT scanners have two or three different bow-tie filters which are 

implemented automatically for clinical scan protocols. Some scanner 

manufacturers provide bow-tie filters based on field of view. Therefore, 

choosing the appropriate protocol or scan field of view (FOV) that matches the 

body part being scanned can introduce the correct bow tie filter. The GE 

scanners have two bow-tie filters which are used for head and body scans 

(ImPACT, 2009). For the Toshiba Aquilion scanner, there are two bow-tie filters, 

small and large filters, depending on the scanning field size. The small filter is 

used for extra small (SS), small (S) and medium (M) FOVs. The large filter is used 

for large (L) and extra large (LL) FOVs. The filter movement motor is a stepping 

motor. This motor rotates to set the appropriate filter position (ImPACT, 2009; 

personal communication from a Toshiba CT scanner Engineer, June 13 2012).  
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Figure 2-4 Different sizes of bow-tie filter or beam shaping filter 
 

2.2.3 Definition of helical pitch 

Currently, manufacturers of multi-slice systems employ two different definitions 

of pitch; detector pitch and beam pitch. The beam pitch is determined solely by 

the x-ray collimation and table speed, whereas the detector pitch will also 

depend on the number of slices acquired per rotation. The detector pitch is 

similar to the beam pitch on a single slice scanner.  

 

widthbeamrayX
rotationpermovementTablePitchBeam


 …………………...….Equation 2-1  

 
For the beam pitch, a pitch of less than 1 and a pitch of greater than 1 imply 

overlaps and gaps between the x-ray beams from adjacent rotations.   

 

widthnacquisitioDetector
rotationpermovementTablePitchDetector  …………………Equation 2-2 

 
Therefore,  

 

acquiredsliceofNoPitchBeamPitchDetector . …………….Equation 2-3 
 

 

Bow-tie filter 
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2.3 CT image and display 

Each CT slice represents a specific plane in the patient’s body. The thickness of 

the slice is referred to the z-axis. The data that form the CT slice are divided 

into elements, each one of these two dimensional squares is a pixel (picture 

element) with the width indicated by x and height by y. The CT image is 

displayed on the monitor composed of pixels. If the z-axis is taken into account, 

this element is referred to as a voxel (volume element). Image displayed from 

CT scanners is normally 512x512 in size at 16 bits per pixel therefore they 

contain 65,536 shades of grey scale or brightness.  The level of brightness can be 

called various names such as pixel value, grey scale value, digital number or 

Hounsfield unit. The CT image does not show the linear attenuation coefficient 

(μ) values directly but values used are called CT numbers in Housefield units. A 

viewer can adjust how grey levels are to be allocated by specifying a window 

width or a range of CT numbers (maximum - minimum) that are distributed over 

the viewable grey scale, for example −100 to 200, and a window level or the CT 

number in the centre of the viewable grey scale.    

 

CT number contains the μ-value of the underlying tissue in every volume 

element with respect to the μ-value of water. For elements having μ-values less 

than that of water, CT number is negative, air is a good example. Conversely, 

for substances having μ-values greater than that of water, CT number is positive, 

for example the bone (Dendy and Heatson ,2012 ; Kalender 2005).  

 

CT number is calculated by the equation 2-4,  

 

water

waternumberCT


 1000)( 
 ……………………….Equation 2-4 
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Some typical values for CT numbers are given in table 2-1 

 

Table 2-1 Typical CT number for different biological tissues 
Tissue Hounsfield Units Range 

Air -1000 

Lung -200 to -500 

Fat -50 to -200 

Water 0 

Muscle +25 to +40 

Bone +200 to +1000 

Source: Dendy and Heaton (2012) 

 

2.3.1 Image Reconstruction 

There are two major steps for image processing. The first step is data 

acquisition or record of projections and the second step is image reconstruction 

from projection. There are two major groups of reconstruction methods; 

analytic reconstruction, filtered back projection (FBP) and iterative 

reconstruction (IR) (Dendy and Heaton, 2012). CT reconstruction has 

traditionally been performed by FBP. It is fast but dose reduction is difficult with 

this technique, as reduction results in a readily perceived increase in noise.  It is 

a modification of an older technique, called back projection or simple back 

projection in which an individual sample is back projected along the ray pointing 

to the sample to the same value. A back projected image is very blurred. 

Filtered back projection is a technique to correct the blurring; each view is 

filtered before the back projection. The procedure is to first convolve each 

projection with a selected filter function before back projecting convolution 

result to form an image. The selection of the proper filter is the key to obtaining 

a good reconstruction from filter (convolution) back projection (Smith, 1997). 

 

Iterative reconstruction is more versatile but is a slower process. Commercial 

names for individual CT scanners are iterative Dose (iDose) in Philips, Iterative 

Reconstruction in Image Space (IRIS) and Sinogram Affirmed Iterative 

Reconstruction (SAFIRE) in Siemens, Adaptive Iterative Dose Reduction (AIDR) in 

Toshiba, and Adaptive Statistical Iterative Reconstruction (ASiR) in GE scanners. 

In principle, iterative reconstruction is an algorithm whereby image data are 
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modified through the use of advanced mathematical models. The principle of 

the iterative technique algorithm is to find a solution by successive estimates. In 

each cycle, the projections of the current estimate are compared with the 

measured projections. It can either subtract or divide the corresponding 

projection in order to obtain correction factors. The result of the comparison is 

used to modify the current estimate, thereby creating a new estimate and is 

used to update the original image. 

 

2.3.2 Image reconstruction filter 

The images produces by direct back-projection of attenuation profiles are 

unsharp, and to counteract this the profiles are convolved with a high pass filter. 

The choice of convolution filter kernel affects the image characteristics. A 

sharper filter will increase spatial resolution or edge enhancement, but also 

increased image noise. 
 

There are five different types of kernels for basic protocols of the Siemens 

scanner; H, B, C, S and T which refer to Head, Body, Child Head, Special 

Application and Topogram (Siemens medical solution 2004). The image sharpness 

is defined by numbers, the higher the number the sharper the image, while the 

lower the number, the smoother the image. The endings ‘s’ ‘f’ and ‘h’ indicate 

standard, fast and high resolution modes. For the body scans, standard kernels 

B30s or B40s are recommended. Smoother images are obtained with B20s.   
 

The Filter convolution (FC) for the Toshiba scanners can be split into two major 

groups, with and without beam hardening correction (BHC). For the body scan, 

they can also divided into body and soft tissue filters; FC01-FC05 (Body filter 

with BHC), FC11-FC15 (Body filter without BHC), FC07-FC09 (Soft tissue filter 

with BHC) and FC17-FC19 (Soft tissue filter without BHC), the lower the number 

of FC the smoother image and the higher the number of FC the sharper image 

(Toshiba’s CT user manual). The first number after FC indicates whether the BHC 

is used or not, e.g. FC01 and FC11 are the same reconstruction algorithm and 

the difference is whether BHC is used or not.  

   

The filter for the Philips scanner has two major groups; for the body scan and 

cardiac scan. There are various kernels for the body scan, for example filter A, 
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B, C, D refer to very smooth, smooth, sharp and very sharp. The filter A is 

recommended for large patients, while filters B and C are recommended for the 

routine abdomen and pelvis. Filter D is for edge enhancement and the bone.  

(Philips’s CT user manual). They also have other filters, for example F and L 

which are sharp and very sharp for scans of the lungs, knee and shoulder. 

Selections of resolution which are standard, high and ultra high can be made 

with each filter. The GE algorithm consists of soft, standard, detail, lung 

(chest), Bone, edge and bone plus (GE’s CT user manual).  

                           

2.4 Automatic Tube Current Modulation 

The Automatic Tube Current Modulation (ATCM) or automatic exposure control 

(AEC) systems have been another recent development in modern CT scanners.  

Tube current can be reduced while scanning regions of lower attenuation and 

increased with those of higher attenuation;   the attenuation level depends on 

patient body size, body shape, and anatomic location.  Results from many 

studies have shown that use of ATCM systems reduced patient dose by about 

35%-60% for the body and 18% for the neck, across all sizes of patient, compared 

with the traditional fixed tube current techniques. These dose reductions vary 

between different studies and depend on the tube current being used for the 

fixed technique and the size of the patient. (Lee et al., 2011; Soderberg  

Gunnarsson, 2010; Rizzo et al., 2006; Lee et al., 2009; Peng et al., 2009; 

Papadakis et al., 2008). 

 

2.4.1 Principles of ATCM system for different CT manufacturers 

With the ATCM system, the traditional tube current selection is replaced by an 

input value which is on the basis of the required image quality. For ATCM 

systems, the tube current is automatically adjusted to the X-ray attenuation of 

the patient cross section being scanned  leading to a potential for a reduction in 

radiation dose, while obtaining images with a consistent level of image quality  

(Kalender, 2005).  The principles of ATCM systems for different CT scanner 

manufacturers and differences in translation of terms used for different 

manufacturers are shown in table 2-4. ATCM can be divided into angular and 

longitudinal modulations which adjust the tube current as the X-ray tube rotates 

around the patient and along the longitudinal axis, respectively.   
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Table 2-2 Comparison of 64 slice CT scan parameters from 4 CT scanners: Translation of terms for different manufacturers 
  

 Toshiba Aquilion GE Lightspeed Philips Brilliance Siemens Sensation 

User interface eXam Plan Exam Rx Scan Procedure Examination 

CT localizer scan projection 

radiograph 

Scanogram Scout Surview Topogram 

Tube Current     

   Tube current mA mA - - 

   Tube current time product mAs - mAs mAs 

   Effective Tube current time   

   product   

Effective mAs (mAs/Pitch) - mAs/slice (=mAs/Pitch) Effective mAs (mAs/Pitch) 

Pitch CT Pitch Factor Pitch Pitch Pitch 

Automatic Tube Current Modulation 

(ATCM) 

Sure Exposure AutomA/Smart mA DoseRight Automatic Current 

selection (ACS) 

CareDose4D 

   Principle of ATCM Constant target noise by varying the tube currents 
within the minimum and maximum limits, according 
to patient attenuation 

Keep image quality similar to 
that of a reference image 

Use effective mAs level by 
comparing to a standard 
patient size 

   Angular tube current modulation Not as a separate item - D-DOM Care Dose 

   Longitudinal tube current   

   modulation 

Sure Exposure Auto mA Z-DOM Not as a separate item 

   Angular and Longitudinal tube  

   current modulation 

Sure Exposure 3D Smart mA - CareDose4D 

Image quality reference parameter Standard deviation Noise Index Reference Image Quality Reference mAs (QRM) 

Image reconstruction property Filter Convolution (FC) Algorithm Reconstruction filter Kernel 
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 2.4.1.1 Toshiba scanner 

The Toshiba ATCM system ‘SureExposure 3D’ modulates the tube current by 

patient size, shape and attenuation and the tube current is modulated along the 

longitudinal (z-direction) and axial (x,y) plane (figure 2-5) (Angel, 2009; Kalra et 

al., 2004a). If a single scanned projection radiograph (SPR) is used, SureExposure 

will modulate the tube current in the z-direction but if a dual AP and lateral SPR 

is used SureExposure will modulate the tube current in all three dimensions as 

the tube rotates and transverses the patient. SureExposure determines the 

relative attenuation of a patient from SPRs and converts them into a water 

equivalent thickness. For z-axis modulation, the water equivalent diameter at 

each level of the patient is calculated and compared to the maximum 

attenuation. The tube current required to achieve the selected standard 

deviation for the maximum water equivalent diameter is applied. Tube current 

is then modulated to maintain the target standard deviation throughout the 

examination. The image quality level can be automatically set for the clinical 

examination. Different target image standard deviation modes are available on 

the Toshiba Aquilion 64. These correspond to the selection of different pre-

selected image noise levels; a) high quality (standard deviation (SD) =7.5 HU), b) 

quality (SD=10 HU), c) standard (SD=12.5 HU), d) low dose (SD =15 HU), e) ultra 

low dose (SD=17.5 HU), or f) low dose ++ (SD=20.0 HU). The system also allows 

the user to set any standard deviation of pixel value (in Hounsfield unit) and a 

minimum and maximum (range) of the tube current.  

 

 

 

 

 

 

 

 

 

Figure 2-5 Tube current (mA) modulation pattern in x-y plane and z-axis shown on the 
scanner monitor prior to the scan  
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SureExposure aims to maintain the image quality. It is not a stand alone tube 

current modulation algorithm. It incorporates the selected imaging and 

reconstructing parameters. The primary acquisition parameters affecting image 

noise are pitch factor, rotation time and kVp. For example, a higher pitch can 

reduce the scan time but increase image noise. SureExposure counteracts this 

effect by adjusting the tube current to achieve the target image quality 

regardless of the selected pitch value.  

 

Sure Exposure can also be incorporated with noise reduction tools. One of the 

noise reduction tools available on the Aquillion scanner is Quantum Denoising 

Software (QDS). QDS applies a combination of smoothing and enhancing filters 

for lower mA imaging, the image areas of soft tissue or with little edge are 

smoothed while sharper image areas are processed with edge enhancing filters. 

When QDS is used in a protocol, SureExposure decreases the tube current to 

account for the benefits gained from QDS (Boedeker 2010).    

 

 2.4.1.2 General Electric (GE) scanner 

There are two elements of the GE ATCM system; Auto mA and Smart mA. The 

Auto mA provides longitudinal (z) axis modulation, whereas SmartmA enables 

both longitudinal and angular modulations.  The quality of image depends on a 

selected noise index (NI).  The reference NI which is a default or baseline NI for 

a given protocol is provided. The NI is defined as the standard deviation of pixel 

values in the central region of an image of a uniform water phantom (Mahesh 

2009 p.121, General Electric Company 2008). The system allows the user to set 

the new NI value by changing the NI value itself or adjusting dose steps. The 

dose step value of 0 indicates that the prescribed NI is equal to the reference NI 

for the protocol.  When the dose step is decreased by 1, the mA decreased by 

10% and the NI increased by 5%. The NI value is used for estimating the tube 

current.  

Only a SPR image is required for AutomA. A table of tube current values can be 

previewed before scanning. For SmartmA, the system estimates the attenuation 

level and the oval ratio from SPR images. The attenuation level reflects the 

density and size of the patient. The oval ratio reflects how circular or elliptical 

the patient is at that level and is estimated from brightness and width 

information in the scout image. To determine the appropriate tube current, the 
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system interpolates between the targeted NI relating noise to attenuation level 

and oval ratio. Using the relationships between image noise and mAs, slice 

thickness, and pitch factor, the mA required to achieve the prescribed noise 

index is calculated. For this, the tube-current is modulated four times for each 

rotation along the angular and longitudinal directions (Bruesewitz et al., 2008). 

There are two tube current values in the mA table information for the Smart 

mA, one for the y-axis (AP) and the other for the x-axis (lateral) directions.  For 

Auto mA, the tube current is kept constant during each rotation and only 

changes along the longitudinal direction. Since Smart mA reduces the mA along 

the axis with less attenuation (typically the AP direction), the radiation dose is 

reduced by an additional amount relative to Auto mA. 

 

 2.4.1.3 Philips scanner  

Philips is the only one manufacturer that is not able to operate the tube current 

in both x-y plane and z-axis at the same time. The dose modulation for the 

Philips scanner is Automatic Current Selection (ACS) (Philips, 2008).  Philips uses 

a reference image concept to modulate tube current. After a protocol is 

selected and a SPR is processed, the system calculates the attenuation 

coefficient of the patient, compares this to a tube current table stored for a 

reference average patient, and suggests suitable mAs values to produce CT scans 

with image noise similar to that of the reference image. For every 5-6 cm the 

patient is above the reference size the mAs is double, while the mAs is halved 

for each 7-8 cm smaller the patient is than the reference size.  

 

Table 2-3 Reference size of patient for different body part, Philips scanners     
 Reference Size (cm) 

Body Part Infant Child Adult 

Body 16 20 33 

Extremity 8 12 16 

Knee 8 12 16 

Wrist 8 12 16 

 

The system needs only one SPR (surview), either AP or lateral. When a dual SPR 

is performed only the first data is used for the ATCM system.   There are two 

dose saving methods for the Philips scanner which are angular and z–axis dose 
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modulations (DOM). The angular or dynamic modulation (D-DOM) can be used 

independently with the ACS. It works best on eccentric body areas, for example 

the shoulders. The system boosts the tube current laterally and reduces the tube 

current in the AP direction where there is less beam attenuation, based on 

attenuation data received from the previous rotation. The Z-DOM differs from D-

DOM; it plans the applied tube current before the X-rays are switched on.  Z-

DOM can only be used in conjunction with the ACS, and then the dose is 

modulated depending on body thickness along the z direction. The system 

determines the tube current time products (mAs), which will be used to achieve 

an appropriate image quality per slice for a particular clinical task, and 

increases or decreases the mAs base on the tube current table mentioned above. 

The system suggests the maximum mAs/slice, minimum mAs/slice and average 

mAs/slice. The users can review the suggested mAs and set the new values for 

the reference image. The older systems had a facility to learn from previous 

patient scans, but this meant that the average patient size changed when the 

operator changed the mAs from what the DoseRight ACS had suggested. The 

latest software versions of the Philips scanners calculate the tube current for 

the same reference patient size (personal communication from Philips CT 

application specialist, December 13 2012).  

 

 2.4.1.4 Siemens scanner 

The ‘CareDose 4D’ ATCM system of the Siemens scanner is the combined 

modulation technique (xyz). It combines three different adaptation methods to 

optimize image quality; automatic adaptation of the tube current to patient 

size, to the attenuation of patient longitudinal axis and to the angular 

attenuation profile measured online for each single tube rotation (angular 

modulation).  

 

Based on a single AP or lateral topogram, CareDose 4D determines the suitable 

mAs level for every section of the patient. For the z modulation component of 

the combined modulation technique, the attenuation profile is estimated, using 

a mathematical algorithm, based on patient SPR and the tube current adjusted 

using these data.  The correlation between attenuation and tube current is 

defined by an analytical function which results in the optimum dose and image 

noise in every section of the scan. This correlation is based on a clinical 
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assessment of diagnostic image quality. The result is designed to give good 

diagnostic image quality at reasonable dose levels. The image noise is not 

necessarily constant for all body sizes and regions.  Tube current changes less 

than for constant noise - for large and small patients. For every protocol, an x-

ray attenuation of a standard patient size (75 kg patient) is stored and a default 

QRM value is related to this reference x-ray attenuation.  

 

With angular modulation, based on the above described for z-axis modulation, 

the tube current is modulated automatically during the scan or in real time to 

achieve an optimum distribution of the x-ray intensity for every viewing angle. 

Tube currents reduced as a function of attenuation profile (The tube current in 

the AP projection is reduced when compared to the lateral projection). It 

estimates the attenuation profile online in real-time, and data are analysed and 

relayed to adapt the tube current with a 180° delay. Therefore, after the SPR 

has been performed the effective mAs value in the routine tab card displays the 

mean effective mAs estimated by CareDose4D based on the topogram. After the 

scan has been completed this value is updated to the mean value and it may 

differ from the original value because of the online modulation according to the 

angular attenuation profile.  

 

The scanner specifies a quality reference mAs (QRM) for each protocol. It is 

expressed in term of effective mAs and is used for determining the image quality 

level for a standard-sized patient. After a SPR, an effective mAs is estimated 

and adjusted during the scan based on real time measurement of patient 

attenuation (Rego et al., 2007). CareDose4D automatically adapts the effective 

mAs to patient size and attenuation changes within the scan region based on a 

QRM. Users can change the QRM value and also modify the “strength” of the 

tube current modulations which determines the rate of decrease in tube current 

for slim patients and increase for larger patients before SPR for an advanced 

adjustment (Bredenhöller and Feuerlein, 2005). There are three ‘strengths’ of 

tube current adjustment; weak (low), average (medium) or strong (high). The 

strong increase of the tube current in obese patients and the weak decrease of 

the tube current in slim patients results in a higher dose and a lower noise, when 

compared to the average strength (figure 2-6).  
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Figure 2-6 Effect of Effect of Modulation Strengths on Radiation Dose for Slim and Obese 
Patients 
(Source: Kalra and Brady 2006) 

 

2.5 CT Dosimetry   

2.5.1 CTDI   

The CTDI is the primary dose measurement concept in CT. CTDI represents the 

average air kerma, along the z-axis, from a series of contiguous irradiations. This 

is defined for axial scanning and is measured during a single rotation using a 

pencil ionization chamber aligned parallel to the z-axis of the CT scanner.  CTDI 

is not patient dose but used to measure output and used to compare the 

radiation output levels between different CT scanners. This concept was 

introduced over thirty years ago in the era of single slice CT scanners with beam 

widths of 10 mm or less (Brenner et al., 2006).  





 dzzD

nT
CTDI )(1 ………………………………….Equation 2-5 

 

where n  is the number of slices acquired, T  is the slice thickness and )(zD  is 

the radiation dose measured at position along the scanner's main axis 
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2.5.2 CTDI100 , CTDIℓ,  and CTDI∞   

The methods employed for CT dosimetry in phantoms comprise a summation of 

contributions from the primary and scattered radiations along a given length within a 

phantom, as explained above. CT pencil chambers measure the integral of the 

dose along the length of an ionisation chamber placed across a CT slice. Thus, 

for a chamber of length ℓ (normally ℓ= 100 mm), the recorded measurement dℓ 

is given by: 

            





2

2

)(




 dzzfd              ……………………………………Equation 2-6  

   
where f(z) is the dose profile along the scan z axis and the unit of dℓ is dose × 

length.  

 

The CTDI is expressed in air kerma and is given by: 

   

              
nT
d

CTDI l
l   ……………………………………Equation 2-7 

  
  
for a single rotation of a beam for n slices each of nominal width T. An 

assessment  of the CTDIℓ with a chamber of length ℓ = 100 mm is given by:  

 





 dzzD

nT
CTDI )(1 50

50100 …………………………………… Equation 2-8 

 

CTDI250 refers to the CTDI measurement using a 250-mm-long ionization chamber 

that is integrated over ±125 mm and CTDI∞ refers to the CTDI measurement using 

an infinitely long ionization chamber, as shown in equations 2-9 and 2-10 (the 

CTDI250 and CTDI∞ will be referred to in chapter 3).  
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125250 ……………………………………Equation 2-9 
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……………………………………Equation 2-10 
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For this project, a CTDI450 is used as CTDI∞.  Calculations were made of the CTDI 

for chambers of different lengths up to 2 metres for a Toshiba Aquillion 64 

scanner at 120 kVp for a 16 mm wide beam. It showed that a chamber length of 

450 mm is sufficiently long, that extending the chamber further makes negligibly 

small additional contributions to the scattered radiation recorded, as shown in 

figure 2-7. Values for CTDI450 and CTDI2000 were 0.2% different. Therefore it has 

been assumed that the measured dose for a 450 mm long chamber would be 

similar to that measured for an infinitely long chamber.    

 

Figure 2-7 Comparisons of the intregration areas of the dose profile between CTDI450 and 
CTDI2000  
 

(Note: The profile is measured at the anterior periphery within a cylindrical phantom, from the 

Toshiba Aquillion scanner for a 16 mm wide beam. Dose data for scatter tails were derived from 

extrapolations of the dose profile between 50-100 mm from the middle of the phantom)   

 

2.5.3 Weighted CTDI (CTDIw) 

The CTDI varies across the field of view (FOV). Typically, the dose distribution 

within the body cross section imparted by a CT scan is much more homogeneous 

than that imparted by radiography, but is still somewhat larger near the skin 

than in the body centre. Therefore, a third measure, the weighted CTDI is 

introduced. 100CTDI at the centre and periphery of standard PMMA phantoms 

either a 16 cm  (head) or 32 cm (body) diameters are combined to give a 

measure relating to patient dose. The wCTDI  is employed as a standard 

measure relating to patient dose (IEC 2003) and this is given by, 

peripherycentrew CTDICTDICTDI ,100,100 3
2

3
1

  …………………….Equation 2-11 
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2.5.4 Volume-weighted CT dose index (CTDIvol)  

To represent dose for a specific scan protocol, which almost always involves a 

series of scans, 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 a 

standardized parameter to measure scanner radiation out put and is an index to 

track across protocols for quality control purposes. The dose received from CT 

examinations is recorded in the Digital Imaging and Communications in Medicine 

(DICOM) header and displayed on the scanner screen in term of CTDIvol and dose 

length product (DLP). The CTDIvol is based on dose measurements in a standard 

CTDI phantom and a correction factor applied for pitch as explained earlier.    

FactorPitch
CTDICTDI w

vol  ………………………….Equation 2-12 

 

2.5.5 Limitation of concept for CTDI measurement 

The suitability of the CTDI method for measurements in phantoms particularly 

for the assessment of doses from helical scans has been questioned (Boone 2007, 

Brenner et al.,  2006, Dixon et al.,  2005; Dixon 2003, Nakonechny et al., 2005). 

The CTDI measurement is based on the assumption that the level of scattered 

radiation falls to zero within the defined distance used. However, a significant 

amount of the incident radiation is scattered beyond the end of the 100 mm long 

chambers used in practice. In addition, the advent of multi-slice systems which 

are capable of imaging simultaneously 64, 128 or even 320 parallel slices in one 

rotation present a significant issue for the 100 mm long chamber (Boone 2007; 

Brenner et al., 2006; Dixon et al., 2005; Dixon 2003, Geleijns et al., 2009; 

Nakonechny et al., 2005). Several studies have concluded that current 

techniques and phantoms are not suitable for dose measurement in MSCT (AAPM 

Task Group, 2010; Dixon and Ballard 2007; Nakonechny et al., 2005). A 150 mm 

long polymethymethacrylate (PMMA) cylindrical phantom used for CTDI 

measurement together with a 100 mm pencil chamber are not of sufficient 

length for wide radiation beams. Consequently the tail of scattered radiation 

that would contribute to the patient dose is lost and patient dose is 

underestimated (Geleijns et al., 2009; McNitt-Gray et al., 1999; Nakonechny et 

al., 2005 ; Mori et al., 2005).  
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2.5.6 Dose length product (DLP) 

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

kerma can be integrated along the scan length and Dose-Length Product (DLP) is 

computed. The DLP reflects the total energy (and thus the potential biological 

effect) attributable to the complete scan acquisition. The DLP is the product of 

the CTDIvol and the length of scan (slice thickness × number of slices) in 

centimetres. DLP can be linked to the effective dose for different parts of the 

body (Huda et al., 2008). It should be noted that the DLP is independent of 

patient size and age. In other words, the reported DLP is the same whether a 

child or an adult is scanned if the scan length and other scan parameters are the 

same. The relationship between patient size and effective dose is also a topic of 

interest.  Recently, AAPM published a report on size-specific dose estimates 

(SSDE) it is not specific organ dose and effective dose but is a size dependent 

conversion factor to allow estimation of patient dose based on CTDIvol and 

patient size. For the same CTDIvol, a smaller patient will tend to have a higher 

patient dose than a larger patient (AAPM, 2011) since the mean dose in the 

center of the scanned volume is higher. 

 

There is a difference between the DLP and the product of the CTDIvol and the 

total imaged length. Typically, a scanner will need 1 or 2 extra rotations beyond 

the nominal imaged volume to gather sufficient data to reconstruct all images. 

An exposure time can be converted to a scan length with knowledge of a total 

collimation, spiral pitch and rotation time.  

timeRotation
timeosurepitchation CollengthIrradiated explim 

 ………………Equation 2-13 

 

DLP can be calculated by multiplying this by the CTDIvol. This will be slightly 

higher than the CTDIvol x the total imaged length since this includes overranging 

which is an extended scan length beyond the planed image boundaries to 

reconstruct the first and last sections of a helical CT scan, as mention earlier. 
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2.5.7 Multi scan average dose (MSAD) 

CTDI can be used as a dose index for multiple rotations scanning.  The average 

dose along the z-axis from multiple slices is known as the multiple scan average 

dose (MSAD). It represents the average dose across the central slice from a 

series of N slices (each of thickness T) when there is a constant increment 

between successive slices 

xCTDI
I

TxNMSAD  ……………………….Equation 2-14 

 

where N is the number of scans, T  is the nominal scan width (mm), and I is the 

distance between scans (mm).  

For MSCT systems, N × T is the total beam width, and I corresponds to the 

patient table advance during 1 gantry rotation. Therefore, given the definition 

of the pitch above, the MSAD for spiral scans can be expressed as 

xCTDIPitchMSAD 1 ……………………………………Equation 2-15 

 

Theoretically the CTDI is equivalent to the MSAD where pitch is equal to 1  

(Edyvean et al., 2003). This means that all of the scatter tails are included and 

the scan interval )(I equals the nominal thickness )(T .  

  

 

Figure 2-8 MSAD and CTDI 
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2.5.8 Alternative CT Dosimetry Techniques 

Several alternative methodologies for CT dosimetry have been suggested; using 

arrays of Thermo luminescence Dosimeter (TLD) (Kyriakou et al., 2008; McNitt-

Gray et al., 1999; Perisinakis et al., 2007; Tsai et al., 2003); small ionisation 

chambers (Nakonechny et al., 2005 ; Mori et al., 2005); a 300 mm long pencil 

chamber (Geleijns et al., 2009); and simulations using Monte Carlo (MC) models 

(Boone, 2007; Zhou and Boone, 2008). However, each of these approaches has 

limitations. The use of TLD is an accurate method, but it is time consuming and 

large numbers of TLD are required (Nakonechny et al., 2005 ).  MC modelling is a 

possible alternative technique but the conversion factors used in MC are specific 

to the model of CT scanner and require detailed information which may not be 

available. Direct measurement by an ionization chamber seems to be the best 

choice for CT dosimetry, but there are difficulties as discussed below.  

 

There are two major issues that must be considered with regard to the use of an 

ionization chamber to measure radiation dose in CT scanners.  Since the trend in 

modern CT scanners is to have wider longitudinal collimations and longer 

scanning lengths, there have been a few studies suggesting the use of   longer 

phantoms and ionization chambers e.g.  a 300 mm or a 450 mm long phantom, 

with a 300 mm long ionization chamber  (Geleijns et al., 2009; Mori et al., 2006; 

Mori et al., 2005).  However, such equipment might be suitable for use in a 

standard laboratory, but would be difficult to transport and use for routine 

scanner performance tests. The phantom proposed would be too heavy to lift 

and so present significant practical problems for routine dosimetry 

measurements.   An alternative dosimetry method that has been proposed is the 

use of a short chamber in the middle of a long helical scan to establish a 

cumulative dose (AAPM Task Group, 2010; Dixon and Ballard, 2007).   

 

Dixon and Ballard (2007) conducted measurements to compare results from a 

small ion chamber and a 100 mm pencil chamber in a 400 mm long PMMA 

phantom. The results showed that a small Farmer-type ionization chamber and 

100 mm pencil chamber are good agreement (±2%) for the accumulated dose and 

CTDI100 value at a scan length equal to the active length of the pencil chamber. 

This conclusion is similar to Nakonechny et al. (2005) who measured single scan 

dose profiles (SSDPs) of several slice thickness using a PTW diamond detector 



 

  

52 

and compared these results with measurement of )0(LD using an IC-10 small 

volume ion chamber.   

 

For scan lengths longer than 100 mm, values for the CTDI∞ are higher than the 

CTDI100. Boone (2007) simulated the relative air kerma along the longitudinal 

distance away from the edge of the primary beam by using MC simulation and 

also performed direct measurement, and found that at 75 mm away from the 

edge of the primary beam, relative air kerma is approximately 10% and 30 % of 

the value of the peak in head and body phantoms, respectively.  Mori et al. 

(2005) carried out a longitudinal dose profile measurement of a 256 slice CT 

scanner in a 900 mm long PMMA cylindrical body phantom using a silicon diode 

detector.  The scatter tails dropped off exponentially with distance from the 

edge of the primary beam.   The magnitude relative to the peak dose is more 

than 1% at distances of 313 mm and 270 mm from the centre of primary beam 

for 138 mm and 20 mm beam widths, respectively.  They concluded that scatter 

tails extend significantly and a minimum phantom length of 300 mm is required 

to collect more than 90% of the dose profile for beam widths of greater than 20 

mm in body phantoms.  

 

2.5.9 Concept of cumulative dose 

An alternative dosimetry measurement proposed by the American Association of 

Physics in Medicine (AAPM) is the cumulative dose )0(LD  in the middle of a 

dosimetry phantom from a helical scan of length L  using a short chamber (AAPM 

task group 2011; Nakonechny et al., 2005).   

 

The cumulative dose )(zDL at longitudinal position z within a phantom from a 

scan of length L can be calculated by convolving a single axial rotation with 

rectangular functions of varying scanning length L  (AAPM Task group 2010), as 

shown in equation 2-16.  
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The distribution is smoothed by taking the averaging over an interval 
2
bz   at 

each value of z.   
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zD ……………….Equation 2-16 

 

where b is the scan interval, )/( Lz is the rectangular function of unit height 

and length L, f(z) is the associated dose profile resulting from a single axial 

rotation, b is the midpoint-to-midpoint spacing betweenscans. The cumulative 

dose at the midpoint of the scanning range (z = 0) is given by:  





2/
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L
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b
D …………………………………………….Equation 2-17 

  

As the scan length is extended, the cumulative dose at the midpoint of the 

scanning range increases due to the contributions of scatter tails from adjacent 

profiles. The contribution from an X-ray beam at infinity is negligible, so the 

cumulative dose eventually approaches an equilibrium value, or cumulative 

equilibrium dose as the scan length increases. This is given by: 

            




 ')'(1 dzzf
b

Deq ………………………………………………….Equation 2-18 

 

The scanning length for which the difference between )0(LD  and eqD  becomes 

negligible is called the ‘equilibrium scanning length’. The quantities )0(LD and 

eqD  for an axial scan can be calculated by recording a dose profile for a single 

tube rotation, and combining results from sequential rotations spaced at the 

appropriate distance along the scanner axis.  

 

2.5.9.1  Equilibrium length of scan  

Nakonechny et al. (2005) concluded that dose equilibrium is only achieved at 

scan lengths > 300 mm suggesting that the standard CTDI phantom is not long 

enough.  The difference in )0(LD  values at the central axis for a scan length 

around 250 mm and 14 times the beam width (CTDI14nT) are 25%-30% higher than 

CTDI100 for nominal beam widths ranging from 3 mm to 20 mm and up to 50% for 
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small beam widths. CTDI∞ are 1.75 and 1.22 times the values of CTDI100 in the 

central and peripheral positions in a body phantom, respectively (Dixon and 

Ballard, 2007).  

 

2.5.10 Measurement of the dose distribution with Gafchromic film 

Gafchromic film provides a method for measuring dose profiles of CT scanners. It 

is a self-developing radio-chromic film which has been developed for use in 

quality assurance in diagnostic radiology over the last few years (Gorny et al., 

2005; Rampado et al., 2006). It has been used in a range of dosimetry 

applications including the assessment of skin doses in interventional radiology 

procedures (Giles and Murphy, 2002; Guibelalde et al., 2003; Morrell and Rogers, 

2004) and for carrying out CT dose profile measurements in a 320 detector row 

CT scanner using Gafchromic XR-QA film (Denaro and Bregant, 2011). This film 

has the potential for measuring CT dose distributions and responses could be 

derived for different lengths of detector or scans of varying length based on 

assessments of dose profiles.  It has several advantages over other techniques 

for practical measurement. It has a reasonable energy response range, develops 

in real time, is tissue equivalent and can be handled in room light. 

Gafchromic film XR-QA (International Specialty Products, Wayne, NJ) has been 

developed for radiology QA applications. It has an operational dose response 

range up to 200 mGy and energy range between 20 kVp and 200 kVp (Gorney et 

al., 2005). Investigations of the feasibility of using Gafchromic XR-QA films in 

dose measurement, and comparing with others dosimetry methods, has been 

carried out in some studies. Martin et al (2011) used Gafchromic XR-QA to 

measure the dose distribution for various CT scanners from different 

manufacturers, head and body CT phantoms. The results of the dose profiles can 

be used to simulate CTDI with ionization chamber and cumulative dose from 

different length of detector or scans of varying length. Gafchromic film 

measurements have been compared with a 20 mm ionization chamber and 

showed close agreement. The method for Gafchromic film calibration is 

discussed in chapter 3.  
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2.6 CT image quality 

2.6.1 CT Image Quality Parameters     

Factors influencing how well a CT image represents the actual object scanned 

are image contrast, spatial resolution, image noise, and artifacts (Goldman 

2007). However, in order to assess how well an image represents patient 

anatomy, two main features: detail—or high-contrast resolution—and contrast 

detectability—or low-contrast resolution are employed.  

 

2.6.1.1  Image noise  

CT image noise is associated with the number of photons contributing to each 

detector measurement, increasing the number of photons will result in a smaller 

percentage variation between pixels. The pixel noise, designated  is 

determined as the standard deviation of the values iP  from N pixels of a 

region of interest (ROI) in a homogeneous image section relative to their value 

P . It is normally measured in a water phantom (Kalender, 2005). 

 

 






N

i
i PP

N 1

22 .
1

1 ………………….Equation 2-19 

 

Noise limits low contrast resolution and may hide anatomy similar to surrounding 

tissue. The noise level is influenced by many parameters including tube voltage, 

mA, exposure time, collimation, reconstructed slice thickness, reconstruction 

algorithm and helical pitch (McNitt-Gray, 2013; Kalendar 2005; Brooks and 

DiChiro 1976). The correlation between these quantities can be formulated: 

 

   SmAs
IIf A ..

/. 0


  …………………….Equation 2-20 

 

where   = standard deviation of the pixel value or CT number (noise), II /0 = 

attenuation factor of the object,  = efficiency of the entire system, mAs = tube 

current scan time products, S = slice thickness. The Af takes account the 
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effect of the reconstruction algorithm; sharp algorithms (high pass filter) 

increase the noise level while smooth algorithms (low pass filters) reduce the 

noise level. 

  

When focusing on slice thickness, noise and mAs  

mAs
S 12 ……………………………..Equation 2-21 

 

From the equation; the noise increases by 2  if the mAs is reduced by half 

when slice thickness is kept constant and mAs doubled if slice thickness is cut by 

half when the noise is kept constant.  

 

There are several recommendations for the ROI size being used for noise 

measurement, as shown in table 2-4. A size of selected ROI for noise 

measurement is also capable of measuring the standard deviation (Edyvean, 

2004), use of larger ROI size results in less uncertainties of the noise 

measurement 

 

Table 2-4 Recommendations for ROI sizes and Range and SD of measured noise with ROI size 
(Note: Range and SD of measured noise were from the phantom having 340 diameter, the values 

obtained from Edyvean, 2004) 

Phantom 340 mm diameter  Organisation Recommendation 

Average SD (%) Range SD (%) 

Imaging Performance 

Assessment of CT 

scanner  (ImPACT) 

500 mm2 and average values 

from more than 10 rotations 

3% 

 

 

12% 

 

 

Institute of Physics 

and Engineering in 

Medicine (IPEM) 

Report 32 (second 

edition) 

10% -20% diameter of 

phantom and  average values  

from more than 10 images 

1%-2% 6%-12% 

Radiological Society 

of North America 

(RSNA) 

Greater than 10 mm diameter 

ROI 

8% 

 

 

34% 

 

 

Source: Edyvean 2004 
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2.6.1.2  High contrast resolution 

High-contrast resolution or spatial resolution is the level of detail that is visible 

on the image. It is the parameter determining the system’s ability to resolve 

high contrast objects of small sizes that are very close together (Lois, 2013).   

Spatial resolution can be measured using two methods; measured directly, or 

calculated. To measure the spatial resolution directly, a line pair phantom is 

used. A module inside the Catphan®600 phantom having closely spaced metal 

strips imbedded in it is commonly used. Each bar plus adjacent space is referred 

to as a line-pair (lp). The phantom is scanned, and the numbers of strips that are 

visible are counted. The spatial frequency in line-pairs per centimeter, defined 

as in equation 2-16, where bar width is in centimeters (Goldman, 2007)  

 

widthbar
FrequencySpatial




2
1

………………………….Equation 2-22 

 
 

Spatial resolution can be defined in terms of using the modulation transfer 

function (MTF).  Several quantitative methods have been described for 

measuring MTF such as scanning a wire, bead or bar pattern (Keat, 2005). In 

theory, MTF is calculated using the Fourier transform of the line spread function 

(Akbari et al., 2010). The MTF depends on the size or spatial frequency of the 

object. A smaller object of higher spatial frequency is not accurately depicted 

on the CT image. The MTF scale is normally from 0 to 1. If the image reproduces 

the object exactly, the MTF would have a value of 1. If the image contained no 

information about the object, the MTF would be zero. An MTF curve that 

extends farther to the right indicates higher spatial resolution and better ability 

to reproduce small objects (Joseph and Rose, 2013).  Sharp convolution kernels 

preserve higher spatial frequencies but the smooth convolution kernels reduce 

the higher frequency contribution. As shown in figure 2-9, at 10% value, the 

smooth, standard and sharp kernels obtain values at 12 lp.cm-1, 15.5 lp.cm-1 and 

18 lp.cm-1 , respectively.  
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Figure 2-9 Comparison of spatial resolution for various convolution kernels 
   

2.6.1.3  Low contrast resolution 

Low-contrast resolution is the ability of the system to differentiate between 

objects with similar densities.  It is often determined using objects having a very 

small difference from the background.  The visibility of low contrast objects is 

constrained mainly by the contrast level, image noise and window setting of the 

display (Morin, 2004).  High noise in the image will cause a decrease in low-

contrast resolution. Typically, low contrast detectability can be evaluated by 

subjective and objective methods using phantoms containing low contrast 

targets of different diameters and contrasts. The subjective method requires an 

observer to detect objects as distinct. Several objective or quantitative methods 

have been proposed (Image owl, 2013) these are based on calculations of the 

difference in contrast to noise ratio of objects and background using 

mathematical algorithms. Image owl software used for this project couples with 

an image obtained from a scan of Catphan®600 phantom, at each target size (2-9 

mm and 15 mm), circular ROIs are generated in the background. The mean CT 

number and SD for the sets of ROIs are calculated. A detection level for each 

target size is calculated, with a detectability factor of 4, as 4 times the SD. 
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2.6.2 Catphan®600 Phantom 

Catphan®600 is widely used in the UK for testing the performance of CT 

scanners. The phantom consists of five modules to check the image quality 

which are CTP404 (slice width, sensitometry and pixel size), CTP591 (bead 

geometry), CTP528 (line pair resolution and point source), CTP515 (sub slice and 

supra slice low contrast) and CTP486 (image uniformity) (figure 2-10). Details 

regarding application of each module are available in the Catphan®600 manual 

(The Phantom Laboratory, 2006). 

 

   
 

Figure 2-10 Catphan® 600 phantom and different modules 
(A permission to use the image from the Phantom Laboratory) 

 

The following modules are used in this study; CTP 258 is high resolution module 

with 21 line pair per cm and two bead point sources (figure 2-11).  The beads 

are tungsten carbide having diameter of 0.28 mm positioned along the y axis 20 

mm above or below the phantom’s centre and 2.5 and 10 mm past the centre of 

the gauge in the Z-direction.  CTP515 is sub slice and supra slice low contrast.  It 

consists of cylindrical supra-slice and sub-slice targets. The series of  supra-slice 

contrast targets are 40 mm long in the z-direction having diameters of  2, 3, 4, 

5, 6, 7, 8, 9 and 15 mm  at three contrast levels of 0.3%, 0.5%  and 1.0% (or 3HU, 

5HU and 10HU) (figure 2-11). CTP 591 is bead geometry module containing 3 

pairs of opposed ramps to measure slice width, and 2 individual beads 0.28 mm 

and 0.18 mm in diameter.  
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     (a) 

 

   

  (b) 

Figure 2-11 Modules (a) CTP 258 for high contrast resolution with 21 line pair and (b) CTP515 
for low contrast resolution assessments  
(A permission to use the images from the Phantom Laboratory) 

 

2.7 Custom made phantoms for ATCM system test   

At the present time, there is no agreed method for ATCM system evaluation.  

The standard CT phantoms which are cylindrical in shape are not suitable for 

measuring dose profiles in ATCM systems. They will therefore not give an actual 

estimation of radiation distribution in a real patient. In order that full use can 

be made of these facilities in optimisation, there is a need to develop phantoms 

and test methods to investigate and record the performance of ATCM systems. 

Such devices need to be based on elliptical phantoms of different sizes that 

closely resemble human anatomy. However, there is no consensus currently for 

specification of phantom material, dimension and shape for measuring CT dose 
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(AAPM Task Group, 2010).  Some studies used a commercial anatomical phantom 

for ATCM system test (Soderberg  Gunnarsson2010; Papadakis et al., 2008), 

while other studies have developed their own custom made phantoms for ATCM 

test. Majority of these are uniform phantoms having a range of sizes and 

eccentricities.  

 

Fisher R F (2006) has proved that a urethane based compound is human tissue 

equivalent material and constructed ellipsoid-shaped phantoms of five different 

sizes using the urethane-based material.  Each of the five phantoms fits around a 

16 cm CTDI head phantom for use in CT imaging and dose measurement. The 

major axis lengths are 26 cm, 28.5 cm, 31.25 cm, 32.6 cm, and 37.25 cm, while 

the minor axis length for five phantoms remains at 16 mm. These phantoms can 

only be used for evaluating the modulation systems in the x-y plane in any single 

scan. 

 
Muramatsu et al (2007) have developed a series of CT-ATCM phantoms which 

consist of a cone, an ellipse, a variable-shaped ellipse and stepped phantoms.  

These phantoms have been evaluated using ATCM systems of the major CT 

manufacturers and it has been shown that they reflect the performance of CT 

ATCM systems. 

 

In the UK, ImPACT has developed a conical elliptical phantom that is placed 

parallel to the z-axis of the scanner (Keat et al., 2005). It was developed from a 

similar design of ‘Apollo’ phantom from Y Muramatsu, national cancer centre, 

Tokyo, Japan. The phantom is 300 mm long, increases from 61.2 X 40.8 to 428.7 

x 285.8 mm. The diameters of the x and y axes are in the ratio of 3:2, which is 

approximately equal to that for an abdomen. It is designed to attach to the 

carrying case of a Catphan®600 phantom, and is suspended in air. The phantom 

has been used for ATCM system tests in the UK (Field 2010, Keat 2006).  

 

Bateman and Hiles (2008) have developed a simple anthropomorphic phantom 

used to demonstrate ATCM system. The phantom represents a human thorax 

filled with air representing both lungs. It can be used to ensure systems are 

working as specified and to compare tube current modulation for different 

scanners and protocols. A multi elliptical phantom called CT elliptical test (CelT) 

phantom has been developed by Hiles et al, North Wales Medical Physics 
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Department, (2011). The phantom consists of four stepped elliptical sections 

and, for the first version, has to be filled with water. In 2012, a second version 

of the phantom has been developed using a solid material. It is patent pending 

and they present that the phantom can be used for CT dose and image quality 

assessment (Bateman et al.,2012). 

 

2.8 Relationship between patient size and CT dose on 
ATCM systems 

Since modern CT scanners have the ability to modulate the X-ray tube current, 

patient radiation exposure can be kept as low as possible. However, the way in 

which these options are implemented varies not only from one scanner 

manufacturer to another but also between models. As part of a strategy to 

reduce patient dose, it is necessary to investigate the relationship between 

patient size and patient dose.   

 

Some studies (Israel et al., 2010; Meeson et al., 2010; Zarb et al., 2010) aimed 

to identify the relationship between patient size and CT dose in CT scanners 

utilising ATCM. This relationship could be useful in optimising scans for individual 

patients. Many patient size parameters such as weight, cross sectional diameters 

and cross sectional area can be used. Israel et al. (2010) conclude that the 

weight of patient determines radiation dose used in CT examinations of chest, 

abdomen and pelvis (CAP) of ATCM scanners. The patient weight is also used in a 

study by Castellano (2013). The amount of radiation used for a 100 kg patient 

was three times and organ doses were two times higher than those of 60 kg 

patients. Zarb et al (2010) carry out a retrospective study to identify the 

relationship between CT dose and the patient size parameters (weight, AP and 

lateral diameters) for patients who had undergone CT chest and abdomen and 

show that the patient’s AP diameter has the strongest relationship with CTDI and 

DLP. Meeson et al. (2010) carry out a study in the same way as Zarb et al (2010) 

but using patient cross sectional area at the level of the third lumbar vertebra to 

represent the patient size and find that CTDI increased with patient cross 

sectional area. There are high coefficient of determination (R2) values between 

CTDI and DLP obtained from CT abdomen examinations and patient cross 

sectional area.  
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3 Single scan dose profile and cumulative dose 
measurement in cylindrical and elliptical 
phantoms and the influence of the ATCM system 

3.1 Introduction  

As a phantom made of different size ellipse was to be used to investigate 

performance of ATCMs, tests were first undertaken as a simple elliptical 

phantom to understand effect of dose distribution. The elliptical phantom is 

more representative of a patient than the standard cylindrical CTDI phantom. 

The suitability of the CTDI method for measurements in phantoms particularly 

for the assessment of doses from helical scans has been questioned, as detailed 

in chapter 2 (Boone 2007; Brenner et al.,  2006; Dixon et al.,  2005; Dixon 2003; 

Nakonechny et al., 2005). Proposals have been made for the development of 

alternative systems for CT dosimetry using chambers of different lengths in 

longer phantoms (Dixon and Ballard 2007). If an alternative system for CT 

dosimetry is to be developed, then it is worthwhile considering whether the 

shape of the phantom used currently is appropriate (Nakonechny et al., 2005; 

Kallendar 2005).  

 

The CTDI100 measurement is based on the assumption that all the radiation 

contributing to the patient dose is recorded and so the level of scattered 

radiation falls to zero within the defined distance used, whereas in practice a 

significant amount of the incident radiation is scattered beyond the end of the 

100 mm long chambers used. Thus, such chambers only record 60%-70% of the 

radiation dose delivered at the centre of a standard body dosimetry phantom 

(Mori et al., 2005; Boone 2007; Martin et al., 2011). An alternative method is to 

measure the cumulative dose )0(LD  in the middle of a dosimetry phantom from 

a helical scan of length L using a short chamber (AAPM Task group 2010; 

Nakonechny et al.,  2005).  

 

Bow-tie shaped filters are used in CT scanners to attenuate parts of the x-ray 

beam passing through the edge of the body to both minimising the dose to the 

periphery of the patient and ensure that the beam quality incident on all 

detectors is similar. Since the human body has an elliptical cross-section, any 

differences in the bow-tie filter shape between CT scanners will modify the 
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dose distribution within the body. In particular they will affect the doses to the 

peripheral aspects of the elliptical torso in different ways, and this will not be 

apparent for cylindrical phantoms. The automatic tube current modulation 

systems that are incorporated into current CT scanner models modify the air 

kerma incident on the body according to orientation in the x-y plane to 

compensate for variations in attenuation, as well as along the z-axis, and these 

will also modify the distribution of dose within the body. Moreover, since 

differences in the bow-tie filter shape between CT scanners will modify the 

dose distribution within the body, the way the ATCMs change there will not be 

identified in measurements made on cylindrical phantoms. Therefore, it will be 

necessary to employ elliptical phantoms to take full account of the influence of 

these systems on patient dose distribution. 

 

In this chapter, distributions of air kerma (AK) in elliptical and cylindrical 

phantoms have been measured using Gafchromic film in order to gain a better 

understanding of the dependence of CT dosimetry measurements on phantom 

shape, the influence of the ATCM on dose distribution which were linked to the 

shape of the bow-tie filters have been investigated.  

 

3.2 Materials and Methods 

3.2.1 Material   

3.2.1.1  Elliptical and Cylindrical phantoms 

Dose distributions were measured in a standard cylindrical CT dosimetry 

phantom which is 320 mm in diameter, as defined in the IEC standard (figure 3-

1a), and in a custom built elliptical phantom (figure 3-1b), both are 150 mm long 

and made from Polymethyl methacrylate (PMMA). The elliptical phantom had 

major and minor axes of 330 and 220 mm, respectively. The size chosen was 

based on the average size of cross sectional images of CT chest, abdomen and 

pelvis (CAP) for 30 randomly selected patients measured at the level of mid 

chest (seventh thoracic vertebrae), measured by Health Physics in August 2010 

(prior this project). The antero posterior (AP) diameter of the thorax was taken 

to be the distance between the skin surface at the level of mid sternum and the 

skin surface at the level of mid body of vertebra. The transverse diameter was 
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measured between the two widest points along a line at right angles to the AP 

diameter. The elliptical phantom contained a hole along the central axis and 

four holes at depths of 10 mm at either end of the ellipse axes for CT dosimetry. 

The cross sectional areas of the cylindrical and elliptical phantoms are 804 cm2 

and 570 cm2 respectively.  Diagrams of the phantoms are also shown in Appendix 

I.  

 

 

 

 

 

 

 

 

 

 

   (a)     (b) 

Figure 3-1 (a) Cylindrical Phantom and (b) Elliptical Phantom 
 

3.2.1.2  Gafchromic film 

Gafchromic XR-QA film has been developed for patient dosimetry and is 

sensitive over the dose range from 1 to 200 mGy (Alnawaf et al 2010b; Ruiz et al 

2010; Boivin et al., 2011; Martin et al., 2011). Differences in measurements of 

CTDI between Gafchromic XR-QA film and a pencil ionization chamber have 

been reported to be less than 9% (Rampado et al., 2010). Measurements of the 

film response at different angles were carried out prior to the study and these 

found that it was almost independent of irradiation angle. The optical densities 

(ODs) varied by about 1% between the two orientations perpendicular to the x-

ray beam and at an angle of 45 this was similar to reports by Giaddui et al., 

2012; Rampado et al., 2006.,  however the ODs of films exposed parallel to the 

x-ray beam were 20% lower (Martin et al., 2011).  Exposures have also been 

carried out both free in air and in the centre of a 125 mm thick PMMA slab 

phantom where radiation scattered contributed to the air kerma, and the 

results found that the two calibration conditions gave optical densities within 

±2% (Martin et al., 2011). 



 

  

66 

In this study, the film was calibrated using a Gulmay superficial therapy unit at 

110 kV with Al sheets added to achieve a total filtration equivalent to 8 mm of 

aluminium in order to match those of CT scanners. Pieces of film 20 mm square 

were irradiated with exposures covering the full dose range (figure 3-2). The 

materials and methods for Gafchromic XR-QA film calibration which was 

prepared by Health Physics (2009) is detailed in Appendix II. 

 

 
 

Figure 3-2 setting of experiment for calibration of Gafchromic film 
 

The OD variation of the film increases progressively in the first 24 h after 

exposure, therefore the exposed film was left for at least 24 hours post 

exposure, in order for the optical density to reach the equilibrium value 

(Giaddui et al .,2012; Rampodo et al., 2006). All pieces of film were scanned in 

the reflection mode using an Epson V700 flat-bed colour scanner at 72 dpi 

resolution (pixel spacing ≈0.352778 mm) and 48 bit colour (16 bits per channel), 

and saved in .tiff format, as explained in Martin et al (2011). The film is 

positioned at the centre of the scanner rather than the edges for consistency of 

the polarization effect, since there are variations of 2%-4% in reflectance with 

distance away from the centre (Giaddui et al., 2012; Alnawaf et al., 2010a). 

 

Gafchromic Ionisation 
chamber with 
electrometer 

Free in air calibration 

Foam Pad 
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ImageJ was used for analysis of the film. The scanned film data were split into 

three channels (red, green and blue), using the Image command of imageJ. Only 

the signal from the red channel was used for interpretation of the result since 

the main absorption peak which contains most of the dose information for the 

Gafchromic XR-QA film is located at 636 nm (Alnawaf et al., 2010b; Delvic, 

2011), within the wavelength range of the red channel. A square ROI 

approximately equal to 18 mm x 18 mm was created to make red pixel value 

measurements for individual pieces of film. The optical density (OD), which is 

normally used for measurement of changes in film blackening (Alnawaf et al 

2010b, Rampodo et al., 2006) for each piece of film was calculated by 

comparing the red pixel value (RPV) from that piece of film to the RPV of the 

unexposed film, from the same batch. The OD values were plotted against the 

known exposed dose to form a calibration curve. The formula to convert RPV to 

OD is shown in equation 3-1 below. 

 

   













osed

osedun

RPV
RPV

OD
exp

exp
10log  ……………………………Equation 3-1 

 

 

For this study, a command written by Loveland (2009) which is run on imageJ 

was used for the Gafchromic film calibration. The software automatically 

selects the red channel after the calibration image of the Gafchromic film has 

been opened. Users are instructed to enter the total number of square films in 

the calibration image. The square ROI is prompted to measure the pixel value 

which is converted to the OD automatically, the users then are asked to enter 

the known exposed doses in milligray for individual pieces of the film. Finally, a 

text window of the OD values for each dose value is shown.  

 

The result for the individual OD values and doses was fitted to a Rodbard 

equation using a curve fitting tool on ImageJ  (Rasband 2011). The form of 

Rodbard equation and individual equation parameters are shown below in 

equation 3-2 (DeLean 1978). The calibration curve for the batches of film used 

is shown in figure 3-3. The reproducibility of Gafchromic film calibration of the 

same batch was tested and found to be within ±5%. The Gafchromic film optical 
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density (OD) curve was calibrated over a dose range of 1 mGy to 200 mGy and 

resulted in ODs of up to 0.5.    
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 ………………..…Equation 3-2 

 

Where a = ‘y’; when ‘x’=0 

 b = slope factor that determines the steepness of the curve 

 c = ‘x’; when ‘y’ is at the half way between a and d 

 d = ‘y’; when ‘x’=∞ 

 

Table 3-1 Parameters A, B and C values obtained from different batches of the Gafchromic 
film XR-QA 

parameter Lot#A10071002A Lot#A10071003B Lot#A10071003A 

a -0.0007 0.0011 0.0009 

b 0.91201 0.898 0.9059 

c 71.2813 80.5099 63.9401 

d 0.67102 0.669 0.642 
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Figure 3-3 Calibration curve of Gafchromic XR-QA film from different batches 
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The CTDI100 and central cumulative dose were measured with ionisation 

chambers to compare results with the Gafchromic film, and results are shown in 

table 3-2, the differences for the measurements of CTDI100 were within ±10%, 

while those for the cumulative measurement were up to 35%. 

 

Table 3-2 Comparison of CTDI100 and central cumulative doses for complete scans of the 150 
mm long phantom measured with ionisation chambers and Gafchromic film measurements. 
Measured from the Toshiba scanner 
(Note : Central cumulative doses were measured with a helical scan using 200 mAs, 120 kV, 
0.938 Pitch factor, 16 mm beam width)    

 

CTDI100  (mGy/100mAs) Cumulative dose* (mGy/100mAs) Phantom/ 

Position Chamber 

(100 mm Radcal) 

Film Chamber 

(20 mm Unfors) 

Chamber 

(20 mm Radcal) 

Film 

Ellipse      

       Centre 11.2 10.9 14.1 14.5 15.6 

       Anterior 20.1 21.4 23.5 23 23.0 

       Posterior 16.9 18.3 20.5 20.5 20.4 

       Lateral 15.0 14.8 17.3 17.3 17.2 

Cylinder      

       Centre 7.1 6.5 9.1 9.3 9.6 

       Anterior 15.2 16.7 16.8 15.6 14.6 

       Posterior 13.1 13.5 16.2 15.0 12.0 

       Lateral 14.8 15.3 17 15.7 14.7 

 

3.2.2 Methods 

The main CT scanner used was a Toshiba Aquillion 64 model (64 slices).  Some 

measurements were also made on a GE Lightspeed16 multi- slice (16 slices) CT 

scanner and a Philips Brilliance multi –slice (64 slices) CT scanner, in order to 

compare the SSDP results. Dose measuring under ATCM was carried out on the 

Toshiba Aquilion 64, GE Discovery 64 and Philips Brilliance 64 scanners. 

 

3.2.2.1  Measurement of effect of Bowtie filter 

The distribution of X-ray intensity within the fan beam in the x-y plane of a CT 

scanner is determined by the characteristics of the bow-tie filter. Measurements 

were made of the fan beam profiles in the x-y plane produced by the bow-tie 

filters for the different scanners to aid in interpretation of dosimetry results. 



 

  

70 

The X-ray tube was positioned so that the beam was directed horizontally. A 

pencil ionization chamber was supported in air by the patient couch, but with 

the couch retracted so that it was not within the beam. The scan projection 

radiograph (SPR) mode, in which the tube remains stationary as the couch 

moves through the gantry to create a simple radiographic image for planning 

purposes, was used with a large field of view selected. The exposure settings 

were 120 kV, 150 mA, 200 mm scan length for all scanners. Output 

measurements were made across the scan field (distance ‘d’ in figure 3-4) by 

raising and lowering the couch in 10 mm increments. Three CT scanners were 

involved in this experiment; Toshiba Aquilion 64, GE Discovery 64 and Philips 

Brilliance 64 scanners. Each scanner has different bow tie filters depending on 

FOV. The Large FOV is selected in this study since it is used routinely for body 

scans. However, it is uncertain whether the bow-tie filter employed in SPR 

mode are the same as those employed for the scan mode. Later on in this study, 

for the Toshiba scanner Aquilion CXL, which has the same wedge filter unit 

configuration as the Toshiba Aquilion 64, the scanner was put into service mode, 

stopping the rotation and the x-ray tube was fixed at 90. Individual FOVs such 

as extra small (SS), small (S), medium (M), large (L) and extra large (LL) can be 

selected to investigate the bow tie filter profile.   

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4 Bow-tie filter dose profile measurement 
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3.2.2.2  Single scan dose profile and cumulative dose 
measurement  

Scans were performed with the phantom on the couch to represent the supine 

position. Measurements at the top and bottom will be referred to as anterior 

and posterior (figure 3-5). Strips of Gafchromic film 8 mm wide were placed in 

each hole of the phantom. The PMMA rods were inserted into the holes that 

were not used for measurements. Measurements were made for single scan dose 

profiles (SSDPs), taken as single axial scan rotations.   

 

 

Figure 3-5 Experimental set up and dimensions for the elliptical and cylindrical phantoms 
 

 

As explained earlier, the Gafchromic film OD curve was calibrated over a dose 

range of up to 200 mGy which resulted in ODs of up to 0.5. However, above 

around 110 mGy the film begins to saturate at OD of 0.4 (figure 3-4). Since the 

slope of the curve determines the precision with which the OD can be 

determined, the uncertainties will be significantly higher at doses above 110 

mGy. In this study exposure factors were chosen to enable the resultant dose to 

parts of the film from which results were recorded to be less than 100 mGy and 

consequently an OD of less than 0.4. Multiple rotations were used to record low 

doses far from the primary beam.  
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SSDPs were measured by positioning the primary beam either at the longitudinal 

midpoint of the phantom (mid point beam profile) or 25 mm from one end of 

the phantom (edge beam profile) (figure 3-6). The positions near the ends of 

the phantoms were selected to allow contributions from scattered radiation to 

be measured to a greater distance from the primary X-ray beam (Martin et al., 

2011).  In order to reduce noise signal, a smoothing filter was applied to derive 

the results, pixel values were replaced by a weighted average of the nearest 

five points. 

 

For the Toshiba scanner, measurements were made for a 16 mm beam width, 

with 1 s axial rotations. One set of films was exposed using twelve rotations, at 

300 mA (3600 mAs) and a second set with six rotations at 100 mA (600 mAs). 

Multiple rotations were employed to reduce the variations in air kerma level 

around the phantom circumference due to overscan with the Toshiba scanner 

(Martin et al., 2011). For GE and Philips scanners 1 s rotations were used with 

20 mm and 25 mm beam widths respectively, and measurements were made for 

a set of twelve 600 mA (7200 mAs) rotations and a set of two 600 mA (1200 mAs) 

ones. The two different exposure levels were employed to derive film ODs 

suitable for assessment of both the peak dose level and the low densities in the 

scatter tails (Martin et al., 2011). The pairs of measurements were combined to 

derive beam profiles with the higher exposure films being used to calculate dose 

levels below 2 mGy per 100 mAs, diagrams illustrating the two profiles are 

shown in figure 3-7.  Experiments with similar exposure settings were performed 

for both the elliptical and cylindrical phantoms. All results were normalized to 

100 mAs. Values for the CTDI100 in the 150 mm long phantoms were calculated 

by summing the doses recorded by the Gafchromic film for the SSDPs over 100 

mm lengths through the mid point of the phantoms.  
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Figure 3-6 Positions of primary beam used for recording of SSDPs at (a) edge beam profile 
and (b) mid point beam profile 
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Figure 3-7 Examples of SSDPs obtained at the middle and at the 25 mm from the edge of the 
body phantom (a) the centre and (b) the periphery of the phantom 
(The figures have been published in Martin et al., 2011) 
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3.2.2.3  Calculation of CTDIℓ and simulation of central z-axis 
cumulative dose 

Dose levels and values of CTDI100 at the centre and periphery within the 150 mm 

long elliptical and cylindrical phantoms were calculated from scans with the X-

ray beam through the mid points of the phantoms. Values of CTDIℓ for chambers 

of various lengths ℓ in phantoms 450 mm long were derived from the 

extrapolated data and integrals of the dose profile over length ℓ.   

 

As explained, the dose profile data sets from positioning the primary beam at 

the longitudinal midpoint and near the longitudinal edge of the phantom were 

combined. The mid point beam profiles were used to represent the main beam 

and the surrounding region to a distance of 40 mm from the middle and the scan 

profiles with the beam near the edge were deployed to represent the scatter 

tails at distances of 40 mm to 110 mm from the middle of the beam. In order to 

derive assessments of cumulative doses and CTDIs in longer phantoms, SSDPs 

were required that would be representative of profiles in longer phantoms. The 

dose level in the scatter tails declines exponentially with distance from the 

beam, but falls more rapidly within 10 mm of the edge, where there is little 

back scatter (Martin et al., 2011). An exponential fit of the tails of the SSDPs 

recorded with the beam near the end of the phantom between 50 mm and 100 

mm from the middle of the beam was used to estimate the scatter levels at 

greater distances from the primary beam. 

 

The exponential curve fitting and the extrapolation function of Matlab R2010a 

(Mathworks, Natick, MA, USA) was used to extrapolate the data set beyond the 

measured range. Matlab programming was performed by Dr Maria del Rosario 

Lopez-Gonzalez. The dose starts to drop near the edge of the phantom at around 

100 mm from the middle of the peak. Therefore, the dose beyond 100 mm was 

not used for the extrapolation as it could result in underestimation of the scatter 

dose. Different ranges of the raw data were investigated in order to choose the 

most appropriate curve fitting; 50-80 mm, 50-90 mm, 60-90 mm and 60-100 mm 

from the middle of the primary beam were used and evaluated. Percentage 

differences among the four extrapolation options were within ±2% of the mean. 

The fits gave coefficient of determination (R2) of 0.99 and better. Data in the 

range having the highest R2 was selected, exponential curves were fitted to 
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scatter tail data and are shown as dotted lines, as an example for the elliptical 

phantom in the Toshiba scanner in figure 3-8.   
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Figure 3-8 Exponential extrapolation of SSDP from each position within the elliptical 
phantom, measured from Toshiba Aquillion 64 scanner at 120 kVp for a 16 mm wide beam 

 

 

The central cumulative dose DL(z) at longitudinal position z within a phantom 

from a scan of length L can be calculated theortically by convolving  single axial 

rotations of varying scanning length (L) (Dixon et al., 2010), as explained in 

chapter 2. For this study, helical scans were simulated by combining a series of 

axial scans in order to build up cumulative dose distributions along the central 

axis of the phantom using the method described in Martin et al., 2011. The 

central cumulative doses for scans with lengths up to 450 mm were calculated 

by summing contributions to the dose in the middle of a phantom from SSDPs for 

a series of single axial rotations along the axis of the phantom. The Matlab 

program was applied in this study.  The central cumulative curve was smoothed 

by replacing each z value with average value over an interval
2
bz  , as 

discussed in equation 2-16, chapter 2 (AAPM task group 2011). Dose distributions 

were measured for complete helical scans of the cylindrical and elliptical 

phantoms, and results compared with assessments derived from simulations 

constructed from SSDPs. Measurements undertaken are summarised in table 3-3. 
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Table 3-3 Summary of methods employed for dosimetry measurements 

 

Measurement  

Method SSDP CTDI100 CTDIℓ Cumulative Dose Profile Central Z-axis  

cumulative dose 

Gafchromic yes yes yes yes (simulated)* yes 

100 mm Chamber - yes - - - 

20 mm chamber - - - - yes 

*except for the data in table 3-10, they were obtained from helical scan measurements   

 

 

3.2.2.4  Automatic tube current modulation (ATCM) dose 
measurement 

Measurements were made with the ellipsoidal phantom on different image 

quality settings of the ATCM. A routine CAP protocol was used and details of the 

exposure parameter settings, and ATCM options for three scanners are shown in 

table 3-4. All measurements were done using 120 kV.  For the Toshiba scanner, 

three target noise settings were selected from a drop down list available on 

Aquilion scanners; a) high quality (standard deviation (SD)=7.5 HU),  b) standard 

(SD=12.5 HU), c) very low dose  (SD=17.5 HU). For the GE scanner, the reference 

NI value used for the CAP protocol of 11.57 and two other NI values of 6.94 and 

16.20 were selected. For the Philips scanner the maximum mAs values selected 

were 162 mAs/slice (value recommended by the software), 300 mAs/slice and 

410 mAs/slice. The Toshiba and GE scanners modulate the tube current to 

account for variations in attenuation in both the x-y plane and along the z-axis, 

while the x-y and z axis modulations are separate for the Philips scanner and 

the ATCM option recommended for body scans only makes adjustments along 

the z-axis. The ATCM uses a constant tube current during each rotation and 

changes the tube current value for the next rotation, as explained in chapter 2. 

However, measurements were made in order to compare the ATCM operation 

for the three scanners. In this study, tube current time products of 240 mAs, 

390 mAs and 410 mAs were used as fixed mAs techniques for Toshiba, GE and 

Philips scanners, respectively since they are the maximum values applied by the 

ATCM systems for the CAP protocols.  

 



 

  

78 

The helical scans for the ATCM measurements were each 100 mm long. For 

each, average air kerma doses were measured along 100 mm lengths in the 

middle of the elliptical phantom with strips of Gafchromic film. Measurements 

were made along the central axis of the phantom and in the four peripheral 

holes, and ESAKs were measured along the anterior and the left and right lateral 

surfaces of the phantom. The results are shown in the form of bar charts 

depicting changes with ATCM settings.   
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Table 3-4 Routine Chest, Abdomen and Pelvis (CAP) Protocols which are used in ATCM systems testing 
 

CT scanner mA 

range 

Rotation  

time (sec) 

Collimation Pitch Recon 

Filter 

Image quality 

(ATCM Option) 

Fixed  

Technique 

Toshiba 

Aquilion 64 

100-480 0.5 64x0.5 0.828 FC13 SD=7.5, 12.5*,  

17.5 

480x0.5 mAs 

GE 

Discovery 64 

100-650 0.6 16x1.25 1.375 Standard NI=6.94, 11.57*,  

16.20 

650x0.6 mAs 

Philips 

Brilliance 64 

- 0.75 64x0.625 0.921 B 162*, 300,  

410 mAs/slice 

410 mAs 

* standard or recommended setting for ATCM 
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3.3 Results 

3.3.1 Bow- tie filter measurement  

The fan beam profiles of the three scanners measured in SPR mode are shown in 

figure 3-9. The central regions in the GE and Philips scanners were broader, the 

relative air kerma being within 10% of the maximum at 65 mm and 50 mm 

from the isocentre respectively. However, the fan beam profile of the Toshiba 

scanner was narrower with the beam falling below 90% of the maximum value by 

30 mm from the isocentre and by 50 mm from the isocentre, the relative air 

kerma dropped to around 70% of the maximum value. A CT application specialist 

from GE has confirmed that the bow-tie filter used in the GE Lightspeed 16 is 

similar to that in the Discovery 64. The Toshiba’s bow tie filter profiles for scan 

mode have been measured using the engineer service mode operated by a 

scanner engineer for a Toshiba Aquilion CXL scanner. The fan beam profiles used 

for scanning are the same as the SPR one, as suspected (figure 3-10).  

 

 
 

Figure 3-9 Relative Air kerma (%) measured from different bow tie filters for each 
manufacturer 
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   (a)      (b)                 

Figure 3-10 (a) comparison of relative air kerma (%) between SPR and Service modes and (b) 
Air kerma (mGy/200mAs) for different FOV settings, measured from Toshiba scanner  
 

3.3.2 Measurement of dose profiles 

SSDPs measured at the centre and periphery in the elliptical and cylindrical 

phantoms were measured from the Toshiba, Philips and GE scanners (figures 3-

11 to 3-13). Within the primary beam measured in the elliptical phantom, the 

doses to the anterior periphery were higher than those at the sides or lateral 

periphery and the beams were wider. The doses at the anterior and lateral 

positions were similar, for the cylinder.  The doses in the primary beam at the 

centre for the two phantoms were the lowest, but the dose in the scatter tails 

did not decline as rapidly with distance from the primary beam and the centre 

scatter tail dose was higher than the dose at the periphery beyond 30 mm and 

25 mm from the edge of the beam for the cylinder and ellipse phantoms 

respectively. SSDPs at similar positions in the elliptical and cylindrical phantoms 

recorded with the same exposure factors and scanning options are compared in 

figures 3-14 to 3-16. The doses shown are for the anterior positions, centre and 

average for left and right lateral positions. The doses at the centre of the 

elliptical phantom were substantially higher than those in the cylinder (1.7-2.0 

times), the doses at the anterior periphery were also higher (1.2-1.3 times), 

while the doses at the lateral positions were similar to those in the cylindrical 

phantom. The posterior peripheral doses were lower than the anterior ones 

because of attenuation by the couch particularly for oblique orientations.   
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   (a)       (b) 

Figure 3-11 SSDPs measured at the centre and peripheral positions when the beam is at the 
middle of the phantom, measured from a Toshiba Aquillion 64 scanner at 120 kVp for a 16 
mm wide beam in (a) cylindrical and (b) elliptical phantoms 
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   (a)       (b) 

Figure 3-12 SSDPs measured at the centre and peripheral positions when the beam is at the 
middle of the phantom, measured from a GE Lightspeed scanner at 120 kVp for a 20 mm 
wide beam in (a) cylindrical and (b) elliptical phantoms 
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   (a)       (b) 

Figure 3-13 SSDPs measured at the centre and peripheral positions when the beam is at the 
middle of the phantom, measured from a Philips Briliance 64 scanner at 120 kVp for a 25 mm 
wide beam in (a) cylindrical and (b) elliptical phantoms 
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   (a)      (b) 

Figure 3-14 Comparisons of dose profiles measured in 150 mm long phantoms (a) at the 
centre and the anterior periphery and (b) at the right and left laterals, measured from a 
Toshiba Aquillion 64 scanner at 120 kVp for 16 mm wide beam 
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   (a)      (b) 

Figure 3-15 Comparisons of dose profiles measured in 150 mm long phantoms (a) at the 
centre and the anterior periphery and (b) at the right and left laterals, measured from a GE 
Lightspeed 16 scanner at 120 kVp for 20 mm wide beam  
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   (a)      (b) 

Figure 3-16 Comparisons of dose profiles measured in 150 mm long phantoms (a) at the 
centre and the anterior periphery and (b) at the right and left laterals, measured from a 
Philips Briliance 64 scanner at 120 kVp for 25 mm wide beam  
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3.3.3 Evaluation and measurement of CTDIℓ 

Values for the CTDI100 and CTDIℓ at the centre and periphery within the elliptical 

and cylindrical phantoms are presented in table 3-5. These varied significantly 

between different scanners with the Toshiba scanner having larger values at the 

centre and lower values at the lateral periphery than the other scanners. For 

the Toshiba scanner the CTDI100 in the centre in the elliptical phantom was 68% 

higher than that in the cylindrical phantom and the dose at the centre within 

the primary beam was almost double that in the cylindrical phantom. The 

anterior and posterior periphery CTDI100 values in the elliptical phantom for the 

three scanners were 19%-36% higher than the equivalent measurements in the 

cylindrical phantom, while the CTDI100 in the lateral position was similar to that 

in the cylinder.  

 

CTDI values at the centre of the elliptical phantom were about 50% higher than 

for the cylindrical phantom for the GE and Philips scanners and about 75% higher 

within the primary beam. Values calculated for the CTDIℓ in a phantom 450 mm 

long were derived from integrals of the dose profile over length ℓ obtained from 

Gafchromic film measurements. CTDI∞ was CTDI450 as explained in section 2.5.2, 

chapter 2. 
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Table 3-5 CTDIℓ  (mGy/100 mAs) values for chambers of different lengths ℓ , simulated using SSDPs measured with Gafchromic film  in 150 mm long elliptical and 
cylindrical phantoms  
(Note: All measurements were done using 120 kV.  The beam widths for the Toshiba, GE and Philips scanners were 16, 20 and 25 mm) 

 

CTDIℓ (mGy/100mAs) 

CTDI100 CTDI100 CTDI200 CTDI250 CTDI300 CTDI∞ 
* 

 

Model  

Phantom Length 
150 ∞ ∞ ∞ ∞ ∞ 

CTDI
CTDI 100  

CTDI
CTDI250  

Elliptical Phantom         

Centre 10.90 11.04 14.96 15.87 16.43 17.23 0.64 0.92 

Anterior Periphery 21.40 23.53 25.90 26.26 26.44 26.65 0.88 0.99 

Posterior Periphery 18.30 18.91 21.59 22.08 22.34 22.67 0.83 0.97 

Lateral Periphery 14.80 15.39 17.15 17.46 17.62 17.83 0.86 0.98 

Cylindrical Phantom         

Centre 6.50 6.51 9.32 10.01 10.44 11.07 0.59 0.90 

Anterior Periphery 16.70 18.04 20.03 20.28 20.39 20.50 0.88 0.99 

Posterior Periphery 13.50 14.72 16.74 17.12 17.34 17.63 0.84 0.97 

Toshiba 

Aquillion64 

Lateral Periphery 15.30 16.53 18.33 18.63 18.79 18.99 0.87 0.98 

 
* Note : CTDI∞  was derived from integrals of the dose profile over length 450 mm (section 2.5.2)



 

  

86 

Table 3-5 (Cont.) CTDIℓ (mGy/100 mAs) values for chambers of different lengths ℓ, simulated using SSDPs measured with Gafchromic film  in 150 mm long 
elliptical and cylindrical phantoms  
 
(Note: All measurements were done using 120 kV.  The beam widths for the Toshiba, GE and Philips scanners were 16, 20 and 25 mm) 
 

CTDIℓ (mGy/100mAs) 

CTDI100 CTDI100 CTDI200 CTDI250 CTDI300 CTDI∞ 
* 

 

Model  

Phantom Length 
150 ∞ ∞ ∞ ∞ ∞ 

CTDI
CTDI 100  

CTDI
CTDI 250  

Elliptical Phantom         

Centre 5.23 5.47 7.42 7.88 8.17 8.58 0.64 0.92 

Anterior Periphery 8.78 9.30 10.45 10.65 10.76 10.88 0.85 0.98 

Posterior Periphery 7.47 7.72 9.13 9.42 9.61 9.86 0.78 0.96 

Lateral Periphery 7.46 7.74 8.66 8.81 8.89 8.98 0.86 0.98 

Cylindrical Phantom         

Centre 3.40 3.40 4.75 5.09 5.31 5.64 0.60 0.90 

Anterior Periphery 7.40 7.43 8.19 8.28 8.32 8.36 0.89 0.99 

Posterior Periphery 6.00 6.03 6.98 7.16 7.26 7.39 0.82 0.97 

GE LightSpeed 

16 

Lateral Periphery 7.40 7.40 8.18 8.29 8.33 8.38 0.88 0.99 

* Note : CTDI∞  was derived from integrals of the dose profile over length 450 mm (section 2.5.2)
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Table 3-5 (Cont.) CTDIℓ (mGy/100 mAs) values for chambers of different lengths ℓ , simulated using SSDPs measured with Gafchromic film  in 150 mm long 
elliptical and cylindrical phantoms  
 
(Note: All measurements were done using 120 kV.  The beam widths for the Toshiba, GE and Philips scanners were 16, 20 and 25 mm) 
 

CTDIℓ (mGy/100mAs) 

CTDI100 CTDI100 CTDI200 CTDI250 CTDI300 CTDI∞ 
* 

 

Model  

Phantom Length 
150 ∞ ∞ ∞ ∞ ∞ 

CTDI
CTDI 100  

CTDI
CTDI 250  

Elliptical Phantom         

Centre 6.50 6.74 9.46 10.18 10.66 11.44 0.59 0.89 

Anterior Periphery 10.90 11.51 13.47 13.91 14.20 14.62 0.79 0.95 

Posterior Periphery 10.20 10.12 12.26 12.78 13.12 13.65 0.74 0.94 

Lateral Periphery 9.70 9.65 11.28 11.66 11.91 12.29 0.78 0.95 

Cylindrical Phantom         

Centre 4.40 4.38 6.67 7.35 7.85 8.74 0.50 0.84 

Anterior Periphery 8.30 8.39 9.97 10.34 10.58 10.94 0.77 0.95 

Posterior Periphery 7.70 7.43 9.11 9.54 9.82 10.28 0.72 0.93 

Philips 

Brilliance 64 

 

Lateral Periphery 8.50 8.67 10.25 10.63 10.87 11.26 0.77 0.94 

 

* Note : CTDI∞  was derived from integrals of the dose profile over length 450 mm (section 2.5.2)
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3.3.4 Ratios of doses from elliptical and cylindrical phantoms  

Comparisons of the dose distributions in the elliptical and cylindrical 

phantoms and the variations that result from different bow-tie filters are 

demonstrated more readily by considering the ratios in the two phantoms 

and they are given in table 3-6.  The ratios for the CTDI, cumulative dose and 

peak doses at the centre of the elliptical and cylindrical phantoms in the 

Toshiba scanner were higher than those of the GE and Philips scanners while 

those for the lateral periphery were lower.  In other words the Toshiba 

scanner gave relatively higher doses in the centre of the elliptical phantom 

and lower doses at the lateral periphery. These results are thought to be 

linked to the shape of the fan beam produced by the bow-tie filter (figure 3-

9), with the central region of the beam for the GE and Philips being broader 

and so increasing the dose to the periphery of the cylinder.   
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Table 3-6 Ratios of doses in the primary beam, CTDIℓ and central cumulative doses values for elliptical and cylindrical phantoms  
(Note: All measurements were done using 120 kV.  The beam widths for the Toshiba, GE and Philips scanners were 16, 20 and 25 mm) 
 

Ratio of doses Ratio of CTDI 
Ratio of  

Cumulative dose 

Model Position of 

measurement 

At 

the peak 
CTDI100 CTDI100 CTDI250 CTDI300 CTDI∞ 

* 
L=100 

mm 

L=250 

mm 

L=300 

 mm 

L=∞ 

mm 

 Phantom Length  150 ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 

Centre 1.98 1.68 1.70 1.60 1.57 1.56 1.71 1.59 1.58 1.57 

Anterior Periphery 1.31 1.28 1.30 1.29 1.30 1.30 1.31 1.29 1.30 1.30 

Posterior Periphery 1.26 1.36 1.28 1.29 1.29 1.29 1.36 1.35 1.35 1.35 

Toshiba 

Aquillion 64 

Lateral Periphery 0.96 0.97 0.93 0.94 0.94 0.94 0.96 0.96 0.96 0.96 

Centre 1.73 1.54 1.61 1.56 1.54 1.52 1.61 1.55 1.54 1.53 

Anterior Periphery 1.22 1.19                                                                                                                                                                                                           1.25 1.28 1.29 1.30 1.29 1.32 1.33 1.34 

Posterior Periphery 1.20 1.24 1.28 1.31 1.32 1.33 1.31 1.35 1.35 1.36 

GE 

 Light Speed 

16 

Lateral Periphery 1.07 1.01 1.04 1.06 1.07 1.07 1.07 1.08 1.09 1.09 

Centre 1.75 1.48 1.54 1.42 1.36 1.31 1.53 1.38 1.36 1.32 

Anterior Periphery 1.34 1.31 1.37 1.35 1.34 1.34 1.37 1.35 1.34 1.34 

Posterior Periphery 1.33 1.32 1.36 1.35 1.34 1.33 1.38 1.35 1.35 1.34 

Philips 

Brilliance 64 

 

Lateral Periphery 1.13 1.14 1.11 1.10 1.10 1.09 1.11 1.10 1.10 1.09 

 *  Note : CTDI∞  was derived from integrals of the dose profile over length 450 mm (section 2.5.2)
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3.3.5 Evaluation of central z-axis cumulative dose 

Helical scans within the two phantoms were simulated using the SSDP results 

with exponential extrapolation within an 450 mm long phantom. The AAPM 

reported that a phantom 450 mm long was sufficient to achieve an equilibrium 

value for the cumulative dose eqD  (AAPM Task group 2010). Cumulative dose 

profiles along the central axis of the elliptical phantom were modelled by 

summation of SSDPs for several scan lengths between 80 mm and 450 mm and 

the results normalized with respect to the maximum dose )0(LD in the middle of 

a 450 mm long scan (figure 3-17). The absolute central cumulative doses that 

would be measured by a 20 mm long chamber in the central and peripheral 

positions at the middle of the elliptical phantom calculated by summation of 

SSDPs are plotted against scan length and normalised with respect to the 

cumulative equilibrium dose, eqD , of the anterior peripheral position in the 

elliptical phantom for all CT scanners in figures 3-18 to 3-20. Values for the 

central cumulative dose for scans of different lengths of 150 mm and 450 mm 

for both phantoms are given in Table 3-7 and results quoted as a percentage of 

the equilibrium dose.  

 

Values for the elliptical phantom were substantially higher than those for the 

cylindrical one. The central cumulative doses for a 150 mm scan at the anterior 

peripheries of the ellipse phantom are 20% to 47% higher than the lateral values. 

However, the doses at the sides attained eqD within a shorter length of phantom 

(table 3-7). Thus while the central cumulative doses at the lateral periphery of 

the elliptical phantom are 18% to 27% greater than those at the centres for a 

150 mm long scan, the values for eqD  were only 1%-9% higher than in the centre. 

Central cumulative doses at the centre of an elliptical phantom for a 150 mm 

long scan were within 21% to 25% of the equilibrium value, compared to 24% to 

32% for a cylindrical phantom. The ratio of the cumulative doses at the centre 

of the elliptical and cylindrical phantoms was larger for the Toshiba scanner, 

than for the GE and Philips scanners. As with the peak dose and CTDI, the ratio 

for the lateral periphery was less than 0.97 for the Toshiba scanner, but 1.09 

and 1.11 for the GE and Philips scanners respectively (table 3-6) due to the 

bow-tie filter as explanined in section 3.3.1. 
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Figure 3-17 Simulated central cumulative dose distribution along central axis in an infinitely 
long elliptical phantom for various scanning lengths (L), simulated using Gafchromic film 
profile measurements taken from Toshiba Aquillion 64 scanner at 120 kVp for a 16 mm wide 
beam  
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(b) 

Figure 3-18 Calculations of central cumulative dose )0(LD at the central and peripheral 
positions as a function of scan length derived from SSDPs for scans using 120 kV and 16 mm 
wide beam on a Toshiba Aquillion 64 scanner for (a) the cylindrical and (b) the elliptical 
phantoms 
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(b) 

Figure 3-19 Calculations of central cumulative dose )0(LD at the central and peripheral 
positions as a function of scan length derived from SSDPs for scans using 120 kV and 20 mm 
wide beam on a GE Lightspeed scanner for (a) the cylindrical and (b) the elliptical phantoms  

 



 

 

94 

     

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500

Scan Length, L  (mm)

D
L(

0)
/D

eq
Centre
Anterior
Posterior
RT LT

 
(a) 

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500

Scan Length, L (mm)

D
L(

o)
/D

eq

Centre

Anterior

Posterior

Lateral

 
(b) 

Figure 3-20 Calculations of central cumulative dose )0(LD at the central and peripheral 
positions as a function of scan length derived from SSDPs for scans using 120 kV and 25 mm 
wide beam on a Philips Briliance 64 scanner for (a) the cylindrical and (b) the elliptical 
phantoms  
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Table 3-7 Central cumulative doses of 450 mm long phantoms simulated from Gafchromic film measurements for various scan lengths, using 20 mm beam 
widths. Results are expressed as percentages of the cumulative equilibrium dose (Deq) from an infinitely long scan  
(Note: Central cumulative doses were simulated from SSDP, using 120 kV, the beam width for the Toshiba, GE and Philips scanner were 16, 20 and 25 mm) 

Cumulative Dose  (mGy/100mAs) %of the equilibrium dose*  Ratio of Ellipse and Cylinder phantoms 

Scan Length Scan Length   Scan Length 

 

Model 

 

Position of 

measurement 150  

mm 

200  

mm 

300  

mm 

400  

mm 

∞ 150  

mm 

200  

mm 

300 

 mm 

  150  

mm 

∞ 

Elliptical Phantom             

Centre 10.88 11.82 13.12 13.72 13.72 79.3 86.2 95.6  Centre 1.64 1.57 

Anterior Periphery 18.89 19.40 19.98 20.16 20.16 93.7 96.2 99.1  Anterior Periphery 1.29 1.30 

Lateral Periphery 12.84 13.23 13.70 13.88 13.88 92.5 95.3 98.7  Lateral Periphery 0.96 0.97 

Cylindrical Phantom             

Centre 6.64 7.32 8.29 8.76 8.76 75.8 83.6 94.6     

Anterior Periphery 14.61 15.01 15.42 15.52 15.52 94.1 96.7 99.4     

Toshiba 

Aquillion 64 

 

Lateral Periphery 13.35 13.75 14.22 14.38 14.38 92.8 95.6 98.9     

Elliptical Phantom             

Centre 6.94 7.55 8.39 8.79 8.79 79.0 85.9 95.4  Centre 1.58 1.53 

Anterior Periphery 10.36 10.68 11.07 11.21 11.21 92.4 95.3 98.8  Anterior Periphery 1.30 1.34 

Lateral Periphery 8.58 8.83 9.13 9.23 9.23 93.0 95.7 98.9  Lateral Periphery 1.08 1.09 

Cylindrical Phantom             

Centre 4.39 4.82 5.44 5.75 5.75 76.3 83.8 94.6     

Anterior Periphery 7.95 8.15 8.34 8.39 8.39 94.8 97.1 99.4     

GE LightSpeed 

16 

Lateral Periphery 7.98 8.18 8.40 8.46 8.46 94.3 96.7 99.3     

* the cumulative equilibrium dose (Deq) was derived from 450 mm long phantom
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Table 3-7 (Cont.) Central cumulative doses of 450 mm long phantoms simulated from Gafchromic film measurements for various scan lengths, using 20 mm beam 
widths. Results are expressed as percentages of the cumulative equilibrium dose (Deq) from an infinitely long scan  
(Note: Central cumulative doses were simulated from SSDP, using 120 kV, the beam width for the Toshiba, GE and Philips scanner were 16, 20 and 25 mm) 
 
 

Cumulative Dose  (mGy/100mAs) % of the equilibrium dose*  Ratio of Ellipse and Cylinder phantoms 

Scan Length Scan Length   Scan Length 

 

 

Model 

 

 

Position of 

measurement 
150  

mm 

200  

mm 

300  

mm 

400  

mm 

∞ 150  

mm 

200  

mm 

300 

 mm 

  150  

mm 

∞ 

Elliptical Phantom             

Centre 10.53 12.02 13.21 14.07 14.07 74.8 85.4 93.9  Centre 1.45 1.32 

Anterior Periphery 
16 17.02 17.77 18.27 18.27 87.6 93.2 97.3 

 Anterior 

Periphery 

1.36 1.34 

Lateral Periphery 
13.33 14.19 14.84 15.28 15.28 87.2 92.9 97.1 

 Lateral 

Periphery 

1.11 1.09 

Cylindrical Phantom             

Centre 7.26 8.58 9.372 10.68 10.68 68.0 80.3 87.8     

Anterior Periphery 11.77 12.60 13.23 13.68 13.68 86.2 92.3 96.9     

Philips 

Brilliance 64 

 

Lateral Periphery 12.05 12.89 13.53 13.97 13.97 86.3 92.3 96.9     

* the cumulative equilibrium dose (Deq) was derived from 450 mm long phantom 
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3.3.6 Measurements from ATCM system using Gafchromic film 

The mean ESAKs, peripheral doses and central doses along 100 mm lengths in the 

middle of the elliptical phantom from helical scans of the whole phantom are 

shown in figure 3-21 in the form of bar charts depicting changes with ATCM 

settings. Ratios of the dose in each position relative to that at the centre are 

given in table 3-8 to demonstrate differences in the distribution of air kerma. 

The doses adjacent to the anterior of the phantom were the largest with the 

peripheral dose for the anterior being 1.3-1.7 times that to the laterals of the 

phantom with a fixed mA, while the peripheral dose at the sides was 1.2-1.3 

times that at the centre. The dose distribution changed with the ATCM in 

operation. From the Toshiba scanner the ratio of the peripheral doses at the 

anterior and the side was 1.3 with the high quality option and the standard 

option. The change from a fixed tube current to the high quality ATCM mode 

reduced the anterior dose to 68% of the original and that at the side to 86%. The 

change from high quality to standard mode gave similar reductions for all parts 

of the phantom reducing the anterior further to 35% of the fixed mA value and 

the side dose to 47%. Further reductions for this phantom achieved by changing 

to the very low dose option were only 10% or less due to the minimum mAs 

setting limiting the level of dose reduction possible. The air kerma at the 

periphery are up to 14% larger than ESAKs at corresponding positions, but the 

pattern of reduction as the ATCM was implemented was similar in both. For the 

Philips scanner, the change from the fixed tube current technique to the 

recommended setting (162 mAs/slice) reduced the doses at all positions to 30% 

of the original, but the ratios of doses in different positions within the phantom 

remained virtually constant as expected. For the GE scanner, the change from 

fixed mAs to the recommended value of NI 11.57 reduced the dose to 82%-87%. 

However, the change from NI 11.57 to NI 16.20 reduced the doses further to 

47%-56% for the different positions. The relative differences in the changes in 

dose at different positions within the phantom were slightly smaller than for the 

Toshiba.  
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As shown in figure 3-21, for the fixed mAs technique, peripheral dose at the 

anterior was 70% higher than at the lateral position for the Toshiba scanner, 

while anterior peripheral doses for the GE and Philips scanners were 40% and 27% 

higher, respectively. Comparisons of doses for the recommended setting from 

each scanner (SD = 12.5 for the Toshiba, NI = 11.57 for the GE and 162 mAs/slice 

for the Philips scanner) showed that  doses at all positions for the Philips scanner 

were around 50-60% less than those for the other scanners. The central dose in 

the GE scanner was 4% less than that of the Toshiba scanner and doses in the 

peripheral positions were up to 10% less.  
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Figure 3-21 Mean results for peripheral, ESAK and central dose along 100 mm lengths in the 
middle of the elliptical dosimetry phantom, using different ATCM options, (a) Toshiba 
Aquilion 64, (b) GE Discovery 64 scanner and (c) Philips Brilliance 64. The recommended 
settings are standard option for the Toshiba, NI value of 11.57 for the GE and 162 mAs/slice 
for the Philips scanners (HQ=high quality, STD=standard and VLD=very low dose Toshiba 
ATCM options) 
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Table 3-8 Central axis doses along 100 mm lengths in the middle of the elliptical dosimetry 
phantom, and ratios of peripheral doses and ESAKs to the dose along the central axis  
 

  ATCM option CT scanner 
  Fixed mAs HQ STD VLD 

Toshiba Centre Dose (mGy) 33.3 24.6 13.4 12.5 
Aquilion 64 Ratio of Periphery Dose    
  

PeriLat
PeriAnt
.

..  
1.69 1.33 1.26 1.38 

 Ratio of ESAK 
  

ESAKLat
ESAKAnt

.

.  
1.77 1.46 1.23 1.24 

 Ratio of Periphery dose to Centre dose 
  

CentreDose
PeriAnt ..  

1.99 1.83 1.72 1.74 
  

CentreDose
PeriPost ..  

1.27 1.20 1.12 1.11 
  

CentreDose
PeriLat ..  

1.18 1.38 1.37 1.26 
Philips 
Brilliance 64 

 Fixed mAs 410  
mAs/slice 

300  
mAs/slice 

162  
mAs/slice 

 Centre Dose (mGy) 20.76 20.25 14.68 6.20 
 Ratio of Periphery Dose   
  

PeriLat
PeriAnt
.

..  
1.27 1.30 1.31 1.29 

 Ratio of ESAK 
  

ESAKLat
ESAKAnt

.

.  
1.40 1.36 1.37 1.31 

 Ratio of Periphery dose to Centre dose 
  

CentreDose
PeriAnt ..  

1.50 1.55 1.56 1.52 
  

CentreDose
PeriPost ..  

1.34 1.31 1.37 1.30 
  

CentreDose
PeriLat ..  

1.18 1.20 1.19 1.18 
GE 
Discovery 64 

 Fixed mAs 
 

NI=6.94 
 

NI=11.57 
 

NI=16.20 
 

 Centre Dose (mGy) 15.04 15.10 12.90 8.40 
 Ratio of Periphery Dose   
  

PeriLat
PeriAnt
.

..  
1.40 1.27 1.32 1.29 

 Ratio of ESAK 
  

ESAKLat
ESAKAnt

.

.  
1.37 1.33 1.39 1.36 

 Ratio of Periphery dose to Centre dose 
  

CentreDose
PeriAnt ..  

1.76 1.67 1.68 1.48 
  

CentreDose
PeriPost ..  

1.21 1.30 1.17 1.08 
  

CentreDose
PeriLat ..  

1.25 1.32 1.27 1.15 
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3.4 Discussion  

3.4.1 Dose distributions in elliptical and cylindrical phantoms 

Dose distributions within elliptical and cylindrical phantoms with similar cross-

sectional dimensions to the human body have been analysed using 

measurements based on Gafchromic film. There are significant differences in 

the dose levels and distributions within the two designs of phantom (figures 3-14 

to 3-16, tables 3-6 and 3-7). The dose level within the peak at the centre of the 

elliptical phantom was between 70% and 100% higher for a single tube rotation 

than for the scans performed with the cylindrical phantom using similar 

exposure factors. This occurs because of the higher transmission of the x-ray 

beam through the thinner AP phantom dimension. The dose at the anterior 

periphery in the elliptical phantom was between 20% and 30% higher than for 

the cylindrical phantom, primarily because the anterior surface in the elliptical 

phantom is nearer to the isocentre. As a result x-ray beams incident obliquely 

on the phantom periphery pass through a section closer to the middle of the 

bow-tie filter, where the primary beam attenuation is lower. The central z-axis 

cumulative dose at the anterior periphery of the ellipse was 45% higher than the 

lateral periphery dose in the Toshiba scanners for the same reason, although the 

differences were less for the Philips and GE scanners which were 20%, (figures 

3-18 to 3-20, table 3-8). The differences in results between scanners can be 

explained by differences in the shapes of the bow-tie filters (figure 3-9). The 

shape of the bow-tie filter for the Toshiba scanner with scans using the large 

field of view is significantly narrower than those for the other scanners, this 

could explain the result observed. Values for the X-ray beam, fan angle for the 

different manufacturers of 49.2, 56 and 57 have been reported for Toshiba, 

GE and Philips scanners respectively (Mahesh 2009, p.46), which supports the 

differences observed in this study.  

 

The doses at the laterals of the elliptical phantom are within ±10% greater than 

those for the cylindrical phantom (table 3-6). There is more attenuation along 

the lateral axis of the elliptical phantom (330 mm in diameter) compared with 

the cylindrical phantom (320 mm in diameter), so the contribution to the dose 

at the lateral periphery of the elliptical phantom when the beam is directed 

horizontally will be slightly lower than that for the cylindrical phantom. But 
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when the x-ray beam is incident on the anterior and posterior of the phantom 

and for the majority of oblique orientations the contribution to the lateral 

periphery dose from the outer part of the fan beam will be larger, because the 

thickness of PMMA attenuating the radiation is less than for the cylindrical 

phantom, as can be seen from figure 3-5.  

 

3.4.2 Dose variables for practical measurements 

The CTDI100 and central z-axis cumulative dose at 150 mm scan length for the 

ellipse were 50% to 70% higher than for the 320 mm cylinder in the centre, and 

20%-40% higher in the anterior periphery (figures 3-14 to 3-16, tables 3-6 and 3-

7). The differences in CTDI100 and central z-axis cumulative dose at the centre 

between the elliptical and cylindrical phantoms are less than those for the peak 

dose values within the main beam (table 3-5) because of the more rapid decline 

in the doses in the central scatter tails within the ellipse than in the cylinder. 

The CTDI100 values in the elliptical phantom at the centre are about 40% to 50% 

less than that at the anterior periphery and 26% to 33% less than that at the 

laterals. For comparison, the CTDI100 in the cylindrical phantom at the centre 

were 47% to 61% less than that at the periphery.   

 

These results show that the shape of a phantom has a significant influence on 

both the dose level and the dose distribution. The elliptical phantom has a 

higher dose in the centre because of the lower attenuation due to the smaller 

depth of tissue along the shorter axis. It also has a higher dose at the anterior 

periphery which is nearer to the isocentre. The larger cylindrical phantom does 

not take into account the different distances of the anterior and lateral surfaces 

of the body from the isocentre. Thus the elliptical phantom will give a better 

representation for the dose to a human trunk and takes more account of 

differences in bow tie filters which are relevant to clinical practice. 
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3.4.3 Influence of lengths of phantoms on practical 
measurements 

Many studies have been written about the underestimation of dose by the 

CTDI100 in dosimetry phantoms because the contribution in the scatter tails 

beyond z = ± 50 mm is not negligible. Similar arguments apply to cylindrical and 

elliptical phantoms. The central z-axis cumulative dose varies with the scan 

length in different ways within the two types of phantom, as shown in figures 3-

21 to 3-23. This is because the dose level within the primary beam is higher and 

the contribution from scatter is lower for the thinner elliptical phantom. The 

peripheral doses in both phantoms approach an equilibrium value earlier. The 

central cumulative dose at the centre of the 150 mm long elliptical phantom 

reaches a higher proportion of eqD  than in the cylindrical phantom (figures 3-18 

to 3-20, table 3-7). The central cumulative dose for the ellipse is within 3% of 

eqD  for a phantom of length L > 355 mm and within 1% for a 400 mm long 

phantom (figures 3-18 to 3-20). This result is similar to that found by Nakonechy 

et al (2005) who concluded that the central axis dose reached equilibrium for L 

> 350 mm. The central cumulative dose in the cylindrical phantom, eqD  reached 

the equilibrium value for a slightly longer scan.  

 

3.4.4 Measurements from ATCM system  

Gafchromic film was used to assess the variation in dose resulting from operation 

of the ATCM. Doses were calculated along 100 mm lengths in the middle of the 

elliptical dosimetry phantom for comparison. The doses near the anterior of the 

phantom are largest (figure 3-21, table 3-8) because of the lower attenuation in 

the AP direction and the anterior surface being closer to the isocentre.  The 

peripheral doses were greater than the ESAKs at corresponding positions because 

of larger components of scattered radiation from within the phantom. These 

differences were larger for the Toshiba scanner than the other scanners which is 

thought to result from a narrower fan beam profile associated with the shape of 

the bow-tie filter (figure 3-9). When the high quality mode was implemented for 

the Toshiba scanner, the anterior and posterior doses declined substantially, as 

the tube current was reduced in the AP direction to take account of the lower 

attenuation, making the peripheral dose distributions more uniform. For the GE 
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and Philips scanners the differences in anterior and peripheral doses with a fixed 

tube current were less (figure 3-21) and this is thought to be linked to the 

broader fan beam profiles for these scanners (figure 3-9). There were no 

differences between the doses of the fixed tube current technique and the high 

quality image settings. Thus the Toshiba scanner ATCM operates to equalise 

larger differences in peripheral dose resulting from use of a narrow bow-tie 

filter, but such differences are less significant in the other scanners. 

 

3.4.5 Shape for a practical CT dosimetry phantom 

The view has been expressed in recent years that the use of the CTDI100 is no 

longer appropriate, because it underestimates the dose received by the patient 

(Brenner et al., 2006; Dixon 2003; Dixon 2006; Dixon et al., 2005). If the 

practical measurement is required to provide an assessment of dose that is 

closely linked to that of a patient, then the cross-sectional shape of the 

phantom used should also be considered. This study has shown that CTDIℓ and 

central cumulative dose measured in the elliptical phantom with dimensions 

close to that of a human torso are up to 70% higher than those in the standard 

cylindrical phantom depending on position of measurements and scan length. 

The elliptical phantom has a higher dose in the centre and at the anterior 

periphery. The cylindrical phantom does not take into account the different 

distances of the anterior and lateral surfaces from the isocentre and the 

resulting influence of the bow tie filters that are relevant to clinical practice on 

dose.  

 

Whether or not these differences are important depends on how measurements 

of CTDI and cumulative dose are to be used. If the measurements are primarily 

for quality assurance (QA), allowing performance of different scanners to be 

compared, then the underestimation of dose may not be too important.  

 

Whether or not elliptical phantoms might be used for standard CT dosimetry 

measurements, it is important to develop a knowledge of dose distributions 

within elliptical bodies in order to interpret the influence of the automatic tube 

current modulation systems on current CT scanners.  
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3.5 Conclusions 

Dose distributions in an elliptical PMMA phantom for scans on three CT scanners 

have been measured using Gafchromic film which replicates the effect of the 

thinner A-P dimension for an average UK patient. CTDIs for chambers of 

different lengths and central cumulative doses for scans of different lengths 

have been determined from simulations using SSDP data. Dosimetry 

measurements with an elliptical phantom demonstrate differences in dose 

distribution with various CT scanners due to beam shape. The CTDI100 and 

central cumulative doses at the centre of the phantom from a 150 mm long scan 

in the elliptical phantom were 50%-70% higher than those in the cylindrical 

phantom for the same scan parameters. The differences are less marked for the 

GE and Philips scanners because of the narrower fan beam profile in the x-y 

plane for the Toshiba scanner linked to the shape of the bow-tie filter.  

 

The elliptical phantom enabled differences when the ATCM was implemented in 

x-y plane to be investigated. The ATCM reduced the anterior dose substantially 

more for the Toshiba scanner, related to the bow-tie filter, bringing doses 

around the elliptical phantom to a similar level. Such differences will have an 

important influence on doses to different organs in scans of patients and should 

be taken into account when evaluating patient doses distribution under ATCM 

operation. Since the human body is elliptical in shape with varying sizes, a 

phantom of multiple elliptical sections has been developed for the ATCM system 

test in both x-y plane and z-axis. Details are shown in the next chapter. 
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4 A prelimary study exploring the use of a multi 
section phantom for Toshiba Aquilion 64 CT 
scanners 

 

4.1 Introduction  

In order to gain a better understanding of the dependence of dose distribution 

on body shape, a phantom comprising a single ellipse had been used to study the 

variation in dose with ATCM operation in the x-y plane as discussed in chapter 3. 

For this chapter, initial studies of distributions of air kerma in a multi section 

elliptical phantom, enabled tube current modulation in both x-y plane and z-axis 

to be assessed, using Gafchromic XR-QA film. Initial investigations were 

undertaken for Toshiba Aquilion 64 CT scanners.  

In an effort to address concerns about high doses that are received from CT 

scans, manufacturers have introduced the capability to modulate the tube 

current to reduce the radiation exposure for regions of lower attenuation (Kalra 

et al., 2004a; Soderberg and Gunnarsson 2010). The ATCM systems automatically 

adjust the tube current to take into account the X-ray attenuation of the section 

of the patient being scanned. The aim is to obtain images with a consistent 

image quality or quantum noise level. Options available may vary the tube 

current with both the tube orientation in the x-y plane and the z-axis position. 

Several investigators have published data relating to the efficiency of ATCM 

systems in reducing dose for patient examinations. However, there is little 

published information explaining how ATCM changes the mA for different patient 

sizes, how this is related to the distribution of dose within a patient or phantom, 

and how the image noise varies.  

 

One of the challenges facing CT users is to determine how modifications to scan 

protocols using ATCM will affect image quality and patient dose. In order that 

full use can be made of these facilities in optimisation, there is a need to 

develop phantoms and test methods to investigate and record the performance 

of ATCM systems. There have been some studies developing phantoms for the 

ATCM system test.  Such devices would ideally be based on elliptical phantoms 

of different size that more closely resemble human anatomy, in order that the 



 

 

107 

performance of the ATCM can be determined under conditions akin to those used 

in clinical practice. The purpose of this study is to investigate the variation in 

tube current, dose across the surface and within elliptical phantoms of differing 

dimensions as well as image quality in terms of image noise produced by 

different ATCM options.  

 
4.2 Materials and Methods 

4.2.1 Materials 

4.2.1.1  CT scanner 

Measurements were made for helical scans on two Toshiba Aquillion 64 scanners 

(scanners A and B). In the Aquilion scanners, the ATCM (Sure exposure) allows 

users to set a target standard deviation in pixel value and to define a minimum 

and maximum (range) of tube current in mA that can be used. Sure exposure 

uses data obtained from SPRs to determine the z-axis modulation (Lee et al., 

2009). The water equivalent diameter at each level of the patient is calculated 

and compared to the maximum attenuation. The tube current required at the 

maximum water equivalent diameter to achieve the selected standard deviation 

is then modulated to maintain the standard deviation throughout the 

examination, as the patient diameter varies.  
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4.2.1.2  Multi section elliptical phantom (Torso phantom) 

In order to investigate the operation of the ATCM along the z-axis as well as in 

the x-y plane, a phantom comprising five elliptical segments of differing 

dimensions has been constructed from polyethylene (density 0.95 g/cm3) (figure 

4-1). Each section of the torso phantom is 80 mm in length and the diameters of 

the major and minor axes respectively for the five sections are: 1) 220 mm × 310 

mm, 2) 240 mm × 330 mm, 3) 270 mm × 350 mm, 4) 200 mm × 400 mm and 5) 

120 mm × 180 mm. The sizes were chosen to reflect the varying dimensions 

along the length of the trunk. Section 4 had a longer major axis, but the minor 

axis was smaller than section 3 in order to simulate the cross section at the 

shoulders. The sections were held together by two polyethylene rods each 10 

mm in diameter running the length of the phantom through holes 140 mm apart 

on the long axes of the ellipses. The rods passed through 2 mm thick 

polycarbonate endplates that supported the phantom in a horizontal position on 

the patient couch. The ends of the rods were threaded and polyethylene nuts 

and washers were used to hold the sections in close contact. A hole 12 mm in 

diameter along the central axis allowed measurements of dose within the 

phantom. The phantom was laid on the couch so as to represent a patient lying 

supine with the central axis horizontal, supported by the polycarbonate end 

plates, which were shaped to fit into the curvature of the couch. The phantom 

was positioned so that the central axis was at the isocentre and the upper and 

lower surfaces will be referred to as anterior and posterior respectively.   
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                           (a) 

 
 
 
 
 

 
 
 
 
 
 
 
 
                                                                                        

   
 (b)                                                           

 

Figure 4-1 Prototype ATCM torso phantom (a) the side view (b) the top view of phantom and 
positions for ESAK and central air kerma measurements 
 

 

4.2.2 Methods 

4.2.2.1  Dose quantities measurement 

Dose distributions were recorded using strips of Gafchromic XR-QA film 8 mm 

wide, equal in length to the section of phantom being studied. The calibration of 

the film and methods used for the analysis of the dose data has been described 

in chapter 3.   

 

 

 

 

ESAK measurement position 

Central air kerma measurement position 
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ESAKs and central dose were chosen for measurements in the torso phantom. 

 

 ESAKs were measured using strips of Gafchromic film 80 mm long, placed 

along the surfaces of each elliptical section on the anterior of the phantom at 

the upper end of the minor axes, and at the left and right hand sides of the 

phantom on the major axes. 

 

 Air kerma along the central axis of the phantom was measured with a single 

strip of Gafchromic film placed in the central hole. 

 

The mean ESAK along each section of the phantom was calculated from the 

average Gafchromic film data along the relevant section for the range of settings 

(figure 4-2). 

 

 
 

Figure 4-2 Position of torso phantom on the CT scanner couch for ESAK measurements 
(Note: the ratios of lateral and AP diameters of all sections are 3:2 except section 4 for which 

the ratio is 2:1 in order to represent the shoulders  

 

4.2.2.2  Testing Approach 

Scan parameters used on the two CT scanners are shown in table 4-1. These 

correspond to ATCM options used in the routine CAP protocols, and these were 

compared with a fixed tube current setting. Five different standard ATCM modes 

are available on Aquilion scanners that correspond to the selection of different 

pre-selected image noise levels (Angle 2009; Soderberg and Gunnarsson, 2010), 

which are given in brackets; a) high quality (standard deviation (SD)=7.5 HU), b) 
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quality (SD=10 HU), c) standard (SD=12.5 HU), d) low dose (SD =15 HU), and e) 

very low dose (SD=17.5 HU). Four modes of operation were assessed on the two 

scanners 1) ATCM inactivated, 2) with the high quality option, 3) with the 

standard option and 4) with the very low dose option, as carried out in chapter 

3. Gafchromic film measurements were made in all positions previously 

identified for each scan. For each, the length of scan was 395 mm covering the 

whole phantom, excluding the endplates. The direction of scan for the torso 

phantom is shown in figure 4-3.   

 

 

 

Figure 4-3 Scan direction of the torso phantom 
(Note: the numbers above the sections of the phantom are ratios of the AP and lateral 

diameters) 
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Table 4-1 Scanning Parameters used for the present study  
 

Tube Current   Tube Voltage 
(kV) 

Rotation 
Time (s) 

Collimation Field of 
View (mm) 

Pitch Recon. 

kernel ATCM 

 

Fixed 

mAs technique 

A 120 0.5 64x0.5 400 
(L) 

0.828 FC13 

 

50-240 

(100-480mA) 

200 (400 mA) 

CTDI= 30.4 mGy 

DLP=1.36Gy.cm 

B 120 0.5 64x0.5 450 
(LL) 

0.828 FC13 50-240 

(100-480mA) 

240 (480 mAs) 

CTDI= 36.5 mGy 

DLP=1.85Gy.cm 

 

 

 
 



 

 

113 

4.2.2.3   Tube current variation and image noise 

The variation in tube current (mA) for the two axes of the ellipse is displayed on 

the screen at the time of scan and was recorded photographically as only 

information on the average was contained in the DICOM header. Data on the 

tube current × rotation time product in terms of mAs per image, which is 

recorded in the DICOM header, were read out by an “Auto mA plugin”, and were 

plotted against scanning position in terms of distance from the start of the scan. 

 

The image noise was analysed using Image J (Ferreira and Rasband 2011). The 

image quality was evaluated by measuring the mean standard deviation in CT 

number from each image within 500 mm2 regions of interest (ROIs). As a general 

rule, these were placed as close as possible to the centre of the phantom and at 

1 cm from the edge in the four positions (Anterior, Posterior, Left and Right 

Lateral) for all images. However, the noise measurement at the lateral positions 

of the smallest section 5 was done at 3 cm from the edge to exclude the holes 

for the supporting rods, and the noise at the centre of the torso section phantom 

was measured by drawing eight ROIs around the central hole through the 

phantom (figure 4-4).  The ‘Measure Track plugin’ from Image J was used to 

measure the z-profile of the ROI through a stack (Nicolai, 2009). The mean 

image SD values from all positions and the percentage variation were calculated. 

 

 
 

Figure 4-4 Positions of image noise measurement for torso phantom 
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4.3 Results 

4.3.1 Measurement of ESAKs and central axis dose in the torso 
phantom 

Measurements of ESAK for all sections of the phantom is shown in figure 4-5.    

The profiles with the fixed tube current had the highest ESAKs for the small 

section 5, and the ESAK for the lateral exposure through section 4 was the 

lowest. Figure 4-6a compares the average ESAKs across each section for the 

anterior and the sides of the phantom for each mode of operation to doses in the 

centre for scanner A. Figure 4-6b shows data for scanner B which followed a 

similar pattern to scanner A. The high quality mode showed reductions in ESAKs 

at the anterior for section 1 and the smaller section 5 of 42% and 33% 

respectively, and 17% to 25% for section 2-4. But there were virtually no 

reductions in the ESAKs in the lateral positions for sections 2-4. There were 

substantial reductions in the ESAKs of 33% to 48% for sections 1-4 with the 

change to the standard option, and further small reductions for all sections with 

the move to the very low dose option. The changes in the dose along the central 

axis with different programs are shown in figure 4-7. The doses were highest in 

section 5 and lowest in section 1 for all options. The changes followed those in 

the anterior ESAKs with the implementation of the high quality mode giving the 

greatest reduction for the smaller sections 5 and section 1, but greater 

reduction for sections 2-4 occurred with the move to the standard mode and a 

smaller reduction on the move to the very low dose option. The ratios of the 

ESAKs to the central axis doses in the same sections are given in table 4-2 to 

provide information on the dose distribution. The doses along the central axis 

were higher than the ESAKs at the lateral positions and higher than the anterior 

doses for sections 2 and 3 with fixed tube current and section 2-4 when the 

ATCM was operational (figure 4-6, table 4-2). 
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Figure 4-5 ESAK measurements along the length the torso phantom at different positions for 
(a) fixed tube current technique, and ATCM options (b) high quality and (c) very low dose. 
Measured from scanner A 
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Figure 4-6 Average ESAK at the anterior and sides, and the central doses across each 80 mm 
section of the torso phantom for fixed mA and ATCM modes; HQ - high quality, STD - 
standard and VLD - very low dose. (a) Measured from scanner A, (b) Measured from scanner B 
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Figure 4-7 Dose along the central axis of the torso phantom; section 1 (0-80mm) to section 5 
(320-400 mm), for fixed mA and ATCM modes; HQ - high quality, STD - standard and VLD - 
very low dose, measured from scanner A 
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Table 4-2 Mean central axis dose along the 80 mm width of each section in the CT torso 
phantom, and ratios of  Anterior and Lateral ESAK and ratios of ESAK to the centre dose in 
each section. Measured from scanner B 
 

  ATCM option   
  Fixed mA HQ STD VLD 

      Section1 Centre Dose (mGy) 44.22 32.39 16.32 14.18 
 Ratio of ESAK     
  

ESAKLat
ESAKAnt

.

.  1.29 1.14 1.07 1.13 

 Ratio of ESAKto Centre dose    
  

CentreDose
ESAKAnt.  

1.14 0.91 1.03 1.00 
  

CentreDose
ESAKLat.  

0.85 0.88 0.94 0.89 
      Section2 Centre Dose (mGy) 54.91 44.72 23.07 17.90 
 Ratio of ESAK     
  

ESAKLat
ESAKAnt

.

.  1.37 1.17 1.13 1.18 

 Ratio of ESAKto Centre dose    
  

CentreDose
ESAKAnt.  

0.98 0.90 0.87 0.89 
  

CentreDose
ESAKLat.  

0.69 0.81 0.83 0.76 
      Section3 Centre Dose (mGy) 52.93 46.60 28.23 20.01 
 Ratio of ESAK     
  

ESAKLat
ESAKAnt

.

.  1.28 1.20 1.03 1.05 

 Ratio of ESAKto Centre dose    
  

CentreDose
ESAKAnt.  

0.89 0.83 0.83 0.82 
  

CentreDose
ESAKLat.  

0.70 0.81 0.90 0.85 
      Section4 Centre Dose (mGy) 56.93 48.40 30.84 22.85 
 Ratio of ESAK     
  

ESAKLat
ESAKAnt

.

.  2.06 1.89 1.64 1.65 

 Ratio of ESAKto Centre dose    
  

CentreDose
ESAKAnt.  

1.04 0.97 0.93 0.93 
  

CentreDose
ESAKLat.  

0.51 0.58 0.57 0.54 
      Section5 Centre Dose (mGy) 70.50 48.04 42.72 35.10 
 Ratio of ESAK     
  

ESAKLat
ESAKAnt

.

.  1.23 1.17 1.17 1.12 

 ESAK : centre dose     
  

CentreDose
ESAKAnt.  

1.11 1.10 1.08 1.10 
  

CentreDose
ESAKLat.  

0.88 0.93 0.92 0.93 
ATCM modes; HQ - high quality, STD - standard, VLD - very low dose 
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4.3.2 Evaluation of automatic tube current modulation 

The variations in tube current with position along the torso phantom during 

scans with different ATCM options are shown in figure 4-8 for AP and lateral 

projections. The standard and very low dose options have substantially lower mA 

values with adjustments in rate of change that lead to regular fluctuations of 

100 mA to 200 mA throughout the length of the phantom. Close examination of 

the tube current data in figure 4-8 suggested that the rate of change in 

prescribed mA for AP and lateral remained constant during each 26.5 mm 

section of scan, which equates to one complete rotation for the 32 mm beam 

width and pitch of 0.828. as illustrated in figure 4-9. The rate of change in tube 

current was then adjusted to take account of the attenuation for the next 

section of the phantom.  

 

The link between image noise levels and mAs per image is shown in figure 4-10 

for three ATCM options. The noise in section 5 of the phantom was low in all 

sequences, because the tube current values were high and the dimensions of 

section 5 of the phantom are small (figure 4-12), and a similar pattern in tube 

current change is followed for the last 100 mm of the scan with all ATCM 

options. Figure 4-11 illustrates that as expected the average noise increased as 

the setting was changed from high quality to low dose. Whilst in the high quality 

mode the noise was relatively constant in each section of the phantom, in the 

standard and low dose modes the noise level varied considerably. The noise level 

for the fixed tube current was 8.3±2 HU for sections 1 to 4 and increases to 

9.9±1.3 HU with the high quality option.  
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Figure 4-8 Tube current (mA) per slice against position along the torso phantom for (a) in AP 
direction, (b) in lateral direction from the Toshiba Aquillion scanner B 
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Figure 4-9 Diagram illustrating the rate of change in mA for the AP scanning orientation with 
the high quality setting 
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Figure 4-10 Average mAs per slice and noise along the legnth of the torso phabntom for 
Toshiba Aquiliion scanner B with ATCM options; (a) high quality, (b) standard and (c) very low 
dose.Measured from scanner B 
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Figure 4-11 Comparison of noise values with a fixed mA technique, and HQ, STD and VLD 
ATCM options, measured from scanner B 
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Figure 4-12 Comparison of mA values with a fixed mA technique, and HQ, STD and VLD ATCM 
options, measured from scanner B 
 

4.4 Discussion  

4.4.1 Dose distribution within the torso phantom 

The ESAK and the air kerma along the central axis were made with the torso 

phantom and results compared with variations observed in tube current and 

image noise. The sharp peaks in the ESAK on the anterior of the phantom result 

from overlap of beams from adjacent rotations. These are not seen in the ESAK 

measured at the sides of section 4 (figure 4-5) because there is less beam 

overlap with the shorter focus to surface distance. The degree of overlap for 
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adjacent X-ray beams depends on the beam profile, pitch and scanner geometry 

(Dixon, 2003).  

The ESAK levels were closely related to the diameter of the phantom with a 

fixed tube current. Section 4 which has the largest lateral dimension, but a 

smaller AP dimension than section 3 had the lowest ESAK at the lateral, but a 

comparatively high anterior ESAK (figure 4-5a). The ESAKs for section 5, the 

smallest section of the phantom, were greatest. The variation is linked to the 

position of the surface with smaller ellipse diameters being close to the 

isocentre, so that more of the radiation comes from nearer the centre of the 

bowtie filter.  

 

The ESAKs on the anterior surface of the phantom were the highest for all 

sections with a fixed tube current but the differences were much smaller when 

the ATCM was in operation, as described in section 3.3.6 (figure 4-6). The doses 

at the centre of the torso phantom were similar to the ESAKs at the anterior of 

the phantom, and as much as double the ESAKs at the lateral positions for 

section 4 (figure 4-6, table 4-2). The doses along the central axis of the torso 

phantom were similar in sections 2-4, higher in the smallest section 5 and lowest 

in section 1 (figure 4-7).  The high dose in section 5 results from the lower 

attenuation of the smaller section of the phantom. The peak adjacent to section 

4 probably results from direct scatter within the large adjacent section (figure 4-

7). The lower dose at the start and the end of the scan results primarily from the 

reduced backscatter from beyond the end of the section. The dose distribution 

in the ellipse of the torso phantom is different from that in the elliptical 

phantom, for which the ESAKs were higher (compare with results in chapter 3, 

figure 3-21). The difference probably results from the lighter density of the 

material used for the torso phantom, as polyethylene (density 0.95g/cm3) has a 

lower density than PMMA (density 1.18g/cm3). The dose distribution within the 

human body will be influenced by the lower density of tissue with respect to 

PMMA, although this will also be affected by the higher density of the bone 

component. 
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4.4.2  Tube current modulation with the torso phantom 

Initial implementation of the high quality ATCM mode reduces dose levels in the 

less attenuating regions, namely both orientations in sections 1 and 5, and the 

anterior surface for all the sections. This can clearly be seen in change in ESAK 

(figure 4-6). The difference between the anterior ESAK and that at the lateral 

position was reduced from 41% with a fixed tube current to 9% when the ATCM 

was in operation (figure 4-6, table 4-2). Reductions for all parts of the phantom 

are similar when the mode is changed from high quality to standard. Further 

reductions in ESAK and central dose occur when the very low dose option is 

implemented but are relatively small (figure 4-6). This may be due to restriction 

in further modulation by the minimum tube current limit.   

 

The calculated percentage variation of the doses compared to a fixed mA 

technique was based on the 240 mAs of scanner B. The mAs value was the upper 

limit of the mAs range default for the ATCM option. However, these dose 

variations will critically depend on the fixed mA chosen and whether this is 

representative of the mAs that would be chosen for a CAP examination of a 

standard sized patient. For routine scanning techniques with manually selected 

tube load, mAs values will be varied depending on patient size.   

 

The ATCM for the Toshiba Aquilion is determined from the SPR recorded prior to 

the scan. When selecting the high quality ATCM mode, tube currents were 

reduced by up to a quarter in sections 1-4 and a half in section 5 (figure 4-11), 

resulting in the ESAKs being reduced by up to one third (figure 4-6b). During 

each rotation, the tube current changes at a constant rate and the rate of 

change is adjusted at the end of each rotation (figure 4-8). The initial tube 

current value was linked to the attenuation of the part of the phantom to be 

scanned during the first rotation. The tube current is calculated to have started 

at a higher level because the more attenuating polycarbonate end plates were 

included in the SPR. The adjustment to the rate of change in current was based 

on the attenuations for the sections of the phantom to be scanned.   

 

A noise level of about 10HU was achieved in the thicker sections 3 and 4 of the 

phantom with the fixed mA, while the noise level was lower in the remainder 

(figures 4-10 and 4-11). The high quality ATCM mode brought the noise level to 
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10±1 HU throughout sections 1 to 4. The noise for the smaller section 5 was 

about 3 HU for all ATCM settings because the tube current being used was high, 

and since the minimum mA setting was 100 mA, tube current could not decrease 

further. There are significant fluctuations in the noise level of 5 HU to 10 HU 

linked to the changes in tube current for some ATCM options (figures 4-10b and 

4-10c). The adoption of an ATCM system that gives large rates of change in tube 

current enables the scanner to be responsive to variations in attenuation and 

ensures that the required average noise level and a lower dose are achieved. 

However, the variations in noise level through the scan raise the question of 

whether this is the most appropriate method and whether different settings for 

factors such as the limiting tube current values should be selected for patients 

of varying size.  

 

For the noise value and mA curve which are shown in figures 4-11 and 4-12, the 

mA and noise values among three different ATCM options were similar at 

smallest section 5. The mA and noise values between standard and very low dose 

and between high quality and standard modes were similar in section 4 and 1, 

respectively. Comparing noise values at the AP and lateral axes (table 4-3) 

showed that the noise   measured at the lateral positions were similar to those 

at the centre but slightly higher than those at the AP position. This may be due 

to the increased thickness of the phantom and, therefore, higher attenuation for 

the lateral axis. The use of ATCM would result in more uniform noise values 

across all positions in the phantom.   

Table 4-3 Noise levels and variations measured at section 1-4 of the phantom from scanner B   
 

ATCM Option     
Fixed mAs HQ 

(Target noise 7.5) 
STD 

(Target noise 12.5) 
VLD 

(Target noise=17.5) 
All 
Positions 

Mean SD 
(range) 

8.2 
(4.3-14.9) 

9.8 
(5.4-16.1) 

12.6 
(5.2-21.6) 

15.7 
(6.0-25.4) 

 %CV 24% 13% 21% 24% 
Centre Mean SD 

(range) 
9.3 

(5.8-12.6) 
11.1 

(7.1-14.1) 
14.3 

(7.8-19.9) 
17.6 

(7.9-26.2) 
 %CV 23% 13% 21% 25% 
AP Mean SD 

(range) 
6.6 

(4.3-10.4) 
8.1 

(5.4-10.5) 
10.7 

(5.2-16.6) 
13.0 

(6.0-19.9) 
 %CV 25% 15% 24% 30% 
Lateral Mean SD 

(range) 
9.4 

(5.3-14.9) 
10.7 

(6.6-16.1) 
13.7 

(6.9-21.6) 
17.4 

(7.6-25.4) 
 %CV 29% 19% 23% 21% 
%CV is variation of the mean image SD 
 



 

 

127 

There were small sharp peaks in the mAs/image at the junction between the 

sections of the phantom (figure 4-10). This may be because of the rapid change 

in attenuation at the edges of the phantom and the beam overlapping with more 

than one section of the phantom for a significant proportion of time.  The 

attempt to include a wide range of phantom dimensions to fully test the ATCM 

proved too complex for routine performance testing. However, some assessment 

is required to enable an understanding of factors that determine the 

performance of ATCM systems. For more routine performance testing, a phantom 

with fewer longer sections covering the range of sizes within an examination of 

the trunk is perhaps more appropriate. Use of phantom of different designs for 

ATCM tests, and carrying out in other CT scanner manufacturer will be discussed 

further in the next chapter.  

4.5 Conclusion 

Dose distributions for Toshiba Aquillion 64 scanners measured in a custom built 

torso phantom showed that the ATCM first reduced the tube current for the AP 

projection, so that the dose distribution around the periphery of the body was 

more uniform. Subsequent reductions to achieve lower noise levels involved 

proportionate changes in both AP and lateral values. Since the changes were 

linked to achieving a set noise level, the pattern of change for particular options 

varied with the size of each section of the phantom. Results demonstrated that 

the fluctuations in tube current for the Toshiba Aquilion scanner may be large, 

because of the way in which the rate of change is set for the next section of the 

phantom to be scanned. This can produce significant variations in noise along a 

phantom with sections of varying dimension. Since other medical physics centres 

are using stepped phantoms of varying design, the torso phantom and other 

phantoms of different shape were used to evaluate options for the design of 

ATCM phantoms on other CT scanners in the next chapter.    
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5 Comparison of Automatic Tube Current 
Modulation (ATCM) systems using phantoms of 
different design    

5.1 Introduction  

A multi section elliptical phantom in a shape of a torso was developed and 

preliminary tests with the Toshiba ATCM system are described in the previous 

chapter 4. The advantage of a phantom of this type is that it is significantly less 

expensive to manufacture compared with a conical phantom. There is, however, 

a limitation to the use of the phantom when testing the ATCM systems, as the 

abrupt changes in attenuation provoke a typical ATCM response for toshiba 

scanner. For this chapter, the torso phantom was used with other CT scanner 

manufacturer ATCM systems. The study was performed using four different CT 

scanner manufacturers; Toshiba, GE, Philips and Siemens scanners and the 

results were compared with ones obtained using the ImPACT conical phantom. 

 

A second prototype stepped phantom was developed from the results of the first 

which provides a test of the ATCM system that is more effective when used with 

the Toshiba scanners. The study will show assessments of ATCM systems in terms 

of the dynamic changes in tube current and the image noise using the new 

phantoms as well as giving evaluations of both phantoms.  The aims of the study 

are to evaluate options for the design of phantoms, suitable for checking that 

ATCM systems are functioning correctly and to investigate the modes of 

operation of the ATCMs on different scanners, in order to gain knowledge on 

optimisation of image quality and patient dose. The study focused on 

adjustments of tube current made along the z-direction or scanner axis.  

  

5.2 Materials and Methods 

5.2.1 Materials 

5.2.1.1  Phantom design 

The conical phantom (Keat et al., 2005) developed by ImPACT and the first 

prototype custom built of torso phantom which was introduced in Chapter 4 

were used. The ImPACT conical phantom (figure 5-1a) is 300 mm long, increases 
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from 61.2 X 40.8 to 428.7 x 285.8 mm (figure 5-1b). The diameters of the x and y 

axes are in the ratio of 3:2 throughout the phantom (figures 5-1c and 5-1d), 

which is approximately equal to that for an abdomen. The phantom has a 

mounting lip that hooks over the edge of the wooden carrying case from a 

Catphan phantom (The phantom laboratory incorporated, New York, USA), which 

is a standard phantom widely used for assessment of CT image quality in the UK. 

  

 
                                                                       (a) 

               

 

                                                           (b) 

 

    

   (c)    (d)     

 

Figure 5-1 (a) ImPACT conical phantom and diagram illustrating diameters at the minor and 
major ends of the phantom for (b) top view and and side view and cross-sectional diameter 
at (c) 100 mm and (d) 200 mm from the minor end 
 

Top view Side view 
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5.2.1.2  CT scanner measurements 

Measurements were performed using a 64 slice CT scanner from each 

manufacturer. Because of the variation in the design and operation of the ATCM 

systems that were being tested (Söderberg and Gunnarsson 2010), it was not 

possible to use a standard testing protocol. The protocols used in the study were 

the routine CAP protocols, which were based on recommendations from the 

company applications specialists, with slight modifications for Toshiba and GE to 

increase the range of tube current. All measurements were performed using 120 

kV. The available minimum and maximum tube current values were set for the 

Toshiba and GE scanners, while the ranges of the tube current being used for the 

Philips and Siemens scanners were set by the scanners. Comparisons were made 

with results for a fixed tube current. For the ImPACT conical phantom, a fixed 

tube current time product of 200 mAs was used, but for the torso phantom the 

fixed value was defined as the maximum tube current applied to achieve the 

standard or reference noise level of the CAP protocol of each manufacturer. The 

fixed mAs values being used for Philips, Siemens, GE and Toshiba scanners were 

124 mAs/slice, 110 effective mAs, 443 mAs and 250 mAs, respectively.  

Details of the testing approach for different CT scanners are summarized in 

table 5-1, which were recommended settings for each scanner. However, image 

quality options availabled for individual scanners were changed manually in 

order to evaluate the ATCM system. For the GE scanner, smart mA was used in 

the majority of the experiments as it is recommended for scan of trnk, but 

comparisons of tube current and image noise levels between SmartmA and 

AutomA settings were also tested. 
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For the scan direction and scan length, the length of scan for the torso phantom 

was 395 mm covering the whole phantom, excluding the endplates and for the 

conical phantom was 300 mm covering the length of the phantom. The directions 

of scan for both phantoms plotted in the figures throughout this chapter are 

shown in figure 5-2.   

 

 

       
    

(a)      (b) 

 

Figure 5-2  Diagram illustrate scan directions for the (a) ImPACT Conical Phantom and (b) 
Torso phantom 
(Note: figure 5-2a shows sections of the conical phantom referred to thin, medium and thick 

regions for purpose of noise measurement analysis) 
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Table 5-1 ATCM systems and standard scanning parameters used in CT scanners from different manufacturers 
 Model ATCM system Tube current 

stored in 

DICOM 

Phantom kVp Rot. 

time 

(s) 

Beam Pitch  Image quality Reconstruction 

kernel 

Philips Brilliance Z-DOM ACS  mAs/slice ImPACT 120 0.75 64x0.625 0.921 188 mAs/slice  B Body 

  D-DOM  Torso 120 0.75 64x0.625 0.921 124 mAs/slice  B Body 

Siemens Somatom Caredose4D Effective mAs ImPACT 

 Torso 

120 0.5 64x0.6 1.4 110 effective mAs 

(average decrease/ 

strong increase) 

B31f medium 

GE Discovery SmartmA mA/rotation ImPACT 120 0.6 16x0.625 1.375 NI=11.57 

min mA=10, max mA=800 

Standard   

    Torso 120 0.6 16x1.25 1.375 NI=11.57 

min mA=10, max mA=800 

Standard   

Toshiba 

  

Aquilion SureExposure 

3D 

mAs/rotation ImPACT 120 0.5 64x0.5 0.875 SD=12.5  

min mA=10, max mA=500  

QDS+ 

FC 13 

    Torso 120 0.5 64x0.5 

32x0.5** 

16x0.5** 

0.828 SD=12.5  

min mA=10, max mA=500  

FC 13 

    Wedding 

Cake 

120 0.5 64x0.5 

16x0.5 

0.828 SD=12.5  

min mA=10, max mA=500 

QDS+ 

FC 13 

*Quantum Denoising Software , ** used for extra experiments in section 5.3.4.3 
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5.2.2 Methods 

5.2.2.1  Data analysis 

All scan images were sent to PACS to allow the tube current values per image 

slice to be read, so that the effect of the ATCM systems on image quality could 

be evaluated. The tube current (mA) or mAs per slice or rotation values, as 

stored by each scanner in the DICOM header, were read out by an “Auto mA 

plugin”, and were plotted against scanning position in terms of distance from 

the start of the scan.  

The tube currents for the Philips and Siemens scanners were displayed in terms 

of the product of tube current in mAs per slice and effective mAs, respectively. 

Both are the same in calculation, when the pitch factor is taken into account. 

The effective mAs is defined as equation 5-1. 

 

Effective mAs = mAs/Pitch……………………Equation 5-1 

 

The GE and Toshiba scanners use mAs value rather than effective mAs; GE 

scanners quote the mA, rotation time (s) and pitch separately. The Toshiba 

scanner shows average mA, rotation time (s) and effective mAs on the screen 

console together with plots of the variation in mA but the quantities stored in 

the DICOM header are average mA/rotation and mAs/rotation.  

 

The quantities provided from the scanners are plotted in the figures, in the form 

of tube current per image or slice against position along the phantom. The mA 

and mAs per rotation values from GE and Toshiba scanners are corrected to give 

the effective mAs for the purpose of the comparisons. CTDIw values were 

measured in the body CTDI phantom (32 cm in diameter). The effective mAs 

values were multiplied by the CTDIw in the unit of mGy/mAs to derive an 

effective body CTDIvol. The new concept of effective body CTDIvol was developed 

for this study in order to normalise and compare dose distribution between 

different scanners.  
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The image noise was analysed using Image J. The method for measuring the 

image noise has been explained in chapter 4. Average noise levels for the 

ImPACT phantom were derived from three sections; 125-175 mm, 175-225 mm 

and 225-275 mm from the minor end of the phantom and these are referred to 

as thin, medium and thick (figure 5-2). The reason for selecting these regions for 

noise measurements is because they are regions containing full tube current 

modulation i.e. no saturation of the tube current at the minor end of the 

phantom.  

5.2.2.2  ESAK measurement  

For the torso phantom, positions for ESAK measurement are shown in figure 5-3b 

which was similar to those explained in section 4.2.2.1. For the Impact phantom, 

strips of Gafchromic XR-QA film were taped on the AP and lateral surfaces of the 

phantom along the longitudinal scanning axis (figure 5-3a). The results for right 

and left sides were averaged to represent the ESAK for the lateral. Gafchromic 

film strips were scanned with the Epson scanner 24 hour later and analyzed using 

ImageJ (Ferreira and Rasband, 2011). Details of the analysis of the Gafchromic 

film have been explained in section 3.2.1.2, chapter 3.  

 

                
   (a)      (b) 

 

Figure 5-3 ESAK measurements for the (a) cone and (b) torso phantoms 
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5.3 Results   

Variations in tube current have been recorded along the length of the different 

phantoms operating under ATCM. These are plotted together with the variations 

in noise levels that result. Mean noise levels and ESAK in different sections of 

each phantom have been derived to allow comparisons to be made.  

 

5.3.1 Experiments on the Philips scanner 

5.3.1.1  Tube current and image noise variations on the Philips 
scanner 

The tube current modulations for different mAs/slice settings of the Philips 

scanner followed similar patterns within their own limited maximum and 

minimum tube current values for, both Z-DOM and D-DOM settings (figures 5-4 

and 5-5). Under the Z-DOM setting, the tube current remained at the minimum 

value set for the first 100 mm of the ImPACT phantom, which was about 20% the 

maximum value for each setting (figure 5-4a). For the D-DOM setting the tube 

current remained relatively constant along the whole phantom length (figure 5-

5a), because ratios of attenuation level between the AP and lateral diameters 

are similar (section 2.4.1.3). Comparisons of mAs/slice and image noise values 

between recommended settings of the Z-DOM and D-DOM are shown in figure 5-

6.   

 

Changes in mAs along the length of the torso phantom for different settings are 

shown in figures 5-4b and 5-5b. Overall for the Z-DOM setting, the mAs values 

were highest at section 3 and lowest at section 5 corresponding to the largest 

and smallest AP diameters of the phantom. The dynamics of the tube current 

modulation of all settings followed similar patterns and were limited by their 

maximum and minimum tube current values.  For the D-DOM setting, tube 

current remained constant for sections 1-3 but declined at section 4 the 

shoulder region, where the ratio of the AP and lateral diameters of the phantom 

changed from 1.3-1.4 to 2, despite the higher relative attenuation in the lateral 

direction.  Tube current started and ended toward the end plates with higher 

values.    
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The image noise associated with the different ATCM settings increased 

substantially towards the larger diameter of ImPACT phantom for both Z-DOM 

and D-DOM settings (figures 5-4c and 5-5c), but there was less variation than 

with the fixed current. For the torso phantom, noise levels of individual settings 

varied in relation to the diameters of each section with the lowest value in 

section 5, the smallest one. This was also because the tube current was high 

during the final part of this section (figures 5-4d and 5-5d).  The average noise 

increased as the settings were changed from 405 mAs/slice to 124 mAs/slice. 

The percentage variation in noise over sections 1 – 4 which was 17% for a fixed 

mA decreased to 11.2% for the recommended Z-DOM setting (as shown in table 

5-1), but with D-DOM the 16.4% change was not significantly different from that 

for a fixed mA. It was not possible to compare the overall noise values in both 

phantoms directly since the diameters were different. However, there were 

decreases in noise levels by factors of 1.2-1.3 in both phantoms when the Z-DOM 

settings were changed from 250 mAs/slice to 300 mAs/slice and from 300 

mAs/slice to 405 mAs/slice.  
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Figure 5-4  Comparisons of the effective mAs/slice values (a) ImPACT Conical Phantom (b) 
Torso Phantom and image noise (c) ImPACT Conical Phantom (d) Torso Phantom as a function 
of distance for the fixed tube current and different mAs/slice settings of the Z-DOM, Philips 
scanner  
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Figure 5-5 Comparisons of the effective mAs/slice values (a) ImPACT conical phantom (b) 
torso phantom and image noise (c) ImPACT conical phantom (d) torso phantom as a function 
of distance for the fixed tube current and different mAs/slice settings of the angular (D-DOM) 
Philips scanner  

0

50

100

150

200

250

0 50 100 150 200 250 300
Position (mm)

m
A

s/
im

ag
e

ATCM inactivated
D-DOM
Z-DOM

0

10

20

30

40

50

60

70

0 50 100 150 200 250 300

Position (mm)

M
ea

su
re

d 
SD

 (H
U

)

Fixed mAs

D-DOM

Z-DOM

 
   (a)      (b) 

 

Figure 5-6 Comparisons of (a) the effective mAs/slice and (b) image noise values between 
recommended settings for Z-DOM and D-DOM, measured from ImPACT Conical Phantom, 
Philips scanner 
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5.3.1.2  ESAK on the Philips scanner 

ESAK profiles measured on the anterior and lateral surfaces using recommended 

settings for both phantoms and a fixed mA technique in the torso phantom are 

shown in figure 5-7. For the ImPACT phantom, ESAKs at the anterior surface 

were 1.3 times higher than those at the lateral position, after 100 mm from the 

start of the scan (figure 5-7a), ESAKs were approximetly doubled for both AP and 

lateral positions, but with the same pattern, when the mAs/slice was changed 

from 188 mAs/slice to 405 mAs/slice.  For the torso phantom, the average ESAKs 

of sections 1-3 from the fixed mA technique were 7%-17% and 5%-14% higher at 

the anterior and lateral surfaces respectively than those obtained from the 124 

mAs/slice (figures 5-7b and 5-7c). The ESAK at section 4 obtained from the fixed 

mA technique was only 4% higher for both AP and lateral positions, compared 

with the recommended setting. The ESAKs at the smallest section 5 showed the 

largest difference between the two settings. The settings which were changed 

from 124 mAs/slice to 200, 300 and 405 mAs/slice resulted in increases of the 

ESAKs by 1.8, 2.6 and 3.4 times at the anterior surface and 1.7, 2.5 and 3.4 

times at the lateral surface. 
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Figure 5-7 ESAK profiles measured on the anterior and the lateral surfaces  measured from 
the Z-DOM ATCM settings of (a) 188 mAs/slice for the ImPACT phantom, (b) 124 mAs/slice for 
the torso phantom and (c) a fixed 124 mAs/slice for the torso phantom on the Philips scanner 
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5.3.2 Experiments on the Siemens scanner 

5.3.2.1  Tube current and image noise variations on the Siemens 
scanner 

Changes in effective mAs values followed a similar pattern for each setting 

(figures 5-8a and 5-8b). The effective mAs per slice increased with phantom 

diameter for the ImPACT phantom (figure 5-8a). However for the torso phantom, 

the mAs started and ended at a higher value (figure 5-8b). The tube current was 

saturated in the most attenuating parts of both phantoms for the highest 

effective setting.   

 

The image noise followed a similar pattern for all ATCM settings in both 

phantoms (figures 5-8c and 5-8d), except where the tube current saturated. 

There were large variations in image noise along the whole length of the 

phantom although the ATCM was in operation, as with the Philips scanner. The 

measured SD values for both phantoms decreased by a factor of 1.2 when the 

settings were changed from 80 effective mAs to 110 effective mAs and from 110 

effective mAs to 150 effective mAs. The percentage variations in the image 

noise along the whole length of the ImPACT phantom were about 45%-60% for 

ATCM settings, while the variation was 87% with the fixed mA technique (figure 

5-8c).  For the torso phantom, the image noise varied by 35% with the fixed tube 

current technique, and 23%-26% for the ATCM (figure 5-8d).  
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Figure 5-8 Comparisons of the effective mAs/slice values obtained from (a) ImPACT conical 
phantom (b) torso phantom, and comparisons of the image noise obtained from (c) ImPACT 
conical phantom (d) torso phantom as a function of distance for the fixed tube current and 
different QRM settings of the CareDose4D, on the Siemens scanner  
 

 

5.3.2.2  ESAK on the Siemens scanner 

ESAK profiles measured on the anterior and the lateral surfaces using the 

recommended QRM setting of 110 effective mAs for both phantoms are shown in 

figure 5-9. Those measured from a fixed 200 mAs from the ImPACT phantom are 

also shown. For the Siemens scanner, the measurement of ESAKs for various 

effective mAs settings were only carried out for the ImPACT phantom, 

comparisons of the ESAKs for different effective mAs settings measured in the 

ImPACT phantom are shown in figure 5-10.  
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The ESAKs decreased as phantom diameter increased and those at the anterior 

were higher than those at the lateral surfaces when the ATCM was not operated 

(figure 5-9c). They increased with phantom diameter and were more similar, 

with slightly higher values for the lateral ESAKs, when the ATCM was in operation 

(figures 5-9a and 5-9b). The exception was for section 4 of the torso phantom 

and the 300 effective mAs setting in the ImPACT phantom in which the ESAK at 

the anterior was 16% higher because of saturation of the tube current at the 

position of 200 mm onwards (figures 5-8a and 5-8b). The ESAK values increased 

by 46% and 33% for AP and lateral surfaces when 150 effective mAs was used, 

compared with the recommended setting (110 effective mAs) (figure 5-10).   
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Figure 5-9 ESAK profiles measured on the anterior and the left and right surfaces of the 
phantom, measured from the 110 effective mAs setting on (a) conica and (b) torso phantoms, 
and (c) those measured from the fixed 200 mAs/slice technique in the ImPACT phantom, on 
the Siemens scanner 
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Figure 5-10 Comparisons of ESAK profiles between different effective mAs settings (a) at the 
anterior and (b) at the lateral surfaces of ImPACT phantom, on the Siemens scanner 
 

 

5.3.3 Experiments on the GE Scanner 

5.3.3.1  Tube current and image noise variations on the GE 
Scanner 

Comparisons of mAs/image from various NI settings, using ‘Smart mA’ are shown 

in figures 5-11a and 5-11b. The mAs values for the ImPACT phantom started 

close to the maximum setting for the lateral direction, because the lateral tube 

current started at the maximum (figure 5-12a). This was due to the rapid change 

in attenuation when the edges of the phantom were included in the SPR. 

However, they did not appear in results for the other manufacturers.  

The tube currents in the lateral direction (figure 5-12) were not much greater 

than those in the AP direction for either phantom except in section 4 of the 

torso phantom; for which the ratio of the ellipse diameter was 2:1 rather than 

3:2. This confirmed findings in figures 5-13 that the tube current value obtained 

from the AutomA was not different from that of the Smart mA. The variations in 

mA/slice for different NI settings follow a similar pattern over the middle parts 

of both phantoms. The tube currents were modulated within the same minimum 

and maximum values for all NI settings. However, although the range of the tube 

current was set at 10-800 mA, the maximum values allowed were substantially 

lower, as they were limited by heating of the x-ray tube.  The tube currents 

along the entire lengths of both phantoms, before saturation were 50% and 70% 
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lower compared with those for the reference settings for the NI settings of 16.20 

and 20.83, respectively.    

 

Figures 5-11c and 5-11d show the effect of the ATCM system on the image noise 

measured along the length of both phantoms.  Since the GE ATCM system aims to 

achieve a constant noise value, similar to the NI setting, the image noise for 

each NI setting remained relatively constant from about 30 mm from the 

beginning of the ImPACT phantom up to 160-220 mm, as the tube current 

increased proportionally with the diameter of the phantom (figure 5-11a). When 

the tube current reached the maximum, the image noise increased with 

increasing phantom diameter. For the torso phantom, overall image noise levels 

were similar to the NI settings however, there were variations in image noise 

from different NI settings, with fluctuations related to the tube current and 

relative attenuation of each section. The absolute image noise levels for the NI 

settings of 16.20 and 20.83 were 40% and 80% higher than those of the reference 

settings of NI of 11.57 in both the ImPACT and torso phantoms.  
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Figure 5-11 Comparisons of the effective mAs/slice values (a) ImPACT Conical Phantom (b) 
Torso Phantom and image noise (c) ImPACT Conical Phantom (d) Torso Phantom as a function 
of distance for the fixed tube current and different NI settings of the smart mA, GE  scanner  
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Figure 5-12 Tube current modulations for the AP and the lateral directions for the reference 
NI setting of 11.57 of the Smart mA for the (a) ImPACT and (b) torso phantoms, GE scanner  
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Figure 5-13 Comparisons of (a) mA per rotation and (d) image noise for various NI settings for 
Smart mA and Auto mA settings, GE scanner 
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5.3.3.2  ESAK on the GE Scanner 

ESAK profiles measured on the anterior and the lateral surfaces using the 

recommended setting for both phantoms are shown in figure 5-14. For the 

ImPACT phantom, the mA and ESAK dropped at the beginning of the scan in the 

case of ATCM operated (figures 5-14c). At the position of 35 mm from the 

beginning, the tube current and ESAK had increased significantly. ESAK dropped 

substantially after 200 mm as the major diameter of the phantom increased. 

This occurred because the tube current reached the maximum and stayed 

constant, but the ESAK declined as the distance from the isocentre increased.   

This also happened to the ESAK profile of the NI setting of 16.2 but not for the NI 

setting of 20.83 (figure 5-15) since the tube current was not saturated at the 

major end of the phantom (figure 5-11a).    
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Figure 5-14 ESAK profiles at the anterior and the lateral surfaces from NI settings of 11.57 
for the (a) ImPACT and (b) torso phantoms and (c) relationship between the AP diameter of 
the ImPACT phantom, the tube current and ESAK profile at the AP position of the phantom    
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Figure 5-15 Comparisons of ESAK profiles between different mAs/slice settings at the (a) 
anterior and (b) lateral surfaces of the ImPACT phantom, GE scanner  
 

5.3.4 Experiments on the Toshiba scanner 

5.3.4.1  Tube current and image noise variations on the Toshiba 
scanner 

For the ImPACT phantom, the mAs remained constant up to 40 mm to 90 mm 

from the start of the scan this because the minimum mAs values were high 

enough to archieve the target noise values, after which it increased significantly 

with the larger phantom diameter and reached a peak near the end of the 

phantom. Tube current reached the maximum setting of 250 mAs for all image 

quality options except the low dose ++, for which the maximum tube current 

was about 200 mAs (figure 5-16a).  

 

The pattern of change in tube current for the torso phantom resulted in large 

oscillations in tube current which were much greater than for other scanners 

(figure 5-16b). In addition the tube current value in the AP direction was 

substantially lower than that in the lateral direction (figure 5-16f). For the high 

quality mode the tube current used for the lateral direction stayed constant at 

the maximum limit until section 4 of the phantom. Tube currents for both AP 

and lateral directions of the standard option and also the AP direction of the 

high quality option fluctuated between sections 1 and 4. All declined rapidly in 

section 5 linked to the small dimension of the phantom. The tube currents went 

up at the junctions between sections of the phantom.  
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For the ImPACT phantom the noise reached the selected target value between 

40 mm and 120 mm from the start of the scan for the different options (figure 5-

16c). Noise levels, then remained constant within 8%-10% for all ATCM options, 

except that for the high quality option (SD=7.5) the noise increased in the final 

part (figure 5-16c) because of the limitation on the maximum tube current. 

Figure 5-16d shows the image noise level with the different ATCM settings for 

the torso phantom. In sections 1 to 4 the average noise levels increased as the 

setting was changed from high quality to low dose++. The noise variations were 

about 10%-11% for the high quality, standard and low dose options and varied by 

13% for the low dose++ setting. The noise level was lowest at the start of section 

5 due to the high tube current value in the small diameter. The noise rose once 

the tube current was decreased by the modulation.  
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Figure 5-16 Comparisons of the effective mAs/slice values for (a) ImPACT conical phantom 
(b) torso phantom and image noise for (c) ImPACT conical phantom (d) torso phantom as a 
function of distance for the fixed mA techniques and different target noise settings of the 
SureExposure, Toshiba scanner, and Tube current modulations for the AP and the lateral 
directions for high quality (HQ) and standard (STD) settings for (e) the ImPACT phantom and 
(f) the torso phantom, Toshiba scanner    
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5.3.4.2  ESAK 

ESAK profiles in the anterior and lateral surfaces obtained from fixed mA 

techniques and standard ATCM option (SD=12.5) for both phantoms are shown in 

figure 5-17.  When the ATCM was operated within the full mA range, the ESAK 

varied less along the phantom but rose gradually at the end of the scan when the 

tube current increased.  Comparisons of ESAKs for AP and lateral directions from 

different target noise setting are shown in figure 5-18. There were substantial 

reductions in the ESAKs with the changes from HQ to the STD and LD++ options. 

There were no differences between ESAKs from the three ATCM options for 

smallest section 5 because the tube current values were similar (figure 5-16b).   

As reported in section 3.3.6, chapter 3, there were differences in the AP and 

lateral peripheral doses with the fixed mA, due to the narrower bow-tie filter. 

However, there were reduced by operation of the ATCM and so did not have a 

significant effect upon the results.  
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Figure 5-17 ESAK profiles at the anterior and the laterals surfaces measured from standard 
ATCM option (SD=12.5) of the (a) ImPACT, (b) torso phantoms and those for fixed mA 
techniques of the (c) ImPACT and (d) torso phantoms. Measured from Toshiba scanner 
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Figure 5-18 Comparisons of ESAK profiles between different ATCM settings for the torso 
phantom (a) at the anterior and (b) at the lateral surface of the phantom, Toshiba scanner  
 

5.3.4.3  Investigation of the mA oscillation with the Toshiba ATCM 

The magnitudes of the variations in tube current for the torso phantom did not 

appear to be linked entirely to differences in phantom attenuation. An initial 

hypothesis was that the sharp peaks between phantom sections occured because 

of air gaps between sections, therefore the air gaps were reduced by inserting 

rubber sheets between the sections. Experiments were carried out to investigate 

this using beam widths of 16 mm (32x0.5) and 8 mm (16x0.5). In addition, 2 mm 

thick natural rubber sheets (density 1.2 g/cm3) cut to the shapes of the ellipses 

were inserted between sections of the phantom in order to reduce the air gaps 

(figure 5-19).  

 

 

 

 

 

 

 

 

      

 

 

Figure 5-19 Rubber sheets and the torso phantom inserted with the rubber sheets between 
each phantom section 
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Use of the narrower beam width gave a better defined link between tube 

current and phantom thickness, but the sharp peaks in the tube current were 

still present after the air gaps had been filled (figures 5-20a and 5-20b). 

Therefore the peaks appear to result from increases in tube current trigged by 

step changes in attenuation. When the end plates were excluded from the SPR 

the tube current was no longer higher at the beginning and end of the scan 

(figure 5-20c). 
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Figure 5-20 Plots of the tube current (mA) against position from sections 1 to 5 of the torso 
phantom for the AP and lateral directions for the standard setting from the Toshiba Aquilion 
scanner with a mA range of 10-500 mA with, (a) 16 mm beam width and (b) 8 mm beam 
width with rubber sheet inserted between sections and (c) comparison of mAs/image values 
from the 8 mm wide beam with endplates included and excluded from the SPR 
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5.3.5 Comparison of ATCM systems for different CT scanners 

5.3.5.1  Comparison of tube current for different CT scanners 

The ATCM for CT scanners for all manufacturers increases the tube current with 

phantom diameter, but the pattern of implementation for each manufacturer 

was slightly different. Figure 5-21a shows comparisons of the tube current 

modulation pattern in the ImPACT phantom from the standard setting of each 

manufacturer. The effective body CTDIvol for the GE scanner rose more rapidly 

than those for the Toshiba, Philips and Siemens scanners reaching a maximum at 

a comparatively small phantom lateral diameter. 

 

Average effective mAs values used for each section of both phantoms from 

different CT manufacturers with their recommended or standard ATCM options 

for the CAP protocols are shown with CTDIw values in tables 5-2 and 5-3, The 

CTDIw of the Toshiba scanner is slightly higher than that of the Philips, Siemens 

and GE scanners. In addition to the recommended ATCM options, the results 

from the 405 mAs/slice setting of the Philips and 300 effective mAs setting of 

the Siemens scanners are shown in table 5-2, as these gave similar ranges of 

image noise to the recommended settings of the GE and Toshiba scanners. 
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Figure 5-21 Comparisons of the effective body CTDIvol for (a) in the ImPACT conical phantom 
and (b) the torso section phantom, with the standard settings of different CT scanner 
manufacturers shown in table 1. Effective body CTDIw values were calculated for the purpose 
of relative comparisons 
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The patterns of tube current modulation for the torso section phantom were 

similar in the GE and Toshiba scanners, and in Siemens and Philips scanners. The 

tube current started and ended at a higher value which was associated with the 

attenuation of the end plates. The modulations of tube current were smooth in 

the Philips, and the Siemens scanners, while there were large fluctuations in the 

tube currents in the Toshiba and GE scanners. The fluctuations of the tube 

currents were wider for the Toshiba scanner compared with the GE. This is 

partly because of the use of a wider beam for the Toshiba scanner, but also 

linked to the manner in which the tube current was adjusted for sudden changes 

in phantom attenuation. 
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Table 5-2 CTDIvol, effective mAs and ESAK values in different regions of the ImPACT phantom for the four CT scanners 
 

Average effective mAs ** 

(Average effective body CTDIvol) 
Average ESAK (mGy)*** (Ant and Lat.) 

Manufacturer 
Image Noise* 

(HU) 

CTDIw 

(mGy/mAs) 
125-175 mm 175-225 mm 225-275 mm 125-175 mm 175-225 mm 225-275 mm 

Philips Z-DOM 

(188 mAs/slice) 
22.22.2 0.068 

60 

(4.08) 

96 

(6.53) 

154 

(10.5) 

9.90.9 

7.90.3 

131.2 

90.5 

16.41.4 

10.81.2 

Philips Z-DOM 

(405 mAs/slice) 
15.11.5  

129 

(8.77) 

208 

(14.1) 

331 

(22.5) 

21.42 

170.7 

282.6 

19.31.1 

35.43.1 

23.32.5 

Siemens 

(110 Eff. mAs) 
22.21.6 0.077 

 52 

(4) 

92 

(7.08) 

180 

(13.9) 

70.4 

7.40.7 

8.50.8 

101.6 

11.52.1 

13.32.8 

Siemens 

(300 Eff. mAs) 
13.51.8  

148 

(11.40) 

261 

(20.1) 

290 

(22.3) 

191.6 

18.51.7 

25.52.4 

22.21.8 

26.63.3 

20.31.9 

GE 

(NI=11.57) 
13.21.5 0.065 

129 

(8.39) 

284 

(18.5) 

318 

(20.7) 

26.14.8 

18.42.8 

37.54.1 

26.13.6 

354.9 

26.33.2 

Toshiba 

(SD=12.5) 
12.20.7 0.121 

29 

(3.51) 

66 

(8.0) 

168 

(20.3) 

15.41.9 

13.31.3 

221.9 

17.61.5 

30.23.8 

26.43.2 

* Average image noise at regions of 175-225 mm   

** Effective mAs values which were calculated from (mA x rotation time) ÷ Pitch 

*** Upper lines are average ESAKs at the anterior surfaces, lower lines are average ESAKs at the lateral surfaces 
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Table 5-3 CTDIvol, effective mAs and ESAK values in different regions of the Torso phantom for the four CT scanners 
 

Average effective mAs ** 

(Average effective body CTDIvol) 

Average ESAK (mGy)*** (Ant and Lat.) Manufacturer CTDIw 

(mGy/mAs) 

Section 

1 

Section 

2 

Section 

3 

Section 

4 

Section 

5 

Section 1 Section 2 Section 3 Section 4 Section 5 

Philips 

(124 mAs/slice) 
0.068 

97       

(6.60) 

104 

(7.07) 

121 

(8.23) 

109 

(7.41) 

75 

(5.1) 

11.9±0.7 

10.2±1.3 

12.1±1.1 

10±1.3 

11.5±0.8 

9.4±1.2 

14.9±1.3 

8.6±1.9 

12.4±1.6 

11.8±2.4 

Siemens 

(110 Eff. mAs) 
0.077 

107 

(8.24) 

117 

(9.01) 

143 

(11.01) 

148 

(11.40) 

76 

(5.85) 

11.3±1.6 

11.8±1.7 

12.6±1.2 

11.7±1.8 

12.7±1.5 

14.9±3.1 

21.4±1.7 

14.7±3.3 

17.8±7.3 

15.4±6.7 

GE 

(NI=11.57) 
0.065 

162 

(10.53) 

231 

(15.02) 

299 

(14.89) 

278 

(18.07) 

209 

(13.59) 

17.9±4.6 

14.5±4.6 

26±7.3 

19.7±4.9 

28.2±7.4 

23.7±6.9 

33.4±7 

18.1±10.2 

32.4±7.8 

29.5±10.2 

Toshiba 

(SD=12.5) 
0.121 

178 

(21.54) 

220 

(26.62) 

259 

(31.34) 

219 

(26.50) 

119 

(14.40) 

36.7±6.7 

33.1±5.7 

42.9±5.4 

39.9±5.7 

44.7±6.4 

44.1±5.9 

48.3±9.1 

31.7±3.9 

43.7±21.7 

36.7±18.6 

 

** Effective mAs values which were calculated from (mA * rotation time) ÷ Pitch 

*** Upper lines are average ESAKs at the anterior surfaces, lower lines are average ESAKs at the lateral surfaces 
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5.3.5.2  Comparison of image noise for different CT scanners 

Noise levels in different sections of the ImPACT conical phantom, as illustratred 

in figure 5-2, are compared in table 5-4.  For the fixed mA option, for all 

scanners the noise in the thickest region was about double that in the medium, 

which in turn was double that in the thin region. Implementation of the ATCM 

systems for all the scanners reduced the variation in noise along the phantom. 

For the Philips and Siemens scanner, the noise levels for the medium and thick 

sections increased about 30% compared with that of the thin and medium 

sections, respectively, except for the 300 effective mAs setting for the Siemens 

scanner in which the noise level in the thick section doubled compared with that 

in the medium thick section, due to the saturation of the tube current at the 

major axis of the phantom.  For the GE scanner, there was less variation along 

the phantom for higher NI values (about 60% for the NI setting of 6.94 while 12% 

for the NI setting of 20.83). However, saturation of the tube current affected 

the results. There was less variation in noise levels for the Toshiba (10%) than for 

other scanners. The noise levels for the recommended settings of the Toshiba 

and GE scanners were similar in the thin and medium sections, while there were 

greater variations for the Philips and Siemens scanners.   

 

Noise levels in the five sections of the torso phantom are compared in table 5-5. 

The magnitudes of the variation along sections 1-4 were similar for the Philips, 

GE and Toshiba scanners (about 14% when ATCM systems were in operation, but 

17% for D-DOM). The GE scanner showed the least variation in noise in sections 

1-4 (within 4%), while the Siemens scanner had the greatest variation (14%), 

apart from Philips D-DOM for which the only modulation related to the ratio at 

the elliptical cross section axes.   The noise increased from sections 1 to 4 for 

the Philips and Toshiba scanners, but declined at section 4 for the Siemens 

scanner. The noise levels were lowest in the smallest section number 5 for all 

scanners. 
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Table 5-4 The noise level in different parts of the ImPACT phantom for different ATCM 
settings for the four CT scanners 
 

Manufacturer ATCM option Average noise (HU)from three different regions 

  125-175 mm 175-225 mm 225-275 mm 

Philips ATCM Off 10.12 193.5 35.87.2 

          Z-DOM 188 mAs/slice 16.71.8 22.22.2 29.92.7 

 250 mAs/slice 14.31.4 19.31.7 25.52.4 

 300 mAs/slice 12.71.1 17.11.7 22.82.2 

 405 mAs/slice 11.31.1 15.11.5 19.71.8 

           D-DOM 124 mAs/slice 12.82.2 22.13.7 38.15.4 

 188 mAs/slice 10.31.7 17.93.1 304.5 

 250 mAs/slice 8.91.4 15.42.4 25.93.9 

 405 mAs/slice 6.91.1 121.9 202.8 

Siemens ATCM Off 8.91.5 15.43 26.95.1 

 80 Eff. mAs 20.51.9 26.62.1 33.83 

 110 Eff. mAs 17.41.6 22.21.6 27.52.1 

 150 Eff. mAs 14.61.1 18.81.3 24.23.2 

 300 Eff. mAs 10.30.8 13.51.8 22.44.1 

GE ATCM Off 10.51.6 18.13.1 30.33.8 

 NI=6.94 6.60.4 10.11.7 16.72.1 

 NI=11.57 11.40.6 13.21.5 21.22.6 

 NI=16.20 16.10.7 17.71.1 21.82.2 

 NI=20.83 21.11 23.61.5 26.31.2 

Toshiba SD=7.5 6.80.4 7.70.2 8.90.7 

 SD=10 9.30.2 10.30.6 10.70.4 

 SD=12.5 10.70.4 12.20.7 12.30.9 

 SD=15 120.3 13.60.8 13.21.1 

 SD=20 17.40.8 17.60.9 17.71.2 
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Table 5-5 The mean noise levels in different sections of the torso section phantom for 
different ATCM settings 
 

CT Scanner option Average noise (HU) from five different regions 

  Section 1 Section 2 Section 3 Section 4 Section 5 Sections 

1-5 

Philips  ATCM Off 13.40.9 15.60.6 19.10.5 18.13.3 5.40.8 14.45.1 

          Z-DOM 124 mAs/slice 15.40.8 170.7 19.30.5 19.91.2 7.71.6 15.94.5 

 250 mAs/slice 11.90.9 13.40.7 150.4 15.41.1 6.21.4 12.43.4 

 300 mAs/slice 9.80.7 10.90.6 12.30.4 12.71.1 5.11.1 10.22.8 

 405 mAs/slice 8.50.6 9.30.5 10.60.3 10.50.5 4.40.9 8.72.3 

          D-DOM 124 mAs/slice 14.10.8 16.30.5 200.6 20.62 5.90.9 15.55.3 

 250 mAs/slice 100.8 11.30.3 140.4 14.41.4 4.30.7 10.93.7 

 405 mAs/slice 7.90.7 8.80.3 110.4 11.11 3.60.7 8.52.8 

Siemens ATCM Off 15.70.3 18.80.4 23.50.3 220.6 6.80.2 17.65.9 

 80 Eff. mAs 19.81.6 22.90.5 26.41.3 20.11.1 12.24.1 20.64.9 

 110 Eff. mAs 171.4 19.40.4 21.91.6 16.21 10.13 17.24.1 

 150 Eff. mAs 14.41.2 16.50.2 18.10.8 14.81.2 8.82.5 14.73.3 

 200 Eff. mAs 12.41 13.40.3 160.5 13.80.4 7.82.1 12.82.7 

GE ATCM Off 6.10.4 7.10.6 8.70.2 7.91.2 2.60.1 6.62.2 

 NI=11.57 11.61.2 11.41.1 12.40.7 11.61.1 6.22.9 10.72.7 

 NI=16.20 16.32 15.72 17.21.4 16.21.5 7.94.9 14.84.2 

 NI=20.83 20.62.2 20.52.9 22.11.7 21.31.9 9.16.1 18.95.7 

Toshiba ATCM Off 5.60.4 7.40.8 10.10.3 9.71.1 30.2 7.22.7 

 SD=7.5 9.61.2 9.50.6 11.30.3 12.43.1 4.62 9.53.2 

 SD=12.5 12.43.0 12.72.1 14.51.6 16.54.2 7.44.7 12.74.5 

 SD=20 16.26.2 18.92.5 15.81.7 16.14.6 10.78.5 15.65.8 
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5.3.5.3  Comparison of ESAK for different CT scanners 

ESAKs at the anterior and lateral surfaces measured along the length of the 

phantom for each scanner using the settings recommended by the manufacturer 

are shown in figure 5-22 and tables 5-2 and 5-3. For the ImPACT phantom, ESAKs 

increased slightly along the length of the phantom for all CT scanners, with more 

rapid increases with phantom diameter after 80 mm for the Toshiba and GE 

scanners (figures 22a and 22b). The increases in ESAK profiles relate to the 

effective body CTDIvol values (also tube current and CTDIvol). This is because the 

AK level increases as the isocentre is approached, through lower attenuation in 

the central region of the bow tie filter. Therefore the incident AK per mAs rises 

as the phantom diameter declines. In addition, towards the thinner end of the 

phantom there are greater contributions from more penetration of the x-ray 

photons at the measurement point from other angles of the x-ray tube. The 

higher ESAKs at the thick end of the ImPACT phantom result from the higher 

effective mAs values. The net results are that the ESAKs at the narrow end of 

the ImPACT phantom are not substantially different from those at thicker end 

for the Philips scanner. For the GE scanner, ESAKs peak at about 200 mm from 

the beginning and drop slightly in the final part of the scan. The reason for the 

decline is that with the tube current remains constant over the final part of the 

phantom. As a result the ESAKs fell, as the measurement points were further 

from the iso-centre (Sookpeng et al., 2013b). A similar argument applies to the 

cases with the fixed mA techniques. In the case of the Toshiba scanner, ESAKs 

increased slightly after 80 mm and increased rapidly after 200 mm from the start 

of the scan. The extremely high ESAKs and effective body CTDIvol values 

particularly at the final part of the scan are thought to be due to the effect of 

the phantom boundary edge discussed earlier.   
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Figure 5-22 ESAK profiles (a) at the anterior and (b) at the lateral surfaces of the ImPACT 
conical phantom, and (c) at the anterior and (d) at the lateral surfaces of the torso phantom 
with the standard settings of different CT scanner manufacturers shown in table 5-1  
 

 

For the torso phantom (figures 5-22c and 5-22d), ESAKs remained relatively 

constant for each section and also along the whole length of the phantom for the 

Philips scanner, but there were larger fluctuations in the ESAKs for both GE and 

Toshiba scanners which related to the effective body CTDIvol values.  ESAKs and 

effective CTDIvol values for sections 1-4 for the Toshiba scanner were about two 

to four times higher than those of the other scanners (table 5-3). The ratios 

between the ESAKs at the anterior and lateral surfaces for the Philips and GE 

scanners were higher than those for the Toshiba and Siemens scanners with both 

the ImPACT and torso phantoms.   
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5.3.6 Results with the wedding cake phantom in the Toshiba 
scanner 

A second prototype phantom comprising three elliptical segments of differing 

dimensions like a wedding cake has been developed. It was constructed from 

polyethylene (density 0.95 g/cm3). Each section of the wedding cake phantom is 

120 mm in length and the diameters of the major and minor axes respectively 

were: 1) 270 mm × 400 mm, 2) 260 mm × 385 mm, 3) 220 mm × 330 mm to 

reflect variations in the diameter of the trunk (figure 5-23). Recesses were cut 

into the second and the third sections of the phantom to allow the adjacent 

section to slot in and so minimise any gaps. Holes were included in the phantom 

to allow central and peripheral dose measurements. The SPRs and scan lengths 

were 300 mm excluding both edges of the phantom and the direction of scan was 

from the large section to the small section, as ahown in figure 5-23c. All scans 

were carried out in a similar direction along the phantom.  

                              

              
 (a)                                                          (b) 

 
 

(c) 

Figure 5-23 Second prototype ATCM wedding cake phantom (a) the side view and (b) the top 
view of phantom and (c) the phantom, the ratios of lateral and AP diameters of all sections 
are 3:2  
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The tube current oscillations apparent in scans of the torso phantom on the 

Toshiba scanner appear to be associated with the large step changes in 

attenuation. Observations of the tube current changes for scans of patients with 

implants, although exhibiting greater than normal changes in current did not 

show a similar behaviour. The next prototype phantom was made up from three 

longer sections with smaller changes in diameter between sections. It also had 

insets to avoid any air gaps between sections and did not require supporting 

endplates 

 

Figure 5-24 shows the changes in tube current along the phantom, from different 

lengths of SPR and beam widths. The right hand side figures were obtained with 

a narrower beam of 8 mm and shorter SPR excluding both edges of the phantom. 

There were no sharp peaks and the tube current remained relatively constant 

within each section. Profiles obtained with a wider beam and a longer SPR 

including the edges of the phantom, still had sharp peaks in tube current at the 

beginning and the end of the scan but only small oscillations within the length of 

the phantom. Also, profiles obtained with a wider beam and a longer SPR had 

higher tube current values for each section of the phantom.  
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Figure 5-24 Tube current modulations for AP and lateral directions with Standard (SD=12.5) 
setting in a Toshiba scanner using (a)  32 mm wide beam and SPR covering both phantom 
edges  and (b) 8 mm wide and SPR excluding both phantom edges  
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5.4 Discussion   

5.4.1 Comparisons of the operation of ATCM systems 

Direct comparison of the ATCM system functions from the various manufacturers 

is complicated because they employ different solutions for the tube current 

adjustment and define the image quality in different ways. The Toshiba and GE 

scanners allow users to select the minimum and maximum tube current values 

and the tube current is modulated within that range, while in the Philips and 

Siemens scanners the ranges of the tube current are determined by the scanners 

and depend on the image quality settings.  

 

The ATCM system of the Toshiba displays two line graphs on the monitor to 

portray the tube current modulation in the AP and lateral axes prior to the CT 

scan. Similarly the GE scanner lists the tube currents in the AP and lateral 

directions in a table before the scan is performed. However, for the Philips 

scanner, the maximum and range of mAs/slice to be used are displayed, but the 

tube current modulation plan is not available prior to the scan. The tube current 

values used in the Toshiba, GE and Philips scanners are based on attenuation 

levels derived from SPRs, while the Siemens scanner uses the SPR to plan the 

tube current range, based on the selected QRM and the stored reference size of 

patient, and the tube currents are then adjusted based on real time 

measurements of patient attenuation made during the scan. 

 

5.4.2 Comparison of the ImPACT conical and Torso stepped 
phantoms 

The ImPACT conical phantom provides a smooth variation in size over a wide 

range of attenuations and enables the full range of tube current to be assessed. 

It is more difficult to quantify performance in term of specific markers as there 

is no region of constant geometry. The thinnest quarter of the phantom does not 

modulate the tube current in the Philips and Toshiba scanners because the 

minimum mA setting is higher than that required to provide the level of image 

quality selected. But commencing the scan in this part of the phantom provides 

a reproducible initial phase, minimising any end effects. The phantom only tests 

operation of the ATCM as the attenuation is either increased or decreased. In 
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addition, the phantom only tests operation of the ATCM for a fixed ratio of 

diameters.  

 

The torso phantom had been designed to provide a series of uniform ellipses 

simulating the dimension at various positions along the human torso. This could 

provide a set of positions at which performance could be assessed. The 

responses for the Philips and Siemens scanners followed a recognisable pattern, 

except that in the small fifth section, representing the neck, the noise level fell 

in the Siemens scanner and then rose again when the tube current was reduced 

in response to the smaller diameter. 

 

For the GE and Toshiba scanners, there were wide fluctuations in the tube 

currents throughout each section of the phantom (figure 5-11b and 5-16b).  

Large changes in the tube currents were triggered by the sharp boundaries. The 

fluctuations arose because the beams overlapped more than one of the 80 mm 

wide sections of the phantom for a significant proportion of time, and only 

irradiated a single section for a short period. As a result, the tube current did 

not achieve a constant value for any single section, as the ATCM response was 

influenced by adjacent sections. A constant tube current can be achieved in 

each section for beams that are narrow compared to the length of the section 

(e.g. figure 5-20b). Pronounced peaks in current modulation occurred at the 

boundaries between sections in the torso phantom for the GE and Toshiba 

scanners even for narrow beams. These resulted from increases in tube current 

triggered by step changes in phantom attenuation. Consequently tube current 

modulation adjacent to sharp boundaries for these scanners will not represent 

the performance of the ATCM in normal clinical applications where such large 

abrupt changes rarely occur.  

 

Another unusual feature of the tube current variation for the GE and Toshiba 

scanners was the large tube current value at the start and the end of the scan 

(figures 5-11b and 5-16b). Initially, it was thought that the presence of the 

polycarbonate end plates which supported the torso phantom were entirely 

responsible. However, further investigation identified that higher tube currents 

still occurred when the end plates were removed due to the rapid changes in 

attenuation at the edges of the phantom.  When the SPR that was used to plan 
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the scan included the edges of the phantom, the tube current began at its 

maximum value for all ATCM options, in the case of the wedding cake phantom 

(figure 5-24). This effect is not seen when the SPR starts within the boundary of 

the phantom.  However, the sharp rises in tube current towards the ends of 

scans with the Siemens and Philips scanners were associated with the end plates. 

The boundary effects have a profound influence on the overall scanner 

performance.  

 

The torso phantom provides the broad range of attenuations required to test the 

ATCMs. However, the large abrupt changes in attenuation induce an exaggerated 

response in some scanners, which makes the phantom unsuitable for assessment 

of these models. In addition the large change in attenuation from the shoulder 

(section 4) to the neck (section 5) provokes such a large ATCM response; that it 

is difficult to gain any useful information from this part of the scan.  

 

5.4.3 Alternative design of stepped phantom 

The polyethylene phantom in the form of the tiered wedding cake has been 

developed to overcome problems with the torso phantom. The phantom has a 

smaller number of broad sections, with smaller differences in attenuation 

between sections. Recesses were cut into the second and the third sections of 

the phantom to allow the adjacent sections to slot together and so minimise any 

gaps. Each section is 120 mm wide to enable the ATCM to stabilise the mA and to 

support measurements on wider beams.  The phantom also incorporates holes 

which could be used for dose assessment during ATCM operation. The wedding 

cake phantom is relatively simple and inexpensive to manufacture. As the 

phantom is close to human body shape and attenuation, it can be used to study 

how image noise and patient dose are related, to compare the dose and image 

quality for different protocol settings, for the purpose of optimisation (Sookpeng 

et al., 2013a). 
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5.4.4 Comparison of tube current, image noise and ESAK for 
different scanners 

5.4.4.1  Tube Current 

The results of the tube current modulation can be separated into two groups, 

the Philips and Siemens scanners and the GE and Toshiba scanners.  The tube 

current changed gradually with the phantom diameter along the length of both 

phantoms for Philips and Siemens scanners, all ATCM options followed the same 

pattern and there were no fluctuations in the tube current along the phantom 

lengths. This can be seen from figures 5-4 and 5-5 (Philips scanner) and figure 5-

8 (Siemens scanner).  

 

In contrast, the changes in tube current for the Toshiba and GE scanners were 

more irregular at each image quality setting, this is especially true for the torso 

phantom (figure 5-11 (GE), figure 5-16 (Toshiba)). For the GE scanner, the 

pattern of variation in tube current was similar over the middle of the phantom 

(figure 5-11b) for all settings, although the values were different, but for the 

Toshiba scanner all  image quality modes reached the maximum current at the 

same point  resulting in more variation in image noise (figures 5-16b and 5-16d). 

These larger changes will make the ATCM more responsive, but result in the 

phantom irradiation being less uniform. 

 

The performance of the ATCMs in the most attenuating parts of both the ImPACT 

and torso phantoms is affected by the maximum tube current available. For the 

Philips scanner, the range of the tube current was determined by the scanner for 

the option chosen. The modulation followed a similar pattern for all results and 

never saturated at the maximum limit (figures 5-4a and 5-4b). For the Siemens 

scanner, the maximum tube current achieved during tube current modulation is 

limited by the scanner tube capacity and the image noise in these regions 

increased, if the estimated tube currents exceed the scanner limit there will be 

a warning message displayed to the user, stating that the image noise will be 

increased locally. The user can choose to increase kV or rotation time, or to 

decrease pitch. 
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For the Toshiba scanner, the tube current is limited by the maximum value set 

by the users, therefore image noise rises above the target noise for images of 

high quality setting (figure 5-16). A lower noise level may be achieved by 

increasing the tube current or the rotation time to achieve higher mAs values 

but this will of necessity increase dose. The GE scanner follows a similar pattern 

with the tube current limited by the mAs range selected by the user and tube 

loading. The position at which the tube current saturates and noise level starts 

to rise depends on the selected NI (figures 5-11a and 5-11b).  For the lowest NI 

the mAs appeared to reach a limit for the average tube current at a lower value, 

but the SD remained below the levels for the other options (figure 5-11c, NI 

setting of 6.97). The reason for this is uncertain, but may be associated with the 

relative values of the current for the AP and lateral directions. 

 

5.4.4.2  Image Noise 

The ATCM of the GE and Toshiba scanners maintained a constant noise level 

(within 10%) for the first 150-200 mm of the ImPACT phantom (figure 5-11c and 

5-16c) over which the tube currents were modulated according to ImPACT 

phantom diameter (figures 5-11a and 5-16a, table 5-4).  Once the target noise 

was reached, the ATCMs for both Toshiba and GE scanners were able to maintain 

the absolute noise levels close to the target noise values, for all phantom sizes 

because of the more aggressive tube current modulation. On the other hand, the 

Siemens and Philips scanners, for a given protocol, try to maintain a constant 

level of overall diagnostic quality linked to patient sizes relating to a reference 

image, as illustrated in figure 5-25. Siemens and Philips ATCMs can be 

considered as ‘acceptable noise’ systems. They do not maintain constant image 

noise for all patient sizes but decrease tube current for small patients and 

increase tube current for large patients less than those of the Toshiba and GE 

scanners. The manufacturers do not provide a definition of acceptable image 

quality, but suggest that it is based on the assumption that larger patients who 

have more fat layers between organs have better image contrast and can accept 

more noise, compared to small patients. This produced greater variations in 

noise with phantom size, with variations of 50% and 30% for Philips and Siemens 

respectively (figures 5-4c and 5-8c). These results are similar to those reported 

by Muramatsu et al (2007).  
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Figure 5-25 Comparison of patient dose with patient size between constant noise based 
ATCM system (Toshiba and GE scanners) and manufacturer ‘judged’ acceptable noise based 
ATCM system (Philips and Siemens scanners) 
 

The overall results of image quality measurements between the ImPACT and 

torso phantoms were similar. Image noise levels for the Siemens and Philips 

scanners varied with phantom size (16% and 11% for sections 1-4, for 

recommended settings) (figures 5-4, 5-5 and 5-8), in contrast to those for the 

Toshiba and GE scanners. The ATCM systems of the GE and Toshiba scanners 

aimed to preserve a constant noise along the length of scan and these were 

similar to the target values at the middle of each section of the phantom, but 

for the comparatively narrow sections in the torso phantom, there was 

insufficient time for the modulation to take effect, when a wider beam was 

used, and this resulted in fluctuations in image noise (figures 5-11d and 5-16d).  

 

5.4.4.3  ESAK 

ESAK profiles along the ImPACT and torso phantom lengths between the AP and 

lateral directions were more uniform when the ATCM systems were in operation 

compared with fixed mAs techniques (eg. figures 5-17a and 5-17c). However, 

section 4 of the torso phantom was in exception (figure 5-17b, table 5-3). This 

may be explained in terms of the tube current being attenuated by the longer 

lateral axis of section 4. Comparison of ESAKs for the recommended settings for 

the ImPACT phantom from each scanner (table 5-2) shows that results at the 

lateral surface for the Philips scanner were lower than those for the Siemens 

scanner, while the ESAKs at the anterior surface were higher. The overall EASK 

values along the phantom length for the Philips were lowest (figures 5-22a and 
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5-22b). The ratios between the ESAKs at the anterior and lateral surfaces for the 

Philips scanner were higher than those for the Siemens scanner because only z-

axis modulation is operational for the Philips scanner (table 5-2). However, the 

ratios between the ESAKs at the anterior and lateral surfaces for the GE scanner 

were also high even when both x-y and z-axis modulation was used. This is 

because the tube currents for AP and lateral directions of the GE scanner were 

similar (figure 5-12). Comparison of ESAKs for different manufacturers that gave 

similar ranges of image noise (table 5-2) revealed that the ESAKs for the Toshiba 

scanner were lowest, except for the final part of the scan (225-275 mm) at 

which the ESAKs were extremely high because of the edge effect. This may 

result from the use of QDS software on the Toshiba scanner for the ImPACT 

phantom scan. 

 

The ESAK profiles obtained from the torso phantom showed large fluctuations for 

the GE and Toshiba scanners (figures 5-22c and 5-22d), reflecting the tube 

current modulation because of the response of the ATCM systems to the sudden 

changes in attenuation, described earlier. The fluctuating ESAKs and effective 

CTDIvol values lead to large variations in image noise. Absolute ESAKs and noise 

for sections 1-3 were similar for the Philips and Siemens scanners (table 5-3), 

but the ESAKs were higher for both AP and lateral directions at section 4 for the 

Siemens scanner for which the ATCM operated with both x-y plane and z-axis 

dose modulation.   

 

5.4.5 Options for the design of ATCM phantoms 

Stepped phantoms were developed and used for tests of the ATCM stsyems for 

different CT scanners.The results were compared with those obtained from the 

ImPACT conical phantom.  Results have shown substantial differences in the 

manner in which the ATCM systems for different CT scanners operate. Results 

from the cone phantom and the torso phantom were similar in the Philips and 

Siemens scanner, tube current modulations were smooth over the phantom 

length. However, application of the stepped phantom was limited for the 

Toshiba and GE scanners since the abrupt change in attenuation provoked an 

aggressive ATCM response.  Any phantom used for testing should be able to deal 

with all available systems. Therefore number of recommendations can be made 

based on measurements carried out in this investigation. 
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Phantom design 

1) Phantom should avoid sharp discontinuities in attenuation (section 4.3.2, 

chapter 4 and section 5.3.4.3). 

2) Sectional phantoms should be constructed to exclude air gaps (section 

5.3.4.3).   

3) Thicknesses of individual sections within the phantom should not be less than 

three times the beam width at which measurements are to be made, in order to 

achieve a constant tube current over an area sufficient for measurement 

(sections 5.3.4.3 and 5.3.7). 

4) Conical phantoms can provide the best overall indication of performance in 

terms of tube current modulation and image noise, but as the tube current 

varies continually along the phantom, they do not provide positions where 

factors are relatively constant for measurement of dose and image quality 

(section 5.3.5.1). 

5) A phantom with a limited number of elliptical sections should be used for 

dosimetry and image noise measurement (section 5.3.7). 

6) The phantom should cover the useful range of patient attenuation 

encountered routinely in clinical practice. A steady progression from the 

smallest to largest diameters is recommended to avoid unnaturally large change 

in attenuation which influence ATCM response (section 5.3.5). 

7) A ratio of 3:2 provides a realistic cross section for much of the trunk, but a 

wider section (ratio 2:1) is required to mimic the cross section at the shoulder 

(section 5.3.1, Philips D-DOM). 

 

ATCM testing 

1) Use of small beam widths is recommended whenever possible unless the 

phantom has sufficiently large sections (section 5.3.4.3). 

2) The SPR should be set within the boundaries of the phantom to avoid 

unrealistic tube currents at the start or end of a scan (section 5.3.4.3). 

3) Scans of phantoms in directions of both increasing and decreasing 

attenuations may be useful in assessment of performance.  
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5.5 Conclusion 

Evaluation of the CT ATCM system is important for routine quality control of CT 

scanners in order to manage patient dose and image quality. In this chapter, 

phantoms developed to evaluate CT ATCM performance have been tested and 

results compared. Results from the ImPACT conical and torso phantoms were in 

similar ways for the Philips and the Siemens systems, suggesting that the torso 

phantom could be used for ATCM systems testing for these scanners. The ATCM 

systems of the Philips and Siemens scanners modulate the tube current within a 

narrower range of allowed mA values, and the tube current changes were 

smooth and unaffected by the junctions between sections. The GE and Toshiba 

scanners, however, whose mA ranges are freely selectable by the user modulate 

the tube current more aggressively. This approach provides systems which are 

more responsive and able to maintain set noise levels more readily but results in 

patterns with large changes in the tube current when phantoms with larger 

discontinuities in attenuation are scanned. There were fluctuations in the tube 

current with the first prototype torso section phantom, which were exacerbated 

by the narrow width of the sections in comparison with the large beam widths. A 

elliptical wedding cake phantom designed with a smaller number of broader 

sections and smaller differences in attenuation between sections was more 

effective in determining the operational characteristics of the ATCM utilised by 

each CT manufacturer. The phantoms used in this chapter were designed to test 

ATCM performance. In order to understand how scanners perform in situation 

closer to clinical practice, experiments were carried out on an anatomical 

phantom of a small adult.   
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6 Investigation into performance of ATCM technique 
for abdomen and pelvis examination using 
anthropomorphic phantom 

6.1  Introduction 

Evaluation of ATCM system using custom made phantoms has been carried out and 

shown in chapters 3-5. For this chapter, to move closer to the CT optimisation 

required in clinical practice, a phantom representing a more realistic human shape 

that was available in the department has been used in order to understand the 

responses of the ATCM systems for different manufacturers.  

 

ATCM is normally used for scans of the trunk. A main reason this project focusing on 

the CT examinations of abdomen and pelvis and CAP is because the patient dose 

received from these examinations were high and higher than DRL for some CT 

scanners. A scan of the abdomen and pelvis is the third most common CT 

examinations after CT head and CT CAP. The percentage of the total CT 

examinations performed in the UK in 2008 for the CT abdomen and pelvis 

examination was 10%, while that for the CT head and CT CAP was 33% and 12% (Hart 

et al., 2010). Although the ATCM systems have been implemented in the majority of 

CT scanners, a CT patient dose survey in the West of Scotland in 2011 involving 23 

CT scanners, for which data were collected from patients of any size, revealed that 

the patient DLP values for CT examinations of the abdomen-pelvis and the CAP 

were high. For CT abdomen-pelvis examinations, DLPs for almost all CT scanners 

were higher than the national diagnostic reference level (DRL) of 560 mGy.cm 

(Shrimpton et al., 2005), as illustrated in figure 6-1. This was not the case for the 

majority of other CT examinations.     

 

The only dose related quantity that can be measured with an anatomical phantom 

of this type is ESAK. ESAK is the air kerma at the point that radiation enters the 

patient or phantom including backscatter radiation. Patient ESAK can provide an 

assessment of dose performance throughout a CT scan and is measureable using 

Gafchromic film.    
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This study has been carried out by scanning an abdomen pelvis phantom of below 

average size on different CT scanners to determine the levels of dose reduction 

that are being achieved. ATCM systems are designed to allow reductions in dose for 

less attenuating parts of a scan. The largest reductions should be achievable on 

smaller patients. The aims can be separated into three parts. The first objective 

was to measure the tube current, image quality in terms of image noise, and ESAK. 

The second objective was to evaluate the routine protocol of each scanner in order 

to identify reasons for any higher patient doses. The third was to analyze the dose 

reduction potential from the ATCM technique compared to the fixed tube current 

technique used on individual scanners.  
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Figure 6-1 Average DLP from various scanners for the West of Scotland CT scanners, surveyed in 
2011  
(Shading refers to scanners involved in this chapter) 

6.2 Materials and Methods                                                                                                                  

Ten CT scanners equipped with ATCM systems from three different CT 

manufacturers; GE, Toshiba and Siemens were recruited into the study. Specific CT 

scanner codes defined for this PhD project were used to represent each CT scanner 

(table 6-1).  SureExposure 3D ATCM system was used for the Toshiba scanners. Auto 

mA which is the modulation of the tube current along the z-axis and is type of 

modulation routinely selected for all the GE scanners in this study. For the Siemens 



 

 

174 

scanners, the CareDose 4D which modulates tube currents in the x-y plane and 

along the z-axis was implemented in scanners S2 and S4, while the CareDose, which 

is a patient size based selection of tube current was implemented in scanners S3 

and S6. These scanners select the tube current based on the SPR, but the value 

remains constant during the scan for individual patients. Details regarding 

principles of CT ATCM systems for different CT manufacturers are available in 

chapter 2. Scanning protocols and image quality parameters used for the routine 

adult CT abdomen-pelvis from the various CT scanners are shown in Table 6-1. All 

CT scans were performed with 120 kV. Scanners T4, T8 and G2 have saved 

reconstructed images of narrower slice thicknesses in the PACS. The reason for this 

is to allow 3D images in coronal and sagittal planes to be reconstructed in individual 

hospitals.  
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Table 6-1 Details of CT scanners and scan parameters for CT abdomen and pelvis examination 
Manufacturer Code Slice Collimation Rot. Time (s) Pitch Protocol Image Quality Recon.Kernel Slice Thickess* 

Toshiba T4 64 32x1 0.5   0.844 Routine SD=12.5 (31.25), Min mAs=50, Max mAs=220 FC13 5 mm 

      Modified  SD=12.5 (31.25), Min mAs=5, Max mAs=220  (0.8mm in PACS) 

 T8 64 64x0.5 0.5   0.828 Routine SD=13.5, Min mAs=40, Max mAs=240 FC03 5 mm 

      Fixed mAs 75 mAs  (1 mm in PACS) 

GE G1 64 32x1.25 0.5   0.984 Routine NI=28, Min mAs=100, Max mAs=325 Standard 1.25 mm 

      Modified NI=28, Min mAs=25, Max mAs=325   

 G3 16 16x1.25 0.8  1.375 Routine NI=25, Min mAs=160, Max mAs=352 Standard 1.25 mm 

      Modified NI=25, Min mAs=40, Max mAs=352   

 G2 16 16x1.25 0.8   1.375 Routine NI=14 (28), Min mAs=64, Max mAs=352 Standard 5 mm 

      Fixed mAs 140 mAs  (1.25 mm in PACS) 

 G4 16 16x1.25 0.8   1.375 Routine NI=11.57, Min mAs=64, Max mAs=280 Standard 1.25 mm 

      Fixed mAs 240 mAs   

Values for the SD (T4) and NI (G2) in brackets relate to the equivalent values for images sent to PACS (see section 6.4.2)                                                           

*Slice thickness for the first reconstruction 
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Table 6-1 (Cont.) Details of CT scanners and scan parameters for CT abdomen and pelvis examination 
Manufacturer Code Slice Collimation Rot. Time (s) Pitch Protocol Image Quality Recon.Kernel Slice Thickess* 

Siemens S2 64 64x0.6** 0.5   1.4 Routine Reference mAs=200 B20f 1 mm 

      Fixed Eff.mAs 160 effective mAs   

 S3 4 4x2.5 0.5   1.25 Routine Effective mAs=121 B30f 3 mm 

      fixed Eff.mAs 165 effective mAs   

 S4 64 64x0.6** 0.5   0.8 Routine Reference mAs=150 B20f 1 mm 

      Fixed Eff.mAs 150 effective mAs   

 S6 4 4x2.5 0.5   1.5 Routine Effective mAs=141 B31f 3 mm 

      fixed Eff.mAs 165 effective mAs   

 *Slice thickness for the first reconstruction 

**z-flying focal spot: double sample along z-axis; actual beam width is 32x0.6 mm 
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6.2.1 Materials 

6.2.1.1  Gafchromic film 

ESAK was measured by Gafchromic XR-QA radiochromic film (International Specialty 

Product, Lot No.A10071002A). The film is designed for radiology dose measurement 

(International Specialty Product 2010).  The calibration methodology was described 

in chapter 3.    

6.2.1.2   Anthropomorphic Phantom 

The study was performed using a sectional transparent abdomen/pelvis phantom of 

a small adult. It is 40 cm long starting from the first lumbar vertebra to 10 cm 

beyond the symphysis pubis. The phantom comprises a skeleton encased in PMMA in 

the form of the body contour. The AP and lateral diameters measured between the 

two widest points along a line at right angles to the AP and lateral diameters and at 

the level of body of the first lumbar vertebra are 17 cm and 22 cm, respectively 

and those measured at the sacroiliac joint of the pelvis are 19 and 27 cm, 

respectively (figures 6-2c and 6-2d). This compares with average values of 24 cm 

(15cm-34cm) in AP and 32 cm (22cm-47cm) in lateral directions, measured at the 

first lumbar vertebra in 225 patients.  

6.2.2 Methods 

6.2.2.1  Testing approach  

Radiographers who operate individual CT scanners were asked to scan the phantom 

with their routine abdomen-pelvis protocols with ATCM systems activated.  For 

some scanners, the radiographers were also asked to scan the phantom with ATCM 

system inactivated using appropriate factors (fixed mA technique) in order to 

compare the patient ESAK and the image quality between the two techniques. For 

these cases, the radiographers were asked to select tube currents that would be 

used in clinical practice. In addition to these tests, the minimum tube current 

settings from the routine protocols were reduced for some Toshiba and GE scanners 

to assess the changes in tube current modulation patterns.    
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After SPRs, two strips of Gafchromic XR-QA film each measuring 10 mm x 300 mm 

were taped on to the surface of the phantom within the scanning region along the 

longitudinal scanning axis at the anterior and right lateral surfaces of the phantom 

as illustrated in figure 6-2b. The dose profile data were analyzed using ImageJ, as 

described in chapter 3. The scan direction for all figures in this chapter was from 

the abdomen to pelvis.  

 

 

 

             

 

 

 

 

  

 

 

 

 

 

 

 

Figure 6-2 (a) Image of the abdomen-pelvis phantom in AP direction and cross-sectional 
diameters of the phantom at (b) the first lumbar vertebra and (c) the sacroiliac joint and (d) 
positions of Gafchromic film dose measurements  
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6.2.2.2  Data Analysis 

Images were sent to the PACS and the tube current values per image determined 

from the DICOM header. An automA plugin was used to read out the mAs/image for 

the Toshiba and GE scanners and the effective mAs/image for the Siemens scanner. 

The tube currents per image values were plotted against scanning position starting 

from the lumbar spine to the head of femur (abdominal to pelvis). 

An image noise value in terms of the standard deviation of the CT number was 

measured using ImageJ. Unlike measurements described in the previous chapters 

that used the circular ROI, for this study, rectangular ROIs of 500 mm2 were placed 

on the PMMA matrix, avoiding the bones, at four different locations; anterior, right 

lateral, left lateral and central parts of the phantom. This shape of ROI was chosen 

because the phantom had been made by pouring layers of gelled resin while the 

phantom was laid horizontally, and the gel was not completely homogeneous. 

Drawing ROI with a rectangular shape within layers of resin was therefore a more 

reasonable approach for measuring the image noise, in order to avoid the inclusion 

of components from two layers.  

Noise was measured along the image stack to evaluate the consistency of image 

quality throughout each scan.  It was not possible to place the ROIs at exactly the 

same positions throughout the phantom because of the need to avoid the bones.  

Four sets of ROI for sections at the levels of the lumbar spine, the pelvic bone, the 

head of femur and the body of femur, as illustrated in figure 6-3, were chosen and 

the image noise values from the four measuring positions within each section were 

averaged. The image noise levels were separated into those for the abdominal and 

pelvis parts, the former referred to the noise measured at the lumbar spine and the 

latter referred to the noise measured from the pelvis bone onwards. The measured 

noise from individual ROIs were averaged and are shown in table 6-2. 
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    (a)    (b) 

   

    (c)    (d) 

Figure 6-3 Cross sectional view showing ROI placements throughout the abdomen-pelvis 
phantom, which were measured (a) between the beginning of the phantom and the fourth 
lumbar spine, (b) over the level of pelvis bone, (c) over the level of the head of femur and (d) 
between the body of femur and the end of scan  
(Note: Rectangular ROIs, rather than circle, was used to avoid the inclusion of components from two 

layer) 
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6.3 Results 

6.3.1 Tube current modulation  

The changes in tube current values, starting from the abdomen for the routine 

ATCM system settings of individual scanners and manufacturers are illustrated in 

figure 6-4. Tube currents for the routine protocols remained constant at their 

minimum settings of 50 mAs and 40 mAs for scanners T4 and T8 (figure 6-4a). 

Similarly tube currents for the GE scanners G1 and G3 remained constant at the 

minimum limits set of 100 mAs and 160 mAs respectively. The tube current for 

scanner G4 remained constant at the maximum value of 280 mAs over the pelvic 

region, while the tube current stayed constant at the minimum value of 64 mAs at 

the abdomen for scanner G2.  Scanning protocols were modified by adjusting the 

ranges of tube currents to 5 mAs-220 mAs for scanner T4 and 25 mAs-325 mAs, and 

40 mAs-352 mAs for scanners G1 and G3, respectively (table 6-1). These were to 

allow tube current to be modulated over the full ranges. The modulation of tube 

currents along the phantom lengths for the modified protocols gave lower values at 

the abdomen as expected (figures 6-4a and 6-4c for Toshiba and GE scanners).  

For Siemens scanners with CareDose ‘4D’ ATCM (scanners S2 and S4), tube currents 

were lower in the abdominal part of the phantom, but the degree of modulation 

was less than for the modified protocols on the Toshiba and GE scanners. The 

scanners S3 and S6, were equipped only with a patient size-ATCM (figure 6-4d) 

based on the SPR that did not modify the tube current during the scans. Thus the 

tube currents were fixed at 121 effective mAs and 141 effective mAs along the 

entire scan lengths  

Levels of modulation were classified into three, 1) no modulation where the tube 

currents remained constant along the entire length of the phantom  2) partial 

modulation where the tube current was varied by the ATCM  and 3) fully modulated 

where tube currents were modulated along the entire length.  Data sets are marked 

as no modulation, partial modulated or fully modulated by superscripts 1, 2 and 3, 

respectively. 
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(b)      (c) 

Figure 6-4 Comparisons of the mAs/image (Toshiba and GE scanners) and effective mAs/image 
(Siemens) values for (a) Toshiba scanners T4 and T8 (b, c) GE scanners and (d) Siemens 
scanners, the scan direction shown in figures started from abdomen to pelvis 
 
N.B. (1) Protocols that tube currents were not modulated, (2) Protocols that tube currents were fully 
modulated, (3) Protocols that tube currents were partly modulated 
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(d) 

Figure 6-4 (Cont.) Comparisons of the mAs/image (Toshiba and GE scanners) and effective 
mAs/image (Siemens) values for (a) Toshiba scanners T4 and T8 (b, c) GE scanners and (d) 
Siemens scanners, the scan direction shown in figures started from abdomen to pelvis 

 
N.B. (1) Protocols that tube currents were not modulated, (2) Protocols that tube currents were fully 
modulated, (3) Protocols that tube currents were partly modulated 

 

6.3.2 Image Noise 

Standard deviations of the CT number or image noise levels measured along the 

phantom length are shown in figure 6-5 and the absolute values are shown in table 

6-2.  For the Toshiba scanner T8 (figure 6-5a), the image noise increased with 

attenuation level along the phantom length. The absolute values obtained from the 

fixed tube current technique were lower since they were obtained from higher mAs 

values,  but there were similar trends in the noise variation for both protocols 

because no tube current modulation occurred with the routine protocol of scanner 

T8. The noise patterns from the routine protocols of scanners T4 and T8 were 

similar with the noise level increasing from 10 HU in the abdomen to about 35 HU in 

the pelvis (figure 6-5b). When the minimum value of the tube current for the ATCM 

was reduced to 5 mAs for scanner T4 (or modified protocol), the image noise 

remained relatively constant and the variation of the noise level was 12% along the 
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length of the phantom. However, the absolute noise value appoximately doubled 

the target value. 

For the GE scanners, higher NI values of 28 and 25 were set for scanners G1 and G3, 

but the minimum tube current settings were higher than the values required for this 

noise level. This resulted in the tube currents remaining at the minimum values 

along the whole length of the scan as shown earlier and therefore the image noise 

increased from the abdomen to the pelvic regions. Reductions in the minimum tube 

currents for scanners G1 and G3 resulted in less variations of the noise (11.2%) 

compared with the routine settings (21%-22%) (figure 6-5c), the absolute noise 

levels were higher because of the lower tube currents but close to their target NIs. 

The NI values set for scanners G2 and G4 were 14 and 11.57.  The low NI setting for 

scanner G4 coupled with selection of a lower maximum tube current resulted in 

saturation of the tube current at the maximum value for the most attenuating part 

of the phantom (figure 6-4b), although this was still substantially lower than results 

for other scanners (figure 6-5d). In contrast to scanner G4, the slightly higher NI 

setting for scanner G2, which was coupled with a high minimum tube current, 

resulted in the tube current remaining the same at the minimum value for the less 

attenuating part of the scan (figure 6-4b). The noise level for this scanner was 

substantially greater along the whole length of the phantom (figure 6-5d).  

Siemens scanners S2 and S4 were equipped with CareDose 4D, while the scanners S3 

and S6 were equipped with CareDose using fixed tube currents for the entire 

phantom length. The noise levels for scanners S2 and S4 were between 12 HU and 

20 HU, and for scanners S6 and S3 were between 7 HU and 15 HU (figure 6-5e). The 

lower noise levels of scanners S6 and S3 were achieved with higher average tube 

currents (figure 6-4d). The noise patterns with the CareDose4D and the fixed tube 

current techniques were similar, the noise levels increasing slightly from the 

abdomen to pelvis and decreasing after the pelvis bone (figure 6-5f). The variations 

in the image noise for the CareDose4D and for the fixed tube current techniques 

were 16% and 17%-18%, respectively (table 6-2).  
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Figure 6-5 Comparisons of image noise throughout the phantom length for (a-b) Toshiba, (c-d) 
GE and (e-f) Siemens scanners, the scan direction shown in figures started from abdomen to 
pelvis    
N.B. (1) Protocols that tube currents were not modulated, (2) Protocols that tube currents were fully 
modulated, (3) Protocols that tube currents were partly modulated 
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Figure 6-5 (Cont.) Comparisons of image noise throughout the phantom length for (a-b) Toshiba, 
(c-d) GE and (e-f) Siemens scanners, the scan direction shown in figures started from abdomen 
to pelvis    

N.B. (1) Protocols that tube currents were not modulated, (2) Protocols that tube currents were fully 
modulated, (3) Protocols that tube currents were partly modulated 
 

 

The absolute noise values depend on the average tube current being used. The 

image noise levels measured near the anterior of the phantom (figure 6-3) were 

lower than those measured at the lateral positions and centre because the smaller 

body thickness in the antero-posterior direction resulted in higher photon fluence 

(table 6-2).    

For scanners T4, G1 and G3 (figures 6-5b and 6-5c and table 6-2), the variations in 

image noise were 21%-30% for the routine protocols. However, when the tube 

currents were fully modulated by the ATCM the variations in image noise were 11%-

12% compared to 15%-16% for the Siemens scanner with full modulation. The 

absolute noise level for full modulation for scanner T4 of 30.6 was double the 

target noise of 12.5, while those for scanners G1 and G3 were close to the target NI 

with slightly higher values for scanner G1.  

(e)      (f) 
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Table 6-2 Image noise levels measured at the abdominal and pelvis parts and the average values for the whole phantom  
(Note: 1 Protocols that tube currents were not modulated, 2 Protocols that tube currents were fully modulated, 3 Protocols that tube currents were partly 
modulated) 
 

Code Setting Measured SD (HU): Abdominal  Part  Measured SD (HU): Pelvis Part  
Measured SD (HU):    

Whole phantom 

  Ant LAT Centre  Ant LAT Centre  Mean %CV 

T4 Routine Protocol1 10.7 13.7 13.7  15.3 26.9 25.1  19.8 30.4 

 Reduce min mA2 23.2 29.4 29.5  20.8 37.1 33.7  30.6 12.3 

T8 Fixed mA1 7.3 10.8 10.6  11.5 19.8 19.4  15.0 28.8 

 Routine Protocol1 10.1 14.9 14.8  16.9 31.7 30.0  22.9 33.1 

G1 Routine Protocol1 16.8 19.4 21.9  22.1 30.7 33.1  25.6 21.6 

 Reduce min mA2  29.0 34.1 37.4  29.0 42 43.5  37.2 11.2 

G3 Routine Protocol1 12.5 14.7 16.6  17.0 21.8 24.6  18.9 20.7 

 Reduce min mA2 22.7 26.7 30.1  22.8 31.2 33.8  28.6 11.2 

G2 Fixed mA1 13.3 15.3 18.0  16.6 23.5 26.0  19.2 20.7 

 Routine Protocol3 20.0 24.3 26.6  24.3 39.5 40.6  30.3 23.4 
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Table 6-2 (Cont.) Image noise levels measured at the abdominal and pelvis parts and the average values for the whole phantom  
(Note: 1 Protocols that tube currents were not modulated, 2 Protocols that tube currents were fully modulated, 3 Protocols that tube currents were partly 
modulated) 

Code Setting Measured SD (HU): Abdominal  Part  Measured SD (HU): Pelvis Part  
Measured SD (HU):            

Whole phantom 

  Ant LAT Centre  Ant LAT Centre  Mean %CV 

G4 Fixed mA1 9.1 11 12.5  12.8 17 18.4  14.3 21.5 

 Routine Protocol3 9.2 10.9 12.4  11.6 15 16.4  13.2 16.9 

S2 Fixed mA1 8.8 10.1 11.2  12.0 13.8 15.6  12.4 17.0 

 Routine Protocol2 12.2 12.5 15.1  14.9 15.8 18.5  15.1 15.5 

S3 Fixed mA1 9.7 10.2 10.9  9.9 10.2 12.3  10.3 13.5 

 
Routine Protocol1 
(CareDose) 

11.0 11.2 11.9  12.1 11.8 13.5  11.4 15.3 

S4 Fixed mA1 8.4 10.6 10.9  11.4 14.6 15.2  12.5 17.7 

 Routine Protocol2 13.4 15.1 16.4  16.1 18.3 19.7  16.9 15.9 

S6 Fixed mA1 7.2 8.5 9.0  9.2 10.7 11.4  9.7 14.0 

 
Routine Protocol1 
(CareDose) 

7.9 8.4 9.4  10.5 11.3 12.4  10.3 16.2 
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6.3.3 ESAK and Dose reduction 

ESAK profiles obtained from the scan presented a sinusoidal dose variation pattern 

related to helical scanning as shown in figure 6-6, while the absolute values are 

shown in table 6-3, the tail part of the curve was not included in the average 

measurement. The degree of periodic variation is determined by the relative values 

for the beam width at the phantom surface and the distance moved per rotation, it 

was 27 mm/rotation for scanner S2 (figure 6-6a). Figure 6-6a shows ESAK profiles at 

the anterior and lateral surfaces obtained from the routine protocol of scanner S2, 

the amplitude of the wave varies from one peak to another because of the tube 

current adjustment. Figure 6-6b shows the same profiles that have been smoothed 

by averaging the ESAK values over 27 mm in order to show the overall trend in dose 

variation more clearly.  
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   (a)      (b) 

Figure 6-6 (a) ESAK profiles at the anterior and right lateral surfaces of the phantom, measured 
from the routine protocol, Siemens scanner S2 and (b) the smoothed profiles 

   
Smoothed ESAK profiles for some CT scanners are shown in figure 6-7. The pattern 

of ESAK profile was similar for the Toshiba and GE scanners (figures 6-7a to 6-7c) 

and the Siemens scanner (figures 6-7d and 6-7e). The EASK increased with the 

effective phantom diameter and phantom attenuation, while those for the fixed 

tube current technique decreased, the reason for this has been explained in section 

5.4.3, chapter 5. The pattern of ESAK profiles with protocols for the Toshiba and GE 
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scanners where the ATCM was not activated were similar to fixed tube current 

techniques (figure 6-7b). The ESAK profiles for CareDose4D and the fixed effective 

mAs techniques were similar for Siemens scanners S2 and S4, but the ESAK profiles 

were close together for the CareDose4D, compared with the fixed effective mAs 

techniques (figure 6-7d). The absolute values of ESAK depended on the tube 

currents being used for each scan.  
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Figure 6-7  Smoothed ESAK profiles at the anterior and lateral surfaces of the phantom, 
measured from the routine and modified protocols and the fixed tube current technique  for 
scanners (a) T4, (b) T8, (c) G4, (d) S2 and (e) S3, the scan direction shown in figures started 
from abdomen to pelvis    
N.B. (1) Protocols that tube currents were not modulated, (2) Protocols that tube currents were fully 
modulated, (3) Protocols that tube currents were partly modulated 

(a) (b) 

(c) 
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(d)                                                         (e) 

Figure 6-7 (Cont.) Smoothed ESAK profiles at the anterior and lateral surfaces of the phantom, 
measured from the routine and modified protocols and the fixed tube current technique  for 
scanners (a) T4, (b) T8, (c) G4, (d) S2 and (e) S3, the scan direction shown in figures started 
from abdomen to pelvis    
N.B. (1) Protocols that tube currents were not modulated, (2) Protocols that tube currents were fully 
modulated, (3) Protocols that tube currents were partly modulated 
 

The dose parameters averaged over the length of scan are shown in table 6-3. The 

values from the fixed tube current techniques and the routine protocols that 

essentially acted as fixed tube current techniques were higher than those from the 

ATCM systems. Reductions in DLP and ESAK values of 46%-51% were found for the 

Toshiba scanner T8 and GE scanner G2. However, for scanner G4 the DLP and ESAK 

values increased by 16% and 23% respectively. This is because the tube currents 

used for the fixed tube current technique was lower than the routine protocol using 

the low NI.  The adjusted protocols for scanners T4, G1 and G3 when the minimum 

tube currents settings were reduced were significantly lower than the 

corresponding routine protocols (table 6-3).  

For the Siemens scanners, the differences in dose between the fixed tube currents 

technique and the routine protocols varied with the fixed tube current settings used 

by different scanners, but the percentages differences in DLP and ESAK values 

between the two techniques were similar.  



 

 

192 

Table 6-3 Tube currents, DLP, CTDIvol and measured ESAK values at the anterior and lateral surfaces of the phantom   
(Note: 1Protocols that tube currents were not modulated, 2Protocols that tube currents were fully modulated, 3Protocols that tube currents were partly modulated) 

ESAK (mGy)*** ESAK Reduction** 
Scanner Setting 

Mean Tube 
currents  
(mAs) 

Effective 
mAs* 

DLP  
(mGy.cm) 

DLP   
Reduction ** 

CTDIvol 

(mGy) 
Ant Lat Ant Lat 

T4 Routine Protocol1 50 60 240  7.2 14.4 11.6   

 Reduce min mA2 30 36 143 40% 6.1 9.5 7.5 34% 35% 

T8 Fixed mA1 75 91 435  10.8 24.2 17.5   

 Routine Protocol1 40 49 235 46% 6.8 13.1 9.5 46% 46% 

G1 Routine Protocol1 100 102 308  8.4 17.3 14.7   

 Reduce min mA2  49 50 146 53% 4.0 9.3 7.7 46% 48% 

G3 Routine Protocol1 160 116 375  10.8 19.3 14.5   

 Reduce min mA2 69 50 161 57% 4.6 9.9 7.2 49% 50% 

G2 Fixed mA1 140 102 328  9.51 17.7 13.4   

 Routine Protocol3 67 49 154 53% 4.5 8.6 6.8 51% 49% 

G4 Fixed mA1 240 175 566  16.2 27.7 22.2   

 Routine Protocol3 279 203 659 Increase 16% 18.7 34.2 27.2 +23% +23% 
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Table 6-3 (Cont.) Tube currents, DLP, CTDIvol and measured ESAK values at the anterior and lateral surfaces of the phantom  

(Note: 1 Protocols that tube currents were not modulated, 2 Protocols that tube currents were fully modulated, 3 Protocols that tube currents were partly 
modulated) 

ESAK (mGy)*** ESAK Reduction** Scanner Setting Mean Tube 
currents 
(mAs) 

Effective 
mAs* 

DLP 
(mGy.cm) 

DLP 
Reduction** 

CTDIvol 

(mGy) 

Ant Lat Ant Lat 

S2 Fixed mA1 - 160 441  12.3 20.9 13.9   

 Routine Protocol2 - 102 274 38% 7.6 12.7 10.3 39% 26% 

S3 Fixed mA1 - 165 436  12.5 20.5 17.2   

 Routine Protocol1 
(CareDose) 

- 121 324 26% 9.12 15.2 12.8 26% 26% 

S4 Fixed mA1 - 150 357  11.4 23.6 16.5   

 Routine Protocol2 - 82 181 49% 5.8 11.9 9.8 50% 41% 

S6 Fixed mA1 - 165 428  12.5 20.3 17.5   

 Routine Protocol1 
(CareDose) 

- 141 378 12% 10.8 17.8 15.9 12% 9% 

* For Toshiba and GE scanners, there were calculated from the average mAs/rotation divided by pitch factor                                                                              
**Compared with the fixed tube current techniques of individual scanners or routine protocols in cases of not modulate                                                          
*** The tail part of the curve in figure 6-7 was not included in the average measurement 
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6.4 Discussion 

For a conventional CT examination, the tube current in a fixed mAs technique is 

normally selected to generate good quality images based on the region with the 

highest attenuation for the average patient size. Therefore smaller patients may 

be exposed to unnecessarily high doses, while the images for larger patients are 

of lower quality if the same protocol is used. With the ATCM system, the tube 

current values are adjusted automatically with patient attenuation. If ATCM 

systems are deployed correctly, they should give consistent image quality with 

reasonable patient dose reduction.  In this study, the tube current modulations, 

patient ESAK and image quality in terms of noise were measured for routine 

protocols for ten CT scanners used to scan an anatomical phantom representing 

a small adult.  

Sub-optimal protocols are currently in use on a number of CT scanners. The 

results from this study could serve as a lessons learned to CT users with an 

interest in the design, audit and development of CT scanner protocols. The study 

highlighted the importance of proper selection of the appropriate image quality 

level. It emphasized that the image noise can be different from that specified if 

the user does not pay attention to a regular system audit and protocol 

harmonisation.  

6.4.1 Tube current modulation 

The tube currents for all Toshiba scanners and GE scanners G1 and G3 remained 

constant even though the ATCM systems were activated. This is because the tube 

currents are only modulated within the ranges defined by the minimum and 

maximum tube current values set for the users.  Thus, setting too high a value 

for the minimum tube current prevents reduction beyond the limit for the low 

attenuation regions and setting too low a maximum tube current value, in the 

same way, prevents the tube current from rising further for the higher 

attenuation parts. The minimum tube current settings for scanners T4 (50 mAs), 

T8 (40 mAs), G1 (100 mAs) and G3 (160 mAs) were higher than the tube currents 

required to give the selected image quality for the most attenuating part. This 

resulted in constant tube current levels along the entire phantom (figures 6-4a 

and 6-4b). Thus the tube currents on these scanners will saturate for small 
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patients. For scanner G2, the tube current remained constant over the 

abdominal or lower attenuating part of the phantom, because the minimum tube 

current was set too high, but increased at the pelvis or the higher attenuating 

part. For scanner G4, however, the tube current was lower over the abdomen 

but remained constant throughout the pelvis because the maximum tube current 

level was set was too low to allow the noise to decrease to the target NI.  For an 

average size of patient which would be larger than the phantom used in this 

study, this would result in a fixed mAs technique and the noise being higher than 

required.  When the minimum tube current settings were reduced, tube current 

modulation occurred over the entire scans (figures 6-4a and 6-4c). There is no 

option for the user to set the range of the tube current for Siemens scanners, in 

contrast to the Toshiba and GE ones. Tube currents used for all Siemens scanners 

depend on the QRM, which is installed by the application specialist and generally 

not adjusted by the user. Tube currents for scanner S2 were higher than those 

for scanner S4 because a higher reference mAs setting was selected (table 6-1). 

The tube currents were modulated in a narrower range for the scanners S2 and 

S4, compared with those for the modified protocols for the scanners T4, G1 and 

G3. This relates to the designs of the Toshiba SureExposure 3D and GE Auto mA 

ATCM systems. These manufacturers claim that the systems maintain the 

uniformity of image quality between different anatomic regions (Angel 2009, 

Bruesewitz et al., 2008). For the Siemens CareDose4D, the tube current 

reductions for small patients and increases for large patients were less than was 

required to achieve the same image noise level (Flohr 2013).  

6.4.2 Image noise   

The Toshiba and GE scanner ATCM systems allow users to set the target noise for 

the image.  They were able to maintain a constant noise level along the whole 

length of the phantom for scanners T4, G1 and G3 once the tube currents were 

fully modulated (figures 6-5b and 6-5c), as verified by the lower coefficients of 

variation (CV) (table 6-2). Moreover, the image noise levels were similar to the 

targeted NIs for scanners G1 and G3. This is especially true for the measured 

image noise levels at the anterior. The image noise measured at the lateral and 

centre were substantially higher than at the anterior. This can be explained as 

the x-ray beam is attenuated from the periphery to the centre of the phantom. 

There is an increasing reduction in relative photon fluence and therefore 
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increase in image noise. Although the tube current at the lateral axis was higher 

than that at the AP, the noise level in the lateral region was higher than those in 

the AP, this may due to the greater attenuation across the lateral axis.   

When the range of tube currents was properly adjusted for the target noise 

selected, the image noise for scanner T4 increased to 30.6, which was higher 

than the target noise of 12.5. This difference occurred because the target noise 

level for Toshiba and GE scanners is related to slice thickness for the first 

reconstruction and this may not be the same as the image data set stored on the 

PACS. For scanner T4, the thickness of the first reconstruction was set at 5 mm 

but the volume reconstruction was for an image thickness of 0.8 mm and this 

was saved to PACS. The image noise for the 0.8 mm image thick slice is greater 

than that of the 5 mm thickness by √5/0.8 or 2.5. The image noise levels for the 

original reconstruction setting would be 7.9 HU, and 12.2 HU for the original 

routine and the adjusted protocols, respectively. A similar explanation can be 

applied for scanner G2, the image thickness for the first reconstruction is 5 mm 

(NI 14) but 1.25 mm thick images were sent to PACS and used to measure the 

image noise levels (table 6-2).  

For GE scanners, as explained earlier, a lower NI setting requires a higher 

maximum tube current to achieve the full current modulation. A NI of 11.57 was 

set for scanner G4 but the maximum tube current setting was 280 mAs (350 mA) 

and this was slightly too low to achieve the target noise level for the higher 

attenuation regions. This resulted in a constant tube current for the pelvis 

section of the phantom (figure 6-4b) and the average image noise measured over 

the pelvis was about 14.5 (table 6-2), slightly higher than the target noise . The 

average noise for the three positions measured in the abdominal part of the 

phantom where the tube current was fully modulated was 10.8 (table 6-2).  In 

contrast to scanners G2 and G4, significantly higher NI values of 28 and 25 were 

set for scanners G1 and G3. For G1 and G3 the minimum tube current values 

were 100 mAs and 160 mAs, respectively, which were too high to give the chosen 

noise level. The net result was that the scanner operated in a constant tube 

current mode along the entire length of the phantom, giving lower noise levels 

than those selected (25.6 and 18.9, from table 6-2).  The NI should be selected 

based on the clinical experience of the radiologists. These high minimum tube 

current settings may give the radiologists a false indication of the image quality 
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associated with the NI 28 and 25 values. Thus the radiologists could make 

decisions on required image quality requirements based on misleading 

information. It is therefore recommended that a series of scans of an anatomical 

or other suitable phantom are made with different target noise settings and a 

full range of tube currents to allow radiologists to determine the level 

acceptable for clinical images at commissioning.   

Variations in image noise between the fixed tube current techniques and 

CareDose 4D ATCM systems measured from scanners S2 and S4 were similar 

(figure 6-5f, table 6-2). Unlike the Toshiba and GE scanner ATCM systems, the 

approach for the Siemens system changes the level of noise for different patient 

sizes. Therefore, the range of the tube current used for the Siemens scanner was 

narrower than that for the Toshiba and GE. The pattern of tube current 

modulation for Siemens scanners does not differ as significantly from the fixed 

tube current technique for the range of attenuations within a small patient.  

6.4.3  Dose reduction 

There have been many studies of the dose reduction from ATCM systems 

compared with the fixed tube current operation. In this study the ESAK and DLP 

values were significantly reduced once the ATCM systems were fully operational. 

The results showed 38%-57% DLP reductions for ATCM similar to reports from 

Soderberg  Gunnarsson (2010) and Gutierrez et al (2007) that found the dose 

reductions of 35%-60% in anthropomorphic chest phantoms. The report by 

Papadakis et al (2008) shows 52% and 57% in tube current value reductions for an 

abdomen and pelvis phantom scan in a Siemens CareDose4D scanner, when SPRs 

of the AP and lateral directions were selected, respectively. This study found 

reductions DLPs in the range 38%-49% (table 6-3) for scanners S2, S3 and S4. 

However, these also depended on the value of tube current selected by 

radiographers, and these studies have been performed on patients of average 

size. 
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From the results of the GE scanners G1 and G3, when the minimum tube 

currents values were reduced the ATCM system worked more effectively, ESAKs 

dropped by 46%-50%, and the DLP dropped by 53%-57%. When the range of the 

tube currents selected was not appropriate for the NI value selected, this 

resulted in 16% higher DLP and 23% higher ESAK values, compared with the fixed 

tube current technique as shown for scanner G4 (table 6-3).  

For all CT scanners, when the ATCM is implemented and the tube currents fully 

modulated there were substantial reductions in average tube current and DLP. 

The percentage reductions depended on the original values selected in the 

routine protocols. The percentage reductions in the tube current and DLP were 

similar, while the reductions in ESAK values were slightly lower than those for 

DLP (table 6-3). The differences may arise because the DLP is calculated from 

the average tube current along the whole scan, whereas the ESAKs were 

measured along a 300 mm region in the middle part of the phantom. The 

percent reductions in ESAK were similar between the AP and lateral directions 

for Toshiba and GE scanners. However, the reductions for the AP direction were 

higher than for the lateral direction for Siemens scanners S2 and S4. This may 

relate to the different way in which the tube current is modulated by the 

Siemens scanners, as the degree of modulation is different for the AP and lateral 

directions. 

6.4.4 Limitation of study 

This study highlighted the optimisation strategy focusing on the optimum 

selection of minimum and maximum mAs values to allow full ATCM to achieve 

the specified image noise. However, full optimisation strategies need to consider 

other patient based factors tailored to specific diagnostic requirements. 

Typically, the image contrast for slim patients is reduced due to limited fat 

delineation in slim patients. Therefore it should be possible to accept a higher 

dose in very small patients by capping the minimum mA , as it is unnecessary to 

achieve full modulation to maintain image noise. 
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6.5 Conclusion 

An abdomen-pelvis phantom was used to assess the tube current modulation and 

changes in image noise and ESAK levels. Results were used to evaluate the 

potential for dose reduction on different CT scanner ATCM systems, through 

changes in the routine scan protocols. For the Toshiba and GE scanners that 

allow users to select a target noise level and then set the minimum and 

maximum tube currents, the ranges selected affected the degree of tube current 

modulation that could be achieved. The values set for the minimum tube current 

in standard protocols tended to prevent full modulation for the less attenuating 

parts resulting in lower image noise levels in the abdomen part of the phantom. 

When lower minimum tube currents were set, the ATCM systems modulation 

occurred throughout the length of the phantom and resulted in lower ESAKs and 

DLPs, and more consistent image quality.  For one scanner a lower target noise 

coupled with a low maximum tube current setting prevented full modulation in 

the pelvis region. In order to use the ATCM of scanner maintaining image noise 

levels, care is required in setting the minimum and maximum tube currents to 

meet the requirements for the range of patients and image quality required. The 

interdependence of the target noise and limiting current values may result in a 

false impression of the noise level associated with a target value. The results 

from Siemens scanners followed a different pattern with a narrower range of the 

tube current modulation selected automatically. Full modulation was achieved, 

but image noise increased to some extent with phantom attenuation. A full 

assessment based on phantom images should be undertaken with the radiologists 

at commissioning to establish acceptable noise levels for clinical images on all 

CT scanner. The comparison of scans on an anatomical phantom allowed effects 

relating to a variety of setting, especially the maximum and minimum currents 

to be identified which were of assistance in understanding patient dose results.  
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7 Relationships between patient size, dose and 
image noise: a retrospective study from patient 
CT images 

 

7.1 Introduction 

As stated in the background of this project, CT patient doses for CAP 

examinations were high for some CT scanners and patients. The reason for the 

high dose was uncertain, whether or not these high doses related to the size of 

the patient was unknown. Conclusion that can be drawn from dose data without 

patient size are limited. There have been a number of studies of relationships 

between patient size and radiation dose received under ATCM systems 

(Castellano, 2013; Israel et al., 2010; Meeson et al., 2010; Zarb et al., 2010) and 

on the optimisation of image noise and dose as a function of patient size (Siegel 

et al., 2004; Verdun et al., 2004; Li et al., 2012), as explained in chapter 2. 

Patient size indicators including patient weight, height, body mass index (BMI), 

circumference, cross sectional diameter and cross sectional area have been used 

for these studies.  

 

During the project while experiments on phantoms were being carried out, 

studies were undertaken at patient scans in order to assess the interrelationships 

between ATCM dose and image noise for patient examinations. Patient cross 

sectional areas were used for this study since they provide good estimates of 

patient size for study of the relationship with CTDIvol and DLP (AAPM Task group, 

2011; Meeson et al., 2010; Zarb et al., 2010). Moreover they can be easily 

measured from CT images, since this study is a retrospective study and the 

patient weight and height are not available. There have been a number of 

studies evaluating relationships between radiation dose and image noise in 

phantoms or patients of different size in single CT scanners (Meeson et al., 2010; 

Schindera et al., 2008; Siegel et al., 2004). But none have investigated and 

compared these relationships for studies on patients with CT scanners from 

different manufacturers.  

 

In this chapter, relationships between, CT dose parameters (CTDIvol and DLP), 

image quality (noise) and patient cross sectional area in different CT scanners 
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and manufacturers have been evaluated. The reasons why doses for patients on 

certain scanners were high have been investigated and changes that might be 

implemented to minimize the higher doses while maintaining an acceptable level 

of image quality have been determined to achieve optimisation of protection. 

The information from this chapter has been linked to results using phantoms to 

evaluate scanner ATCM performance. The main findings from this study have 

been published and are available from Sookpeng et al., 2014.  

 

7.2 Materials and Methods  

7.2.1 Materials 

7.2.1.1  Patient data and dose data 

West of Scotland Research Ethics Service (WoSRES) classified this study as an 

audit and did not require ethical review or approval, a letter was obtained 

confirming the status of critical data analysis (Appendix III). A survey of patient 

dose received from CT CAP examinations on 17 CT scanners was carried out. 

Radiographers were asked to complete a dose survey form using the data from 

30 individual patients having CT CAP examinations. The data consist of CTDIvol 

and DLP received by individual patients and the patient accession number.    

 

7.2.1.2  CT scanners and ATCM systems 

The 17 CT scanners were from four different CT manufacturers; Toshiba (6 

scanners), Philips, (4 scanners), Siemens (5 scanners) and GE (2 scanners). 

Details of the CT scanners and their routine CAP protocols are shown in table 7-

1. All scanners were equipped with ATCM systems except scanner S3 that used a 

fixed tube current technique. For the Philips scanners, there are two types of 

the tube current modulation system, Z-DOM and D-DOM, the Z-DOM was used for 

scanners P1, P2 and P3 and the D-DOM was used for scanner P4. Scanner P3 is 

equipped with the latest software version and iterative reconstruction (iDose). 

The quantum denoising software (QDS) was used for all Toshiba scanners except 

scanner T5 which was equipped with the iterative reconstruction facility 

(Adaptive Iterative Dose Reduction: AIDR). There were two target noise settings 

for scanner T5; SD=9.2 and SD=11.50.  
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There were 2 data sets for scanner T2, the first data set was collected from 

patients who have normal body sizes as judged by radiographers, while the 

second data set was collected from patients of any size who were given CAP 

scans over the period for collecting data. Codes T2 and T2** refer to the first 

and second data sets, respectively.  

 

Typically, scan lengths were between upper edge of the lungs and the symphysis 

pubis. The scans were separated into 2 sequences for scanners T1, T2, S1 and 

S5. In these scanners, the first sequence was the thorax scan and the second 

sequence was the abdomen and pelvis scan.  
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Table 7-1 Details of CT scanners and the routine CAP protocol 
Code Manufacturer/ 

Model 

kVp ATCM setting  Rotation 

time (s) 

Beam width 

(mm) 

Pitch Start Position Stop Position Kernel 

(Recon.) 

Image Thickness 

For first recona 

T1 

 

Toshiba 

Aquilion 64 

120 SD=12.5 

  

0.5 32x1 0.844 Lung  

Apices 

Lung Base FC17 5 mm 

(PACs 5 mm, 1 mm) 

  
 SD=10 

  

   Above 

Diaphragm 

Symphysis 

pubis 

  

T2 

 

Toshiba  

Aquilion 64 

120 SD=15.0 

  

0.5 32x1 0.844 Lung  

Apices 

Lung Base FC03 1 mm 

(PACs 1 mm) 

  
 SD=12.5 

  

   Top of Liver Lesser 

Trochanters 

FC03  

T3 

 

Toshiba  

Aquilion 64 

120 SD=13.5 

  

0.5 64x0.5 0.828 Sternal Notch Symphysis 

pubis 

FC03 5 mm 

(PACs 1 mm) 

T4 

 

Toshiba  

Aquilion 64 

120 SD=12.5 

  

0.5 32x1 0.844 Lung  

Apices 

Symphysis 

pubis 

FC11 1 mm 

(PACs 0.8 mm) 

T5 Aquilion CXL 120 SD=9.2 

SD=11.50 

  

0.5 32x1 0.844 Lung  

Apices 

Symphysis 

pubis 

FC07 

(AIDR 3D) 

1 mm 

(PACs 1 mm) 

T6 Toshiba 

Aquilion 64 

120 SD=12.5 

  

  

0.5 64x0.5 0.828 Lung  

Apices 

Symphysis 

pubis 

FC03 1 mm 

(PACs 1 mm) 

a Data saved to PACs in brakets 
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Table 7-1 (Cont.) Details of CT scanners and the routine CAP protocol 
 

Code Manufacturer/ 

Model 

kVp ATCM setting  Rotation 

time (s) 

Beam width 

(mm) 

Pitch Start Position Stop Position Kernel 

(Recon.) 

Image Thickness 

For first recon 

G1 

GE Lightspeed 

VCT 64 

120 Auto mA 

NI=28 

mAs= 100-325 

0.5 32x1.25 0.984 Apices Symphysis 

pubis 

Chest 1.25 mm 

G2 GE LightSpeed 16 120 Auto mA 

NI = 12.73 

mAs=64-352  

0.8 16x1.25 1.75 Apices Symphysis 

pubis 

Standard 1.25 mm 

P1 

 

Philips 

Brilliance 64 

120 Z DOM 0.75 64x0.625 0.797 Just Above 

Apices 

Symphysis 

pubis 

B 2 mm 

P2 

 

Philips 

Brilliance 64 

120 Z DOM 0.75 64x0.625 0.797 Just Above 

Apices 

Symphysis 

pubis 

B 2 mm 

P3 

 

Philips  

Ingenuity 64 

120 Z DOM 

 

0.75 64x0.625 0.797 Top of shoulder Symphysis 

pubis 

B 

iDose4 

1.5 mm 

P4 

 

Philips  

Brilliance 64 

120 D DOM 0.75 64x0.625 0.908 Apices Symphysis 

pubis 

B 2 mm 
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Table 7-1 (Cont.) Details of CT scanners and the routine CAP protocol 
 

Code Manufacturer/ 

Model 

kVp ATCM setting  Rotation 

time (s) 

Beam width 

(mm) 

Pitch Start Position Stop Position Kernel 

(Recon.) 

Image Thickness 

For first recon 

S1 

 

Siemens 

Somatom  

120 QRM   

140 Eff.mAs 

0.5 64X0.6 1.4 Lung Apices Bottom of liver B20f 1 mm 

 Sensation 64 120 QRM  

160 Eff.mAs 

0.5 64X0.6 1.4 Dome of Liver Symphysis 

pubis 

B20f 1 mm 

S2 

 

Siemens 

Somatom 

Sensation 64 

120 QRM  

150 Eff.mAs 

0.5 64X0.6 1.4 Apices Symphysis 

pubis 

B20f 1 mm 

S3 

 

Siemens 

Somatom 

Sensation 4 

120 165 with 

CareDose 

0.5 4X2.5 1.25 Apices Symphysis 

pubis 

B30f 3 mm 

S4 

 

Siemens 

Definition AS 

120 QRM  

110 Eff.mAs 

0.5 64X0.6 1.2 Apices Symphysis 

pubis 

B31f 1 mm 

S5 

 

Siemens 

Somatom 

120 QRM  

100 Eff.mAs 

0.5 64X0.6 1.4 Lung Apices Dome of 

Diaphragm 

B20f 1 mm 

 
Sensation 64  QRM  

170 Eff.mAs 

0.5  1.4 Diaphragm Symphysis 

pubis 

B20f 1 mm 
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7.2.2 Methods 

CT images were accessed, using the patient accession number. First, the mAs 

per image (Toshiba and GE scanners) and effective mAs per image (Philips and 

Siemens scanners) values were read out. The DICOM files were then converted to 

‘Analyze’ format images. The “Analyze’ format consists of a header file (*.hdr) 

containing the raw binary data file (*.img) with all the header information, 

patient personal data and medical identification number removed. The patient 

cross sectional area and image noise were then measured.  

 

Programs for drawing a contour of patient cross-section, and for image noise 

measurements were performed by Dr Maria del Rosario Lopez-Gonzalez. The 

programs were run on ImageJ. Patient CTDIvol and DLP and image noise were 

plotted against patient cross sectional area.  

 

7.2.2.1  Measurement of tube current modulations 

The mAs or effective mAs values were read out from the DICOM header using an 

“auto mA’’ plugin. They were read out along the length of scan for patients who 

received the highest and lowest DLP values from each scanner, in order to see 

the ranges of values and patterns of modulations.  

 

The attenuation varies substantially along the body, so the mAs and CTDIvol 

values displayed on the scanners represent averages. In order to allow dose 

levels in different parts of scan to be related to body size the average effective 

mAs values over the middle part of heart and liver were multiplied by the CTDIw 

values (mGy/mAs) for individual scanners to derive CTDIvol values for the heart 

and liver. The CTDIvol values for the heart and liver were then plotted against 

patient cross sectional area at the thorax and abdomen.  

 

CTDIvol values displayed on the CT scanners were also recorded. However, the 

displayed CTDIvol for the Toshiba scanner is calculated from the maximum tube 

current value set and so does not represent the actual tube currents used in the 

scan, while those for the other scanners are derived from the average tube 

current value for the entire length of scan. Therefore CTDIvol values for Toshiba 
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scanners were calculated from DLP values divided by irradiated length, for 

comparison with those for other scanners. 

 

7.2.2.2  Measurement of patient cross sectional area 

The contour of the patient cross section was measured using the written macro 

mentioned above and the area of the cross section was measured using the ‘area 

measurement’ command from ImageJ (Ferreira and Rasband, 2011). The slice at 

the level of the seventh thoracic vertebrae was used as the reference for the 

Thorax and the slice at the level of the twelfth thoracic vertebrae was used as 

the reference for the abdomen.    

 

   
         (a)           (b) 

Figure 7-1 Positions for measurement of patient cross sectional area at (a) thorax and (b) 
abdomen 
 

 

7.2.2.3  Measurement of image noise across the CT image  

Noise values were measured from CT images for individual patients within the 

heart and liver. The reason for selecting these organs is that they are relatively 

homogeneous and so the standard deviation in pixel values is unaffected by the 

presence of different types of tissue enabling measurement of noise levels 

relating to image quality.  Where a scan was separated into two sequences, the 
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thorax and the abdomen-pelvis, the noise level in the heart was measured in the 

sequence for the thorax and that of the liver was measured in the scan sequence 

for the abdomen and pelvis.  

 

The histogram of the CT number in Hounsfield Unit (HU) across the selected 

organ, which relates to the attenuation coefficient and is available on ImageJ, 

can be used for differentiation of the various tissues. The histogram of the CT 

number within the heart can be separated into three groups (figure 7-2); heart 

sac (pericardium and epicardium layers), heart septum (myocardium and 

ventricular septum), and heart cavity (chambers) which are referred to areas of 

a, b and c in figure 7-2. Three alternatives for assessment of image noise were 

analyzed, namely ROIs covering the whole heart, covering the heart cavity and 

interventricular septum, and covering only the heart cavity.  

 

 

 

 

 

 

 

 

 

 
  a            b    c   

 

Figure 7-2 Histograms of the CT number at the heart, ranges of the CT number covering (a) 
heart sac (pericardium and epicardium layers) (b) heart septum (myocardium and ventricular 
septum), and (c) heart cavity (chambers) 
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Figure 7-3 shows comparisons of the selections of CT number range on SD of 

pixel values measurement at the heart (the result from scanner G1 was selected 

as an example). For the Toshiba, Philips, Siemens and GE scanners, when the 

heart septum was included the average SD of pixel values increased by 15%-50%, 

and by up to a further 60% when the heart sac was included in the range of 

measurement.  However, in this study only the range in CT number of 100-150 

HU that covers the heart cavity was used.   
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Figure 7-3 Comparisons of SD of the pixel values (image noise level) for different selected 
ranges of CT number, measured at the heart, from scanner G1     
 

For the liver, there was a wide range in the CT number since it contains 

structures such as bile ducts and blood vessels. It was difficult to differentiate 

each structure, therefore the range in CT number of 100-150 HU covering the 

majority of the liver was selected (figure 7-4). The CT number values varied 

between patients, so it was not possible to use the same values for all patients 

and the ranges were selected patient by patient. 

 

 

 
    

Figure 7-4 Histograms of the CT number at the liver 
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The written program, for noise measurement, displays the areas covering the 

selected range in CT number on each image slice, and these areas are used for 

SD measurement. The program then automatically moves a circular ROI of 200 

mm2 (16 mm in diameter) within each of those areas to measure the SD in the 

CT number at multiple ROI positioned for each slice. The size of ROI was smaller 

than that used for the noise measurements in phantoms as detailed in previous 

chapters. A circular ROI of 500 mm2 was used for measuring noise in a 

homogeneous phantom, as recommended by ImPACT (Edyvean, 2003). However, 

for the measurement in human organs such as the heart and liver, the ROI should 

be made with the smaller circle, to avoid borders and edges of others structures 

(Reddinger, 1998). For individual patients, the noise was measured along about 

one third of the organ length and at the level of the middle of the organ (figure 

7-5). The average noise values for each organ and patient were then plotted 

against the patient cross sectional area in order to evaluate the association 

between these parameters.     

 

 
 

 
 

Figure 7-5 Diagram illustrating the areas for noise measurement at (a) heart and (b) liver 
 

 

 

 

(a) 

(b) 
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Statistic Package for the Social Sciences (SPSS Statistic 17.0 for Windows, IBM, 

New York) was used.  A simple linear equation was fitted to the data to give an 

indication of the trends in results. Gradient values for a relationship between 

the patient cross-sectional area and the patient dose and the image noise level 

for each scanner were analysed using a linear regression model. The positive and 

negative values for slope of the regression line results in positive and negative 

correlations respectively. The strength of these relationships is given by the 

correlation coefficient (r) which can be calculated. Any r that is positive 

indicates a direct or positive relationship between two measured variables. 

Negative r indicates indirect or inverse relationship.The r values of 0-0.2, 0.2-

0.4, 0.4-0.7, 0.7-0.9 and 0.9 to 1 were referred to no relationship, weak, 

moderate, strong and very strong relationships respectively.  

 

7.3 Results  

7.3.1 Tube current modulation pattern 

The patient cross sectional area for individual CT scanners measured at the 

thorax and abdomen are shown in figure 7-6 and table 7-2. The values of patient 

cross sectional area for data from different CT scanners were in a similar range. 

This was except for the first data set for scanner T2 in which the average patient 

size was smaller. Two target noise values were used for scanner T5 as explained 

earlier, for smaller patients a lower target noise was used than for larger 

patients. The average patient size for the second data set of scanner T2 (T2**) 

was higher than that for other scanners, except for the group of larger patients 

for scanner T5. 
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Figure 7-6 Box plots show the minimum, 25th percentile, mean, 75th percentile and 
maximum patient cross sectional area values measured from (a) thorax and (b) abdomen 
from different scanners and manufacturers   
 

 

The tube current modulation patterns along the length of the scan for the 

patients who received the highest (H) and lowest (L) doses from some CT 

scanners are shown in figures 7-7 to 7-8. In some scanners, the scan was 

separated into two sequences, the thorax and the abdomen parts, and these are 

referred to as sequences 1 and 2 in brackets. The patterns of tube current 

modulation along the whole length of scan for the patients who received the 

highest DLP were similar in all scanners, the tube currents started at higher 

values at the shoulders, before falling towards the lung region, and rising again 

on entering the abdomen.  
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There were limitations in the minimum mAs/image of 50 mAs (100 mA), 40 mAs 

(80 mA), 60 mAs (120 mA), 40 mAs (80 mA) and 50 mAs (100 mA) for Toshiba 

scanners T2, T3, T4, T5 and T6 respectively, as set by users, therefore the 

mAs/image remained constant for the patients who received the lowest doses on 

these scanners (eg. figure 7-7b for scanner T4), except scanner T1 for which the 

minimum tube current setting was 5 mAs (10 mA) (figure 7-7a). For scanner G1, 

tube current was limited at the minimum of 100 mAs (200 mA), which was higher 

than the Toshiba scanners, therefore tube currents were constant and almost 

constant at 200 mA along the whole length of the scan for many patients (figure 

7-7c). In contrast to scanner G1, tube current was limited at the maximum of 

350 mAs (440 mA) for the patient who received the highest dose for scanner G2 

(figure 7-7d). The NI for scanner G2 was set at 12.73 which was lower than that 

for scanner G1, and the maximum tube current setting for scanner G2 was 350 

mAs.   
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(c)         (d) 

Figure 7-7 Values for mAs per image along the length of scan for the patients who received 
the highest (H) and lowest (L) doses from Toshiba scanners (a) T1, (b) T4 and GE scanners (c) 
G1 and (d) G2 
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For the Philips and Siemens scanners, there were no minimum and maximum 

settings of the tube current values. The tube current modulation patterns were 

similar for scanners P1 and P2 (figure 7-8a), the effective mAs/image values 

were between the minimum of 50 mAs and the maximum of 350 mAs, but the 

tube current was modulated within a narrower range for scanner P3. The tube 

current modulation patterns from scanner P4, which D-DOM was implemented, 

differed from the others, in having a wider range of tube currents and tube 

currents were higher in the region of the lung (figure 7-8b). The patterns of tube 

current modulation were similar for Siemens scanners (figure 7-8c and 7-8d).  

 

The lengths of scans were about 600 mm for Toshiba, GE, Philips and Siemens 

scanners but were about 800-1,000 mm for scanners S1 and S5 (figure 7-8c and 

7-8d). The scans were separated into two sequences for scanners T1, S1 and S5, 

with a long overlap region between both sequences for scanner S1. At the 

overlap regions, tube current values for the second scan sequence were higher  

because the QRM settings were higher.  
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Figure 7-8 Values for effective mAs per image along the length of scan for the patients who 
received the highest (H) and lowest (L) doses from the Philips scanners (a) P1, P2, P3 (Z-
DOM) and (b) P4 (D-DOM), and Siemens scanners (c) S1 and (d) S5 
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Table 7-2 DLP, CTDIvol, cross sectional area and gradient values from regression line and the correlation coefficient (r) of patient cross sectional area and 
calculated CTDI values at the thorax (heart) and abdomen (liver)  
Note *p<0.01   **p<0.05 
 

CTDIvol 

One 

Sequence 

Sequence 

1 

Sequence 

2 

Cross-sectional area 

(cm2) 

MeanSD 

Relationship 

Cross-Sectional Area Vs CTDI 

Thorax (Heart) Abdomen (Liver) 
Scanner 

 

DLP 

 

 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

Thorax 

(Heart) 

Abdomen 

(Liver) Gradient 

Mean SE 

correlation 

coefficient 

(r) 

Gradient 

Mean SE 

correlation 

coefficient 

(r) 

T1 
88370 

(379-1608) 

- 12.01.1 

(4.3-24.0) 

17.7 7.6 

(7.7-29.5) 

64291 606109 0.0140.003 0.723* 0.0480.003 0.955* 

T2 
75224 

(486-972) 

- 10.60.6 

(5.6-16.1) 

12.60.8 

(5.6-23.2) 

56087 50588 0.0020.002 NS 0.0250.002 0.836* 

T2** 
1198109 

(601-2232) 

 14.41.2 

(8.5-25.4) 

18.51.6 

(8.8-34.5) 

702134 661186 0.0270.005 0.741* 0.0370.003 0.933* 

T3 
77066 

(416-1706) 

18.6 1.6 

(7.3-36.5) 

- - 679123 629136 0.0220.005 0.679* 0.0370.003 0.911* 

T4 
70933 

(345-1183) 

16.11.1 

(8.6-25.4) 

- - 63999 595123 0.0000870 NS 0.013 0.763* 
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Table 7-2 (Cont.) DLP, CTDIvol, cross sectional area and gradient values from regression line and the correlation coefficient (r) of patient cross sectional area and 

calculated CTDI values at the thorax (heart) and abdomen (liver)  

Note *p<0.01   **p<0.05 

CTDIvol 

One 

Sequence 

Sequence 

1 

Sequence 

2 

Cross-sectional area 

(cm2) 

MeanSD 

Relationship 

Cross-Sectional Area Vs CTDI 

Thorax (Heart) Abdomen (Liver) 
Scanner 

 

DLP 

 

 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

Thorax 

(Heart) 

Abdomen 

(Liver) 

Thorax 

(Heart) 

Abdomen 

(Liver) Gradient 

Mean SE 

correlation 

coefficient 

(r) 

Gradient 

Mean SE 

correlation 

coefficient 

(r) 

T5 

(SD=9.2) 

35426 

(181-596) 

5.60.4 

(4.3-9.3) 

  56892 50074 0.0050.004 NS 0.010.006 NS 

T5 

(SD=11.5) 

44435 

(273-729) 

70.6 

(4.1-12.1) 

  711139 682152 0.0050.002 0.622** 0.0130.003 0.767* 

T6 
85571 

(372-1,682) 

13.41.0 

(6.23-24.1) 

  640139 598170 0.0090.002 0.699* 0.0150.01 0.902* 

G1 
80365 

(395-1,635) 

11.84.7 

(6.3-23.5) 

  679155 629173 0.0160.004 0.657* 0.0330.004 0.876* 

G2 
68149 

(301-1,193) 

10.660.77 

(4.7-18.6) 

  648115 605125 0.0480.008 0.76* 0.0550.008 0.804* 



 

 

217 

Table 7-2 (Cont.) DLP, CTDIvol, cross sectional area and gradient values from regression line and the correlation coefficient (r) of patient cross sectional area and 

calculated CTDI values at the thorax (heart) and abdomen (liver)   

Note *p<0.01   **p<0.05 

 

CTDIvol 

One 

Sequence 

Sequence 

1 

Sequence 

2 

Cross-sectional area 

Mean SD (cm2) 

Gradient of Relationship 

Cross-Sectional Area Vs CTDI 

Thorax (Heart) Abdomen (Liver) Scanner 

 

DLP 

 

 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

Thorax 

(Heart) 

Abdomen 

(Liver) 

Gradient 

Mean SE 

Pearson 

correlation 

(r) 

Gradient 

Mean SE 

Pearson 

correlation 

(r) 

P1 
806 27 

(427-1139) 

11.30.4 

(6.4-15.5) 

- - 710125 684150 0.0040.002 0.394** 0.0060.002 0.523* 

P2 
80028 

(481-1147) 

11.00.4 

(6.8-15.9) 

- - 654172 619192 0.0050.002 0.502* 0.0090.002 0.588* 

P3 61635 

(319-977) 

8.70.5 

(4.6-14.1) 

- - 673104 661113 0.0130.004 0.547* 0.0120.003 0.66* 

P4 80665 

(352-1467) 

11.80.8 

(4.54-21.41) 

- - 62398 584121 0.0210.007 0.487* 0.020.006 0.544* 
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Table 7-2 (Cont.) DLP, CTDIvol, cross sectional area and gradient values from regression line and the correlation coefficient (r) of patient cross sectional area and 

calculated CTDI values at the thorax (heart) and abdomen (liver)  

 Note *p<0.01   **p<0.05 

CTDIvol 

One 

Sequence 

Sequence 

1 

Sequence 

2 

Cross-sectional area 

Mean SD (cm2) 

Gradient of Relationship 

Cross-Sectional Area Vs CTDI 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

Scanner 

 

DLP 

 

 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

MeanSE 

(min-max) 

 

 

Gradient 

Mean SE 

Pearson 

correlation 

(r) 

Gradient 

Mean SE  

S1 95843 

(635-1340) 

- 10.00.5 

(6.8-15.7) 

11.70.5 

(7.8-16.1) 

612112 605150 0.0130.004 0.601* 0.0110.001 0.842* 

S2 73734 

(435-1281) 

11.20.5 

(6.9-18.7) 

- - 640132 601141 0.0130.003 0.620* 0.0150.001 0.915* 

S3 8247 

(761-1029) 

12.5 

 

- - 733110 700133 0 NS 0 NS 

S4 63342 

(299-1014) 

9.80.6 

(5.4-16.6) 

- - 700126 660144 0.0190.006 0.531* 0.0270.003 0.891* 

S5 69726 

(374-937) 

- 7.40.3 

(3.9-9.7) 

10.10.4 

(6.4-12.9) 

63698 601119 0.0040.002 0.486** 0.0120.001 0.905* 
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7.3.2 Patient dose and distribution  

The DLP and CTDIvol values obtained from scans are shown in table 7-2.  A fixed 

tube current was used for scanner S3, therefore the CTDIvol values were similar 

for all patients, while the ATCM systems were operated for all other scanners 

and the average dose varied widely between patients and also scanners. The 

average DLP values from the majority of scanners were below the DRL of 940 

mGy.cm except for scanners T2** and S1. The average DLP value for scanner S1 

was within one standard errors of the DRL, while that for scanner T2** was 

higher due to the larger patient size.   

 

Box plots showing distributions of CTDIvol and DLP, the minimum, 25th 

percentile, mean, 75th percentile and maximum values are shown in figure 7-9. 

Since DLP values involved scan lengths that can be varied between patients and 

CT scanners, CTDIvol is a better dose descriptor to compare the dose distributions 

relating to ATCM performance for different CT scanners. Results revealed 

smaller variations in CTDIvol and DLPs for the Philips (apart from for scanner P4) 

and Siemens scanners, compared with the Toshiba and GE scanners (except 

scanners T5) (figure 7-9).  

 

Overall, ranges of CTDIvol of the Toshiba and GE scanners were wider compared 

with those of the Philips and Siemens scanners. However, the value for scanner 

T2 was less than those for other Toshiba scanners because the average patient 

size was smaller. But for the second data set of scanner T2 (T2**), which 

included patients of larger sizes, the CTDIvol and DLP covered a wider range. The 

CTDIvol values for both scan sequences for scanner T5 were significantly lower 

and in narrower ranges compared with the other Toshiba scanners, since it is 

equipped with iterative dose reconstruction.  

 

Average CTDIvol values were similar in scanners P1, P2 and P4, with a wider 

range in scanner P4 and scanner P3 had the lowest value among the Philips 

scanners. For the Siemens scanners, the average CTDIvol values varied, and 

depended on QRM settings for each hospital protocol (table 7-1).  
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Figure 7-9 Box plots showing the minimum, 25th percentile, mean, 75th percentile and 
maximum (a) CTDIvol and (b) DLP values from different scanners and manufacturers  
(Note: Numbers in brackets refer to scan sequences) 
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7.3.3 Relationship between patient size and CT Dose 

The data set obtained from group T2** was used instead of T2 since it better 

represented a realistic clinical patient size distribution than those from group 

T2. Linear regression lines showed that the CTDIvol values increased with the 

patient cross sectional area at different rates for individual scanners and 

manufacturers (Gradient values, table 7-2). There were moderate correlations 

between the cross sectional area and CTDIvol at the thorax region for the Philips 

and Siemens scanners with the r values of 0.39-0.62 (p<0.05), while there were 

higher gradient values and stronger correlations for Toshiba and GE scanners (r 

values of 0.62-0.76, p<0.01). However, there was little correlation in the 

Toshiba scanners T2, T4 and T5 (SD=9.2) for the thorax region due to the 

saturation of tube currents at the minimum values.  For the abdomen, there 

were higher gradient values with strong to very strong correlations between the 

patient cross sectional area and CTDIvol on the Toshiba, GE and Siemens scanners 

compared with the Philips scanner. However, CTDIvol values for the Toshiba and 

GE scanners increased at higher rates as can be seen from the gradient values 

compared with the Siemens scanners.   

 

The relationships between patient cross sectional area at the thorax and 

abdomen and estimated CTDIvol values at heart and liver region are shown in 

figure 7-10. Results for scanner T5 were excluded from the figure, but shown in 

table 7-2, since they derived from a different reconstruction technique and 

CTDIvol were much lower.  For the Toshiba scanners, CTDIvol increased strongly 

with patient size at the region of liver for scanners T1, T2 and T3 except 

scanners T4 and T6 (figure 7-10a). In addition, the CTDIvol increased slightly with 

patient size at the region of the heart for scanner T6, while the CTDIvol remained 

constant for scanner T4. Saturation of tube current dominated the relationships 

between the patient size and the CTDIvol, otherwise CTDIvol values would be 

lower.   Results for the GE scanner G1 were similar to those of the Toshiba, the 

minimum tube current of 100 mAs resulted in a constant CTDIvol for small 

patients who have cross sectional areas less than about 700 cm2 and this 

dominated the weaker of overall relationships (figure 7-10b). For the Philips and 

Siemens scanners (figures 7-10c and 7-10d), CTDIvol increased slightly with 

patient size.  
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Figure 7-10 Relationships between patient cross sectional area, and calculated CTDIvol at the 
heart (left figure) and liver (right figure) regions in the form of the linear fit for (a) Toshiba, 
(b) GE, (c) Philips and (d) Siemens scanners 
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Figure 7-10 (Cont.) Relationships between patient cross sectional area, and calculated CTDIvol 
at the heart (left figure) and liver (right figure) regions in the form of the linear fit for (a) 
Toshiba, (b) GE, (c) Philips and (d) Siemens scanners 
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In order to evaluate the effect of the minimum tube current setting on the 

gradient of the curve, the patient data which were gained from scanners T4 

were used as examples. When the constant tube current sections were excluded 

(figure 7-11) there were higher gradients and stronger relationships between the 

patient size and the CTDIvol for scanner T4 (gradient = 0.02, r=0.82, p<0.001 for 

the liver) so that larger patients required much more radiation doses than 

smaller patients.  
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Figure 7-11 Relationships of CTDIvol and patient cross sectional area after excluding the 
effect of minimum tube current settings measured at liver from scanner T4  
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7.3.4 Noise measurement and relationship between the noise and 
patient cross sectional area 

The mean values and the SD of the mean noise values across all patients from 

each hospital are shown in table 7-3. The image noise values measured from the 

Toshiba and GE scanners were more uniform compared with the other two 

manufacturers, as shown by the coefficient of variation. For the Siemens ATCM 

systems, the variations of image noise were less than with a fixed tube current 

(scanner S3). There were greater variations in image noise for the Philips 

scanners, except for scanner P3. Image noise levels are plotted against the 

patient cross sectional area in figure 7-12, for the Toshiba and GE scanners the 

image noise values remained relatively constant for all patient sizes in scanners 

T2**, T3 and G2 and at the abdominal part for scanners T6 and G1 since there 

were no relationships between patient and noise. But there was a moderate 

increase in noise with patient size for scanner T4 and at the thorax part for 

scanners T6 and G1 with r values of 0.42-0.52 (p<0.05). There were weak to 

moderate inverse relationships between noise and patient size at the thorax and 

abdomen for scanner T1 (r=-0.43, p<0.05 and r=-0.37, p<0.05). This would 

indicate that individuals with large body size tended to have less image noise.   

 

There were strong to very strong positive correlations between patient size and 

noise at the thorax and abdomen parts for the fixed mAs technique of scanner S3 

(r = 0.82, p < 0.01 and r = 0.92, p < 0.01). This would indicate that noise greatly 

increases with patient size. There were moderate to strong correlations between 

patient size and noise for all Siemens scanners operated with ATCM systems but 

at different rates with r values of 0.44-0.75 (p<0.05). However, there were no 

correlations between patient size and noise at the thorax and abdomen parts for 

scanners S5 and S4, respectively. For the Philips scanners, there were moderate 

to strong positive correlations between patient size and noise for scanners P1, 

P2 and P4 with r values of 0.42-0.87 (p<0.05), while there were no correlations 

between patient size and noise for scanner P3.  
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Figure 7-12 Relationships between patient cross sectional area, and image noise at the heart 
(left figure) and liver (right figure) regions in the form of the linear fit for (a) Toshiba, (b) 
GE, (c) Philips and (d) Siemens scanners 
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Figure 7-12 (Cont.) Relationships between patient cross sectional area, and image noise at 
the heart (left figure) and liver (right figure) regions in the form of the linear fit for (a) 
Toshiba, (b) GE, (c) Philips and (d) Siemens scanners 
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Table 7-3 Noise values, Coefficient of variation (%CV) of the noise values and gradient values from regression line and the correlation coefficient (r) of patient 
cross sectional area and noise values at the thorax (heart) and abdomen (liver)  

(Note: *p<0.01   **p<0.05) 
Noise value (Mean±SD) 

(Min-Max) 

%CV of noise Gradient of Relationship 

Cross-Sectional Area Vs Noise 

Thorax (Heart) Abdomen (Liver) 

 

Scanner 

Heart Liver Heart Liver 

Gradient 

Mean SE 

Pearson 

correlation (r) 

Gradient 

Mean SE 

Pearson 

correlation (r) 

T1 15.31.1 

(13.6-18.3) 

14.21.2 

(12-17.5) 

7.2% 8.3% -0.0050.002 -0.432** -0.0040.002 -0.372** 

T2 

 

17.22.0 

(13.2-20) 

21.32.3 

(17.4-26.1) 

11.6% 10.7% 0.0060.004 NS 0.0060.006 NS 

T2* 20.93 

(15.1-27.7) 

19.71.7 

(17.3-23.7) 

14.4% 8.6% 0.0060.004 NS 00.002 NS 

T3 23.02.0 

(19.4-26) 

24.71.8 

(20.7-27.6) 

8.7% 7.3% 0.0060.003 NS -0.0030.003 NS 

T4 13.51.8 

(9.7-20.5) 

20.52.6 

(11.4-26.9) 

13.3% 12.7% 0.0130.005 0.466** 0.0150.005 0.520 

T5 

(SD=9.2) 

152.5 

(9.3-18) 

16.41.3 

(13.9-18) 

16.6% 7.9% 

 

-0.0070.008 NS 0.0050.005 NS 

T5 

(SD=11.5) 

162.2 

(11.8-19.3) 

181.6 

(14.2-21) 

13.8% 8.9% 0.0080.004 NS 0.0070.002 0.638** 
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Table 7-3 (Cont.) Noise values, Coefficient of variation (%CV) of the noise values and gradient values from regression line and the correlation coefficient (r) of 

patient cross sectional area and noise values at the thorax (heart) and abdomen (liver) (Note: *p<0.01   **p<0.05) 

Noise value (Mean±SD) 

(Min-Max) 

%CV of noise Gradient of Relationship 

Cross-Sectional Area Vs Noise 

Thorax (Heart) Abdomen (Liver) 

 

Scanner 

Heart Liver Heart Liver 

Gradient 

Mean SE 

Pearson 

correlation (r) 

Gradient 

Mean SE 

Pearson 

correlation (r) 

T6 14.32.9 

(7.3-19.7) 

18.22.5 

(13.6-23.2) 

20.3% 13.7% 0.0090.004 0.416** 0.0020.003 NS 

G1 16.82.0 

(12.3-19.8) 

19.42.2 

(13.9-24.2) 

11.9% 11.4% 0.0060.002 0.488 0.0040.002 NS 

G2 18.32.7 

(13.6-23.5) 

21.82.4 

(16.3-26.9) 

14.8% 11% -0.0050.004 NS -0.0060.004 NS 

P1 14.52.9 

(10.1-20.9) 

17.54.3 

(11.8-27.8) 

19.9% 24.7% 0.0090.003 0.56 0.020.002 0.872 

P2 17.53.0 

(12.8-23.5) 

19.83.3 

(14.7-27.9) 

17.1% 16.9% 0.0140.004 0.608 0.0160.003 0.699 

P3 15.42.5 

(11.9-20.7) 

17.41.4 

(14.2-19.9) 

16.3% 8.2% 0.0060.005 NS 0.0020.003 NS 
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Table 7-3 (Cont.) Noise values, Coefficient of variation (%CV) of the noise values and gradient values from regression line and the correlation coefficient (r) of 

patient cross sectional area and noise values at the thorax (heart) and abdomen (liver) (Note: *p<0.01   **p<0.05) 

Noise value (Mean±SD) 

(Min-Max) 

%CV of noise Gradient of Relationship 

Cross-Sectional Area Vs Noise 

Thorax (Heart) Abdomen (Liver) 

 

Scanner 

Heart Liver Heart Liver 

Gradient 

Mean SE 

Pearson 

correlation (r) 

Gradient 

Mean SE 

Pearson 

correlation 

(r) 

P4 14.32.9 

(11.1-24.9) 

16.73.1 

(11-24.6) 

20% 18.9% 0.0120.005 0.416** 0.0150.004 0.579 

S1 21.53.1 

(15.3-27.2) 

20.42.6 

(15.7-25.2) 

14.3% 12.5% 0.020.004 0.694 0.0130.002 0.751 

S2 18.22.7 

(14.8-25.3) 

19.62.6 

(14.6-25.3) 

15% 13.4% 0.0120.003 0.6 0.0130.002 0.722 

S3 

(Fixed tube 

current) 

13.34.5 

(8.7-27.2) 

19.75.7 

(11.7-36.8) 

34.1% 29% 0.0339 0.822 0.0394 0.919 

S4 27.13.0 

(20.8-34.2) 

30.32.7 

(26-36.9) 

11% 9% 0.010.004 0.441** 0.0070.004 NS 

S5 20.92.2 

(17.9-24.7) 

20.92.3 

(17.1-26.5) 

10.3% 11% 0.0080.004 NS 0.010.003 0.525 
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7.4 Discussion  

The study found that dose levels were indeed reduced for smaller and average 

sized patients, but for some scanners the dose levels were increased 

substantially for larger patients. This resulted in a lowering of image noise and 

improvement in image quality for these patients. Whether or not this 

improvement is necessary or appropriate and justifies the increase in dose level 

is difficult to prove. However, as a result, doses for larger patients were 

substantially higher on scanners operating on a fixed noise index, compared with 

those that allowed the acceptable noise level to increase with patient size.  It 

should be noted that the maximum ATCM tube current level normally set is 

significantly higher than the tube current used for fixed mA techniques and it is 

for this reason that the increase in dose occurs. 

 

7.4.1 Constant noise ATCM system (Toshiba and GE scanners) 

The Toshiba and GE scanners ATCM systems aim to maintain constant image 

noise, the Toshiba uses a target noise and GE uses a NI to operate their ATCM 

systems. The tube currents and dose are dependent on patient size but noise 

levels are independent. The strengths of the relationships between patient 

cross- sectional area and DLP for Toshiba and GE scanners were higher than 

those for other manufacturers, and there were wide ranges in tube current to 

achieve the target noise (figure 7-10). The majority of mAs per image values 

were approximately the minimum values in the thorax region for the second 

data set of scanner T2 (T2**), scanners T4, T6 and G1. For the scanner G1, tube 

currents stayed the same at 200 mA throughout the scan length for patients who 

have the cross- sectional area of less than about 700 cm2 (figure 7-10b). The 

range of tube current settings affects the image noise. The minimum tube 

current limits the current reduction for small patients for the second data set of 

scanners T2 (T2**), scanners T4, T6 and G1 and results in the lower image noise 

levels than required.  As can be seen from figures 7-12a and 7-12b, the apparent 

increases in noise with patient cross- sectional area are due to the low noise 

levels for smaller patients. The overall noise value was similar to the target SD 

of 12.5 for scanner T1 (figure 7-12a). However, the image noise shows a steady 

decline with patient size, which implies that large patients have a higher level 

of image quality with higher doses. An ATCM test using the ImPACT conical 
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phantom confirmed the result for scanner T1 (figure 7-13), image noise 

decreased with the cross-sectional areas of the phantom greater than about 450 

cm2. Setting of adequate higher target noise settings may be an appropriate way 

to reduce the patient dose whilst preserving image quality for diagnosis for 

larger patients undergoing CT examinations on Toshiba and GE scanners. 
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Figure 7-13 Measured SD (HU) against the cross- sectional diameter of the ImPACT Conical 
phantom showing linear regression and coefficient of variation    
 

The CTDIvol values for the Toshiba scanners in this study (figure 7-9) were 

calculated from the DLP values to allow fair comparisons with those obtained 

from the other scanners. The CTDIvol shown at the Toshiba scanner monitor is 

based on the maximum mAs per rotation rather than average mAs being used for 

the entire scan length.  A higher CTDIvol from a higher maximum tube current 

value could be from a large patient size or other contributing factors such as 

metal implantation in hip and other body areas.    

 

The relationships between patient cross-sectional area and CTDIvol were    

limited by the minimum value settings of the tube currents. Any relationships 

between patient cross-sectional area and CTDIvol were limited in scanners T4, T6 

and G1 (figures 7-10a and 7-10b). This was due to two reasons. The first reason 

was that the differences in the tube currents between large and small patient 

sizes were small, and this led to a narrower range of tube currents and CTDIvol 

values over the heart. The second reason was the minimum tube current settings 

which resulted in the saturation of the tube currents and CTDIvol values for small 

patients. As a result of these saturations patients of small size failed to show a 

reduction in CTDIvol due to minimum mAs values being reached.   
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The image noise from scanner T3 was higher than the target noise. This is 

because the Toshiba and GE scanner ATCM systems use the slice thickness of the 

first prospective reconstruction to estimate the tube current. Since the first 

reconstruction of scanner T3 was set at 5 mm but the second prospective 

reconstruction sent to PACS was 1 mm, with the same algorithm, then the noise 

level is increased by a factor of square root of a ratio between the image 

thicknesses of the first and second reconstructions.  In this study the image noise 

levels for scanner T3 doubled the target noise.  

 

7.4.2 Acceptable noise ATCM system 

7.4.2.1  Philips scanner 

There were D-DOM and Z-DOM ATCM systems for Philips scanners used in this 

study. Tube current modulation patterns from scanner P4, for which D-DOM was 

used, differed from those for the other scanners operated with Z-DOM. The tube 

currents for scanner P4 increased over the lungs. This related to the use of the 

angular dose modulation option (D-DOM) for scanner P4 and can be explained by 

results from a custom made phantom study in chapter 5, as shown in figure 7-17. 

Tube currents dropped significantly at a section of the phantom which 

represented the human shoulder, the section has a higher attenuation laterally 

than antero-posteriorly with an ellipse axis ratio of 2:1. Tube currents remained 

constant at other sections of the torso phantom (ratios between the AP and 

lateral are 1.3-1.5) as well as over the entire length of the ImPACT phantom 

(ratio between the AP and lateral is 1.5 through the phantom length).  The 

mAs/slice is calculated from the ratio of the maximum and minimum patient 

attenuations; the higher the ratio the lower the mAs.  For patient scans, the mAs 

is often lowest in the most attenuating parts, because the ratio is higher here 

(Wood, 2012). In thorax scans the mAs/slice values were lowest in the shoulders 

and highest in the lung (figure 7-8b). 

 

For patients of similar size, the DLPs received from the scanner P4 were higher 

that those from the others (figures 7-9 and 7-10d). The finding confirms results 

described in chapter 5 (figure 7-14) and a report by Wood (2012) who states that 

there is a 14% higher dose in a CAP scan of an Alderson Rando phantom with D-

DOM compared with Z-DOM. However, variations of image noise obtained from 
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D-DOM and Z-DOM ATCM systems were similar (table 7-3).  Results indicate that 

it is not appropriate to use D-DOM for a CAP scan because of the higher patient 

doses. 
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Figure 7-14 Comparison of tube current modulation patterns between recommended 
mAs/slice values for D DOM and Z DOM in (a) ImPACT conical and (b) Torso section phantoms 
(Note : A scan direction started from the minor end  and section 1 for the conical and torso 

section phantoms (from the left to the right) and the numbers above the sections of the torso 

phantom are ratios of the AP and lateral diameters) 

The dose from scanner P3 was 25% lower than that for other Philips scanners.   

Scanner P3 is the only Philips CT scanner in this study that incorporated the 

iterative reconstruction method iDose4. Philips Healthcare (2011) declared that 

iDose4 software helps to improve image quality and/or lower radiation dose.  

The Philips iDose4 improves the image quality whilst enabling dose reduction. 

However, the amount of radiation reduction and image quality improvement 

depends on which level of iDose4 is used (Hou et al., 2012 ; Olsson and Norrgren, 

2012 ; Smyth and Doyle 2011).  

 

The patient doses from Philips scanners P1, P2 and P4 have moderate 

relationships with the patient cross-sectional areas. The doses increase slightly 

with patient size but the noise increased more than for the Toshiba and GE 

scanners. The noise was relatively constant in scanner P3 that had iterative 

reconstruction and a more recent version of the ATCM software, and the 

gradient of the plot between the patient size and CTDIvol was lower. The older 

version of the ATCM calculation software on P1, P2 and P4 measured the average 

body size for all patients scanned with a specific protocol. The system 
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introduced images from previous studies into a database from which reference 

images for new examinations were derived (Nievelstein et al., 2010). As a result, 

the reference image changed gradually over time. Since the image noise is 

dependent on the tube currents used, image noise is also affected by the 

changes in the average patient size and this may explain why the relationships 

between image noise and patient size were more variable. Scanner P3, which 

has the more recent ATCM system, shows a stronger relationship between the 

CTDIvol and the patient cross sectional area (figure 7-10c, table 7-2) because the 

ATCM system compares the patient attenuation to the same reference patient 

size (personal communication from Philips CT application specialist, December 

13 2012).  

 

7.4.2.2  Siemens scanner 

A fixed tube current technique was used for scanner S3, the tube current was 

not modulated along the length of scan therefore the CTDIvol remains constant 

and the DLP values were similar for all patients. The results showed a strong 

relationship between patient size and image noise.  The relationship between 

image noise and cross- sectional area illustrates results expected from the fixed 

mAs technique. The Siemens scanners use the concept of reference mAs or QRM. 

The high setting of QRM results in higher CTDIvol and DLP. There were narrower 

ranges in tube current and the doses for larger patients were not as high as with 

the Toshiba and GE scanners. Both the tube current and the noise levels 

increased with patient size (figures 7-10d and 7-12d). Compared to the Toshiba 

and GE scanners, tube currents for slim patients are reduced less than constant 

image noise would require, while those for obese patients are increased less 

than a constant image noise would require. Overall absolute image noise values 

were related to the QRM settings. The lowest QRM setting of scanner S4 resulted 

in the highest noise value (tables 7-1 and 7-3) and the high settings of QRM 

resulted in higher CTDIvol and DLP (table 7-2). The DLPs from scanners using two 

scan sequences (scanners S1 and S5) are higher than those using a single 

sequence (scanners S2 and S4) because of longer scan lengths. The average DLP 

from scanner S1 was higher than the DRL, because there was more overlap 

between the two sequences, although the average CTDIvol was low. Moreover, 

the QRM settings of scanner S1 (140 and 160 effective mAs for the scan 

sequences 1 and 2) were higher than those for the other scanners. 
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7.4.3 Limitations of this study 

There are some limitations to this study. Measurement of image noise should be 

within a uniform area of tissue. The heart cavity provided such an area, but in 

order to enable automatic identification in each image slice, a range of CT 

number covering only the heart cavity was selected. Since noise level depends 

on the selected range of the CT number (figure 7-3), a wider selected range of 

CT number may give greater variation in noise. When the range was increased to 

include different tissues within the heart, the standard deviation increased, and 

no longer reflected a realistic measure of noise.  For the liver, although there 

was a wide range in CT number covering the liver, there was only one major 

peak. Another limitation of the noise measuring program was that because the 

area of measurement depended on the selected range of the CT number, 

another organ with a similar range of CT number to that for the organ of interest 

could be included in the assessment. This occurred on occasions when 

measurements of the noise in the liver included parts of the spleen.  

 

7.5 Conclusion 

Relationships between patient sizes, doses and image noise were examined in 

four different CT scanners. The results can be separated into two groups,   

constant noise ATCM system (Toshiba and GE scanners), and adequate noise 

ATCM system (the Siemens and Philips scanners). The first group; Toshiba and GE 

scanners use the concept of target noise and noise index to operate the ATCM 

system. The noise in the CT images was found to be constant in scanners for 

which the tube current values covered wide ranges. Here there were strong 

relationships between the patient size and dose received. These scanners are 

likely to have more significant dose variations and give larger doses for heavier 

patients. Setting of a higher target noise for larger patients in protocols is 

recommended. The selection of the minimum tube current value can also stop 

the tube current from decreasing further and affecting the image noise in some 

scanners. These settings lead to lower image noise levels but higher doses than 

expected. In this case, users should be aware of the range of tube current 

settings to ensure that adjustments are appropriate for all patients scanned.   
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The second group; Philips and Siemens scanners, use the concepts of the 

reference image and reference mAs to operate the ATCM systems. Relationships 

between the patient size and dose received were not as strong as the 

relationship with the Toshiba. There were narrower ranges of tube currents and 

the doses for larger patients were not as high compared with the Toshiba 

scanner. The exception was the scanner using D-DOM for which there was a wide 

range of tube current.  In terms of the relationship between image noise and 

patient size, for the Siemens scanners, image noise values were increased 

slightly with patient size. However, for the Philips scanners, the image noise 

remained constant in the modern scanner, while it was not possible to identify 

the relationship for the older scanners because the older systems incorporated a 

learning process which meant that the average patient size changed when the 

operator changed the mAs from that which the DoseRight ACS had suggested. 

These results demonstrate that the performance of several scanners reviewed 

was far from optimal. Before optimization was undertaken, it was necessary to 

understand how different scan parameters affected both dose and image quality 

variable. Therefore, experiments were undertaken to investigate the influence 

of different scan parameters.  
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8 A study of factors influencing dose and image 
quality with CT ATCM system   

8.1 Introduction 

As reported in the previous chapter, patient CTDIvol values for the Toshiba and 

GE scanners covered wider ranges and resulted in substantially higher doses for 

larger patients than those for the Siemens and Philips scanners. Although the 

study also identified some of the factors contributing to the variation in patient 

dose, the high variations in patient dose for these constant noise based ATCM 

systems were not explained completely.  

 

 ATCM systems have options for users to set the desired image quality levels and 

other scanning options (Kalender, 2005; Kalra et al., 2004b; Lee et al., 2008), 

individual CT users can set up their own protocols. Variations from site to site in 

the user selected scanning parameters had a substantial influence on the 

radiation doses and image quality levels for individual patients, as discussed in 

chapter 7. One of the challenges facing CT users is to determine how 

modifications to scan protocols using ATCM will affect image quality and patient 

dose. Efficient use of the ATCM system needs a knowledge of ATCM options 

available on the scanner and an understanding of the effect of all user 

selectable parameters including, for example, tube voltage (kVp), pitch factor, 

rotation time, slice thickness and reconstruction filter, as well as the input value 

for image quality. The user requires to understand how these parameters 

interact, and how the ATCM changes image quality and exposure factors 

depending on the selections made. From the results of the previous study, the 

selected filter convolution (FC) had been thought to be a key parameter 

affecting patient dose under Toshiba ATCM.  

 

There have been some studies to investigate effects of changing CT scan 

parameters on the tube current and image quality (Goo and Suh, 2006; Israel et 

al., 2008; Keat et al., 2005). However, these studies did not provide information 

about changes in the tube current and image quality or include changes in scan 

parameters over the full range used clinically including the selectable FC for the 

Toshiba CT scanners. The Toshiba ATCM system is the only one among the four 

most important CT manufacturers in which altering the reconstruction algorithm 
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for the first reconstruction affects the tube current modulation (Gudjonsdottir 

et al., 2010). For this chapter, the wedding cake phantom has been used to 

assess the tube current modulation and image noise under different ATCM 

settings and CT scanner parameters. In addition, high contrast resolution 

analysis through evaluation of the modulation transfer function (MTF) and low 

contrast resolution were measured in order to determine differences in image 

quality (Mahesh, 2009). The aim of this study is to investigate the effects of 

changes in scan parameter setting on tube currents, dose, image noise and 

image quality, and identify factors that need to be considered by the scanner 

operators. The outcome of this study will be suggested as practical optimisation 

methods in the West of Scotland.  

 

8.2 Materials and Methods 

8.2.1 Materials 

8.2.1.1  CT ATCM scanners 

Measurements were carried out primarily on a Toshiba scanner. Philips and 

Siemens scanners which have ATCM systems based on different principles were 

used as comparators. Details of the ATCM systems for these scanners are 

described in chapter 2. Routine CAP protocols were used as default settings and 

are shown in table 8-1.  

 

8.2.1.2   Phantoms 

The wedding cake phantom as detailed in chapter 5 was used to test the effects 

of changes in image quality levels and scan parameters for tube current 

modulation, dose and image noise. A Catphan600® (The phantom laboratory, 

New York) which is a routine phantom for CT quality control checks was used to 

provide measurements of the image quality for different FC settings. Details 

regarding the phantom have been explained in chapter 2.  

 

8.2.1.3  Testing Approach 

The scan parameters pitch factor, rotation time, collimator configuration, kVp, 

image thickness and reconstruction filter were varied for the Toshiba scanner 
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while the target noise was maintained at 12.5. Minimum and maximum tube 

current values of 10 mA-500 mA were selected. Since the pitch factor can vary 

with other scan parameters, for example changes in collimator configuration 

with the same beam width, an effective mAs, namely the mAs per rotation 

divided by the pitch factor, was calculated and used for comparisons of changes 

in scan parameters. The selected filters can be divided into four groups; FC01-

FC05 and FC11-FC15 are body filters, FC07-FC09 and FC17-FC19 are soft tissue 

filters. The first number after FC indicates whether or not beam hardening 

correction (BHC) is used, e.g. FC01 and FC11 are the same reconstruction 

algorithm with and without the BHC. The lower the second FC number gives 

smoother images, and the higher the FC number gives sharper images. 

 

The scan parameters varied on the Philips and Siemens scanners were pitch 

factor, rotation time, collimator configuration, image thickness and 

reconstruction filter. The behaviour of the Philips ATCM tool using AP and lateral 

scan projection radiographs (SPRs) and the influence of the iterative dose 

reconstruction (iDose) software were tested on the Philips scanner.  The quality 

reference mAs (QRM) used for the Siemens scanner was 110 mAs. The tube 

current ranges for the Philips and Siemens scanners were determined by the 

scanner. The reconstruction filters for the Philips scanner can be separated into 

three groups, A, B and C, corresponding to very smooth, smooth and sharp 

respectively. In addition, each filter can be applied with standard or high levels 

of resolution. For the Siemens scanner, two reconstruction filters of smooth 

(B31f) and sharp (B50f) filters were compared.  

 

The phantom was scanned with a 300 mm long scan over the middle part, 

excluding both edges. The reason for the edge exclusion is to avoid sharp peaks 

in tube current in Toshiba scanners associated with step changes in attenuation 

as explained in chapter 5.  The image noise was evaluated by measuring the 

mean standard deviation of CT number from each image with 500 mm2 ROIs 

located in the centre, anterior, posterior and right and left lateral positions of 

the wedding cake phantom, as explained in chapter 5.  The image noise values 

from all positions were averaged. A paired-samples t-test was conducted to 

compare the tube current and image noise values obtained from different scan 

parameter settings.  
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Table 8-1 Details of CT scanners and the routine protocols 
 

Scanner 

 

Model kVp ATCM setting Rotation 

time (s) 

Collimation  

(mm) 

Pitch Reconstruction  

filter 

Image Thickness 

(for the first recon.) 

Toshiba   Aquilion 64 120 SD=12.5 

(5-250 mAs) 

0.5 32x1 0.844 FC11, QDS+ 5 mm 

Philips  Ingenuity 128 120 Z-DOM 0.75 64x0.625 1.014 Standard Body 0.9 mm 

Siemens Somatom 64 120 QRM 

110 eff. mAs 

0.5 64x0.6 1.2 B31f  

medium smooth 

5 mm 

 

QDS : Quantum Denoising Software 

Note: Measurements on Philips scanners were based on use of a SPR in AP direction 

 

 

 



 

 

242 

8.2.1.4  Image quality analysis using Catphan®600 

Image quality checks including calculations of MTF from bead point sources and 

low contrast detecability (LCD) were carried out using the Catphan600®. A trial 

web-based software provided by ‘Image Owl©’ was used to analyze the image 

quality. Theory and methods for analysis of the MTF and LCD are available on 

the Image Owl website (Image Owl, 2013).  Since the tube current for scans 

under ATCM is varied depending on the target noise and other scan parameter 

settings, an experiment was designed and carried out in order to determine the 

MTFs with different mAs values selected (similar to the condition with the ATCM 

activated). For this experiment, both the absolute MTF values and the variation 

with mAs were derived, using mAs values of 25 mAs, 50 mAs, 100 mAs, 200 mAs, 

300 mAs and 400 mAs. The middle part of the module CTP528 (line pair 

resolution and point source, as shown in figure 2-11a chapter 2) was scanned in 

an axial mode. Scan parameters were fixed at 120 kV, 1 s rotation time, 

collimator 1x4 mm, FOV 240 mm. In order to calculate the absolute values for 

the number of lp/cm (MTF) and target diameter (LCD) for different FC settings, 

the scans were repeated five times, mean and mode values were used for the 

MTF and LCD, respectively.   

 

Changes in FC settings covering the filters used for body and soft tissue scans as 

mentioned earlier were tested. The results of MTF obtained from the upper bead 

point source of the module CTP528 were averaged. The module CTP515 of low 

contrast target was used for the LCD analysis (figure 2-11b in chapter 2). Results 

of MTF50, MTF10, MTF5 and MTF2 values or the frequencies corresponding to the 

50%, 10%, 5% and 2% MTF  values (in lp.cm-1), and the diameters of the low 

contrast target for the contrast level of 1%, 0.5% and 0.3%  were derived.   
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8.3 Results  

8.3.1 Toshiba scanner 

8.3.1.1  Variations in image noise and dose with scan parameter 
setting  

Results showing changes in mAs and CTDIvol for the Toshiba scanner when 

different parameters were altered are summarised in Table 8-2. Image noise 

levels and patterns were relatively constant over the middle part of each section 

of the phantom. Alterations in pitch factor, collimation and rotation time all 

changed the CTDIvol by less than 20%. But a reduction in image thickness for the 

first reconstruction from 5 mm to 1 mm resulted in an increase in the mAs and 

dose by about 2.5 times, while an increase in the image thickness from 5 mm to 

10 mm resulted in a decrease of about 1.4 times (figure 8-1, table 8-2).  
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(c)    (d) 

Figure 8-1 Comparisons of effective mAs and image noise over the entire length of the 
wedding cake phantom from different CT scan parameter settings ; (a-b) image thickness and 
(c-d) collimator configuration, measured from the Toshiba scanner and using the same target 
noise setting of 12.5 
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More substantial changes in effective mAs and CTDIvol occur with FC settings 

(figure 8-2, table 8-2), with tube current values increasing as filters were 

changed from smooth to sharp. For example the mAs values for FC03 and FC13 

were double those for FC01 and FC11. The mAs remained constant at the 

maximum value of 200 mAs over the large and medium sections of the phantom 

for the sharpest filters of each group (FC05, FC15, FC09 and FC19). Both the 

magnitude and pattern of image noise were similar for various scan parameter 

settings, with the noise being relatively constant over the middle part of each 

section of the phantom, but with fluctuations at section junctions (figure 8-2b). 

The noise levels were higher where the tube currents saturated, at the large 

and/or medium sections of the phantom (figure 8-2a).  
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(a)      (b) 

Figure 8-2 Comparisons of (a) effective mAs and (b) image noise over the entire length of the 
wedding cake phantom from different FC settings for body scan with BHC (FC01-FC05), 
measured from the Toshiba scanner and using the same target noise setting of 12.5 
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Table 8-2 Values of effective mAs and estimated CTDIvol for different scan parameters, and % 
differences of these values compared with those for the routine setting, measured on the 
Toshiba scanner  

(Note: Routine scan parameters were 120 kV, 32x1 mm beam, pitch=0.844, 0.5 sec rot. time, 
image thickness 5 mm, reconstruction filter FC11, QDS+ and target noise 12.5) 
 

Mean 

Effective mAs* Parameter Setting 

L M S Average 

Estimated 

CTDIvol 

(mGy) 

 

%Diff 

 

Routine setting  84 68 40 64 7.3 - 

Vary Parameter 

0.656 93 79 46 73 8.3 14 Pitch Factor 

 1.406 88 68 35 64 7.3 1 

Rotation time 1sec 101 83 40 75 8.5 17 

Collimator 64x0.5 99 77 48 75 8.5 17 

kVp 135 65 56 30 50 5.7 21 

1 mm 207 155 72 145 16.5 126 Image Thickness 

 10 mm 55 47 23 42 4.8 35 

Vary Filter 

FC01 81 65 35 60 6.9 6 

FC02 110 88 50 83 9.4 29 

FC03 168 128 64 120 13.7 88 

FC04 238 178 83 166 19 160 

Body filter 

(With BHC) 

FC05 238 238 114 197 22.4 207 

FC11 84 68 40 64 7.3 - 

FC12 118 88 52 86 9.8 34 

FC13 172 132 64 123 14 92 

FC14 238 195 87 173 19.8 171 

Body filter 

(Without BHC) 

FC15 238 238 118 198 22.6 209 

FC07 124 92 52 89 10.2 40 

FC08 155 120 61 112 12.8 75 

Soft tissue filter 

(With BHC) 

FC09 238 238 100 192 21.9 200 

FC17 124 92 52 89 10.2 40 

FC18 157 119 61 112 12.8 76 

Soft tissue filter 

(Without BHC) 

FC19 238 238 100 192 21.9 200 

 

L= Large, M=Medium and S=Small sections of the wedding cake phantom   

Average value refer to average mAs over the middle part of the three sections 
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8.3.2 Philips and Siemens scanners  

8.3.2.1 Effect of SPR direction on tube current and image 
noise on Philips scanner  

Comparisons of the mAs and image noise between using the AP and lateral 

directions scanned projection radiography (SPR) for Z-DOM and D-DOM were 

performed on the Philips scanner, results were similar on Z-DOM and D-DOM    

(figure 8-3). The effective mAs values from the use of the lateral SPR were 15% 

higher than those of the AP SPR. The image noise levels were similar for both 

SPRs directions for the Z-DOM, while there was a 8% decrease in image noise for 

the lateral SPR for the D-DOM.   
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Figure 8-3 Comparisons of effective mAs/image value between using AP and lateral SPRs for          
(a) Z-DOM and (b) D-DOM, measured from the Philips scanner   
 

8.3.2.2  Variations in image noise and dose with scan parameter 
setting  

For the Philips scanner, the effective mAs values were not changed significantly, 

tube current modulation patterns were similar by altering the scan parameters 

(figure 8-4a). Unlike the Toshiba scanner, the tube current modulation on the 

Philips scanner does not saturate at a set value, as the maximumn is determined 

based on the region of highest attenuation within the SPR. The image noise 

levels were similar for all pitch factor, rotation time and collimator 

configuration settings. Use of high resolution coupled with sharp filters C 

increased the image noise values by 49%-58% (p< 0.05), compared with standard 

resolution coupled with filters A or B. Image noise level decreased significantly 
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(P<0.05) when iterative reconstruction software (iDose) was implemented, with 

a 27% decrease for iDose level 3 and 44% for iDose level 6, compared with the 

routine setting (figures 8-4b and 8-4c).  
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Figure 8-4 Effective mAs/image values which were similar for various scan parameter 
settings and image noise over the entire length of the wedding cake phantom from different 
scan parameter settings of (b) reconstruction filter and (c) use of iDose, measured from the 
Philips scanner   
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For the changes in scan parameter settings on the Siemens scanner, using the 

same QRM setting of 110 mAs (figure 8-9), the mAs decreased significantly for 

the lower pitch of 0.9 and longer rotation time of 1 sec (P<0.05) (table 8-3), 

There were significant differences in the noise level between different settings 

of pitch factor and rotation time, but only 4% changes in mAs. There was not a 

significant difference between mAs values used for B31f and B50f, but use of the 

B50f filter resulted in a 2.4 times increase in the image noise, compared with 

the default B31f filter (p<0.05).  Values of effective mAs and estimated CTDIvol 

with scan parameters are shown in table 8.3.  
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Figure 8-5 Comparisons of effective mAs and image noise over the entire length of the 
wedding cake phantom from different scan parameter settings of (a-b) pitch factor, (c-d) 
rotation time and  (e-f)  reconstruction filter, measured from the Siemens scanner   
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Figure 8-5 (Cont.) Comparisons of effective mAs and image noise over the entire length of 
the wedding cake phantom from different scan parameter settings of (a-b) pitch factor, (c-d) 
rotation time and  (e-f)  reconstruction filter, measured from the Siemens scanner   
 
 
 
 

Table 8-3 Values of effective mAs and estimated CTDIvol for different scan parameters, and % 
differences of these values compared with those for the routine settings, measured on the 
Siemens scanner    

(Note: Routine scan parameters were 120 kV, 64x0.625 mm beam, pitch=1.2, 0.5 sec rot. time, 
image thickness 0.9 mm, reconstruction filter B31f) 
 

Mean 

Effective mAs* Parameter Setting 

L M S Average 

Estimated 

CTDIvol 

(mGy) 

%Diff 

 

Routine setting  196 177 110 161 11.4  

Vary Parameter 

0.9 188 164 107 153 10.9 4.4 Pitch Factor 

 1.4 186 173 116 158 11.2 1.8 

Rotation time 1 sec 188 165 109 154 10.9 4.4 

Filter Reconstruction B50f   195 179 113 162 11.5 0.9 
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8.3.3 Image quality with filter convolution for the Toshiba scanner 

8.3.3.1  Modulation transfer function (MTF) with filter convolution 

The absolute values of the spatial frequencies in lp cm-1 were relatively 

independent of mAs for a given FC setting, with coefficients of variation within 

4%. The spatial frequencies measured using 200 mAs for filters used with BHC 

are shown as examples in figure 8-6. Values for the 0.5 level were 3.4-4.2 lp.cm-

1, while the number of lp.cm-1 increased to 6.9-10.7 at 0.02. Overall, for 

individual groups of filters, a sharper filter has a higher number of lp.cm-1.  The 

FCs having the same reconstruction algorithm but different beam hardening 

correction, for example FC01 and FC11, and FC 02 and FC12, and so on, gave 

similar MTF curves. With the same FC settings, the values were relatively 

constant for various mAs settings.  
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Figure 8-6 Variation of spatial resolution with different FC settings for (a) body scan with  
BHC (FC01-FC05) and (b) soft tissue scan with BHC (FC07-FC09), measured from module 
CTP528, Catphan600®, using 200 mAs, and on Toshiba scanner  
 
(Note: scan parameters were 120 kV, 0.5 s rotation time, FOV 240 mm, the mean values were 
derived from 5 times of measurement) 
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8.3.3.2  Low contrast detectability (LCD) with filter convolution 

The detectable target diameter values for various FC and mAs settings are shown 

in figure 8-7. Overall, all FC settings had similar ability to detect the target 

diameter with the same mAs applied.  With the same FC setting and contrast 

level, lower mAs settings tended to have lower abilities to distinguish between 

the two objects. For 1% contrast, detail diameters of 5 mm and larger could be 

detected with 25 mAs and the smallest detail diameter of 2 mm could be 

detected when the applied mAs was 200 mAs or above. For 0.3% contrast, 6 mm 

diameter detail could be detected at 200 mAs. The detectable detail diameter 

values declined with mAs but differences between FC settings were not 

significant. 
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Figure 8-7 Variation of low contrast detail detectability with mAs values, for contrast levels 
of 1%, 0.5% and 0.3%. Measured from module CTP 515, Catphan 600®, using FC13 and on 
Toshiba scanner 
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8.4 Discussion  

As an observation some countries such as USA require medical physicists to 

ensure each patient scan is optimised, in order to achieve this, it is important   

to understand the principles of different ATCM techniques and factors affecting 

the ATCM systems. The effects of altering scan parameters changes the response 

of the ATCM system and do not have the same consequences in all ATCM 

systems. Since the issue of larger variations in patient dose had been found with 

the Toshiba CT scanners, as shown in chapter 7, the study in this chapter paid 

more attention to the Toshiba scanner’s dose and image quality optimisation. 

The Philips and Siemens scanners have been used as comparators since they have 

different principles of ATCM system operation.    

 

8.4.1 Effects of changes scan parameters   

The Toshiba ATCM system aims to achieve a constant image noise similar to the 

target set by users, while the Philips and Siemens scanners adjust scan 

parameters to achieve adequate image quality through comparison to a 

reference image and patient. For the Toshiba scanner, the image noise level 

obtained from scans of the wedding cake phantom using different scan 

parameter settings were all similar. The image noise remained constant for each 

section of the phantom, however, there were fluctuations in the noise at the 

section junctions, because the ATCM does not adjust the output immediately at 

the boundaries since the beam width overlaps two sections at the same time 

(figure 8-1b). The tube current remains higher than required to achieve the 

selected noise level for the smaller section until the beam width only 

incorporates the small section. As a result the noise level at the start of the 

smaller section is lower.  The rise in tube currents at the edge of each section in 

the Toshiba scanner results from the step changes in radiation attenuation as 

explained in chapter 5.  

 

Scan parameter protocols are typically set by CT application specialists, but 

users can adjust them. From the previous chapter 7, the pitch factor, 

collimation configuration, FC and image thickness setting for CAP protocols from 

Toshiba scanner users vary from site to site. Results have shown that tube 

current values and, therefore, patient dose, were affected by the changes in CT 
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scanner parameters. The mAs can rise by up to 17% for adjustments in the scan 

parameters (pitch factor, rotation time, collimator) within the range used 

clinically compared with the routine setting, and can be double when selecting a 

narrower image thickness for the first reconstruction  (1 mm versus 5 mm) (table 

8-2).  

 

Use of a higher pitch factor (or faster table travel) and a faster rotation time 

reduces scan time but could also affect image quality, and consequently the 

ATCM system increases the tube current to maintain the image noise. As a 

consequence the dose should be the same when rotation time and pitch are 

changed, when other scan parameters are kept the same. However, from the 

results of this study, use of a lower pitch factor and longer rotation time led to 

slightly higher mAs and CTDIvol (table 8-2) and the result is similar to a report by 

the Toshiba company (Thomas, 2011) that stated a reduction of pitch factor 

from 0.828 to 0.641 results in a 15% increase in effective mAs. The reason for 

this is currently unknown. However, in the clinical situation, use of a lower pitch 

setting results in a reduction of the overranging spiral artefact due to 

interpolation and reconstruction process (Barrett and Keat 2004), and one 

obvious advantage for the short rotation time is eliminating a motion artefact 

caused by patient movement (Kumala, 2004).  

 

When a higher tube potential is used, giving more highly penetrating photons, 

the ATCM can reduce the number of photons required to achieve the same noise 

level by decreasing the tube current (table 8-2). However, under clinical 

conditions, tube potential should be selected based on the requirement for a 

subject contrast enhancement in the image as well as patient size and clinical 

purpose of the CT examination (Strauss et al., 2010). Tube potential other than 

120 kV may be considered for some cases.  Obese patients may require higher 

tube potential selections when mAs cannot be increased further to ensure a 

sufficient number of photons exit the patient. For slim or pediatrics patients 

where the mAs can not be reduced further, a lower kVp may be set (Nagel 

2007). For CT examinations involving the use of iodinated contrast media with 

small size patients, a lower tube potential can give equal or better contrast to 

noise ratio than at a higher tube potential, at lower dose to the patient 

(McCollough et al., 2009).  
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The change in collimator configuration from 32x1 mm to 64x0.5 mm effectively 

alters the image slice thickness (figure 8-1, table 8-2), since the detector 

configuration used to acquire the desired slice thickness changes. In theory, in 

order to maintain image noise when reducing slice thickness by a factor of n, the 

mAs would need to be increased by a factor of n (as shown in equations 2-20 and 

2-21, chapter2). However, the study found the mAs values were changed by 

approximately √n, as reported in other studies (Gudjonsdottir 2010, Kanal et al., 

2007). In the clinical setting, the selected collimation should be as small as 

compatible with the aspect of overbeaming and overranging. A narrow slice 

thickness should be used only where limiting the partial volume effect is 

important. The wide beam collimation allows much faster z-axis coverage, while 

the narrow beam collimation acquisition is slower but allows retrospective 

reconstruction of narrower slices, the proper collimator should be selected that 

allows the desired slice thickness to be reconstructed. 

 

The principles of the ATCM systems for the Philips and Siemens scanners, differ 

from that of the Toshiba. When scan parameters, including collimator 

configuration (32x1.25 versus 64x0.625) were altered, the effective mAs 

remained the same, while the image noise levels changed. Large variations in 

image noise occurred when sharper reconstruction filters were selected (figure 

8-4b for the Philips and figure 8-5f for the Siemens scanners), so the user needs 

to be aware of the effect on the image quality when they select a filter which 

differs from the recommended one. The orientation of SPR is another factor 

affecting patient dose for the Philips scanner. 

 

Use of the iterative reconstruction software (iDose) for the Philips scanner 

resulted in lower image noise levels which depended on their level (iDose3 or 

iDose6) (figure 8-4c). This has been confirmed by a study conducted by Olsson 

and Norrgren (2012) that reports that there are 15%-45% reductions in image 

noise from using iDose depending on which level of iDose. The response of 

different ATCM systems when scan and reconstruction parameters are varied is 

summarised in table 8-4.  
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Thus operators of CT scanners should be aware of how particular parameters 

affect ATCM performance when adjusting protocols for optimisation of 

protection. These factors will vary between manufacturers, as illustrated by the 

results of this study. For example: 

 

Toshiba scanners 

 Choosing a sharper filter will increase patient dose and image noise will 

remain the same. 

 Selection of too high a minimum tube current or low a maximum current 

will limit the range of the ATCM and increase image noise 

 The dose depends critically on the slice thickness selected for the first 

reconstruction 

 The collimator configurations with narrower (64 x 0.5 mm, as opposed to 

32 x 1 mm) will increase patient dose 

 

Philips scanners 

 Choosing a sharper filter will increase image noise, but have little affect 

on patient dose  (also applies to Siemens scanners)  

 Use of Philips iDose will reduce the noise with the same patient dose  

 An SPR in AP direction as opposed to lateral direction for Philips scanner 

will save the patient dose   

 



 

 

256 

Table 8-4 Response of the ATCM systems for changes in tube current with variations of scan 
parameters within the range used clinically for CAP protocols 

ATCM Response with variations of scan parameters 

Parameter 
Toshiba Philips Siemens 

Pitch Factor (PF) Yes 

A 25% higher mAs using PF 

0.66 instead of PF 0.84 

No 

 

Yes 

A 4% lower eff. mAs using 

PF 0.9 instead of PF 1.2 

Rotation time Yes 

A 29% higher mAs using 1 s 

instead of 0.5 s 

No 

 

yes 

A 4% lower eff. mAs using 

1 s instead of 0.5s 

Collimator 

configuration 

Yes 

A 23% higher mAs for using 

65x0.5 instead of 32x1 

No n/a 

Image Thickness Yes 

A √n higher mAs for 

reduction on image 

thickness by a factor of n 

n/a 

 

No 

Reconstruction 

Filter 

Yes 

Doubling of mAs for every 

two step change to sharper 

FCs 

No 

 

No 

 

SPR No 

Toshiba ATCM requires 

both AP and Lateral SPRs 

Yes 

 

n/a 

Maximum Tube 

Current 

Yes 

Will limit tube current at 

the values selected 

No 

The range of tube 

current is set by the 

scanner and never 

hit the maximum 

limit 

Yes 

Subject to the tube 

loading 

 

n/a : this study was not performed 
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8.4.2 Image quality with different FC settings for the Toshiba 
scanner 

Change in FC setting is another major factor affecting tube current and patient 

dose of the Toshiba scanner. From the Health Physics surveys, the selection of 

the FC for the CT CAP protocol varies with different Toshiba scanner users. The 

study has shown that the measured image noise levels are similar to that of the 

target value for all selections of scan parameter. However, in cases where the 

tube currents saturated at the maximum values for the large and medium 

sections (for example FC05, figure 8-2a), the image noise levels within these 

regions were higher. When a sharper filter was used, the mAs increased 

substantially.  

 

Image noise is the standard deviation value of CT number which is measured 

from a homogeneous substance. It does not tell the whole story of the image 

quality. CT images can have the same image noise levels but different textures.  

MTF and LCD are the parameters most commonly used to assess image quality.  

 

MTF is a parameter referring to spatial resolution on high contrast objects 

(measured resolvable lp.cm-1) which is determined using objects having a large 

attenuation ratio. The higher spatial frequency (lp.cm-1) a CT system can 

resolve, the better the spatial resolution (Mahesh, 2009). This means that the FC 

setting achieving higher lp.cm-1 is capable of separating smaller objects from 

one another than the FC setting having a lower lp.cm-1. The results of this study 

showed that, the spatial resolution was influenced by FC setting (figure 8-6) but 

not by the tube current.  The sharp filters, typically, enhance the spatial 

resolution at the detriment of increases in the image noise for the same tube 

current. However, when using the Toshiba ATCM, the tube currents will be 

adjusted to achieve the set target noise. Consequently, a higher tube current 

will be used for the sharp filters rather than the smooth ones. Different clinical 

tasks have different requirements for image quality. Solid nodule and 

emphysema identification are considered to be high contrast resolution tasks 

and may require the sharp filters (Boedeke et al., 2004). However if the same 

target noise was to be used with ATCM control then the patient dose would 

increase significantly.  
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The low contrast detectability of the system is the ability to differentiate 

objects in the CT image with small differences in attenuation. This is 

determined using test objects containing details which have small differences in 

attenuation from the surrounding material. Liver and kidney lesions and diffuse 

lung disease are examples of examinations that require good low contrast 

detectability. In these situations the pathology of interest has atomic numbers 

and densities that are nearly the same as the soft tissue. Noise is the most 

significant factor in determining detectability because the differences between 

the target and background are small. Consequently a reduction in mAs will 

increase the image noise and therefore, reduce the ability to detect an object 

with a low contrast difference (figure 8-7). In cases, with the same mAs value, 

the smooth filters produce lower noise and had a better ability to discriminate 

between two structures of low contrast difference. Since LCD is influenced by 

image noise, factors affecting image noise should also affect the LCD. However 

as the Toshiba ATCM preserves the image noise for all FC settings, then they 

should achieve similar LCD results. 

 

8.5 Conclusions 

Knowing and understanding how CT scan parameter options affect the ATCM 

system is important for patient dose and image quality optimisation.  In the 

present study, changes in tube current, image noise and image quality with user 

selectable image quality options and scan parameters including tube voltage 

(kVp), pitch factor, rotation time, slice thickness and reconstruction filter were 

analysed. The subsequent dose reductions were found for options with higher 

noise levels. The minimum and maximum setting of the tube current in the CAP 

protocol affects the Toshiba ATCM. Ranges of the tube current for the Toshiba 

scanner should be adjusted based on patient size.  For changes in the scan 

parameters using the same target noise in the Toshiba scanner, the tube 

currents were slightly different. However, changes in image thickness for the 

first reconstruction and FC setting were major factors affecting patient dose, 

since the ATCM system calculates the tube current being used based on the 

target value. Noise levels for all settings were in the same range and similar to 

the target setting. There is a trade-off between spatial resolution and tube 

current (or patient dose) for each filter under ATCM of the Toshiba scanner. A 
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smooth filter generates images with lower tube currents but with reduced 

spatial resolution. A sharp filter generates images with higher spatial resolution 

but increased tube currents. The selection of reconstruction filter should be 

based on each type of examination and clinical purpose. For the Philips and 

Siemens scanners, in contrast to the Toshiba scanner, user changes in CT scan 

parameter have less effect on patient dose, but change the image noise. This is 

especially true for changes of reconstruction filter for both scanners, and use of 

iterative reconstruction for the Philips scanner. The orientation of SPR is another 

key factor affecting patient dose for the Philips scanner. From the results of this 

study, use of the SPR in the AP direction is recommended. Knowing and 

understanding how CT scan parameter options affect the ATCM system is 

extremely important for optimising radiation protection and image quality in 

order to maximize the benefit to risk ratio. Protocols should be designed 

properly according to ATCM system’s capacity and limitations of the ATCM 

system as well as patient size, clinical task and image quality requirement.  
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9  Conclusion and Future Work 

Alternative techniques and phantoms for assessment of CT dose and scanner 

performance have been investigated. These were used to investigate the reasons 

why doses for patients on certain scanners are high and determine changes that 

could be implemented to minimise the high dose while maintaining acceptable 

level of image quality. The project can be divided into three phases linked 

together. The summary for individual parts is shown below.  

9.1 Investigation of methodologies for CT dosimetry 

Methodologies for practical implementation of proposed alternative CT 

dosimetry techniques have been examined at the beginning of this PhD project. 

The distributions of dose within a standard cylindrical body phantom and a 

specially constructed elliptical dosimetry phantom of similar dimension to the 

human trunk have been measured using Gafchromic film. Data sets have been 

combined to simulate helical scans from which values for cumulative doses in 

the middle of phantoms have been derived. The doses in the centre of the 

elliptical phantom were 70%-100% larger than for the cylindrical one and in the 

anterior were around 20%-40% larger, while the doses in the lateral positions 

were similar for the two phantom shapes. The differences between the anterior 

and lateral doses were larger for the Toshiba scanners and this is thought to be 

linked to the narrower profile of the beam produced by the bow-tie filter. When 

the ATCM mode for the Toshiba scanner was implemented, the doses in the 

anterior and posterior positions were reduced preferentially, bringing them 

closer to the doses in the lateral positions. The elliptical phantom will give a 

more realistic representation of the dose within the human trunk and has the 

potential to assess differences when ATCM is employed.  

 

Results have shown that )0(LD reached an equilibrium value for L > 355 mm in 

the elliptical phantom confirming concerns that current CTDI measurements 

using a 100 mm pencil chamber and a 150 mm long phantom length significantly 

underestimate the total dose. Values of  eqL DD /)0(  at the centre and 

periphery for each phantom could be used as correction factors in shorter 

phantoms to derive cumulative dose values.  
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9.2 Development and evaluation of phantoms of 
different designs for ATCM system tests   

Evaluation of the CT ATCM system is important for routine quality control of CT 

scanners in order to manage patient dose and image quality. Two new phantom 

designs have been developed to evaluate CT ATCM performance. The concept of 

designing is to reflect the ATCM performance in varying dimensions along the 

possible length and based on the elliptical shape of the human body, with the 

length covering the equilibrium length of scan obtained from the first part of the 

project. The first torso phantom comprises five elliptical sections each with a 

wide range of different dimensions and the second of wedding cake phantom 

which has been developed from the results of the torso phantom has three 

sections that are more similar in size. The phantoms have been used to test 

ATCM systems for Philips, Siemens, GE and Toshiba scanners. The ImPACT 

conical phantom has been compared with two custom made phantoms.  

 

Although the results of the tube current modulation patterns were similar for all 

CT scanners, the abrupt changes in attenuation for the torso phantom provoked 

an abnormal ATCM response for the GE and Toshiba scanners.  The wedding cake 

phantom which was designed with a smaller number of broader sections and 

smaller differences in attenuation between sections was more effective for 

ATCM system testing and could be used for dose and image quality assessment in 

standard positions. However, the wedding cake phantom still has sharp 

discontinuities in attenuation although they are smaller, and use of narrow beam 

widths is recommended to avoid fluctuations in tube current and image noise at 

the section junctions. With the ImPACT conical phantom, there is no region of 

constant geometry therefore it is difficult to quantify performance in term of 

specific markers, but it provided the best overall assessment of performance in 

terms of tube current modulations and noise pattern.   

 

9.3 CT optimisation of patient dose and image quality     

In order to achieve the patient dose optimisation, as the final goal of the 

project, the analysis of patient dose and image noise data coupled with tests of 

factors affecting CT ATCM systems for CT scanners from four manufactures were 
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examined. The wedding cake phantom has been used to compare tube current 

modulation, dose and image noise from various protocol settings.  

The results can be separated into two groups, Toshiba and GE scanners, and 

Siemens and Philips scanners. For the Toshiba and GE scanners, the image noise 

levels were constant for which wide ranges in tube current were set. These 

scanners had more variation in dose and gave larger doses for heavier patients. 

Setting of higher target noise for larger patients in protocols is recommended.  

The Philips and Siemens scanners had moderate correlations between the 

patient size and CTDIvol. There were narrower ranges in tube current and CTDIvol 

for larger patients than for Toshiba scanners. The exception to this was the 

scanner using D-DOM for which there was a wider range in the tube current. In 

terms of the relationship between image noise and patient size, image noise 

values increased slightly with patient size. The scanner with a later version of 

ATCM software, showed less variations in the image noise, for the Philips 

scanner.  

User selectable parameters such as image quality level, tube voltage (kVp), 

pitch factor, rotation time, slice thickness and reconstruction filter, within the 

range normally used clinically for CT CAP examinations, were varied and image 

quality factors (MTF and LCD) have been examined. The subsequent dose 

reduction was found for lower noise image quality option settings. The image 

noise was more constant in the ATCM compared with the fixed tube current 

technique. Selection of a lower tube current limit is likely to reduce doses for 

smaller patients in scans of chest and neck regions for the Toshiba scanner.  

For the Toshiba scanner, changes in the image thickness for the first 

reconstruction and FC setting were the major factors affecting patient dose. A 

reduction in the slice thickness for the first reconstruction resulted in a higher 

tube current, and changes in every two step FC settings from smoother to 

sharper filters doubled the tube current. The increase of patient dose with the 

sharper filter is counterbalanced by an improvement in spatial resolution. The 

Philips and Siemens scanners, in contrast to the Toshiba, maintained tube 

current values similar to those used for a stored reference image, and the tube 

current and noise level varied only slightly for changes in individual CT scan 

parameters. The selection of sharper filters increased the image noise level for 
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these scanners. Scan parameters affecting patient dose and image quality on 

individual ATCM systems can be summarised in table 9-1.   

 

Table 9-1 Summary of scan parameters affecting CTDIvol and image quality on ATCM systems 
of different CT manufacturers 
 

Toshiba Philips Siemens Parameter Direction 

of change CTDIvol IQ CTDIvol IQ CTDIvol IQ 

Image quality ↑ ↑ ↑ ↑ ↑ ↑ ↑ 

 ↓ ↓ ↓ ↓ ↓ ↓ ↓ 

Pitch factor ↑ ↑ ↔ ↔ ↔ ↔ ↔ 

 ↓ ↓ ↔ ↔ ↔ ↔ ↔ 

Rotation time ↑ ↑ ↔ ↔ ↔ ↔ ↓ 

 ↓ ↓ ↔ ↔ ↔ ↔ ↑ 

Slice thickness ↑ ↓ ↔     

 ↓ ↑ ↔     

Sharp kernel ↑ ↑ ↔ ↔ ↑ ↔ ↑ 

 ↓ ↓ ↔ ↔ ↓ ↔ ↓ 

Tube voltage ↑ ↓ ↔     

 ↓ ↑ ↔     

 
Note: IQ = Image Quality 
  Image quality refers to image noise reduction 
 
Key:  ↑ Increase / Better  
         ↓ Decrease / Worse 
        ↔ No change 
 

Knowing and understanding how CT scan parameter options affecting the ATCM 

system is extremely important for optimising radiation protection and image 

quality in order to maximize the benefit to risk ratio.  Summary of strategies for 

dose and image quality optimisation for Toshiba, Philips and Siemens scanners is 

shown in figure 9-1.  
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Figure 9-1 Summary of strategies for dose and image quality optimisation for constant noise 
and acceptable noise based ATCM systems 
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9.4 Future work 

The conical shape phantom has proved better than the multi-elliptical sections 

in determining tube current and noise variation for investigation of ATCM 

performance. Contrast to noise ratio (CNR) is one of the image quality 

parameters used for interpretation of diagnostic image quality. Since the ATCMs 

aim to maintain a constant noise, it would be of interest to determine how the 

different manufacturer systems affect the CNR along the scan length. 

Following on from this project, a modified conical phantom has been developed 

(figure 9-1). The concept of the design is to include an option for the image 

quality measurement of CNR, under ATCM. It consists of three conical sections; 

lower (largest), medium and upper (smallest) sections joined with a central tie 

bar. The phantom is 330 mm long with the individual sections each 110 mm long. 

The phantom is made from acrylic but the mounting bracket is made from acetal 

(delrin) and the nuts and screws are made from nylon. The individual lower and 

middle sections of the phantom contain four acrylic rods which are 20 mm in 

diameter positioned at 20 mm from each periphery side. The rods can be 

replaced by inserts of other materials. These materials can represent objects 

with different CT numbers and can be used to calculate the CNR. The different 

inserts are polypropylene (density 0.91 g/cm3), nylon (density 1.1 g/cm3), delrin 

(density 1.42 g/cm3) and ultra high molecular weight polyethylene (UHMWPE) 

(density 0.94 g/cm3). A phantom of this design will be used for comparison of 

responses for CT scanners from the four scanner manufacturers, it can also be 

used for comparisons of image quality for different CT scan protocols and image 

reconstruction techniques. Signal level and noise would be measured in 

preselected regions of interest in order to determine both the CNR and noise 

along the length of the phantom, using automated read-out systems. 
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     (b  

Figure 9-2 A modified conical phantom comprise of three sections and removable rods (a) top 
view and (b) side view   
 

The torso and wedding cake phantoms developed in this project still have some 

flaws, especially when used for evaluation of the Toshiba and GE ATCM systems. 

The wedding cake phantom is suitable for measurement of dose variables at 

specific positions. However, an alternative phantom that could be used for dose 

measurements might be based on an elliptical conical shape coupled with a 

region of constant geometry for measurement of dose and image quality, 

avoiding sharp discontinuities in attenuation and air gaps. Any such phantom 

should cover the useful range of patient attenuations encountered routinely in 

clinical practice which includes those for human shoulder and body.  

CT CAP is one of the more popular CT examinations. In most cases the clinical 

benefits of CT will outweigh the risks but patient dose optimisation should be 

carried out. From this study, reasons for the high patient doses in some CT CAP 

examinations in the West of Scotland have been determined. In order to 

implement changes in scanners having high doses, the appropriate levels of 

clinical image quality, especially noise settings have to be agreed with CT 

radiologists before changes to CT scanner protocols can be made. Since there 

are significant differences between scanners, it would be useful to obtain 

agreement on what was considered an ideal CAP protocol for a particular type of 

scanner. It would be good to start to set up a CT Optimisation Group with 

radiologists, radiographers, and medical physicists to discuss the approach and 

develop protocols, with input from CT applications specialists when required. 

After the implementation, the image quality should be assessed, dose audit 

undertaken, and the protocols reviewed periodically.   

(a)     (b) 
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Appendix I: Diagrams of Phantoms 
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Top View
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Appendix II: Calibration of Gafchromic film  
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Appendix III: Ethical review by west of Scotland 
research ethics service 
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