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ABSTRACT 

 

Dose reduction in computed tomography (CT) has two components, elimination of unnecessary 

scans and optimization of justified exams. Several scientific articles have been published 

addressing issues and techniques for optimizing CT protocols. The use of iterative reconstruction 

(IR) algorithms predominates as it results in a better image quality by cutting out noise from the 

image, which allows for significant dose reduction. Contrast to noise ratio (CNR) is widely used 

for image evaluation. The aim of the study is to propose and apply a phantom-based method for 

optimization in CT with CNR calculations using different IR levels. The CT CatPhan 504 and 

PET/CT Biograph Siemens model (IR: SAFIRE) were employed for all image acquisitions. 

Abdominal adult protocol was chosen as the phantom simulates better this area. Region of interest 

analysis (ROI) included ROIs of about 0.3 cm2 for teflon and 2 cm2 for background. The analysis 

was performed based on two methods. In the first method, the volume computed tomography dose 

index (CTDIv) was kept constant and the SAFIRE levels were changed to determine if a better 

image quality could be achieved. The second method included comparison of CTDIv and CNR 

with respect to the baseline CNR. Measurements of CTDIw were determined using the 32 cm 

acrylic phantom for protocol evaluation. Local diagnostic reference levels (LDRLs) were lower 

than the national (NDRLs): 17 mGy compared to 25 mGy, respectively. However, both LDRL and 

NDRL are higher than the respective European DRL (15 mGy). The CNR baseline was found to 
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be 78.40. A total of 6 out of 174 images analyzed passed the CNR and dose criteria. A 15% dose 

reduction and 10% CNR improvement were observed. For the same dose, a CNR increase of about 

25% was found. Therefore, the use of higher SAFIRE levels (4, 5) is recommended. Comparison 

with NO SAFIRE indicated a CNR improvement of 55% for the same protocol parameters. While 

for approximately equal CNR, a dose reduction of 75% was achieved. In conclusion, the present 

study proposes an efficient phantom-based method as a first step of CT protocol optimization. 

Besides optimization, population dose reduction can be achieved by reducing or eliminating 

unnecessary scans. Efficient and continuous training of the health providers is mandated to 

increase the efficacy and implementation of dose reduction strategies. 
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1 Computed Tomography (CT) 

1.1  Introduction 

Computed Tomography (CT) or Computed Axial Tomography (CAT) scanning is a non-invasive 

diagnostic modality for imaging a specific anatomical region. The word ‘tomography’ has Greek 

origin and it comes from the word ‘tomos’ meaning slice and ‘graph’ meaning to write. It employs 

special x-ray generating devices and computer systems to produce images of axial slices of the 

target region similar to cutting slices of a bread loaf. Details about x-ray production and physics 

of x-rays is provided in Appendix I. The superior image quality and diagnostic information that 

CT provides (compared to conventional x-ray examinations) have made CT exams the most 

common and valuable diagnostic modality [1]. Radiographs are two dimensional representations 

of three dimensional objects. On the other hand, CT provides images that present all three 

dimensions. Computed tomography scans are widely used for a variety of diagnostic purposes 

namely, localization of tumors, evaluation of cardiovascular disease, trauma, and infectious 

diseases; and assessment of musculoskeletal disorders.  It, therefore, has become an indispensable 

imaging method in clinical practice [2]. 

1.2 Description of CT System 

The typical CT system includes: 

• X-ray tube 

• Detection system 

• Data acquisition system  

• Collimators 

• Table 
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• Personal computer 

The most important part of the CT machine is the gantry. The x-ray tube, detector array, and 

acquisition system are placed in the gantry of the CT scanner and rotate around the patient. The x-

ray tube consists of two electrodes: the negatively charged cathode and the positively charged 

anode. Electrons are produced in the cathode and are accelerated due to the difference in the 

applied voltage between the anode and cathode. They are electromagnetically directed to the focal 

spot of the anode where the x-rays are produced. Filters are used to stop low energy photons. The 

collimator is attached to the tube and consists of moving lead leaves that help form the beam with 

the desired geometry.  

 

 

Figure 1.1 Gantry and table of the CT system during 4D CT QA. 

The table allows horizontal and vertical motion for the accurate positioning of the patient. The 

movement of the table determines the slice of irradiation. The detector pitch is used and defined 

as the table distance traveled in 360o gantry rotation divided by beam collimation; pitch is 

analytically defined in section 1.6.1. The data collection system records the amount of photons 
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that are detected by the detectors, like snapshots of different angles of the tube in a full rotation. 

The collected data is transferred to a specific PC for the image reconstruction using specific 

reconstruction algorithms. The final result is a sequence of images of the selected anatomical 

region. The resultant image(s) can be printed or the series can be digitally viewed. 

1.3 Development of CT 

Computed tomography technology was developed by two independently working teams in the late 

60s (Hounsfield and Cormack), as a result of the progress in computer technology, but some of the 

main ideas and principles on which it is based were first introduced in the early 1900s [3].  The 

first non-clinical system was built in the Electrical and Music Industries (EMI) Ltd laboratory. The 

EMI device, later became a dedicated head scanning device [1]. However, the first clinical CT 

machine was installed in Atkinson Molley Hospital in London, UK in 1972 [4, 5]. Siemens, in 

1974, was the first manufacturer of radiological equipment to market a head CT scanner; a peak 

was reached in the late seventies with 18 companies offering CT equipment [6]. Computed 

tomography systems have undergone radical improvements since first introduced into the market. 

With more than 50,000 operating machines worldwide and around 70 million examinations in 

2007 in the US alone, CT is an important modality in every radiology laboratory [7].  

The first clinical CT scanner incorporated an acquisition time of single images of about 300 s, 

while today’s scanners feature rotation times under 1 s and in some cases less than 330 ms [8]. 

From the CT component to the CT application software, there were lots of improvements. Faster 

gantry rotation, more powerful x-ray tubes, smaller detector size, higher capacity of image storage 

are some of the improvements of the CT component. Multi-slice CT (MSCT) is the most important 

improvement in CT technology where a new type of detector was introduced to produce multiple 

images in one x-ray tube rotation. It provides multiple advantages when compared to the single 
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slice CT (SSCT); higher resolution, larger coverage of the scanning region, faster temporal 

resolution, higher detective quantum efficiency (DQE), are a few examples.  

1.4 Image Reconstruction 

The signals that are registered during a scan from the detectors undergo preprocessing to correct 

beam-hardening in the patient’s body and for inhomogeneities in the detector system. 

Transformation from signal intensities into attenuation values takes place in this step (raw data 

generation). For every 360o rotation of the tube, a set of 500-1500 projections is generated and 

therefore a respective set of attenuation values is generated. The averaging of the attenuating 

values for all rays that cross a specific point is called back projection and the edge-enhancing 

mathematical filtering is called convolution. The result is a sharp image. The process involved in 

CT image reconstruction is summarized in figure 1.2. 

 
Figure 1.2 Image reconstruction process. 

 

1.4.1 Image Matrix 

The image matrix ranges from 256x256 to 1024x1024 pixels; each pixel represents a voxel (small 

volume element). The size of the voxel depends on the matrix, the field of view, and the slice 

thickness.  

1.4.2 CT Numbers- Hounsfield Units 

During the image reconstruction process a specific CT number, called Hounsfield Unit (HU) is 

assigned to every voxel based on its attenuation value. The CT number is defined as CT= 1000 (μ-
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μwater)/μwater, where -1000 corresponds to the attenuation of air and 0 the attenuation in water. There 

is no theoretical upper limit of the scale.  

1.5 Diagnostic Image 

A good quality of the diagnostic image is the target of imaging in CT, as it is, in every diagnostic 

modality. Noise in the image can impair the detectability of signals, and therefore it deteriorates 

the image quality. Signal to noise ratio (SNR) is defined as the ratio of the signal level over the 

noise level and it is an important parameter to evaluate image quality. Signal to noise ratio is a 

useful technical parameter, but in clinical practice what really matters is whether the physician is 

able to recognize critical structures. Another useful technical parameter that is widely used in 

clinical practice is the contrast to noise ratio (CNR). There is a lot of subjectivity in evaluating 

image quality, therefore the concept of receiver operating characteristic (ROC) was introduced to 

help standardizing the requirements. In this approach, the structures of interest are given to a group 

of experienced observers for evaluation. The evaluation includes statistical assessment using the 

test tools, counting the detectability of the test objects. Analysis include sensitivity (correct 

detections) and specificity (correct no detections). A plot of sensitivity and specificity indicates 

the ROC curve that characterizes the image quality. 

1.6 Dosimetry in CT 

Several dose quantities are used for CT measurements. The primary goal is an estimate of patient 

dose because CT image quality is usually improved (via less noise) when radiation dose is 

increased, but patient dose is also increased.  Patient dose is defined as either the specific organ 

dose or the effective dose; the latter is more common as it allows for risk estimates. According to 

the recommendations of the International Commission on Radiological Protection (ICRP), the 

effective dose is the appropriate measure. The effective dose is related to stochastic effects of 
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radiation and can be used for comparison purposes. Initially, the term multiple scan average dose 

(MSAD) was introduced to describe the averaged dose of multiple rotation scans. The MSAD was 

typically measured using film or thermoluminescence dosimetry (TLD). This method was 

abandoned due to the difficulties in measurements as it requires multiple phantom scans [9]. The 

use of the term “dose index” rather than “dose” was introduced in CT dosimetry and it is important 

towards dose optimization. 

1.6.1 Computed Tomography Dose Index (CTDI) 

The Computed Tomography Dose Index (CTDI) was first introduced in 1981 and represents an 

important CT-specific dose quantity, which relates the total amount of dose to an ideal rectangular 

dose profile along the z-axis normalized in the slice thickness [10] (Fig. 1.3). It has been shown 

that CTDI can accurately estimate MSAD in a standardized way, and given that it can be measured 

easily using an ion chamber, CTDI became the standard measure for CT dosimetry. Figure 1.3 

shows the dose profile in a single 10mm thickness slice [11]. 

 

Figure 1.3 Dose profile in a single slice of 10 mm thickness.  

In Figure 1.3, the profile represents a distribution with maximum in the center of the slice which 

is decreased exponentially further from the center. The equation for CTDI is: 

                                      𝐶𝑇𝐷𝐼 = 1/ℎ ∫ 𝐷(𝑧)
+∞

−∞
𝑑𝑧                                                        (1.6.1) 
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Where D(z) is a function of dose distribution in polymethyl methacrylate (PMMA) which 

simulates the human tissue. 

In other words, CTDI equals the dose profile of the total area divided by the nominal thickness 

slice. When there are multiple tangential slices, the dose increases due to the total contribution. 

As the slice overlap increases, then the doses increase as well. The factor that expresses the 

overlap of multiple slices is called pitch. Pitch is defined as: 

                                                           P = s/d                                                                           (1.6.2) 

Where: 

s: table feed per rotation in mm, 

d: thickness defined by the collimator in mm 

The higher the pitch, the lower the radiation dose to the patient and the greater the available range 

of scan coverage.  

For the measurement of CTDI, two cylindrical phantoms with different diameters are used. The 

larger phantom (32 cm) simulates the adult body while the smaller phantom (16 cm) is used for 

adult head and pediatric simulation. Measurements are done in the center of the phantoms and in 

the periphery, CTDIc and CTDIp, respectively. For this purpose, a 100 mm ion chamber is used 

and the integrated dose is normalized to the beam width. 
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Figure 1.4 16cm and 32cm phantoms for CTDI measurements. 

 

 

Figure 1.5 CTDIc measurements with phantom. 

Taking into account that CTDI is measured in specific points in the phantom, these values are 

useful as dose indicators for organs that are in the periphery (breast, eyes) or at the center of the 

body (uterus). As the phantoms have a cylindrical shape, they are not appropriate for simulating 

parts of the body such as pelvis. The CTDIw (weighted) is a combination of CTDI in the center 

and the periphery of the phantom. The weighted factors are 1/3 for the center and 2/3 for the 

periphery, thus the equation is:  

                                              CTDI w = 1/3CTDIc + 2/3CTDIp                                               (1.6.3) 



9 
 

CTDI is calculated separately for the two phantoms and it is a useful tool for dose assessment in 

organs that are at some depth between the periphery and the center. 

The CTDIv (volume) is the parameter that is shown in the dose report of the CT scanner and it has 

been calibrated for every protocol based on the CTDIw. In the majority of the cases, the pitch 

parameter is not equal to one and therefore a correction in the CTDIw is required. The corrected 

parameter is the CTDIv and it is the most appropriate parameter for dose calculations. The equation 

is:  

                                                          CTDIv = CTDIw/p                                                          (1.6.4) 

Despite the fact that CTDI has been established and is widely used in practice, it has some 

limitations especially when the table is not incremented during the scan. Specifically, CTDI is 

measured using a fixed size cylindrical PMMA phantom, so it cannot appropriately simulate 

objects that have different size, attenuation coefficients or shape, each of which are realities in 

clinical applications. Furthermore, due to its short length, the phantom does not adequately 

simulate the body as scatter material, therefore patient doses may be underestimated [12]. 

Additionally, CTDI does not correspond to a single point measurement when the table remains 

stable for multiple scans. 

1.6.2 Dose Length Product (DLP) 

The computed tomography dose index is only an indicator of the dose in a specific slice. In the 

majority of the cases, there are multiple slices and partial exposure of the organs. For this reason, 

a quantity called dose length product (DLP) is used. The equation for the DLP is shown: 

                                                      DLP = CTDI⋅h⋅n [mGy⋅cm]                                             (1.6.5) 

Where: 
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h: slice thickness 

n: number of slices 

The product h*n refers to the length of the irradiated area and takes into account the different 

values of pitch. 

1.6.3 Size Specific Dose Estimator 

The concept of size specific dose estimator (SSDE) was introduced by the AAPM [13]. SSDE is 

defined as the product of CTDIv with a patient size-specific factor, and it is an indicator for 

monitoring radiation dose from CT. However, it is not appropriate to use SSDE to calculate 

effective dose since it does not take into account differences in organ dose distributions. 

1.7 Effective Dose 

The concept of effective dose equivalent, or simply effective dose, has been introduced to express 

the radiological risk for stochastic effects from a radiation exposure. Because of the higher 

effective dose associated with CT exams, compared to plain radiography, CT scans are associated 

with an increased risk of radiation induced carcinogenesis, especially in pediatric patients due to 

their tissue sensitivity and longer life span [14]. In addition, effective dose calculation incorporates 

many assumptions like the use of anthropomorphic phantoms and the concept of standard man. 

However, effective dose is a useful tool in optimizing exams and comparing risks associated with 

exams. 

1.8 Typical Radiation Doses Associated with CT 

Based on the National Council on Radiation Protection and Measurements (NCRP) the 

contribution of medical imaging to the annual effective dose in the US population has increased, 

and the CT alone accounts for about 25% of all exposures [15].  
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In table 1.1 the mean effective dose for typical CT protocols is shown, however there is tremendous 

variability between doses from the same procedure [16]. 

Table 1.1 Mean effective doses from typical CT protocols. 

CT examinations Mean effective dose (mSv) 

Head[17] 2 

Neck[17] 3 

Pulmonary angiography[18] 5.2 

Spine[17] 6 

Chest[19] 8 

Coronary angiography [20] 8.7 

Abdomen[19] 10 

Pelvis[19] 10 

Virtual colonoscopy[17] 10 

Chest (pulmonary embolism)[17] 15 

 

All CT examinations deliver higher radiation doses than in conventional/plain radiography. The 

effective dose from CT scans may range from approximately 2 to 20 mSv. In other words, a CT 

scan with an effective dose of say 10 mSv is equivalent to 500 chest x-rays assuming a dose of 

0.02 mSv per chest x-ray. Other CT exams like perfusion CT or some CT-guided interventional 

procedures may deliver even higher doses than 20 mSv [21]. 
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2 Radiation Protection Principles 

2.1 Aim 

The aim of radiation protection is to minimize the health effects due to radiation in the population 

and to ensure safety of the personnel at the workplace. The radiation effects include deterministic 

results (threshold) and stochastic results (no threshold). The purpose of radiation protection is to 

avoid deterministic biological outcomes and to reduce the possibility of stochastic effects. For this 

purpose, radiation protection includes specific rules and procedures.  

2.2 Basic Principles 

Every practice resulting in radiation exposure should be carefully planned in accordance with the 

three basic radiological protective principles as set out by the International Commission on 

Radiological Protection (ICRP) in 1991 [22]. These principles are: 

• Justification:  Any practice involving radiation exposure should be justifiable; the benefit 

of the practice should outweigh the potential harm. 

• Optimization: The dose and the number of exposed people should be kept as low as 

reasonably achievable (ALARA), taking into account economic and social factors. 

• Dose limits: Dose limits should be established to ensure that no individual is exposed to 

unacceptable radiation risks. 

In the case of patients, dose limits are not applicable since the person benefits from the exposure. 

However, the exposure should be medically justified and further optimized in order to achieve the 

lowest possible patient dose, while maintaining acceptable image quality. 
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2.3 Exposure to Radiation from CT 

In the past few decades, the effective dose per capita from medical procedures has increased mainly 

because of the extensive use of CT. The biological impact of diagnostic imaging exposure is 

dominated by stochastic effects.  Based on the LNT hypothesis, the risk of cancer induction is 

estimated to increase proportionally to organ dose. Therefore, adequate justification of the 

necessity of the procedure and proof that the benefit outweighs the associated risks must be 

established before the exposure takes place. Except from the justification rule, the radiation 

protection of the patient is based on the principle of optimization of the procedure, which requires 

the dose to the patient to follow the ALARA principle [23, 24]. A CT study should use as little 

radiation as possible while still meeting the image quality needs of the exam; a study that is non-

diagnostic because the radiation dose is too low may require rescanning the patient and 

consequently increase the total patient dose. 

2.4 Dose Optimization 

Technological improvements are associated with larger patient doses due to overscanning required 

with MSCT when compared to SSCT [18, 25-28]. Several reports have been published addressing 

issues and techniques for optimizing CT protocols [29-33]. Variations in doses in the same 

procedures are not uncommon in different facilities and scanners, but also among the same 

scanners [34-36]. These variations can be attributed to different scanner types and models, and 

different clinical protocols (kv, mAs, pitch, collimation, scan length, filtering, patient’s body area, 

rotation speed, etc.) [36, 37]. The patient dose variation is mainly dependent on scan protocols 

rather than on the scanner itself; this is attributed not only to geometrical differences, but also to 

differences in beam filtration and x-ray spectrum. These differences can be controlled by 

optimization of protocols [38]. For instance, in different sized patients different protocol 
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parameters should be used to avoid unnecessary exposure [39, 40].  This is of utmost importance 

in pediatric patients, where their size varies significantly as does the dose if parameters remain 

unchanged. Some methods widely used for dose optimization include the measurement of the 

circumference of the pediatric patients and adjustment of the protocol parameters based on the 

SNR from respective adult images or use of automatic adjustment of parameters to achieve the 

target image quality [41, 42]. A very useful tool toward optimization and reducing dose variability 

is the implementation of Diagnostic Reference Levels (DRLs) in clinical practice [43, 44].  

2.4.1 Methods for dose optimization 

In clinical practice, optimization can reduce patient dose up to 70% while maintaining acceptable 

diagnostic image quality [45, 46].  

2.4.1.1 Automated tube current modulation (TCM) or automatic exposure control (AEC) 

The most commonly used method is the automated tube current modulation (TCM) or automatic 

exposure control (AEC), which takes into account the different patient size/geometry and adjusts 

the parameters in order to achieve the desired image quality [47]. With this method, the exposure 

decreases when attenuation is decreased in different slices/body regions and the CNR is maintained 

stable, so a dose reduction is achieved [48-50]. There is some variation of dose reduction among 

different manufacturers and models, but use of AEC can reduce patient doses to up to 50% [51].  

2.4.1.2 Automated tube potential selection 

Reduction of tube voltage alone can significantly decrease patient dose as the dose varies 

(approximately) with the square of the tube voltage [52]. This is important, especially for slim 

adults and pediatric patients as it has been shown that a reduction of 20-65% can be achieved 

depending on the body area under examination [53-58]. In addition, studies with 64 MDCT were 

associated with lower doses compared to studies with 16 MDCT [59]. Besides the achieved dose 
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reduction, tube voltage reduction is not used in clinical practice, because radiologists and 

technologists have to take the extra time to estimate (for every patient) the scanning area based on 

the individual’s size characteristics. In addition, there are no guidelines for optimizing manual 

adjustments of kV and mAs [60]. In Siemens models, the software for automated tube potential 

selection is called CARE kV, and it automatically calculates the optimal tube potential based on 

the specific patient characteristics obtained from the scanogram. 

2.4.1.3 Iterative reconstruction algorithms 

A fast-growing method for dose optimization is the use of iterative reconstruction (IR) algorithms 

[61-63]. The advantage of using IR is that it results in better image quality by cutting out noise 

from the image (thereby improving the CNR), which allows for significant dose reduction 

compared to filtered back projection (FBP). Artifacts in the resulting images are reduced as well, 

and the spatial resolution is increased [64-66]. However, it should be noted that the reconstruction 

time is considerably higher than with the FBP, although computational advances have been 

achieved. Iterative reconstruction works with trial-and-error algorithms and employs a correction 

loop during image reconstruction from the projection data. In every image reconstruction process 

the result is compared with the ‘guess’ of the ideal image and the image reconstruction continues 

until the deviation of the real image and the ideal is acceptable [67]. In clinical practice hybrid 

algorithms are used (combination of IR and FBP) as they are fast and provide dose reduction with 

good image quality. Siemens uses the sinogram affirmative reconstruction (SAFIRE) algorithm 

for IR, a 50% reduction of dose with acceptable image quality has been achieved with this 

algorithm [68]. For constant radiation dose, SAFIRE has the potential to reduce image noise to 

35% and improve CNR about 50% [69]. 
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2.4.2 User-related measures for dose reduction 

Some quantities adjustable in the scan protocol are related to the applied dose. These parameters 

include: the mAs, applied voltage, acquisition time, thickness of the part of the body that it is 

imaged, selected slice thickness, pitch, scanning length, window width, filter kernel, and choice of 

field of view.  

• mAs 

It is the product of tube current and acquisition time, and the dose increases linearly with the 

mAs. The noise increases inversely proportionally with the mAs. Effective mAs is used and 

defined as:             

Eff. mAs= mAs/pitch                                                     (2.4.1) 

• Voltage 

The dose increases with increased kV and the contrast is reduced due to the higher energy of the 

photons and therefore their higher penetration. On the other hand, higher penetration means more 

detected photons and therefore higher quantum statistics. Overall the image quality is improved, 

but the dose is increased.  

• Acquisition Time 

Keeping the tube current constant, the dose increases with acquisition time. In practice, the image 

noise is unaffected as acquisition time and tube current are usually examined as mAs and not 

separately. One important parameter that is related to an increased acquisition time is motion 

artifacts. 

• Thickness of patient body 
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Lower mAs are appropriate for children and skinny patients. For heavier patients, an increase in 

kV is preferred than an increase to mAs so the patient dose is as low as possible. 

• Slice thickness 

The slice thickness can be adjusted with a collimator between 1 and 10mm. A thin slice thickness 

has the advantage of reducing artifacts and the potential of detecting small lesions, but with a 

narrow collimator fewer photons are able to reach the detector, and therefore, the noise is 

increased. Thus, thinner slice thickness is related to higher dose as an increase in mAs is necessary 

to maintain an acceptable image quality. 

• Pitch 

For pitch equals to one the table rotation is equal to the slice thickness, for pitch less than one there 

is overlap, while for pitch larger than one there is a gap between two adjacent slices. The higher 

the pitch, the lower the dose; practically a pitch of about two is reasonable to avoid artifacts.  

• Scanning length 

As the scanning length increases, the dose to the patient increases. Therefore, it is of utmost 

importance that the scan will represent only the area of interest. 

• Window width 

The narrower the window width, the higher the selected contrast, the higher the noise. 

Smoothening of the image using a larger window has as a result to reduce mAs and therefore the 

patient dose. 

• Filter kernel 
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The choice of filter kernel is a trade-off between noise and resolution. If the noise is to be reduced 

while maintaining the same resolution, an increase in dose is unavoidable. 

• Field of view (FOV) 

The smaller the field of view the larger the magnification and the larger the dose as it requires 

higher mAs. 

2.5 Diagnostic Reference Levels (DRLs) 

According to the ICRP, diagnostic reference levels (DRLs) are dose levels in medical radio-

diagnostic practices for groups of standard-sized patients (or phantoms) from broadly defined 

types of equipment. Diagnostic reference levels assist in the optimization of protection by helping 

to avoid unnecessarily high doses to the patient. The system for using DRLs includes the estimation 

of patient doses as part of the regular quality assurance program. These levels are expected not to 

be exceeded for standard procedures when good and normal practice regarding diagnostic and 

technical performance is applied. If DRLs are systematically exceeded, local reviews and possible 

corrective actions are required, but they are not a dividing line between good and bad clinical 

practice. In other words, compliance with DRLs does not necessarily mean that the examination 

is adequately performed. The national DRLs correspond to the dose under which the 75% of the 

facilities lie. The national DRLs are derived from CTDIv and DLP values from group of patients 

(adults or children) for a specific type of exam and not for individuals. Every hospital should 

calculate its local DRLs and compare these values with the respective national DRLs. Local values 

higher than the national DRLs should be carefully examined and justified or optimized. It is 

necessary that local DRLs should be calculated and updated carefully. Diagnostic reference levels 
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are established in frequent procedures, in procedures with relatively high doses, and in procedures 

that are applied to vulnerable subgroups such as children.  

2.5.1 Establishing DRLs 

Establishing DRLs is a procedure that requires a statistical analysis. Phantom measurements or/and 

measurements from the dose report in different groups of patients are used for this purpose. In the 

second case, where the data is recorded real time, the procedure might be time consuming as some 

of the exams are relatively rare, a considerable amount of time is required until the adequate 

number of exams is accumulated. Another obstacle in data collection is to simulate the standard 

man in terms of weight and height. Parameters that play an important role in establishing the local 

DRLs are kV, CTDIv and DLP. 
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3 Material and Methods 

3.1 Scope and Objectives of the Study 

The aim of the study is threefold: 1) to propose a relatively simple and efficient, phantom-based 

method for optimization of CT protocols using various combinations of protocol parameters and 

reconstruction algorithms; 2) to apply this method to the adult abdominal protocol; and 3) to 

propose a strategy for referring physician’s education in justification principles in order to avoid 

unnecesssary scans. Special focus was on DRLs as a basis for optimization. The main objectives 

of the study are summarized below:  

• Optimization of CT protocol abdomen (adult) based on: 

✓ Variation of protocol parameters: mAs, kV  

✓ Variation of reconstruction algorithm levels: iterative reconstruction (SAFIRE) 

✓  Development of LDRLs, and comparison between NDRLs and other countries’ 

DRLs 

• Proposing a strategy for training of referring physicians: 

✓ Knowledge assessment of justification principles and radiation protection in CT 

based on published data 

✓ Proposal of PPT presentation and other teaching material 

✓ Development of clinical decision rules (appropriateness criteria) 

• Presentation of future steps: 

✓ Standardization of protocols 

✓ Dose records (smart card project) 

✓ Receiver operating characteristic (ROC) study: Trained observers for image 

evaluation-use of questionnaires for score records and evaluation (first quantitative 
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evaluation and if images pass then qualitative evaluation), randomization of 

images, so the observers do not know the protocol used. 

3.2 Establishment of Local Diagnostic Reference Levels (LDRLs) 

Local DRLs (LDRLs) were derived using two different methods. First, LDRLs from the American 

College of Radiology database were obtained (https://www.acr.org/Quality-Safety/National-

Radiology-Data-Registry/Dose-Index-Registry), and second, phantom measurements were 

collected. The protocol of interest was the adult abdomen as this protocol requires relatively high 

doses in clinical practice. 

3.2.1 American College of Radiology (ACR) 

Data for 2016 were recorded from the American College of Radiology (ACR) database, which is 

called dose index registry (DIR). This registry allows facilities to compare their local CT dose 

indices to regional and national values. Facilities receive quarterly feedback reports comparing 

their results to aggregate results by body part and exam type. The reports provide information for 

CTDIv, DLP and SSDE. The data are categorized by protocol and presented separately for adults 

and children. Also, the number of cases and the first, second and third percentiles are provided. 

3.2.2 Phantom Measurements 

A PMMA phantom of 32 cm diameter was used for the measurements. The phantom simulated the 

torso for the abdominal adult protocol based on the American Association of Physicists in 

Medicine (AAPM Report 39) recommendation. The phantom provides similar scatter 

characteristics in the abdomen. Peripheral and center CTDIs were measured and the CTDIv was 

calculated for the protocol using equations 1.6.3 and 1.6.4. There is a single hole in the center of 

each phantom and four holes in the periphery (at the 12, 3, 6, and 9 o’clock positions) for ion 
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chamber measurements. The pencil type ion chamber used was RadCal model10X5-3CT, S/N: 

8759, calibration due 24 Feb 2018, coupled with Radcal electrometer model 940. 

3.3 PET/CT Scanner in Medstar Georgetown University Hospital (MGUH) 

The PET/CT scanner in the Nuclear Medicine Department was used for the measurements and 

dose evaluation. The CT scanner is a Siemens Biograph mCT with 64 slice capability. Available 

slice thicknesses and beam energies in kV are shown in Tables 3.1 and 3.2, respectively. The 

detectors used in the machine are solid-state and the available types of dose reduction are 

CareDose4D and CarekV. 

Table 3.1 Slice thickness in the Biograph mCT Scanner. 

Slice thickness (mm)  

0.6 0.75 1.0 1.2 1.5 2.0 

2.4 3.0 4.0 4.8 5.0 6.0 

7.0 7.2 8.0 10.0 14.0  

 

Table 3.2 Available kV options in the Biograph mCT Scanner. 

kV 

70 

80 

100 

120 

140 

 

3.3.1 Current Protocol Characteristics 

Adult abdominal CT: 

Table 3.3 Adult abdominal protocol parameters. 

Parameter Value 

kV 120 

Pitch 0.6 

CareDose4D ON 

CarekV SEMI 
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Scanning the phantom with the clinical protocol parameters using CareDose4D allowed us to set 

the reference kV and mAs for our measurements and obtain the baseline CNR for acceptable image 

quality. We assumed that the quality of image resulting from this procedure corresponds to 

clinically acceptable images since this is currently the clinically used protocol. 

3.3.2 Establishment of Baseline CNR 

Contrast to noise ratio baseline is important for the optimization and comparison process. It is the 

objective parameter that every measurement will be compared with to assess if optimization is 

achieved. The method used for setting CNR baseline is based on AAPM Report 204 [70]. The 

method proposes simulating the phantom diameter with similar effective abdominal diameter of 

real patients and use of the protocol parameters used in clinical practice to scan the phantom. The 

calculated CNR from this approach represents the CNR baseline, as it corresponds to clinically 

acceptable images. For this purpose, the anterior-posterior dimension and lateral dimension of the 

abdominal area of real patients were measured using the same anatomical slice in CT images of 

patients. The calculation of the effective diameter is based on equation 3.3.1. Figure 3.1 shows the 

effective abdominal diameter measurements. 

                                             𝐸𝑓𝑓. 𝐷𝑖𝑎𝑚 = √𝐴𝑃 ∗ 𝐿𝐴𝑇                                                       (3.3.1) 

Where AP: Anterior-Posterior Dimension 

LAT: Lateral 
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Figure 3.1 Real patients’ effective diameter calculation. 

 

3.3.3 Tube Potential and Current Optimization 

The tube potential (kV) is the potential applied across the x-ray tube and determines the maximum 

energy of the x-ray beam. Taking into account that radiation exposure in CT is proportional to the 

square of the tube potential, a reduction from 120 kV to 100 kV would lead to a dose reduction of 

about 30% if all other parameters remain constant [71].  When reducing the tube potential, the 

beam energy is reduced and the penetration of x-ray beams is reduced as well, which results in 

increased noise.  Image noise is inversely proportional to the tube potential, so for a reduction from 

120 kV to 100 kV there is a noise increase of about 20% in the image. High tube potentials (120-

140 kV) are used for obese patients, while lower tube potentials (80-100 kV) are used for slim 

patients and children. In the PET/CT scanner examined the tube potential ranges from 70 kV to 

140 kV in distinct increments. The 120 kV potential is the most commonly used in clinical practice 

for all adult patients.  Measuerements were first made with CareDose4D and CarekV off. The 

current-time product (mAs) is linearly related to radiation dose; a lower mAs results in a 
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proportional reduction in dose. However, the CT image quality is deteriorated because fewer x-

rays contribute to the image. The noise is inversely related to the square root of the tube current. 

So about 20% of current reduction results in about a 12% increase in noise. 

3.3.4 Iterative Reconstruction Algorithm Adjustments 

A baseline CNR was set with the method described in section 3.3.2 and defined to distinguish 

with objectivity diagnostically acceptable images, which indicates the minimum acceptable 

image quality. The sinogram affirmed iterative reconstruction algorithm was usand it offers five 

different strengths/levels to accomplish different reader preferences. The default is Level 3. The 

level of noise removed depends on the SAFIRE level; Level 1 is the noisiest and Level 5 is the 

least noisy. The reconstruction process starts with multiple iterative loops performed on the raw 

data to correct various geometrical imperfections and other artifacts, then image reconstruction 

from the corrected data takes place. Iterative loops are then repeated on the image and noise is 

further reduced, resulting in better image quality. A dynamic raw-data based noise model is 

applied in every iteration which allows for noise reduction, while maintaining sharpness in the 

reconstructed image. After the iteration process is completed, a second correction loop in image 

space is applied for noise removal through a statistical optimization process. The resulting image 

is compared with the original and this process takes place multiple times [72].  A schematic 

representation of the reconstruction process is shown in Figure 3.2 [69]. 

 

Figure 3.2 SAFIRE reconstruction process. 
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3.3.5 Evaluation of Image Quality 

Both quantitative and qualitative assessments of image quality are necessary. This study, was 

focused on the quantitative-objective assessment. Quantitative assessment included contrast to 

noise ratio (CNR) calculation. Quantum noise or signal to noise ratio (SNR) could also be used. 

The reference-baseline CNR was used for all image quality comparisons. In this way, different 

levels of the SAFIRE algorithm can be tested and the respective image qualities can be objectively 

evaluated. For the derivation of CNR baseline and evaluation of CNR for the different protocol 

settings a CT QC CATPhan Model 504 phantom was used. The phantom used is shown in Figure 

3.3 and the setup is shown in Figure 3.4 [73]. 

 

Figure 3.3 CATphan 504 phantom.  
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Figure 3.4 Setup of phantom measurements. 

3.3.6 Image Analysis with Regions Of Interest (ROI) 

To assess the image quality of the reconstructed images an ROI analysis was conducted. The 

RadiAnt DICOM Viewer 3.4.2 was employed for image analysis and ROI calculations. An ROI 

with surface area of  ~ 0.30 cm2 was used in the Teflon area and an ROI with surface area of  ~ 2 

cm2 was selected for background CT number assessment. Mean and SD values were recorded. 

Positions of ROIs were kept constant for all acquired images. CNR was used as a quality image 

indicator and it was calculated based on equation 3.3.2. 

                                        𝐶𝑁𝑅 =
Mean(tefl)−Mean (nyl)

√[(𝑆𝐷𝑡𝑒𝑓𝑙)2+(𝑆𝐷𝑛𝑦𝑙)2]/2
                                                         (3.3.2) 

 

Where: Mean(tefl): Mean CT number in teflon, 

Mean(nylon): Mean CT number in nylon 

SDtefl: Standard deviation of CT number in teflon 
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SDnylon: Standard deviation of CT number in nylon 

3.3.7 Image Acquitsition 

Several different images were recorded with a variety of combinations between the protocol 

parameters and iterative reconstruction algorithms. Specifically, image acquisition was taken for 

70, 80, 100, 120 and 140 kV and for various mAs (20-600) for every SAFIRE level in order to 

define the CNR values and find the optimal combination. All images were reconstructed with 

filtered back projection (SAFIRE level 0), default iterative reconstruction (SAFIRE level 3), and 

all other combinations of FBP and IR (SAFIRE 1,2,4,5). Where level 1 is the noisiest and level 5 

the smoothest (highest noise reduction). 

Two different approaches were followed. First, different combinations of mAs, kV, and SAFIRE 

levels were employed to find the optimized images: the images with the lower possible CTDIv and 

acceptable CNR. Then, for the specific protocol that is currently used which leads to a specific 

CTDIv (specific clinical parameters) when we refer to the phantom, we changed the SAFIRE levels 

to obtain images. In other words, for a specific dose we aimed at finding images with better quality 

in terms of CNR. 

3.4 Knowledge Assessment of Referring Physicians 

Knowledge assessment of referring physicians was intended to be done with in house 

questionnaire. However, due to limited availability and level of participation of staff physicians, 

data from published surveys were used. The assumption that the knowledge of the referring 

physicians in the local facility is similar to other facilities in the country, was made. The aim is to 

reduce or eliminate unnecessary referrals for CT exams due to lack of knowledge. 
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3.5 Statistical Methods 

Statistical metrics such as mean, median and quartiles were calculated and discussed. Comparison 

between local DRLs provided by ACR and national DRLs was completed. Also, the local DRLs 

were compared using the ACR database, and the phantom measurements. The statistical package 

STATA 14, data analysis and statistical software, was employed for the statistical analyses.  
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4 Results and Discussion 

4.1 LDRL Results  

4.1.1 LDRL Results Before Optimization 

The results from ACR data and phantom measurements are summarized in sections 4.1.1.1 and 

4.1.1.2, respectively. 

4.1.1.1 LDRLs from ACR 

Local DRLs for the adult protocol for 2016 based on ACR are shown in Table 4.1, which 

includes CTDIv, DLP, and SSDE per exam.  

Table 4.1 Local DRL values for CTDIv, DLP SSDE in adult abdominal protocol. 

Protocol CTDIv (mGy) DLP (mGy*cm) SSDE (mGy) 

Abdomen 17 737 13 

 

4.1.1.2 LDRLs from phantom measurements 

CTDIv was calculated based on CTDIw from the periphery (12 o’clock position) and center 

measurements in the PMMA phantom. The results are summarized in Table 4.2. 

Table 4.2 CTDIv values 

kV mAs Pitch CTDIv (mGy) 

120 59 0.6 5 

70 300 0.6 3 

120 180 0.6 12.3 
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For 120 kV and 180 mAs (default protocol for QC) the CTDIv = 12.3 mGy, while the CTDIv 

indicated in the screen was 11.45 mGy (7.4 % difference).  

Comparison of the two methods (ACR vs. measurements for DRL calculations) shows a 38% 

difference. This can be attributed to the fact that with the ACR method all data from all patients 

are pooled and a single CTDIv is calculated. But different patients have different body 

characteristics, therefore it would be more appropriate to include in the analysis only standard 

sized patients with similar effective abdominal diameters to the phantom diameter. However, when 

the sample is large, we can assume that on average we achieve the mean characteristics. 

4.1.2 Comparison of LDRLs with United States National DRLs and European DRLs 

Local DRLS were found to be lower than the United States National DRLs (USNDRL): 17 mGy 

compared to 25 mGy. However, both the LDRL and USNDRL are higher than the respective 

European DRL (15 mGy). National DRLs for various European countries and the United States 

are summarized in Figure 4.1.  

 

Figure 4.1 National diagnostic reference levels in various European countries and in the 

USA. 
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As depicted in Figure 4.1, the NDRL for the abdomen adult protocol in the US is higher than in 

the reviewed European countries. Considering this observation and given that equipment standards 

are comparable between the US and the EU, we may conclude that there is an opportunity for 

further dose optimization of clinical protocols in the local facility. 

4.2 Image Acquisition and Analysis 

4.2.1 Image Acquisition 

Table 4.3 summarizes the technique factors used for image acquisition. 

Table 4.3 Combinations of protocol parameters. 

kV mAs Settings 

70 100, 200, 300, 400, 500, 600 

80 70, 100, 200, 300, 400, 500 

100 50, 80, 120, 210, 300, 500 

120 20, 50, 80, 110, 140, 170 

140 20, 40, 60, 80, 100 

 

4.2.2 Effective Abdominal Diameter 

Computed tomography images of five patients were used for the effective abdominal diameter 

calculation. The protocol parameters used and the effective diameters calculated are shown in 

Table 4.4. For the effective diameter calculation equation 3.3.1 was used. 
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Table 4.4 Effective diameter calculation. PTS: patients, AP: Anterior-posterior, LAT: Lateral. 

PT # kV mAs AP (cm) LAT (cm) Eff. Diameter 

(cm) 

1 120 271 34.7 42.8 38.5 

2 120 140 22.4 30.8 26.3 

3 120 176 33.6 29.0 31.2 

4 120 134 22.2 31.2 26.3 

5 120 218 28.8 35.7 32.0 

 

Data from patients are limited due to the rarity of the protocol and the fact that the PET/CT scanner 

is used as a backup CT scanner. Therefore, only five recent cases were included in the CNR 

baseline estimation procedure. The phantom used has a diameter of 20 cm (Fig. 4.2), so  patients 

with similar effective abdominal diameters were selected in order to get accurate results for the 

protocol parameters. 

 

Figure 4.2 CatPhan 504 diameter. 

 



34 
 

Because the phantom is relatively small compared to adult patients, we plotted the effective 

diameter of patients versus the mAs used from the CareDose4D system and extrapolated the values 

to the lower levels. Although mathematically this approach has limitations, it provides the 

approximation for the appropriate values to be used for setting the CNR baseline. With this 

approach, we confirmed that the use of CareDose4D in the phantom is appropriate. Figure 4.3 

shows the estimate for mAs that corresponds to the 20 cm phantom diameter. Based on the linear 

approximation, 59 mAs is needed to get a clinically acceptable image quality. 

 

Figure 4.3 Effective abdominal diameter calculation. 

The red point in Figure 4.3 indicates the measurement from CareDose4D scan and corresponds to 

the image for CNR baseline calculation. As noted in Figure 4.3, the point fits well within the 

clinical data, and therefore we can assume that its use is appropriate for the comparison. Error bars 

in graph 4.3 indicate a tolerance error of +/- 2 cm in effective abdominal diameter calculation using 

the CT images and the DICOM Viewer. 
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4.2.3 Image Analysis 

First, the phantom was scanned with the protocol parameters found with the effective diameter 

analysis described in the previous section (120 kV, 59 mAs). The purpose was to set the minimum 

acceptable image quality based on what is acceptable in the local facility in clinical practice. The 

image for the adult abdomen protocol was analyzed based on CNR calculations and the CNR 

baseline was found to be 78.4. CNR baseline is material specific, therefore if other material than 

teflon is used a different CNR baseline must be defined. Figure 4.4 shows the topogram of the 

scanned phantom and Figure 4.5 the image used for the CNR baseline calculation. 

 

Figure 4.4 Topogram of scanned phantom. 

 

Figure 4.5 Image for CNR baseline calculation in adult abdominal protocol. 

 

The dimensions of the scanned area were recorded and used for all scans to be consistent as this 

affects CTDIv and DLP results. 
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4.2.4 ROI Analysis 

For the optimization 174 combinations of mAs, kV, and SAFIRE levels were employed resulting 

in respective number of images. The CTDIv and DLP from the monitor display were also recorded 

from every measurement. All images evaluated in terms of their image quality based on the CNR 

baseline objective criterion in a pass or fail process. Images that pass the objective criterion should 

be sent for further evaluation from experienced observers during future phases of this study. A 

total of 6 of 174 images analyzed passed the CNR and dose criteria (better image quality and lower 

dose compared to the default protocol). Figure 4.6 shows the ROI analysis. 

. 

 

Figure 4.6 Region of interest analysis for contrast to noise ratio calculations. 

In addition, ROI analysis was done in six images with constant CTDIv for the five SAFIRE levels 

and with SAFIRE turned off. The CTDIv was 4.51 mGy based on mAs of 59 and kV of  120. Table 

4.5 shows the CNR results for these images. 
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Table 4.5 Contrast to noise ratio results for CTDIv: 4.51 mGy, current protocol used. 

SAFIRE Level CNR Pass/Fail 

0 63.7 F 

1 70.1 F 

2 74.2 F 

3 (default) 78.4 - 

4 88.5 P 

5 97.2 P 

 

As expected the images with SAFIRE levels 4 and 5 resulted in better image quality than the 

default protocol. Specifically, with mAs of 59 and kV of 120 and SAFIRE Levels 4, and 5  image 

quality (higher CNR) was improved while maintaining patient dose constant. The results are 

summarized in Figure 4.7; the red dotted line indicates the CNR baseline. 

 

Figure 4.7 Contrast to noise ratio for the different SAFIRE levels for constant protocol 

parameters (CTDIv: 4.51 mGy). 
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4.3 Dose Optimization in Phantom 

The default settings of 120 kV, 59 mAs, and SAFIRE Level 3, were related to a CTDIv of 4.51 

mGy. This resulted in a CNR improvement of about 19% compared to NO SAFIRE use with the 

same CTDIv (highlighted with light blue in Table 4.6). In addition, a 24% (reference Table 4.7) 

increase in CNR between the CNR baseline value and CNR with SAFIRE level 5 for the same 

protocol parameters was observed. All data from the acquired images are presented in Table 4.6. 

The green highlighted area indicates images that pass the objective criterion of CNR baseline and 

are related to lower CTDIv than the default protocol. 

Table 4.6 CNR results. 

kv mAs 

CTDIv 

(mGy) DLP(mGy*cm) 

SAFIRE 

Level 

MeanTeflon 

 Sdteflon MeanBg SDbg CNR 

70 100 1.3 26.3 0 1024.67 30.3 62.89 23.54 35.45 

70 100 1.3 26.3 1 1026.54 31.65 60.69 19.15 36.92 

70 100 1.3 26.3 2 1028.19 22.88 61.81 19.69 45.27 

70 100 1.3 26.3 3 1023.32 23.29 61.29 15.63 48.51 

70 100 1.3 26.3 4 1020.84 21.8 62.04 15.45 50.75 

70 100 1.3 26.3 5 1023.45 21.45 58.4 10.06 57.61 

70 150 1.94 39 0 1012.48 24.21 61.04 18.35 44.29 

70 150 1.94 39 1 1012.28 23.13 59.6 16.28 47.63 

70 150 1.94 39 2 1011.1 18.4 61.84 14.91 56.69 

70 150 1.94 39 3 1015.95 18.18 62.07 13.23 59.99 

70 150 1.94 39 4 1024.59 15.68 61.71 11.15 70.77 

70 150 1.94 39 5 1020.44 14.27 60.77 9.863 78.24 

70 200 2.59 52 0 1025.62 25.91 63.29 16.27 44.48 

70 200 2.59 52 1 1022.82 24 63.07 14.44 48.46 

70 200 2.59 52 2 1018.76 18.69 62.06 13.23 59.09 

70 200 2.59 52 3 1016.36 18.71 60.44 10.47 63.05 

70 200 2.59 52 4 1005.31 17.82 61.53 10.67 64.26 

70 200 2.59 52 5 1016.08 16.92 59.03 7.856 72.55 

70 300 3.86 78 0 1024.96 19.46 59.96 13.04 58.26 

70 300 3.86 78 1 1010.24 18.71 60.98 11.97 60.44 

70 300 3.86 78 2 1021.13 18.28 56.01 9.754 65.87 

70 300 3.86 78 3 1015.98 16.6 59.57 8.478 72.56 
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Table 4.6 (cont.). 

kv mAs 

CTDIv 

(mGy) DLP(mGy*cm) 

SAFIRE 

Level MeanTeflon Sdteflon MeanBg SDbg CNR 

70 300 3.86 78 4 1016.81 14.45 59.67 6.936 84.45 

70 300 3.86 78 5 1013.18 14.3 58.81 6.461 86.011 

70 400 5.21 105.2 0 1029.19 20.14 61.03 10.58 60.18 

70 400 5.21 105.2 1 1027.16 19.19 59.52 8.198 65.58 

70 400 5.21 105.2 5 1021.16 14.43 59.69 6.245 86.48 

70 500 6.5 130.4 0 1023 17.78 57.93 10.4 66.26 

70 500 6.5 130.4 1 1025.76 18.12 58.09 8.979 67.67 

70 500 6.5 130.4 2 1024.02 18.17 57.16 7.825 69.17 

70 500 6.5 130.4 3 1026.45 17.93 57.57 6.655 71.64 

70 500 6.5 130.4 4 1025.63 17.23 56.95 6.038 75.03 

70 500 6.5 130.4 5 1020.45 16.74 61.58 5.663 76.74 

70 600 7.88 156.7 0 1029.5 18.72 62.01 8.528 66.51 

70 600 7.88 156.7 1 1023.29 17.54 61.73 8.884 69.16 

70 600 7.88 156.7 2 1021.25 17.17 59.83 7.529 72.52 

70 600 7.88 156.7 3 1023.91 16.94 60.69 6.526 75.04 

70 600 7.88 156.7 4 1020.6 16.34 60.73 5.873 78.18 

70 600 7.88 156.7 5 1023.45 16.07 59.78 4.921 81.00 

80 70 1.45 29 0 995.8 28.99 69.67 20.32 36.99 

80 70 1.45 29 1 999.33 26.96 70.88 17.4 40.92 

80 70 1.45 29 2 1001.34 25.17 69.77 14.09 45.67 

80 70 1.45 29 3 992.57 24.56 70.41 14.38 45.82 

80 70 1.45 29 4 1004.7 23.08 71.48 11.94 50.79 

80 70 1.45 29 5 996.34 22.17 70.72 10.27 53.58 

80 100 2.08 42 0 997.88 25.88 68.82 16.84 42.55 

80 100 2.08 42 1 998.57 22.49 70.14 15.05 48.52 

80 100 2.08 42 2 997.11 21.82 70.23 12.2 52.43 

80 100 2.08 42 3 1003.29 20.61 71.23 11.44 55.92 

80 100 2.08 42 4 1001.4 18.38 69.97 8.383 65.21 

80 100 2.08 42 5 995.12 17.91 69.73 8.859 65.50 

80 150 3.11 63 0 996.13 21.12 70.56 14.26 51.37 

80 150 3.11 63 1 997.06 19.82 69.36 11.28 57.53 

80 150 3.11 63 2 993.68 19.36 69.34 11.45 58.12 

80 150 3.11 63 3 998.9 20.7 70.48 8.667 58.51 

80 150 3.11 63 4 999.78 17.37 69.95 7.606 69.35 

80 150 3.11 63 5 994.63 17.03 70.51 7.324 70.49 

80 200 4.16 84 0 998.57 21.16 69.34 11.75 54.29 

80 200 4.16 84 1 997.23 21.41 69.7 10.81 54.69 
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Table 4.6 (cont.). 

kv mAs 

CTDIv 

(mGy) DLP(mGy*cm) 

SAFIRE 

Level MeanTeflon Sdteflon MeanBg SDbg CNR 

80 200 4.16 84 2 996.49 17.44 69.92 9.27 66.35 

80 200 4.16 84 3 995.75 17.44 69.73 8.463 67.56 

80 200 4.16 84 4 992.05 17.31 69.58 6.548 70.49 

80 200 4.16 84 5 995.59 16.41 70.45 5.675 75.35 

80 300 6.29 125.8 0 997.78 19.01 70.8 9.048 62.27 

80 300 6.29 125.8 1 1000.78 19.34 70.02 8.114 62.760 

80 300 6.29 125.8 2 1000.86 17.96 69.96 7.588 67.52 

80 300 6.29 125.8 3 993.01 17.08 70.29 5.923 72.18 

80 300 6.29 125.8 4 997.11 16.89 70.5 6.196 72.89 

80 300 6.29 125.8 5 998.99 16.84 70.44 4.142 75.72 

80 400 8.39 167.8 0 998.35 18.19 69.69 8.017 66.07 

80 400 8.39 167.8 1 996.21 17.14 69.56 7.892 69.45 

80 400 8.39 167.8 2 993.53 16.99 69.5 6.237 72.20 

80 400 8.39 167.8 4 999.87 15.89 69.65 4.909 79.10 

80 400 8.39 167.8 5 990.8 15.7 70.05 3.517 80.93 

80 500 10.49 211.8 0 1001.1 19.02 76 7.57 63.91 

80 500 10.49 211.8 1 1003.58 18.26 74.98 5.997 68.33 

80 500 10.49 211.8 2 1000.18 17.99 73.64 5.536 69.61 

80 500 10.49 211.8 3 1000.58 17.47 75.33 5.358 71.61 

80 500 10.49 211.8 4 1000.6 15.53 73.21 4.403 81.25 

80 500 10.49 211.8 5 996.54 14.98 75.03 4.054 83.98 

80 600 12.57 251.5 0 1000.07 17.88 79.61 6.482 68.44 

80 600 12.57 251.5 1 1003.1 16.84 78.4 6.142 72.95 

80 600 12.57 251.5 2 998.84 16.92 79.32 5.537 73.04 

80 600 12.57 251.5 3 997.82 16.63 72.47 4.355 76.12 

80 600 12.57 251.5 4 996.42 14.95 73.86 3.858 84.5 

80 600 12.57 251.5 5 995.02 13.7 72.34 3.411 92.42 

100 80 3.56 72.6 0 951.38 14.03 86.87 12.18 65.80 

100 80 3.56 72.6 1 946.08 11.3 87.6 12.6 71.73 

100 80 3.56 72.6 2 951.63 13.71 88.21 10.06 71.81 

100 80 3.56 72.6 3 951.88 13.46 86.48 9.336 74.71 

100 80 3.56 72.6 4 951.59 13.84 87.03 8.038 76.39 

100 80 3.56 72.6 5 948.5 14.39 87.34 6.812 76.49 

100 120 5.34 108.3 0 952.54 11.11 86.79 11.71 75.85 

100 120 5.34 108.3 1 952.48 12.84 87.06 9.584 76.39 

100 120 5.34 108.3 2 951.46 10.32 87.9 9.096 88.78 
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Table 4.6 (cont.). 

kv mAs 

CTDIv 

(mGy) DLP(mGy*cm) 

SAFIRE 

Level MeanTeflon Sdteflon MeanBg SDbg CNR 

100 120 5.34 108.3 3 950.76 11.18 87.19 7.302 91.46 

100 120 5.34 108.3 4 946.85 7.935 87.13 6.359 119.57 

100 120 5.34 108.3 5 951.64 6.327 86.56 5.569 145.15 

100 150 6.67 135.4 0 945.81 13.71 86.88 9.875 71.89 

100 150 6.67 135.4 1 948.91 10.22 86.7 8.386 92.23 

100 150 6.67 135.4 2 947.4 10.52 87.5 7.524 94.02 

100 150 6.67 135.4 3 946.9 11.79 87.35 6.126 91.49 

100 150 6.67 135.4 4 951.66 8.896 86.98 5.257 118.34 

100 150 6.67 135.4 5 948.87 9.043 87.01 4.235 122.06 

100 180 8.01 162.5 0 950.67 11.34 86.36 9.266 83.47 

100 180 8.01 162.5 1 947.47 11.71 86.15 7.727 86.82 

100 180 8.01 162.5 2 950.99 9.408 86.36 7.141 103.53 

100 180 8.01 162.5 3 950.55 8.98 86.77 6.454 110.46 

100 180 8.01 162.5 4 949.66 9.668 86.49 5.02 112.06 

100 180 8.01 162.5 5 933.37 6.805 95.64 3.266 156.96 

100 210 15.99 324.4 0 931.11 8.726 95.3 6.926 106.09 

100 210 15.99 324.4 1 930.51 8.754 95.67 6.038 111.02 

100 210 15.99 324.4 2 932.53 9.173 95.95 4.961 113.45 

100 210 15.99 324.4 3 932.79 7.632 95.71 4.289 135.22 

100 210 15.99 324.4 4 931.27 7.571 95.78 3.881 138.88 

100 210 15.99 324.4 5 930.39 7.27 95.82 3.473 146.49 

100 300 22.84 463.5 0 930.2 8.124 95.71 5.04 123.44 

100 300 22.84 463.5 1 930.57 7.978 95.6 4.809 126.76 

100 300 22.84 463.5 2 938.95 8.118 95.85 4.225 130.29 

100 300 22.84 463.5 3 932.77 7.663 94.74 3.812 138.47 

100 300 22.84 463.5 4 932.72 6.532 94.94 3.04 164.45 

100 300 22.84 463.5 5 932.04 5.555 95.67 2.792 190.25 

120 20 1.52 30.9 0 935.43 27.9 97.09 20.5 34.24 

120 20 1.52 30.9 1 935.63 20.56 98.68 18.36 42.94 

120 20 1.52 30.9 2 933.77 15.54 97.11 16.91 51.52 

120 20 1.52 30.9 3 934.86 18.56 97.31 13.88 51.11 

120 20 1.52 30.9 4 938.92 15.21 95.41 11.08 63.39 

120 20 1.52 30.9 5 937.69 23.05 98.09 9.307 47.77 

120 50 3.81 77.2 0 932.33 16.2 96.67 13.49 56.06 

120 50 3.81 77.2 1 933.42 11.66 96.21 11.94 70.95 

120 50 3.81 77.2 2 927.87 12.4 96.45 10.41 72.62 
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Table 4.6 (cont.). 

kv mAs 

CTDIv 

(mGy) DLP(mGy*cm) 

SAFIRE 

Level MeanTeflon Sdteflon MeanBg SDbg CNR 

120 50 3.81 77.2 3 934.19 13.23 96.82 8.226 76.01 

120 50 3.81 77.2 4 931.84 11.56 96.51 7.803 84.70 

120 50 3.81 77.2 5 934.42 6.243 96.08 5.813 138.99 

120 59 4.51 91.3 3 (default) 932.35 12.33 97.45 9.651 78.40 

120 59 4.51 91.3 0 932.56 13.13 96.11 13.14 63.68 

120 59 4.51 91.3 1 931.82 12.47 96.66 11.34 70.07 

120 59 4.51 91.3 2 934.3 12.07 97.29 10.43 74.20 

120 59 4.51 91.3 4 933.74 11.3 97.24 7.149 88.47 

120 59 4.51 91.3 5 934.34 10.51 96.53 6.167 97.23 

120 80 6.09 123.06 0 931.03 17.13 96.13 11.18 57.72 

120 80 6.09 123.06 1 933.91 10.99 96.01 9.039 83.27 

120 80 6.09 123.06 2 930.33 10.95 96.36 8.581 84.78 

120 80 6.09 123.06 3 930.24 9.956 95.91 7.589 94.25 

120 80 6.09 123.06 4 932.81 8.844 96.28 6.608 107.16 

120 80 6.09 123.06 5 935.85 7.325 95.87 4.936 134.49 

120 110 8.38 169.9 0 930.9 13.91 96.98 9.364 70.33 

120 110 8.38 169.9 1 931.58 10.2 94.96 8.899 87.41 

120 110 8.38 169.9 2 931.91 9.965 96.7 7.031 96.85 

120 110 8.38 169.9 3 932.16 9.141 95.78 6.248 106.83 

120 110 8.38 169.9 4 931.13 9.812 95.61 4.793 108.20 

120 110 8.38 169.9 5 931.76 7.43 96.35 4.287 137.73 

120 170 12.94 262.6 0 933.5 9.796 95.89 7.461 96.20 

120 170 12.94 262.6 1 931.09 10.76 95.64 5.656 97.20 

120 170 12.94 262.6 2 928.39 9.537 96 5.804 105.44 

120 170 12.94 262.6 3 931.61 8.607 96.2 5.335 116.67 

120 170 12.94 262.6 4 934.27 7.423 95.54 4.463 136.94 

120 170 12.94 262.6 5 933.89 6.893 95.64 3.432 153.95 

140 20 2.32 46.7 0 936.76 24.49 105.78 16.86 39.53 

140 20 2.32 46.7 1 935.94 22.52 107.31 15.55 42.82 

140 20 2.32 46.7 2 941.36 17.87 107.42 13.5 52.66 

140 20 2.32 46.7 3 936.4 17.45 106.82 11.96 55.46 

140 20 2.32 46.7 4 941.94 18.51 105.63 9.881 56.37 

140 20 2.32 46.7 5 935.17 14.77 107.32 8.177 69.35 

140 40 4.65 93.4 0 937.52 19.66 109 11.74 51.17 

140 40 4.65 93.4 1 934.92 18.76 107.65 10.39 54.55 

140 40 4.65 93.4 2 941.05 17.26 108.4 8.769 60.82 

140 40 4.65 93.4 3 939.05 15.91 107.62 7.903 66.19 

 



43 
 

Table 4.6 (cont.). 

kv mAs 

CTDIv 

(mGy) DLP(mGy*cm) 

SAFIRE 

Level MeanTeflon Sdteflon MeanBg SDbg CNR 

140 40 4.65 93.4 4 937.94 13.69 105.43 7.444 75.55 

140 40 4.65 93.4 5 937.68 13.61 107.24 5.844 79.29 

140 60 6.97 140 0 940.38 16.17 106.6 9.532 62.82 

140 60 6.97 140 1 938.86 15.79 106.49 8.558 65.54 

140 60 6.97 140 2 937.8 13.78 106.39 7.241 75.53 

140 60 6.97 140 3 931.23 12.15 105.34 6.505 84.78 

140 60 6.97 140 4 932.94 12.56 105.07 5.55 85.26 

140 60 6.97 140 5 932.66 12.76 105.04 4.895 85.64 

140 80 9.3 186.7 0 937.43 16.09 108.21 8.04 65.19 

140 80 9.3 186.7 1 935.35 15.84 106.17 7.116 67.53 

140 80 9.3 186.7 2 934.11 14.41 107.93 7.061 72.81 

140 80 9.3 186.7 3 931.42 12.36 105.29 5.819 85.52 

140 80 9.3 186.7 4 931.04 12.49 107.43 4.718 87.24 

140 80 9.3 186.7 5 938.58 11.94 106.7 4.092 93.21 

140 100 11.62 233.4 0 943.26 16.05 106.5 6.986 67.6 

140 100 11.62 233.4 1 941.13 16.19 108.23 6.407 67.65 

140 100 11.62 233.4 2 937.96 13.34 106.49 5.381 81.75 

140 100 11.62 233.4 3 931.97 11.61 106.23 5.375 91.27 

140 100 11.62 233.4 4 931.74 10.81 105.23 4.602 99.49 

140 100 11.62 233.4 5 927.86 11.01 105.83 3.731 100.00 

 

 

Based on the results presented in Table 4.6, the CNR and CTDIv values were calculated and 

compared to the baseline image. Using 70 kV, 300 mAs and SAFIRE Level 5, we got a 10% 

increase in CNR and 14% decrease in CTDIv compared to the baseline protocol. The CNR increase 

and dose decrease are shown in Table 4.7. As expected, the higher level of SAFIRE is related to 

possible higher dose reduction. 
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Table 4.7 CNR and CTDIv for the optimized protocols. 

kv mAs CTDIv DLP 

SAFIRE 

LEVEL 

MEAN 

Tefl 

SD 

Tefl 

MEAN 

BG SDBG CNR % CNR % CTDIv 

120 50 3.81 77.2 5 934.7 6.7 95.7 5.9 133.1 69.8 -15.5 

120 50 3.81 77.2 4 931.8 11.6 96.5 7.8 84.7 8.0 -15.5 

70 300 3.86 78 5 1013.1 14.3 58.8 6.6 86.0 9.7 -14.4 

70 300 3.86 78 4 1016.8 14.5 59.7 6.9 84.4 7.7 -14.4 

120 59 4.51 91.3 5 934.3 10.5 96.5 6.2 97.2 24.0 0 

120 59 4.51 91.3 4 933.7 11.3 97.2 7.1 88.5 12.8 0 

120 59 4.51 91.3 3 932.4 12.3 97.5 8.6 78.4 - - 

 

 

Figure 4.8 Contrast to noise ratio in relationship to acquired mAs for all killovoltage 

settings. 

 

 

As depicted in Figure 4.8, as mAs increases, keeping the kV constant, the CTDIv increases. The 

higher the kV the higher the CTDIv increase with the mAs. 

Figures 4.9 to 4.13 summarize the CNR for all SAFIRE levels and all different kV.  
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Figure 4.9 CNR values for different SAFIRE levels for 70 KV. 

 

 

 

Figure 4.10 CNR for different SAFIRE levels at 80 KV. 
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Figure 4.11 CNR for different SAFIRE levels at 100 KV.  

 

 

Figure 4.12 CNR for different SAFIRE levels at 120 KV. 
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Figure 4.13 CNR for different SAFIRE levels at 140 KV. 

 

As the SAFIRE level increases the CNR increases for same mAs and kV (reference Figures 4.9-

4.13.)  

4.4 Knowledge Assessment of Referring Physicians 
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Knowledge of referring physicians such as surgeons, gynecologists, pediatricians, internal 

medicine physicians, emergency department physicians, on radiation protection of patients in CT 

and justification principles has been investigated in many survey studies over the last 20 years. 

Studies from North America (Canada, USA), Europe (England, Germany) and Asia (Turkey, 

Israel) were included in this review assessment [74-83]. We can be confident enough that the 

results from these studies represent adequately the knowledge of the physicians in similar 
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generally moderate and in many cases low. Surprisingly, only a small percentage of referring 

physicians believe that there is lifetime increased risk of cancer attributed to a single CT 

examination, and the percentage further dropped when they asked to quantify the risk. In addition, 

the percentage of physicians that communicate the risk and benefits with their patients is low. 

Years of experience, education and specialty were not associated with knoweldge of physicians in 

radiation protection and justification of CTs. On the contrary, participation in radiation safety 

courses was positively correlated to the physicians knowledge in two studies [79, 83]. Therefore, 

the aim of the radiation safety office or the respective medical physics department should be to 

provide referring physicians with good quality of training with updated and stimulating material. 

Such a training is typically not required, but from the studies examined, we conclude that it is of 

utmost importance to reduce unnecessary exams. 

4.5 Discussion and Comparison with Other Studies 

Iterative reconstruction algorithms for image reconstruction are becoming more common these 

days as they offer optimization of image quality and dose compared to the standard filtered back 

projection. The use of IR in clinical practice is challenging, because different CT vendors have 

different algorithm blending, and therefore comparisons between different machines are difficult 

and sometimes inadequate. In the present study, we proposed a simple and easy method to assess 

image quality and dose in adult abdomen protocol using different IR (SAFIRE) levels, which 

corresponds to different combinations of SAFIRE and FBP. For this purpose, we assumed that the 

clinical protocol was optimized and that the diagnostic images were clinically acceptable by the 

radiologists. The proposed method is applied to the SIEMENS Biograph 64 PET/CT scanner 

which is equipped with SAFIRE (5 levels); however, it can potentially be applied to any CT 

scanner equipped with some iterative reconstruction algorithm. 
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Based on our results, a 15% reduction in dose, and 10% improvement in CNR compared to the 

standard protocol, can be achieved with the proposed method. In addition, for the same dose, an 

increase in CNR of about 25% was observed. For this purpose, the use of higher levels of SAFIRE 

(4, 5) is recommended. Comparison with NO SAFIRE (FBP) used, indicated an improvement in 

CNR of 55% for the same protocol parameters (equal dose). While for approximatelly equal CNR, 

a dose reduction of 75% was achieved. These results are in accordance with other studies in 

phantom and real patients [84-87]. In some blinded studies, evaluators could not find a difference 

in image quality between standard reconstruction and with 50% less dose using SAFIRE [88, 89]. 

In a study with 55 pediatric patients, the use of SAFIRE reduced image noise to 35% and led to 

better scores in qualitative assessment of image quality [90]. Several other scientific and clinical 

articles indicate that SAFIRE can not only reduce image noise, but also reduce artifacts, increase 

spatial resolution, and can easily be integrated into the clinical workflow, due to its relatively short 

computational time [63, 68]. 

Regarding the clinical efficiency, the application of higher SAFIRE levels than currently used has 

no effects on time reconstruction (no delays). All SAFIRE levels require the same reconstruction 

time, and it is fast and efficient with no delays observed. Therefore, it is appropriate for everyday 

clinical practice. Taking into account the excellent image quality improvements in our phantom-

based study, we can assume that there is still room for dose reduction and further optimization of 

the clinical protocol (real patients). However, the transition from phantom to real patients and 

extrapolation of the findings should be done with caution and with small steps in parameter 

reduction to prevent low diagnostic quality images and repetition of scans, which would increase 

the patients’ dose significantly. Still, phantom-based studies can provide guidelines for an 

appropriate reduction in mAs for each additional step in SAFIRE level. 
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The advantage of the present study is the development of an efficient method for protocol 

optimization based on phantom measurements using an objective image parameter (CNR), and it 

does not require the inclusion of radiologists for image evaluation. This is important because 

radiologists are usually busy, and image evaluation is a time-consuming procedure. Also, working 

with phantoms and not with real patients is safer, more convenient, and easier to acquire the 

measurements. In addition, standard optimization procedures are time consuming and require the 

acquisition of large amounts of data. The proposed method can be the first step for protocol 

optimization, and then the images that pass the objective criteria could be sent to radiologists for 

further evaluation and optimization based on their clinical practice and diagnostic image 

preferences. This can reduce the amount of images that the radiologists have to analyze and 

evaluate. After that, fine adjustments of protocol parameters could be done by employing patient 

based studies. 

In this study, CNR was chosen as our objective image quality index, because of its simplicity in 

calculating, accuracy and meaningful physical representation. However, the proposed method can 

be similarly applied with other image quality indices such as signal to noise ratio, noise derivative 

(index that also takes account the related dose) low contrast detectability (LCD) based on user’s 

preference and the protocol characteristics under examination [91, 92]. Quantum noise on the other 

hand has some disadvantages as a single indicator of image quality and the user should be aware 

of its limitations [93]. In the present study, we focused on adult abdominal protocol for the 

analysis, however the suggested method can be potentially applied to other adult protocols and 

also to pediatric protocols. Attention to be paid to areas with inhomogeneity of the tissues, such as 

chest (air cavity) or pelvis (bones), because the phantom may not simulate these areas 

appropriately and errors can be introduced. In these cases, correction factors should be calculated 
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and applied from phantom CT numbers to real patients’ body attenuation numbers. One other 

option would be the use of protocol dedicated phantoms, for instance a dedicated chest protocol 

phantom equipped with air cavities to simulate the lungs, but this option may have cost related 

limitations.  

4.6 Simple Strategies and Recommendations for Dose Reduction in Clinical 

Practice 

• Tube current modulation 

✓ Always ON 

✓ Appropriate image index/dose index value- SAFIRE index 

✓ Adjust kV (increase) and scan speed (reduce) when tube current saturation occurs 

• Appropriate kV selection 

✓ Optimal tube voltage (lower is not necessarily better as mAs may increase) 

✓ Lower voltage for high contrast tissues or contrast enhance examinations 

• Patient size-specific protocols 

✓ Body weight or BMI or cross-sectional dimensions 

✓ Attenuation based adjustment based on scanogram 

• Scan length 

✓ Minimum necessary scan length for dose reduction 

✓ Avoid overbeaming (excess dose due to the edge of detectors), MSCT is preferred 

to control overbeaming 

✓ Avoid overanging with beam collimation, slice width and pitch 

• Reconstruction Algorithms 

✓ Iterative reconstruction algorithms 
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• Beam shaping filters 

✓ Bowtie filters 

✓ In plane shielding to protect critical organs 

• Repeated scanning 

✓ Eliminate repeated scanning 

✓ Justify necessity of scanning 

✓ Avoid pre-contrast scanning 

4.7 Decision Making 

Radiologists and other health professionals must be aware of the radiation doses associated with 

CT examinations for more effective decision making. Discouraging results were revealed from 

survey studies among medical professionals; specifically, only 15% of the pediatric physicians and 

surgeons were familiar with the ALARA principle and radiologists and emergency department 

physicians underestimated the dose from a CT scan [75, 76, 80, 94, 95]. Patients should be notified 

of the calculated risks that correspond to their diagnostic examination even if this may cause 

reluctance for some patients to undergo CT examination due to the relatively high associated doses. 

Training and adequate education on the risk/benefit decision making of referring physicians is of 

utmost importance. Referring physicians must have adequate knowledge of the clinical necessity 

of the CT examination, taking into account and alternative imaging modalities with no or lower 

implication of ionizing radiation. Consultation with a radiologist is crucial to balance the benefits 

for both imaging/diagnostics and treatment approach [96]. Besides the dose optimization 

procedures for dose reduction per scan, unnecessary exams should be eliminated by providing 

adequate training to referring physicians [97, 98]. The European Commission has published 

justification criteria for CT exams; these criteria are called referral criteria and aim to reduce 
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unnecessary exams [99-101]. In practice, about 30% of CT examinations could have been replaced 

by other imaging modalities such as ultrasound or MRI with appropriate results to answer the 

clinical questions [102, 103]. Clinical decision rules or appropriateness criteria are necessary to be 

established as aid tools to those specialties that prescribe CT examinations. Questionnaires and 

fast software tools could be elaborated towards this idea. However, these are not replacements for 

medical judgment and experience. The benefits from this procedure would be both less cost as a 

result of fewer CT exams and lower population doses due to the unnecessary CT exposure [100, 

104]. 

4.7.1 Appropriateness Criteria 

The most effective method to reduce radiation dose is to eliminate unnecessary exams through the 

implementation of appropriateness criteria. The necessity of CT has been established for specific 

clinical indications, but it is considered inappropriate for other indications. The potential 

radiological risks from a CT exam should be weighted to the diagnostic benefits of the 

examination. The studies should be performed only when the benefit outweighs the risk of the 

procedure. Accepted guidelines for every clinical indication is a useful tool to avoid unnecessary 

exposures. The American College of Radiology has published appropriateness criteria since the 

early 1990s which are evidence-based guidelines to help referring physicians and other health 

providers to make the most adequate diagnostic or treatment decision in every clinical condition 

[105]. The guidelines are reviewed and updated annually by expert panels with leaders in radiology 

and other specialties. 

4.8 Concerns and New Approaches 

As the number of CT scans continously increases, and therefore the population dose increases as 

well, a growing concern has been created internationally. About 2% of all cancers in the US are 
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attributed to CT [106]. New ideas about methods for dose reduction per scan, lowering the number 

of unnecessary scans and keeping individual radiation exposure records have been introduced. 

This study focused on dose optimization procedures based on objective technical parameters, and 

explored ways of reduction of the number of unnecessary scans by proposing appropriate radiation 

safety training to referring physicians. IAEA has introduced the project called ‘Smart 

Card/SmartRadTrack’, which focuses on developing methodologies to record and track the 

effective dose of every individual based on his lifetime exposures. In simple words, the smart cards 

would provide how much radiation has a patient received due to medical procedures (radiation 

medical history). This would facilitate epidemiology studies and future cancer risk estimates, and 

avoid exposures to high doses [107].  

4.9 Limitations of the Study 

This study should be interpreted in light of certain limitations. The reference CT protocols were 

acquired using 120 kV, therefore the CNR baseline was defined for the 120 kV. If CNR baselines 

were defined for other voltages the optimal mAs would likely be different. In addition, we assumed 

that the protocol was optimized in terms of the clinical parameters, before the SAFIRE 

investigation. Therefore, the CNR baseline was set based on scanning the phantom with 

CareDose4D ON, assuming that the resulting image corresponds to acceptable diagnostic quality. 

Moreover, the results are not generalizable to all patients’ sizes, but only to patients with similar 

effective abdominal diameter as the phantom used. Different size phantoms can be used following 

the same methodology to simulate different size adult patients and pediatric cases. Other protocols 

than abdominal may require different phantoms with build-in air cavities and other structures of 

interest, or the use of conversion coefficients.  
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5 Conclusions and Future Steps 

5.1 Summary and Conclusions 

The complexity of the new CT scanners adds new challenges, but at the same time they are 

equipped with hardware and software that allows further improvement in diagnostic service. Room 

for additional dose reduction in CT is evident based on the DRL comparison with European 

countries. DRLs in Europe are significantly lower compared to the respective in the US, indicating 

that there is an opportunity for further dose reduction in the US, taking into account that the 

equipment is similar. Almost all CT vendors offer tools for dose optimization in clinical practice. 

However, many facilities do not take advantage of these tools mainly due to lack of understanding 

and familiarity with the software capabilities. Investigating the best-optimized practice with 

facility and machine based dosimetric measurements is necessary to ensure that doses are 

minimized and controlled.  

Iterative reconstruction algorithms play a key role towards protocol optimization, as they can 

achieve images with less noise, and therefore the dose can be reduced. However, consideration 

should be given to the tradeoff between dose reduction and diagnostic image quality, as the danger 

of repeating scans is evident when reducing the dose significantly. Repeating scans lead to higher 

overall doses. Optimization of protocols based on real patients is the gold standard and the safest 

option to obtain accurate results. However, it is time consuming, requires collection and analysis 

of large amount of patient images, and cooperation with radiologists for diagnostic image 

evaluation. On the other hand, the proposed method is fast and efficient, it works with phantoms 

and not with real patients, which makes it more flexible and accessible to medical physicists, and 

it is an excellent tool for a rough optimization as an initial step for further assessment and analysis. 
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Our results indicated that both dose reduction and image quality improvement can be achieved 

with the use of higher level of SAFIRE algorithm. In addition, with the same protocol parameters 

(same dose) better quality images were obtained using higher level of SAFIRE than used in clinical 

practice. Dose and CNR maps were constructed for different protocol parameters. This phantom-

based method for dose optimization in CT can be followed for different protocols, with adequate 

phantom adjustments to compensate for tissue irregularities or for different size patients by using 

correction coefficients. 

Besides optimization of existing protocols, a necessary action for population dose reduction is 

reducing or eliminating unnecessary scans. Providing efficient and continuous training of the 

health providers is mandated to increase the efficacy and implementation of dose reduction 

strategies, and to avoid unnecessary scans. Low dose scan achievement is a team effort, with 

implications of referring physician, radiologist, medical physicist and technologist. Referring 

physicians should be aware of the doses related to the exams, risks, radiation protection issues, 

and alternatives with no implication to ionizing radiation, in order to prescribe CT scans with 

caution. Radiologists should be more familiar with the doses and related risks and abandon the 

approach “one size fits all’’; personalized scans based on body characteristics and clinical 

diagnostic goal are key to lower exposure. Medical physicists should be aware of current protocols 

for quality control checks; perform quality control checks routinely and assess DRLs periodically. 

Critical role must also have the technologist for protocol evaluation and setting the imaging task. 

5.2 Future Steps and Recommendations 

5.2.1 Receiver Operating Characteristic (ROC) Study 

Receiver operating characteristic (ROC) studies provide a comprehensive description of diagnostic 

accuracy because they calculate and analyze all possible combinations of sensitivity and specificity 
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of a diagnostic test. Images that passed the objective criteria of baseline CNR and dose will be 

given to trained and experienced radiologists for further evaluation. Evaluation includes noise, 

contrast, sharpness and diagnostic confidence of the images. For the evaluation, the radiologists 

will be asked to complete a concise questionnaire consisting of seven questions. The questionnaire 

is shown in Appendix II. 

5.2.2 Knowledge Assessment of Referring Physicians 

The present study was based on the review of published studies for the knowledge assessment of 

referring physicians. Based on this data, we propose the introduction of radiation safety training 

on a regular basis. Specifically, training courses should be focused to explicitly indicate and 

quantify the risks of CT exams; comparisons with the doses from other modalities should be also 

provided. Additionally, education on ionizing and non-ionizing radiation modalities is necessary. 

For the knowledge assessment on radiation protection in CT and justification principles of local 

referring physicians a simple questionnaire consisting of eight questions is proposed in this study. 

The questionnaire is shown in Appendix III and it includes both demographic and knowledge 

questions. It focuses on areas where referring physicians lack knowledge. The aim is to identify 

problems and suggest training practice to fix these issues. The final objective is to minimize 

unnecessary CT prescriptions due to lack of knowledge of their possible effects. The questionnaire 

was built in a way that assessment of the knowledge of referring physicians on the risks related to 

CT examinations could be evaluated. All questionnaires are to be sent through email to physicians 

from the radiation safety office; participation will be voluntary. The questionnaire was constructed 

in this way so that there is no option to return to the submitted questions and change answers. The 

survey takes approximately five minutes to be completed. Questions and methodology was based 

on published surveys [75, 95]. Training will be adjusted based on the survey results. Also, we 
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propose the introduction of an add-on element in the referral platform that may remind referring 

physicians the dose implication and the possible alternatives with no ionizing radiation. 

5.2.3 Future Steps and Recommendations 

Standardization of CT protocols is required, also a widely used CT terminology independent of 

each manufacturer is of utmost importance. Every manufacturer uses different terminology for the 

same parameter, which results in potential misunderstanding and might affect the clinical protocol 

adjustments.Periodic review of CT scans. Review and evaluation of CT scans needs to be done 

periodically. DRLs are a useful tool for this evaluation and they must be updated 

regularly.Radiation epidemiology is an important field contributing to protection and prevention 

of health consequences. By keeping radiation records of all patients undergoing diagnostic or 

therapeutic procedures, similarly to keeping medical records, an assessment of effective dose with 

long term effect can be done, and our understanding will be improved. The idea was introduced 

by IAEA in 2006, and the relevant topic was called “smart card project’’, it is now known as 

“Smart Crad/ Smart RadTrack’’ project. The project focuses on tracking individual doses from 

every medical radiation exposure and not population doses. Besides epidemiology benefits, 

tracking the medical radiological exposure would help identifying unnecessary exams, avoid 

repeated exams for the lack of access to prior exams, and audit cases of questionable self-referrals. 
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6 Appendices 

6.1 Appendix I Fundamentals of X-rays 

6.1.1 X-ray Generation 

X-rays are electromagnetic radiation which are generated by the acceleration of fast electrons 

entering a solid metal anode. In medical diagnostics, acceleration voltages are chosen between 25 

kV and 300 kV [2]. 

6.1.2 Factors Controlling X-ray Beams 

Important determinants for an x-ray beam are its quality and quantity. The beam quality refers to 

the ability of the beam to penetrate materials and it is directly dependent on the applied energy 

(applied voltage kVp), while the quantity refers to the number of photons comprising the beam, 

and it is directly proportional to the applied current– mAs. The x-ray beam emitted from an x-ray 

tube may be modified to suit the needs of the application by altering the technique factors: exposure 

time(seconds), exposure rate (mA), beam energy (kVp and filtration), beam shape (field 

size/collimation), and subject (patient) distance. 

i) Exposure Time 

It represents the changes in the spectrum of x-rays that result when the exposure time is altered 

while all other factors remain constant. When the exposure time is increased, the number of 

photons generated is increased (quantity of the exposure increases), but the beam quality is 

unaffected. 

ii) Tube Current (mA) 

Refers to the changes in the spectrum of x-rays that result from altered tube current (mA), while 

maintaining constant all other factors. As the mA increase, more electrons are released from the 
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filament; there is a linear relationship between mA and radiation output. The quantity of radiation 

produced (mAs) is expressed as the product of time and tube current. It remains constant regardless 

of variations in mA and time as long as their product remains constant. The amount of radiation 

that a patient receives is determined by the mAs. 

iii) Tube Voltage (kVp) 

Tube voltage determines the photon energy. Specifically, increasing the kVp increases the energy 

of each electron when it strikes the target. This results in an increased efficiency of conversion of 

electron energy into x-ray photons, and thus an increase in the number of photons, their mean 

energy, and their maximum energy. The ability of x-ray photons to penetrate matter depends on 

their energy. High energy x-ray photons have a greater probability of penetrating matter, whereas 

low energy photons have a greater probability of being absorbed. Therefore, the higher the kVp 

and mean energy of the x-ray beam, the greater the penetrability of the beam through matter. The 

concept of half value layer (HVL) is a useful way to characterize the penetrating quality of an x-

ray beam. The HVL is the thickness of an absorber required to reduce by one half the number of 

photons passing through it. As the average energy of an x-ray beam increases, so does HVL.  

iv) Filtration 

An x-ray beam consists of a spectrum of x-ray photons of various energies, but only photons with 

sufficient energy to penetrate through anatomic structures and reach the image receptor are useful 

for diagnostic radiology. Low-energy photons contribute to patient dose, but not to the image as 

they do not have enough energy to reach the receptor. The higher the kVp, the less radiation is 

absorbed by the patient and the lower the dose. Consequently, to reduce patient dose, the low 

energy photons should be removed. This can be accomplished by placing an aluminum filter in the 

path of the beam. The aluminum preferentially removes many of the lower-energy photons with 
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lesser effect on the higher energy photons that are able to penetrate to the receptor. Other objects 

that add to beam filtration are: the glass wall of the X-ray tube, the insulating oil that surrounds 

many dental tubes, and the barrier material that prevents the oil from escaping through the x-ray 

port.  

v) Collimation 

A collimator is a metallic barrier with an aperture in the middle which is used to reduce the size 

and shape of the x-ray beam and therefore the volume of irradiated tissue within the patient. The 

use of collimation reduces patient dose and improves image quality. When an x-ray beam is 

directed to a patient, about 90% of the x-ray photons are absorbed from the tissues and 10% of the 

photons pass through the patient and reach the detector. The absorbed photons generate scattered 

radiation within the exposed tissues, which travels in all directions degrading image quality 

(Compton scattering).  The detrimental effect of scattered radiation of the images can be minimized 

by the use of collimators; the number of scattered photons reaching the detector is reduced and the 

image quality is improved. 

vi)  Inverse Square Law 

The x-ray beam intensity at a given point depends on the distance of the detector from the focal 

spot. For a given beam the intensity is inversely proportional to the square of the distance from the 

source. The reason for this decrease in intensity is that the x-ray beam spreads out as it moves from 

the source. Therefore, changing the distance between the x-ray tube and patient has a significant 

effect on beam intensity. Every change in distance requires an adequate modification of the kVp 

or mAs if the exposure of the detector is to be kept constant. Thus, the collimation cone should be 

placed consistently as close to the patient as possible to maintain the same distance during 

radiographs. 



62 
 

6.1.3  Interaction with Matter 

X-ray beams interact with matter and are attenuated. This attenuation results from interactions of 

photons in the beam with atoms in the absorbing material. The photons can either be absorbed or 

scattered. In the case of an x-ray beam in CT the photon energy is between 20 keV and 140 keV; 

three mechanisms of interaction exist: Coherent scattering, Compton scattering, and Photoelectric 

absorption.  

i) Coherent scattering 

Coherent scattering results in broadening the beam and because no energy is transferred it has no 

interest in CT except for bone characterization [108]. 

ii) Compton scattering 

In Compton scattering, the energy of the initial photon is much higher than the binding energy of 

the electron. The atomic electron leaves the atom and the photon is scattered in all possible angles. 

For this reason, the scattered photon provides very little information regarding the location and 

path. Also, the contrast information between different tissues is limited due to the lack of 

dependence of the atomic number. In CT it is important that the Compton effect is minimized. 

iii) Photoelectric effect 

When the energy of the photons is higher than the energy of a binding electron, the initial photon 

gives its energy to liberate a deep shell electron. The liberated electron is called photoelectron and 

the phenomenon photoelectric effect. The hole in the shell is filled by an outer electron and due to 

the energy difference characteristic x-rays are emitted. Different tissues have different probability 

of photoelectric effect, and therefore the contrast is different.  

 



63 
 

6.2 Appendix II Proposed Questionnaire for Image Quality Evaluation 

 

1. Indicate how many years of experience in CT radiology you have: .............. 

2. Indicate how many sets of lines you can identify in the image: .............. 

3. Indicate how many circles you can identify in the image: ................. 

4. Indicate if the image has diagnostic quality 1(yes), 2 (no) : ............... 

5. Classify the image in terms of noise considering the values 1( excellent), 2 (good), 3 

(fair/acceptable), 4 (bad/poor), 5 (unacceptable): ....................... 

6. Classify the image quality in terms of sharpness considering the values 1( excellent), 2 

(good), 3 (fair/acceptable), 4 (bad/poor), 5 (unacceptable): ....................... 

7. Classify the diagnostic confidence considering the values 1( excellent), 2 (good), 3 

(fair/acceptable), 4 (bad/poor), 5 (unacceptable): .......................... 
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6.3 Appendix III Proposed Questionnaire for Knowledge Assessment of Referring 

Physicians and Radiologists 

 

Demographics: 

1. Please indicate your specialty: ............................................................ 

2. Please indicate your years of training: (1) In training, (2) 1-3 years, (3) 4-10 years, (4) 11+ 

years 

3. Please specify the number of CT exams you prescribe per month approximately: (1) <5, 

(2) 5-20, (3) 21-40, (4) 41+ 

Knowledge: 

1. Are you familiar with the justification principle? Yes:....., No:..... 

2. Do you or your nurse practicioner explain the risks and benefits from a CT exam to patients 

and their family prior the exam? Yes:........, No:........ 

3. Do you believe that there is an increased lifetime cancer risk attributed to a single 

abdominal CT exam in children? Yes:....., No: ....... 

4. If you replied yes to question 3, what is your estimate for the lifetime risk for a one year 

old child undergoing abdominal CT? (1) No increase, (2) 1/1000, (3) 1/10,000, (4) 

1/100,000, (5) 1/1000000. 

5. Rank the following exposure from the lowest to the highest: (1) Effective dose in a chest 

radiograph (standard), (2) Average background radiation in one year, (3)Effective dose 

chest CT (standard), (4) Effective dose of chest MRI (standard), (5) Effective dose of 

abdominal radiograph. 
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