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4 Abstract 

ABSTRACT 

Hannele Niiniviita 
ESTIMATION OF RADIATION DOSE AND IMAGE QUALITY IN PEDIATRIC AND YOUNG 
ADULT COMPUTED TOMOGRAPHY STUDIES 

University of Turku, Faculty of Medicine, Department of Radiology, Doctoral Programme in 
Clinical Research (DPCR), Department of medical physics, Turku University Hospital and 
University of Turku, Medical Imaging Centre of Southwest Finland, Turku University Hospital 

Annales Universitatis Turkuensis 
Painosalama Oy, Turku, Finland, 2017 
 
Computed tomography (CT) is currently the most important contributor to medical radiation 
exposure, and pediatric and young adult CT studies raise special concern. A young age 
and high cumulative effective doses due to repeated CT during follow-up increase the risk 
of detrimental effects of radiation. Thus, the radiation dose, image quality, and the effects 
of parameter changes to these two need to be estimated to optimize CT examinations. 

Thesis examines radiation doses as expressed by computed tomography dose index 
(CTDI), organ doses and effective doses among pediatric, adolescent and young adult pa-
tients. The influence of the CT scanner, patient size, and intravenous contrast agent were 
studied with regard to the radiation dose and image quality, and the effects of protocol pa-
rameter changes were studied to establish a more effective imaging protocol for the as-
sessment of acute appendicitis. Radiation doses were evaluated by phantom measure-
ments using dose monitoring software and dose calculation software. The image quality 
was evaluated by measuring the contrast to noise ratio and by visual assessment by radi-
ologists.  

A wide deviation of CT doses was found, despite homogenous cohorts and similar imaging 
indications. The deviation resulted from differences in the CT devices and non-optimized 
protocols. High effective doses cumulated during the follow-up of patients with testicular 
cancer. In the assessment of acute appendicitis, the radiation dose may be reduced, without 
decreasing image quality, by appropriate protocol adjustments. The large variations in ra-
diation doses and the high cumulative effective doses emphasize the need for setting pa-
rameters carefully and for harmonized practices. There is also a need for improved dose 
monitoring, which may uncover non-optimized protocols.   

 

Keywords: adolescent and young adults, computed tomography, image quality, pediatric, 
radiation dose
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TIIVISTELMÄ 

Hannele Niiniviita 
 
SÄTEILYANNOKSEN JA KUVAN LAADUN ARVIOINTI LASTEN JA NUORTEN AIKUIS-
TEN TIETOKONETOMOGRAFIA TUTKIMUKSISSA 

Turun yliopisto, Lääketieteellinen tiedekunta, Radiologia, Turun kliininen tohtoriohjelma 
(TKT), Lääketieteellinen fysiikka, Turun yliopistollinen keskussairaala ja Turun yliopisto, 
Varsinais-Suomen kuvantamiskeskus, Turun yliopistollinen keskussairaala 

Annales Universitatis Turkuensis 
Painosalama Oy, Turku Finland, 2017 
 
Tietokonetomografia (TT) aiheuttaa nykyisin säteilyn lääketieteellisessä käytössä suurim-
man osan altistuksesta. Lasten ja nuorten TT-tutkimukset sekä seurannasta johtuvat tois-
tuvat TT-tutkimukset ovat nousseet huolen aiheeksi, koska nuori ikä ja korkea kumulatiivi-
nen efektiivinen annos ovat yhteydessä säteilyn haitallisiin vaikutuksiin. TT-tutkimusten op-
timoimiseksi säteilyannoksen suuruutta, kuvan laatua ja kuvausparametrien vaikutusta näi-
hin pitää pystyä arvioimaan. 

Tässä tutkimuksessa arvioitiin vastasyntyneen keuhkojen, lasten ja nuorten aikuisten pään 
ja kaularangan sekä kivessyövän seurannan aikana tehtyjen TT-tutkimusten säteilyannok-
sia. Käytettävän TT-laitteen, potilaan koon ja varjoaineen vaikutusta säteilyannokseen ar-
vioitiin ja kuvausparametrien vaikutusta kuvan laatuun ja säteilyannokseen arvioitiin tehok-
kaamman protokollan löytämiseksi akuuttiin appendisiittiin. Säteilyannoksia arvioitiin fanto-
mimittauksilla sekä annosseuranta- ja laskentaohjelmalla. Kuvan laatua arvioitiin mittaa-
malla kontrasti-kohina suhdetta sekä visuaalisella arviolla.  

Tutkimuksessa paljastui suurta vaihtelua säteilyannoksissa huolimatta yhtenäisestä kohor-
tista ja indikaatiosta. Vaihtelu johtui erilaisista laitteista sekä epäoptimaalisista protokollista. 
Lisäksi havaittiin korkeita kumulatiivisia annoksia kivessyövän seurannassa. Akuutin ap-
pendisiitin tutkimisessa säteilyannosta voidaan alentaa kuvan laadun kärsimättä sopivalla 
parametrien muutoksella. Annosten suuri vaihtelu ja korkeat kumulatiiviset annokset osoit-
tavat tarvetta protokollien säätämiselle sekä yhtenäistämiselle. Myös annoksien seuran-
nalle on tarve, jotta mahdolliset epäoptimaaliset kuvausprotokollat saadaan havaittua ja 
korjattua. 

 

Avainsanat: nuoret aikuiset, kuvan laatu, lapset, säteilyannos, tietokonetomografia 
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TCM Tube current modulation 
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1 INTRODUCTION 

Computed tomography (CT) is the most important contributor to medical radiation exposure 
in the western countries. About 50 % of the collective effective dose in medical imaging 
originates from CT studies in Europe and USA, and in Finland the number is even slightly 
higher, 60 %. However, CT studies account for only 9 % –15 % of the total number of 
radiological procedures in these areas (EC, 2015; Mettler et al., 2008; Muikku et al., 2014; 
UNSCEAR, 2010). The CT examinations cause a significant amount of medical radiation 
exposure, because the radiation dose from a CT examination is higher than from conven-
tional radiography, which constitutes the largest group of radiological studies. The radiation 
dose in CT is higher, because radiation is deposited from all entrance points around the 
patient, whereas in conventional radiography exposure is limited to one projection. The 
number of CT examinations has also increased rapidly since the introduction of CT in the 
early 1970's (UNSCEAR, 2010). The increase in the number of CT examinations has 
caused an increase in the population dose from medical radiation. In some countries, the 
biggest increase in CT studies has been in the pediatric population and in adult screening 
(Brenner and Hall, 2007), but in Finland the number of pediatric CT examinations has de-
creased (Suutari, 2016). 

Although CT studies offer accurate diagnostic information, the use of ionizing radiation is 
problematic due to its detrimental effects, which are divided into two types by the Interna-
tional Committee of Radiation Protection (ICRP): deterministic effects and stochastic effects 
(ICRP, 2007). Deterministic effects, like skin erythema or epilation, only occur if the radia-
tion dose is high enough to exceed a tissue-specific threshold value. Deterministic effects 
are rare in diagnostic imaging and usually occur only after abnormal events. The stochastic 
effects, like malignant tumors, are supposed to obey the linear no-threshold model (LNT), 
which assumes that low exposures increase the cancer risk in the same proportion as the 
exposure increases without any threshold (ICRP, 2007). The LNT model has been ap-
proved by the ICRP and the Biological Effects of Ionizing Radiation (BEIR) VII committee 
(BEIR, 2006; ICRP, 2007). The model is based on epidemiological data on atom bomb 
survivors of Hiroshima and Nagasaki, where the cancer incidence and mortality at higher 
effective doses (>100 mSv) have been extrapolated to lower effective doses (<100 mSv) 
(BEIR, 2006; ICRP, 2007).  

Pediatric patients and young adults are more sensitive to radiation than older age groups. 
This follows from the cells of the developing organs and tissues dividing at a higher rate 
and from life expectancy allowing more time for harmful effects of radiation to appear (ICRP, 
2013; Preston et al., 2007). Also, the average lifetime risk of cancer is higher in infants and 
young children compared with older children (ICRP, 1991).  

Because of the possible detrimental effects of ionizing radiation, a considerable number of 
studies have raised great concern especially regarding pediatric patients. In the United 
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States alone, there were 85 million CT scans performed in 2011, 5–11 % of these on pedi-
atric patients. It has been estimated that more than 4000 cancers could be induced by pe-
diatric CTs of one year (Miglioretti et al., 2013). The exposure to CT studies increases the 
cancer incidence rate by 24 % in exposed patients compared to non-exposed patients aged 
0 to 19 years (Mathews et al., 2013). Pearce et al. identified an association between pedi-
atric head CT scanning and the increased risk of developing brain cancer and leukemia 
(Pearce et al., 2012). The possibility of deterministic effects of CT has also been raised, 
because brain CT in early childhood may affect cognitive abilities (Blomstrand et al., 2014; 
Hall et al., 2004).  

In addition to pediatric patients and young adults, there is concern regarding patients who 
are imaged frequently during treatment and follow-up of illnesses (Brenner et al., 2003; 
Griffey and Sodickson, 2009). Frequent CT examinations increase the cumulative effective 
dose, but patients may still have a long life expectancy. High cumulative effective doses 
have been recorded among young patients with cancer, trauma or cystic fibrosis (O'Connell 
et al., 2012; Rohner et al., 2013; Sullivan et al., 2015). 

There is no clear limit between safe and unsafe exposure – a corollary of the LNT model 
and the stochastic characteristics of radiation-induced adverse health effects. Thus, there 
is an obvious need for radiation protection, which is summarized into three principles by the 
National Council on Radiation Protection and Measurements (NCRP). These principles are 
justification, optimization and dose limitation (ICRP, 2013; ICRP, 2007; NCRP, 1993). The 
justification principle is fulfilled when the use of radiation has a net positive benefit. The 
optimization principle is fulfilled when the exposure is kept as low as reasonably achievable 
(ALARA). The optimization process includes reliable estimation of the dose, image quality 
assessment and knowledge of how the image parameters affect the radiation dose and 
image quality. The dose limitation principle states that the effective dose or equivalent dose 
shall not be exceeded set values in planned exposures. The principle of dose limitation is 
not used as such in medical exposure of patients, since the radiation dose is primarily de-
termined by clinical needs. Instead diagnostic reference levels (DRLs) are used (EU, 2014; 
ICRP, 1996; ICRP, 2007). DRLs apply for routine conditions, and if DRLs are exceeded, a 
local review should be initiated to check whether optimization has been made and to assess 
if corrective actions should be taken. Unlike dose limits, DRLs do not induce constraints on 
radiation doses to individual patients (ICRP, 1996; ICRP, 2007).  

The present work estimates the radiation dose as CTDIvol, organ dose and effective dose 
and image quality of pediatric, adolescent and young adults (AYA) aged between 15 and 
39 years. The effective dose and image quality of different scanners were estimated in 
neonates, the most vulnerable patient group with regard to radiation. The proportion of the 
radiation dose, out of the total radiation dose, caused by the localizer radiograph, not used 
in diagnostics, was studied as well. The radiation dose from head and cervical spine CT 
studies, common CT studies among children and AYA (Suutari, 2016), was estimated. The 
doses were compared to national DRL and the possibility to set local DRLs was studied. 
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Among AYA, acute appendicitis and follow-up of testicular cancer are common indications 
for CT (American Cancer Society, 2016; Sender and Zabokrtsky, 2015; Stark and Vassal, 
2016). As the treatment of acute appendicitis is changing radically and patients are young, 
there is a need for a low dose protocol to differentiate complicated from uncomplicated 
appendicitis (Salminen et al., 2015). The parameters for abdominal CT were assessed to 
find an optimal protocol for assessment of acute appendicitis. The cumulative effective 
doses related to testicular cancer follow-up were estimated and the differences in radiation 
dose were assessed.  
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2 REVIEW OF LITERATURE 

2.1 Radiation dose 

In medical imaging, there are various dosimetric quantities used to assess the radiation 
dose to patients. These quantities are divided into basic quantities, application specific 
quantities and quantities related to the stochastic or deterministic effects of radiation. The 
term radiation dose refers to these quantities, where the basic quantities are kerma and 
absorbed dose, while the application specific quantities include descriptors like the com-
puted tomography dose index and dose length product. Quantities related to harmful effects 
of radiation are equivalent dose and effective dose. 

2.1.1 Absorbed dose and organ dose 
The basic quantities are kerma (kinetic energy released per unit mass, K) and absorbed 
dose (D) (IAEA, 2007). Kerma is the sum of the initial kinetic energies (dEtr) of all the 
charged particles liberated by uncharged particles in a mass of material (dm) as in equation 
1. 

 K=dEtr/dm  (1) 

The absorbed dose is determined similarly with K. It is the mean energy (ε) imparted to 
matter per unit mass (dm) as seen in equation 2 

 D=dε/dm  (2) 

The unit of K and D is joule per kilogram, but the special name, gray (Gy), is commonly 
used. The quantities have numerically equal values in the case of charged particle equilib-
rium. In x-ray imaging the equilibrium is achieved in low atomic number materials (IAEA, 
2007; ICRU, 2005). 

Organ dose (DT) refers to the mean absorbed dose delivered to the organ or tissue. It is 
determined similarly as D in equation 2, where the mean energy (εT) is delivered to the 
specified organ or tissue with mass (mT). The mean value of absorbed dose in an organ or 
tissue is related to biological effects and the protection quantities are based on organ doses 
(ICRP, 2007).  

2.1.2 Equivalent dose and effective dose 
Equivalent dose (H) and effective dose (E) are radiation protection quantities, which are 
used as a limit to ensure the occurrence of stochastic effects are kept acceptable and tissue 
reactions are avoided. The probability of stochastic events depends on the absorbed dose, 
the quality of radiation and the exposed organs. To consider the effects of these factors, 
the organ dose is weighted for radiation quality and radiation sensitivity of the organ. The 
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protection quantities as well as the weighting factors needed to calculate H and E were 
introduced by the International Commission of Radiologic Protection (ICRP). The ICRP 103 
includes the latest update to these quantities and weighting factors (ICRP, 1977; ICRP, 
1991; ICRP, 2007; ICRU, 2005). 

H is defined as the sum of the mean dose absorbed by the tissue or organ on radiation 
quality R (DT,R) multiplied with the radiation weighting factor (wR). The value of wR is 1 for 
x-ray radiation and H is calculated as shown in equation 3 

 𝐻𝐻 = ∑ 𝑤𝑤𝑅𝑅𝐷𝐷𝑇𝑇,𝑅𝑅𝑅𝑅   (3) 

E is the weighted sum of equivalent doses of organs of the body, defined in equation 4 

 E=∑ 𝐻𝐻𝑇𝑇𝑤𝑤𝑇𝑇 = ∑ 𝑤𝑤𝑇𝑇 ∑ 𝑤𝑤𝑅𝑅𝐷𝐷𝑇𝑇,𝑅𝑅 𝑅𝑅𝑇𝑇𝑇𝑇   (4) 

where wT is the weighting factor for a specific tissue or organ. Tissue weighting factors 
indicate the differences of probability of stochastic effects in different organs. They are de-
rived from epidemiological studies of atomic bomb survivors and the risk assessment of 
inheritable diseases. The wTs are presented in Table 1. 

Table 1. Tissue weighting factors (wT) for different organs and tissues according the ICRP 103 (ICRP, 
2007). 

Tissue/Organ Weighting 
factor, wT 

Red bone marrow, breast, stomach, colon, lung, remainder* 0.12 
Bladder, esophagus, liver, thyroid 0.04 
Gonads 0.08 
Bone surface, brain, skin, salivary glands 0.01 

*Remainder organs are the adrenal glands, extrathoracic tissue, gall bladder, heart wall, kidneys, lymph nodes, mus-
cles, oral mucosa, pancreas, prostate, small intestine, spleen, thymus and uterus/cervix. 

The tissue weighting factors is an expression of the risk factors for both genders and all 
ages, and thus the effective dose is not used for estimating individual doses. However, the 
effective dose is practical and widely used for comparing radiation doses from different pro-
tocols or devices. 

2.2 Determination of radiation dose in CT 

Direct measurements of organ doses and E are limited by practical and ethical considera-
tions, but organ doses and E are estimated by specific dose measurements using phantoms 
or by Monte Carlo calculations (ICRU, 2005). E can also be calculated from the dose display 
of a scanner with the aid of specific coefficients (Deak et al., 2010; Huda et al., 2008; 
Shrimpton, 2004). 
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2.2.1 CTDI and DLP 
The computed tomography dose index (CTDI) is a standard metric used to express the 
absorbed dose; its value is related to scanner output (AAPM, 2008; ICRU, 2012). The In-
ternational Atomic Energy Agency (IAEA) and International Commission on Radiation Units 
and Measurements (ICRU) recommend to use the CT air kerma index to express the radi-
ation dose of CT examination, but in this thesis the more common term CTDI is used (IAEA, 
2007; ICRU, 2005). 

The CTDI is expressed as the integral of D along the z-axis for a single rotation as in equa-
tion 5 

 𝐶𝐶𝐶𝐶𝐷𝐷𝐼𝐼100 = 1
𝑁𝑁𝑇𝑇 ∫ 𝐷𝐷(𝑧𝑧)𝑑𝑑𝑧𝑧5𝑐𝑐𝑐𝑐

−5𝑐𝑐𝑐𝑐   (5) 

where N is the number of simultaneously imaged sections in a single axial scan and T is 
the collimated slice thickness. The CTDI can be measured in air or in a cylindrical phantom 
by a 100 mm ionization chamber. The cylindrical phantom has a diameter of 16 cm for a 
head scan and 32 cm for a body scan, it is at least 14 cm long, and it is made of tissue-
equivalent plastic, polymethylmethacrylate (PMMA). The length of the ionization chamber 
can be marked with a subscript after the CTDI and the subscript air is used for measure-
ments made in air. 

The exposure is not homogeneous in the body phantom; the measured CTDI is almost two 
times higher on the surface than in the center (ICRU, 2012). This heterogeneous distribution 
of exposure can be taken into account by using the weighted CTDI (CTDIw) (AAPM, 2008; 
ICRU, 2005). CTDIw is calculated from the measurements made in the middle (CTDIc) and 
in the periphery (CTDIp) of the phantom as shown in equation 6 

 𝐶𝐶𝐶𝐶𝐷𝐷𝐼𝐼𝑤𝑤 = 2
3
𝐶𝐶𝐶𝐶𝐷𝐷𝐼𝐼𝑝𝑝 + 1

3
𝐶𝐶𝐶𝐶𝐷𝐷𝐼𝐼𝑐𝑐  (6) 

The CTDIw does not consider of the gaps or overlaps of the beam during scanning, so the 
volume CTDI (CTDIvol) is introduced to presents the absorbed dose over the x, y and z-
directions (AAPM, 2008). It is calculated from CTDIw as in equation 7 

 𝐶𝐶𝐶𝐶𝐷𝐷𝐼𝐼𝑣𝑣𝑣𝑣𝑣𝑣 = 𝑁𝑁𝑇𝑇
𝑏𝑏
𝐶𝐶𝐶𝐶𝐷𝐷𝐼𝐼𝑤𝑤 = 𝐶𝐶𝑇𝑇𝐶𝐶𝐼𝐼𝑤𝑤

𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ
  (7) 

where the pitch is the ratio between total collimation (NT) and table feed in one rotation (b). 
The CTDIvol expresses the mean absorbed dose of a helical scan a in dosimetric phantom, 
and the total amount of radiation is estimated by the dose length product (DPL), where the 
CTDIvol is multiplied with the total scan length (L) as in equation 8 (AAPM, 2008). 

 𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐶𝐶𝐶𝐶𝐷𝐷𝐼𝐼𝑣𝑣𝑣𝑣𝑣𝑣 × L  (8) 

The CTDIvol and DLP are widely used for expressing the radiation dose from a CT study. 
These quantities are useful for comparing different scanners and different protocols, as they 
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are related to scanner output and scan length. Further, the effective dose can be roughly 
estimated from DLP by using conversion factors fixed to the anatomic region and age of 
the patient. The coefficients are derived from the relationship between the calculated effec-
tive dose and DLP (Huda et al., 2011; Shrimpton et al., 2005). 

2.2.2 Anthropomorphic phantoms and thermoluminescence dosimeters 
Since organ dose measurements cannot – for practical purposes – be made in vivo, specific 
phantoms used together with dosimeters are a good substitute for estimating organ doses. 
The anthropomorphic phantoms are made from tissue equivalent plastic. They come in dif-
ferent sizes and imitate absorption and scattering as they occur in patients. The plastic 
compositions typically simulate bone, soft and lung tissue and the sizes and compositions 
of the phantoms are based on reports like ICRP 23 and ICRU 48 (ICRP, 1979; ICRU, 1992). 
The plastic phantoms may consist of slabs with drilled holes for dosimeter placement. 
Measurement with dosimeters placed inside phantoms express only the absorbed dose of 
individual points, but organ doses can be estimated from these point doses.  

The anthropomorphic phantoms are often used with thermoluminescence dosimeters 
(TLD). TLDs have many advantages for when measuring absorbed dose: small size; very 
sensitive to radiation; and tissue equivalence, which is essential for the determination of 
biologically meaningful radiation doses since scattered radiation contributes significantly to 
the radiation dose. These features make them appropriate for dosimetrics (Kron, 1999).  

The use of TLDs to determine absorbed doses is based on ability of the material to absorb 
and store radiation energy. Radiation excites electrons of the TLD material to higher meta-
stable energy states. When heated, sufficient thermal energy is given to the electrons and 
they return to the ground state simultaneously emitting visible light. The amount of light is 
presented as a glow curve and it is dependent of heating temperature, TLD material and 
absorbed dose. The light is collected with photomultiplier tube. The intensity of the light is 
proportional to the absorbed dose. The area under the glow curve corresponds to the ab-
sorbed dose once calibration has been made. Calibration is made by exposing the TLDs to 
a known reference radiation source, after which the intensity of the emitted light can be 
linked to the absorbed dose (ICRU, 2005). 

2.2.3 Estimation of organ and effective doses 
In addition to phantom measurements, organ doses can be estimated with Monte Carlo 
simulations of photon paths and interactions.  The information is then used to evaluate the 
dose absorbed by a material. These simulations need a model of patient anatomy and a 
radiation source. Computational human models are used for patient anatomy, and the mod-
els are either mathematical or voxel phantoms (ICRP, 2009; ICRU, 2005). Phantom models 
of different sizes to suit different ages and both genders are being developed (Norris et al., 
2014; Segars et al., 2013, 2008). 
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In this thesis, a spreadsheet of ImPACT CTDosimetry was used, which is designed to cal-
culate the organ doses and effective doses generated in CT examinations (Im-
pactscan.org/ctdosimetry.htm). The spreadsheet utilizes so called data set which consists 
of Monte Carlo calculations made by the National Radiological Protection Board (NRPB). 
The spreadsheet includes 23 data sets which model the exposure conditions of 27 CT scan-
ners. One data set consists of 208 slices, where one slice corresponds to the absorption of 
one rotation over the phantom. The slices are 5 mm thick and cover the hermaphrodite 
phantom from the top of the head to the lower limbs. Monte Carlo simulation is used to 
model the absorption and scattering within these slices and the absorbed doses are nor-
malized to CTDI in the air and tube current-rotation time product for later calculations (Jones 
and Shrimpton, 1993). 

The same data sets can also be used with other scanners than the original 27 ones used 
for modelling. A data set for a specific scanner is selected by measuring CTDI in the air and 
in the central and peripheral positions in head and body phantoms and then by determining 
the so-called ImPACT factor from these measurements. The determined ImPACT factor is 
compared to the ImPACT factors of the original scanners and the same data set is used 
with similar ImPACT factors (Shrimpton et al., 2005). The ImPACT group has already added 
scanners to the spreadsheet and the current version (1.0.4) of ImPACT CTDosimetry in-
cludes 75 scanners. 

2.2.4 Dose monitoring 
CT scanners report CTDIvol and DLP after the examination as required by the International 
Electrotechnical Commission (IEC) standard (EC, 2012; IEC, 2009). Since many variables, 
e.g., protocol parameters and patient anatomy, affect the CTDIvol and DLP values, it is es-
sential to continuously monitor these doses to ensure that the radiation dose is kept at an 
acceptable level in the examinations. Systematic dose monitoring is an essential part of 
quality assurance: scanner-reported doses are compared to DRLs in an effort to recognize 
excessive radiation doses.  Fulfilment of the ALARA-principle can thus be evaluated by 
assessing and monitoring the dose display values (Boos et al., 2016; EC, 2012; Miller et 
al., 2015). 

Manual registration of dose metrics is time-consuming and prone to errors. Recently, ven-
dors have introduced proprietary software tools for automatic collection and analyzing of 
dose data. The dose monitoring software collects the exposure information from PACS (pic-
ture archiving and communication system) or, alternatively, the CT scanners transmit the 
data directly to the software. These software tools enable the collection and analysis of 
large amounts of data and they offer reports which allow easier distinguishing of deviations 
and optimization (Boos et al., 2016; Higashigaito et al., 2016). The dose monitoring software 
tools can be used for optimization by comparing the dose display values and image param-
eters among different scanners, but they are also valuable for comparing dose display val-
ues with DRLs and setting local DRLs. The DRLs are introduced in CTDIvol and DLP values 
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for CT studies. The DRLs are usually set at the 75th percentile of radiation doses and a 
radiological protection authority sets DRLs on the national level (EC, 1999; ICRP, 2007). 
The higher the number of patients, the better the reliability when a new DRL is set, and the 
same holds true for the reliability when comparing radiation doses to DRLs. The DRL should 
not be applied for an individual, but only compared to the average CT study dose (EC, 
1999). 

2.3 Image quality 

The image quality of CT studies is usually described in terms of image noise, image con-
trast, spatial resolution and artifacts. These factors determine the visibility of structures and 
details, and the clinical indication determines the required level of image quality. Contrast 
and noise are the fundamental factors in image quality: high noise or low contrast makes 
the objects invisible regardless of resolution.  

Contrast means the overall difference in the greyscale of the image. Contrast is defined as 
the ratio of the signal difference to the signal of background and can be calculated as shown 
in equation 9 

 𝐶𝐶 = 𝐻𝐻𝑈𝑈𝑎𝑎−𝐻𝐻𝑈𝑈𝑏𝑏
𝐻𝐻𝑈𝑈𝑏𝑏

  (9) 

where the HUa and HUb are the measured Hounsfield units of the object of interest and the 
background of the object, respectively (see section 2.4.1).  

Noise is an important determinant of image quality, because excess noise can reduce im-
age resolution and impair the detection of low-contrast objects from background. Noise is 
defined as the standard deviation (SD) of the HUs in the image of uniform substance (ICRU, 
2012). Noise can be derived from the x-ray detection system itself as electronic noise, but 
with current scanners quantum noise is more probable. Quantum noise is associated with 
the number of photons and the number of photons is, in turn, associated with radiation dose. 
The relationship between quantum noise and radiation dose is well known: noise is in-
versely proportional to the square root of the radiation dose and the radiation dose is directly 
proportional to the number of x-ray quanta (Bushberg et al., 2012). Thus, tube current ad-
justment becomes an attractive way to optimize, since the relationship between tube current 
and image quality is straightforward, if other parameters are kept constant. Indeed, tube 
current adjustment is one of the most common tools in controlling radiation dose. 

Contrast and noise can be compounded as one variable, because the visibility of low-con-
trast objects is dependent on contrast and on noise. In some cases, the contrast to noise 
ratio (CNR) can be used as a measure of image quality. 
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2.3.1 Figure of merit 
The evaluation of image quality is essential when optimizing protocols.  Image quality must 
be of a certain standard, so that the CT images are diagnostic, but the radiation dose must 
be kept low according to ALARA principle. Figure of merit (FOM) is a quantity, which can 
be used to compare different protocols, since differences in beam quality and tube current 
prevent direct comparisons of image quality between different protocols. The purpose of 
FOM is to make image quality independent of radiation dose, when it is feasible to compare 
different scanners or different protocols (Samei et al., 2005; Verdun et al., 2015). 

In general, amount of radiation which is required to achieve a certain level of image quality 
(Verdun et al., 2015). There is no a single FOM in use, which would consider all image 
parameters, but one of the straightforward FOM is to normalize the CNR to the radiation 
dose. This version of FOM has been used especially for comparing protocols with different 
tube voltages; it is calculated as shown in equation 10 

 𝐹𝐹𝐹𝐹𝑀𝑀 = �(𝐻𝐻𝑈𝑈𝑎𝑎−𝐻𝐻𝑈𝑈𝑏𝑏)/𝑆𝑆𝐶𝐶𝑏𝑏�
2     

𝑑𝑑𝑣𝑣𝑑𝑑𝑑𝑑
= 𝐶𝐶𝑁𝑁𝑅𝑅2

𝑑𝑑𝑣𝑣𝑑𝑑𝑑𝑑
  (10) 

where HUa and HUb are the HUs of the object and the background respectively, and the 
SDb is the noise of the background. CTDI, effective dose or some other suitable dose pa-
rameter can be used as a dose for calculating the FOM (Kim et al., 2017; Marin et al., 2010; 
Verdun et al., 2015; Wichmann et al., 2017). 

The FOM enables the assessment of CNR independently of the tube current and radiation 
dose. However, as it is determined for a specific scan mode (helical or axial) and for a 
specific diagnostic task, it should not be used for comparing different scanned areas or 
diagnostic tasks, e.g., when comparing head and abdomen imaging (Kalender, 2011). 

2.4 CT parameters in optimization 

Image quality and radiation dose are related to the patient and the clinical task, but so are 
a number of imaging parameters. Thus, radiation dose reduction without compromising im-
age quality is not straightforward, and for protocol optimization it is essential to understand 
and evaluate the effects of the different parameters on image outcome. The typical adjust-
able parameters are tube voltage, tube current and level amount of iterative reconstructions 
(Goo, 2012; Mayo-Smith et al., 2014).  

2.4.1 Tube voltage and x-ray energies 
Tube voltage refers to the voltage applied across the x-ray tube. The tube voltage is ex-
pressed as the peak kilovoltage (kVp) which is the maximum voltage across the tube. In 
the x-ray tube, electric voltage accelerates electrons from the cathode to the anode and the 
kinetic energy of these electrons is converted to x-ray photons and heat, as the electrons 
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lose their kinetic energy at the anode. The unit electronvolt (eV) is often used to express 
the kinetic energy of electrons and the energy of photons. 

The image contrast is related to the x-ray attenuation in different tissues and organs. The 
amount of attenuation is dependent of photon energy as well as the features of the attenu-
ating material. At diagnostic x-ray energy levels, photons are attenuated by absorption, 
which provides a photoelectric effect, and by Compton scattering. The probability of differ-
ent interactions as a function of energy in soft tissue is presented in Figure 1 (Bushberg et 
al., 2012). 

In the photoelectric effect, all of the energy of the x-ray photon is used to eject an electron 
from an atom and to the kinetic energy of electron. Thus, the absorbed photons are not 
detected by the detector (Bushberg et al., 2012). The probability of absorption depends on 
the energy of the photons (Ep) and on the density (ρ), atomic number (Z) and atomic mass 
(A) of the attenuating material. Attenuation is best expressed in the formula for the linear 
absorption coefficient for the photoelectric effect (µp): 

 µ𝑝𝑝 = 𝜌𝜌𝜌𝜌
𝐴𝐴𝐸𝐸𝑝𝑝3

  (11) 

The image contrast decreases at higher energies, because the absorption is inversely re-
lated to energy cubed, as can be seen in equation 11 (Bushberg et al., 2012; Lusic and 
Grinsta, 2012). 

 
Figure 1. X-ray interactions with matter as a function of energy. Reprinted with permission from the 
copyright holder (Wolters Kluwer) (Bushberg et al., 2012). 
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With higher energies (above 30 keV) the photons are more probably attenuated by Comp-
ton scattering. The attenuation resulting from Compton scattering is denoted with µc. Scat-
tering is the predominant interaction in the diagnostic energy range, and, in addition to en-
ergy, the probability of Compton scattering depends on the electron density of the attenu-
ating material. Scattering impairs image quality, because it alters the direction of the pho-
tons which will be detected by a wrong detector. Thus, the scattered photons introduce 
contrast-reducing background or noise to the image (Martin, 2007a). In addition to contrast, 
tube voltage is related to x-ray production. The tube produces photons more efficiently at 
higher tube voltages, but the relationship is non-linear, as photon production is approxi-
mately proportional to tube voltage squared. The number of photons is related to noise and 
radiation dose (Bushberg et al., 2012). 

The differences of attenuation in different organs and tissues are presented by CT numbers 
instead of the linear attenuation coefficient µ. The linear attenuation coefficient is the sum 
of the individual linear attenuation coefficients for each interaction (µp and µc). The CT 
numbers, called Hounsfield units (HU), express the linear attenuation of material in relation 
to the linear attenuation of water, as shown in equation 12 

 𝐻𝐻𝐻𝐻 = µ−µ𝑤𝑤
µ𝑤𝑤

× 1000  (12) 

where µw is the linear attenuation coefficient of water (Lusic and Grinstaff, 2012). 

2.4.2 Contrast agents 
Optimal tube voltage is typically determined by patient size and the type of CT examination, 
but the selection of the optimal tube voltage is not straightforward, since tube voltage affects 
contrast and noise (Kalra et al., 2004). Patient size affects the attenuation of photons and 
for small patients appropriate image quality can be obtained with lower tube voltages. For 
large adults, the use of low tube voltage is not recommended, because low tube voltage 
can produce high noise and introduce photon starvation artifacts in the image (Karmazyn 
et al., 2013; Yu et al., 2011). The contrast can be increased in CT studies with the use of 
intravenous (IV) contrast agents, which are iodine-based saline solutions. Contrast agents 
enhance vessels and organs due to the fact that hypervascular and hypovascular structures 
are seen better in images (Yu et al., 2011). Lower tube voltages are possible when IV con-
trast is used and higher contrast can be achieved. At lower energies the mean photon en-
ergy approaches the K-edge of iodine (33 keV) and the probability of a photoelectric effect 
increases abruptly as can be seen in Figure 2 (Goo, 2012; Huda et al., 2000). 
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Figure 2. Total attenuation of x-rays in different materials as a function of energy. The absorption in 
iodine increases abruptly when photon energy exceeds 33 keV. Reprinted with permission from the 
copyright holder (Wolters Kluwer) (Bushberg et al., 2012). 

2.4.3 Tube current modulation 
The use of a constant tube current is problematic in CT imaging due to variations in patient 
attenuation by anatomic regions and by anteroposterior (AP) and lateral (LAT) directions. 
To achieve a more stable radiation dose at detector level and thus more stable image qual-
ity independent of the region or projection angle, tube current modulation (TCM) was de-
veloped. To achieve a constant noise level throughout the images, TCM sets the tube cur-
rent level by patient size and TCM modulates the tube current in real time in the axial plane 
(the x-/y- directions) as well as along the patient (the z-direction). The modulation considers 
the size and shape of the patient and the attenuation of the scanned parts (McCollough et 
al., 2009). 

When TCM modulates the current angularly (x- and y- directions), it is called α-modulation. 
As the noise patterns are oriented in the direction of the highest attenuation (LAT), the tube 
current can be reduced for lower attenuation directions (AP/PA) without deleterious effects 
on image quality. This reduces the total current, as the reduction in the radiation dose is 
mostly due α-modulation. In fact, the central organ doses decrease more than the tube 
current-rotation time-product would predict. Since radiation attenuates less in the AP-direc-
tion than in the LAT-direction, the absorbed dose to the organs is caused mostly by expo-
sure in the AP-direction. Thus, the central organs undergo stronger absorbed dose reduc-
tion, when the current is reduced in the AP-direction. The modification of the angular TCM 
is dependent on the shape of the region: heterogeneous regions need stronger modulation 
than uniform regions (Kalender et al., 2008). 
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Longitudinal modulation modulates the tube current in the z-direction. It compensates for 
the varying attenuation along the patient so that image quality is sufficient for the whole 
region of the scan. The objective of the z-axis TCM is to keep image quality on a preset 
level along the z-axis, where smaller parts are scanned with lower tube currents. The an-
gular and longitudinal TCM can be operated simultaneously and when used properly TCM 
may decrease the radiation doses of CT studies by 20−40 % (Kalender et al., 2008; 
McCollough et al., 2009). The function of TCM is presented in Figure 3. 

 
Figure 3. Illustration of types of tube current modulation (TCM). The level of tube current depends on 
patient size (A), the tube current modulates according to patient attenuation along the z-axis (B), the 
tube current modulates according to patient attenuation in the x/y-plane (C), the tube current modulates 
according to the combined effects (D). Reprinted with permission from the copyright holder (RSNA) 
(Lee et al., 2008). 

The scanners determine the attenuation of the patient by using one or two localizer radio-
graphs, and based on these attenuation values, the amount of current is determined to-
gether with a noise input (NI) value. The NI values are related to the noise level of the final 
image and they depend on the scanner and image parameters. The NI values are set by 
the operator and the optimal values depend on the clinical indication as well as on patient 
size: more noise can be tolerated with larger patients (Soderberg and Gunnarsson, 2010). 
The proper function of the TCM assumes that the patient is positioned in the isocenter of 
the gantry, when the attenuation data is correct. In addition, the scanners have a bowtie 
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filter, which attenuates the radiation more on the periphery than in the middle, thus com-
pensating for patient absorption before the detector. If the patient is miscentered the TCM 
and bowtie filter do not work optimally, and radiation dose and image noise are affected 
(Kaasalainen et al., 2013; Matsubara et al., 2009). 

2.4.4 Iterative reconstruction 
Historically, the first clinical CT studies used iterative reconstruction (IR) for image for-
mation, but IR was superseded by filtered back projection (FBP) which has faster image 
calculation. Computational capacity has grown exponentially during the past decades, and 
this has rekindled the interest in IR which has become a realistic alternative for image re-
construction again (Beister et al., 2012). IR is an interesting choice for optimization, be-
cause, unlike FBP, it enables noise reduction by calculating the images multiple times. Fur-
thermore, noise reduction allows the use of CT techniques with lower tube current or tube 
voltage without compromising image quality. Algorithms also improve resolution by main-
taining edges and removing artifacts in the image (Padole et al., 2015). 

The first step in IR is to make an initial estimate of the object. The estimate can be an empty 
image or prior information, e.g., an FBP image or a volume of a similar object.  The more 
accurate the initial estimate is, the faster the IR process becomes. The image estimate is 
forward projected, so that it can be compared with the measured data. Depending on the 
IR algorithm, the forward projection can include a model of scanner-specific geometrics, x-
ray properties or the photon distribution. The differences in forward projected data and 
measured projections are used to update the initial estimate, which is forward projected 
after corrections and the IR cycle stars over. The IR cycle is terminated when a fixed number 
of iterations has been made, predefined image quality criteria have been reached or the 
update for the image estimate is considered to be small enough (Beister et al., 2012; ICRU, 
2012; Mayo-Smith et al., 2014). The principle of IR is presented in Figure 4. 

In this thesis, hybrid IR methods are used, where FBP and IR images are blended together. 
The impression of the image is more FBP-like, when the images are blended. Still, radiolo-
gists need time to adapt to the new images, because noise patterns and artifacts appear 
differently (Beister et al., 2012). Another disadvantage of IRs is that they are vendor spe-
cific, which hampers comparisons, and undesirable artifacts such as texture or blotchy ap-
pearances with high strengths of IR have been reported (Kim et al., 2014). Long reconstruc-
tion times are still a problem, especially with novel model-based iterative reconstructions 
(MBIR). MBIRs are fully iterative techniques, which attempt to model the acquisition process 
as accurately as possible (Beister et al., 2012). The use of IR has proved to result in a 
significantly lower (23–66 %) radiation doses to patients undergoing CT studies compared 
to FBP (Sagara et al., 2010; Thomas et al., 2015), and MBIR has lowered the radiation 
dose further. 
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Figure 4. Steps of iterative reconstruction (IR). First image estimates (2) are produced from measured 
projections (1) and the simulated projections made from image estimations are compared with meas-
ured projections (3). If endpoint criteria are not fulfilled, the algorithm makes corrections to the image 
(4) and cycle is repeated (5) until an endpoint is reached. Reprinted with permission from the copyright 
holder (RSNA) (Geyer et al., 2015). 
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3 AIMS OF THE STUDY 

The aims of this study were to investigate image quality and radiation dose when CT scan-
ners with different features and parameters are used. The specific aims were: 

I.  to compare organ doses and effective doses to neonates undergoing chest CT with 
different CT scanners estimated by three methods and to compare the effective dose 
of the localizer radiographs in this setting.  

II.  to study the effects of tube voltage, IR and NI on image quality and CTDIvol and to 
study the CNR and FOM at different protocols to find the most effective protocol for 
CT-examinations indicated by a suspicion of acute appendicitis.  

III.  to study the influence of the CT scanner and age on CTDIvol and to assess the pos-
sibility to set local DRL values for pediatric and young adult head and cervical spine 
CT in the emergency department.  

IV.  to study the cumulative effective doses to patients who have been scanned repeat-
edly for testicular cancer follow-up and to investigate the organ doses and effective 
doses from different CT scanners used during follow-up.  

V.  to investigate the effect of different CT scanners and IV contrast agents on the ef-
fective dose in whole body CT studies. 
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4 PATIENTS, MATERIALS AND METHODS 

4.1 Phantoms 

In studies I and II, the doses from different CT scanners and protocols were assessed with 
the use of anthropomorphic phantoms, which were made from tissue equivalent plastic. In 
study I, an ATOM pediatric newborn phantom (model 703-D, CIRC, Norfolk, Virginia, USA) 
was used. It corresponds to the average size of a newborn, 3.5 kg and 50 cm, and consists 
of 2.5 cm thick slabs with drilled holes for TLDs of different organs. The phantom included 
tissue equivalent lungs and bones. The phantom is seen in Figure 5 A. 

In study II, a torso phantom was used (Scandnordax, Vallentuna, Sweden). It consisted of 
ribs, the spine and a piece foam, with 15 test tubes fastened to it. The foam was inserted in 
the abdominal part of the phantom. Otherwise the phantom was hollow and was filled with 
water. To achieve more attenuation, the phantom also had an additional plastic piece on 
the ventral side, which was 5 cm thick at the thickest point. The phantom including the foam 
and test tubes are shown in Figure 5 B. The inner diameter of the test tubes was 10 mm, 
which is approximately of the same size as an infected appendix. Fourteen of the test tubes 
were filled with various concentrations of iodine solution and one with an appendicolith to 
estimate the contrast in relation to water and the other tubes. The test tube with the appen-
dicolith was filled with water.  

The different iodine concentrations were created by serial dilution of Omnipaque 350 mg/ml 
(GE Healthcare, Wisconsin, USA) in saline. The starting point of the serial dilution was 1:40, 
which is the standard ratio when IV contrast is used, and the serial dilution was made at a 
ratio of 3:4. By using serial dilution, it was possible to achieve similar HU values as are 
produced clinically by the contrast material and the different tissues. The actual concentra-
tions were 8.75, 6.56, 4.92, 3.69, 2.77, 2.08, 1.55, 1.17, 0.88, 0.66, 0.49 and 0.37 mg/ml. 
One tube was filled with saline only and one tube with contrast at a concentration of 2.57 
mg/ml, which was assumed to be the visibility threshold based on preliminary tests. 

In studies I, IV and V the ImPACT (Imaging Performance Assessment of CT Scanners) 
CTDosimetry (version 1.0.4) was used. This is a calculator tool in the form of a spreadsheet 
for calculating patient organ doses and effective doses from CT examinations. It uses Monte 
Carlo simulated data sets calculated by NRPB, which provide normalized organ-specific 
doses in a mathematical phantom (Jones and Shrimpton, 1993). The phantom is an adult 
sized hermaphrodite and consists of a body and a head.  
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Figure 5. Phantoms. An ATOM newborn phantom (A) was used in study I, abdomen-thorax phantom 
(B) in study II and a mathematical ImPACT CTDosimetry phantom (C) in studies I, IV and V. The test 
tubes are located below the foam in the abdomen-thorax phantom (B). The CTDosimetry phantom is 
downloadable together with an excel spreadsheet at www.impactscan.org/ctdosimetry.htm. 

When approximating the pediatric dose from this phantom, a factor of 2.2 was used for 
effective dose as proposed by the spreadsheet, the scan region was fitted to the CTDosim-
etry phantom and the actual length was ignored in the calculations (Khursheed et al., 2002). 
The phantom is shown in Figure 5 C.  

4.2 Patients 

In study III, dose monitoring software (DoseWatch, GE, Wisconsin, USA) was used to col-
lect the CT study related data. Patients under the age of 21 years attending the Emergency 
Department who required a routine head, trauma head or trauma cervical spine CT study 
between 1 June 2014 and 1 June 2016 were included.  An Aquilion One (Toshiba, Otawara, 
Japan) or a Definition Flash Dual (Siemens, Erlangen, Germany) CT device was used for 
imaging.   

There were 1526 studies: 319 routine studies of the head, 615 trauma head and 592 trauma 
cervical spine. The patients were categorized into four age groups for CTDIvol assessment 
(0–5, 6–10, 11–15 and 16–20 years). 

In study IV, there were 122 testicular cancer patients, who were scanned during cancer 
follow-up at the Turku University Hospital between the years 1994 and 2011. The details of 
radiological examinations (image parameters, scanning length and scanning area) were 
retrieved from the picture archive system (PACS) (Carestream, New York, USA) of the 
Turku University Hospital for 111 (91%) of these patients.  
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The data for study V was extracted from the data of study IV. The inclusion criteria were 
age under 40 years, CT study of the whole body and examined with either the LightSpeed 
16 (General Electric, Milwaukee, USA) or the Plus 4 (Siemens, Erlangen, Germany). The 
inclusion criteria were fulfilled by 65 patients. The effect of patient size on the radiation dose 
was roughly estimated by dividing the patients into two groups by their waist circumference: 
above and below 100 cm. The waist circumference was measured from the PACS images 
at the midpoint between the lowest rib and the iliac crest. The waist circumference was 
used because it was a more reliable predictor of patient size than body mass index (BMI) 
in this setting, since data on height and weight were often missing. 

For study III, there was no need for approval by local ethical committee according to the 
Finish legislation (Ministry of Social Affairs and Health, 2016). For studies IV and V, ap-
proval by the Ethics Committee of Hospital District of Southwest Finland was obtained 
(ETMK 109/2011, 304 §). 

4.3 CT scanners and protocols 

In study I, the newborn phantom was scanned once with seven different CT scanners and 
five times with one scanner to estimate repeatability. The scan region was 100 mm long 
and covered the thorax region. The used scanners were LightSpeed 16 and Optima 660 
(General Electric, Milwaukee, USA), Somatom Sensation 64 and Denition Flash Dual (Sie-
mens, Erlangen, Germany), Aquilion 32, Aquilion Prime and Aquilion One (Toshiba Medical 
Systems, Otawara, Japan). In study I, all of the CTs used their own specific protocol on 
pediatric imaging. The Sensation 64 is routinely used for pediatric studies, but all other CTs 
used non-optimized protocols. 

In study II, the abdomen-thorax phantom was scanned with the Aquilion Prime scanner with 
66 different protocols. The tube voltage and IR together formed six different combinations, 
as the tube voltage was either 80 kVp, 100 kVp or 120 kVp and the IR was set on a standard 
or strong level, where the IR level determines the number of iterations and the percent of 
blending between filtered back projected and iteration reconstructed images. The six pro-
tocols were defined as: A=80 kVp standard IR, B=80 kVp strong IR, C=100 kVp standard 
IR, D=100 kVp strong IR, E=120 kVp standard IR and F=120 kVp strong IR. The protocols 
were used with eleven different noise input values (NI). The NI started from 10.5 and in-
creased with 1 NI until reaching a value of 20.5, which covers the NI range of abdominal 
imaging in our departments for the Aquilion Prime or One scanners. As a result, 66 different 
protocols were studied. All other parameters were kept constant: rotation time 0.5 s, pitch 
0.813, detector configuration 0.5 x 80 mm, Kernel FC07 and scan length 132 mm in the 
abdominal region. 

In study III, data was collected from two emergency departments that used the Definition 
Flash Dual and Aquilion One scanners. Both devices were used in study I, as well. The 
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collected data was exported for analysis to a Microsoft Excel spreadsheet (version: 
14.0.7172.5000, Microsoft Office, Washington, USA). 

In study IV, 15 different scanners from four vendors had been used to make 780 studies 
made of the head, thorax, abdomen and whole body of 111 patients with testicular cancer. 
The details of 665 CT studies were retrieved (85%).  

From study IV two of the scanners were selected for further review for study V. The scan-
ners were the LightSpeed 16 (General Electric, Milwaukee, USA) and the Plus 4 (Siemens, 
Erlangen, Germany). Study V only consisted of whole body scans, which amounted to 279 
examinations for 65 testicular cancer patients. 

4.4 Dose measurements and estimation of effective dose 

The thermoluminescence dosimeters (TLD), dose display of the scanner and the ImPACT 
CTDosimetry tool were used to estimate the effective dose and organ doses. In study I, all 
of them were used, in study II and III, only the dose display of the scanner was used, and 
in studies IV and V, only the ImPACT CTdosimetry tool was used. 

The TLDs in study I were calibrated before use with a reference irradiator by RADOS OY 
(RADOS Technology Oy, Turku, Finland) by using 137Cs and 1.0 mGy absorbed dose. The 
material of the TLDs (TLD Poland, Krakow, Poland) was MCP-N (LiF: Mg, Cu, P), which 
has a detection threshold of 50 nGy. The TLDs were annealed before scanning and the 
annealing and read out were performed with a specific TLD reader. There were 16 TLDs, 
which were inserted in the pediatric phantom. They were placed inside thyroid, lungs (four 
TLDs), rib, sternum, spine, liver (two TLDs), one in both kidneys, two TLDs in the region of 
the bowels, hip and ovary. The effective dose was roughly estimated by substituting the 
results of TLD measurements (DT,R) and coefficients of ICRP 103 (wT) in equation 4 (ICRP, 
2007). The dose of the nearest TLD was used for the evaluation of those organs, whose 
dose was not directly measured by a TLD, and the dose of the area outside the scan area 
was assumed to be 10 % of the measured dose. This was done to minimize the effect of 
localizer radiographs, since localizer radiographs extended over the CT scan area. The 
stomach and liver were not scanned fully, because they were at the end of the scan. Thus, 
the doses were estimated to be half of the measured dose. Estimation of red bone marrow 
and bone surface distribution followed the model of Hough et al. and the same doses were 
used for red bone marrow and bone surface (Hough et al., 2011). To estimate repeatability, 
the examination, including the localizer radiographs, was repeated five times with the same 
scanner and the same settings.  The mean deviation of the TLD measurements was 0.08 
mGy. 

The CTDIvol values from the dose display were used in study II and III to estimate the CTDIvol 
of the different protocols and scanners. In study I and III, the DLP values were used to 
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estimate the effective dose by multiplying the DLP with a conversion coefficient. A value of 
0.039 mSv/mGycm was used for the neonatal chest, and the DLP was multiplied with a 
factor of 2 if the dose was assessed with a phantom with a diameter of 32 cm (Thomas and 
Wang, 2008). In study III, the effective dose values were calculated by conversion factors 
presented by Shrimpton et al. (Shrimpton et al., 2005), which are presented in Table 2. The 
error of the dose display was estimated from the equipment service reports, and the differ-
ence with respect to the reference meter was less than 5.5 %. The 75th percentiles were 
also determined for different age groups for local DRLs. The 75th percentile was determined 
if there were more than ten patients in an age group. 

Table 2. Conversion factors (mSv/mGycm) from DLP to effective dose (DLP measured with a 16 cm 
diameter phantom) (Shrimpton et al., 2005). 

 0 year 1 year 5 years 10 years Adult 
Head 0.0110 0.0067 0.0040 0.0032 0.0021 
Neck 0.0170 0.0120 0.0110 0.0079 0.0059 

 
In studies IV and V, the organ doses and effective doses were calculated by the ImPACT 
CTDosimetry tool (excel macro made for NRPB-SR250 report by Impact group), ICRP 60 
was used in study IV and ICRP 103 in study V. For dose calculation, tube voltage, current, 
rotation time, pitch, collimation, scan length, scan region and the model of scanner were 
collected for each CT examination. The manufacturer, scanner model, tube voltage and 
scan region (body or head) determined the used data set. Scan length and scan region 
were used to match the scanned region to the CTDosimetry phantom for determination of 
which slices, presenting normalized Monte Carlo data, should be used for dose calculation. 
Tube current and rotation time were needed, because the organ dose data was normalized 
with the tube current-rotation time product. The calculation required also CTDI-values 
measured in air and tabulated values founded in spreadsheet were used. The tabulated 
values were collimation-related. Pitch was used to consider for the possible differences 
between couch movement and collimation. 

The data sets are made for scanners without TCM, and the dose generated by scanners 
utilizing tube current modulation was calculated with the mean tube current of the lowest 
and highest tube current-values of the scan. Scans with inadequate parameter data applied 
the parameters of the same scanner, similar scans covering the same body regions and IV 
contrast medium. 

In study IV a cumulative effective dose was also determined. In this thesis a cumulative 
effective dose was categorized as high when it reached 50 mSv per year and a mean value 
of 20 mSv over 5 years (ICRP, 2007). Since there is no definition of high cumulative dose 
in medical exposures, this categorization was adopted from other studies on cumulative 
doses in medical imaging (Fazel et al., 2009; Rohner et al., 2013; Silva et al., 2012; Stiles 
et al., 2011). 
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4.5 Image quality 

In studies I and II, image quality was evaluated by region of interest (ROI) measurements. 
In study I, ROIs were drawn in the region of the lung and heart, and the mean HUs and 
noise were measured. The ROI size was 250 mm2 and ROIs were measured by the ROI-
tool of the PACS. In study I, CNR and FOM were calculated from the measurements and 
CTDIvol was used for the calculation of FOM. The CNR and FOM values were normalized 
to the results of Sensation 64 (Siemens, Erlangen, Germany). The Sensation 64 was used 
as a reference, because it is mainly used for pediatric imaging in our hospital. 

In study II, CNR and FOM were calculated as in study I; HU and noise were also assessed 
for each protocol. One circular ROI was drawn in each test tube to determine the HU value 
and one larger ROI was drawn in the background to determine the background noise. The 
ROIs were drawn in each test tube at nine axial images, where the test tubes were filled 
with contrast material uniformly.  Air bubbles were carefully avoided. CNR and FOM values 
were calculated for each test tube at each slice. In study II the ImageJ software version 
1.49 (National Institutes of Health, Maryland, USA) was used. In study II, the test tube HU, 
noise, CNR, and FOM values were drawn as a function of NI for different tube voltage IR 
combinations and the slopes were compared to protocol E as a reference. This protocol 
uses 120 kVp and standard IR and it is in use in the emergency department of our hospital. 

In study II, a visual image quality assessment was performed by two experienced radiolo-
gists. The radiologists were blinded to the image parameters and to the concentration of 
contrast material. The image quality was evaluated from each test tube on a four-point 
scale, where 0 = no contrast, 1 = weak, non-diagnostic contrast 2 = moderate contrast, 
sufficient for diagnostics and 3 = high contrast, optimal for diagnostics. These grades were 
further categorized as insuffcient (0 and 1) and sufficient (2 and 3) for diagnostic use. From 
these categorized values, a cumulative number of diagnostic grades was calculated to pro-
vide a total score to evaluate protocol performance. 

4.6 Statistics 

In studies II, III and V statistical analysis was used. In study II, mixed models were used to 
compare the slopes and means of different tube voltage IR combinations (A, B, C, D and 
F) to the reference (E). The mixed models take both fixed and random effects into account, 
and are thus useful when repeated measurements are made on the same statistical units. 
In order to take into account the possible dependencies between the measurements from 
different slices, the test tubes in every image slice were used as a random effect in statistical 
modelling.  

The tube voltage-IR combinations (A-F) were used as a categorical variable and the con-
centration and NI as continuous explanatory variables in the statistical model. The results 
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of the ROI-measurements (HU, noise, CNR and FOM) were analyzed separately. In the 
analysis of FOM, only concentrations over 1.5 mg/ml of iodine were analyzed.  Logarithmic 
transformation was used to achieve a normal distribution with the second-degree term of 
concentration included in the model, as well. Interactions of variables, if statistically signifi-
cant, were included in the statistical model.  

In study III, descriptive statistics models were used, where the main statistical analyses for 
CTDIvol were performed using a mixed linear model. Relationships between CTDIvol and 
independent variables (e.g., scanner, age group, indication, scanning type (volume or spi-
ral) and study date) were studied. The variable study date was used to indicate whether the 
study was performed before or after a parameter change made on 12 May 2015 or 12 
November 2015. The normality of the distribution of variables were evaluated visually and 
tested with the Shapiro-Wilk test. 

Wilcoxon's Two-Sample Test was used in study V for non-normally distributed variables to 
examine group differences. The SAS system for Windows, Version 9.3 (SAS Institute Inc, 
Cary, NC, USA) was used for statistical calculations in all studies and P-values less than 
0.05 were considered statistically significant. 
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5 RESULTS 

5.1 Radiation dose and image quality of CT studies of the chest of ne-
onate (study I) 

The measured point doses are presented in Figure 6. The effective doses calculated by 
TLD measurements, ImPact CTDosimetry and DLP multiplied with coefficients for different 
scanners are presented in Figure 7. The effective doses were less than 1 mSv for newborn 
babies undergoing CT of the thorax, and only LigthSpeed 16 produced a higher dose of 1.1 
mSv, when the effective dose was calculated from DLP. 

  
Figure 6. Measured point doses of newborn from chest CT studies.  Data for all seven scanners, in-
cluding localizer radiographs, are included. Modified from study I. 

When the ratio of the effective dose of plain localizer radiographs and the whole study were 
assessed, the localizer radiographs turned out to contribute a significant percentage of the 
total dose. The Aquilion 32 and Aquilion Prime used two localizer radiographs, the other 
scanners one. The doses and percentage contribution to the total dose are presented in 
Figure 8. 
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Figure 7. Effective doses from newborn chest CT studies. Data for all seven scanners calculated with 
different methods are shown. Modified from study I. 

  
Figure 8. Percentage contribution of the localizer radiographs to the total effective dose to the newborn 
chest from different CT scanners. Effective doses (mSv) provided by localizer radiographs are marked 
above the bar. The dose of localizer radiographs could not been measured for the LightSpeed 16 device 
which was removed from use.  
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The CNR and FOM values are presented in Table 3. When assessing the CNR of different 
CT scanners, the scanners of older model, e.g., LightSpeed 16 and Aquilion 32, generated 
higher CNRs than the newer models of the same manufacturer. However, the FOM values 
were 16–68 % higher for the more modern scanners compared to the Sensation 64 which 
is used routinely. Only the Aquilion 32 achieved a 43 % lower FOM than the Sensation 64. 

Table 3. Contrast to noise ratio (CNR) and figure of merit (FOM) values for all seven scanners used for 
pediatric chest CT in study I normalized to the values for the Sensation 64 scanner. 

 Light-
Speed 16 

Optima 
660 

Sensa-
tion 64 

Flash 
Dual Aquilion 32 Prime One 

CNR 1.44 0.79 1.00 1.57 1.22 0.62 0.80 
FOM 1.16 1.68 1.00 1.27 0.56 1.31 1.36 

 
The scanning protocols varied widely. All of the scanners used an 80 kVp tube voltage, 
the rotation time was 0.5 s except for the Aquilion One and Definition Flash Dual, which 
used a rotation time below 0.35 s, the tube current differences were ten-fold, pitch values 
range from 0.813 to 3.0 and IR was not selectable in all scanners. Newer devices with 
two x-ray tubes or volume imaging, such as the Definition Flash and Aquilion One, pro-
vided faster imaging (scan duration was below 0.32 s), which is a valuable feature when 
patients may not be cooperative. The results of study I showed that the newer devices 
using dose-saving methods, like IR or volume scanning, generate a lower effective dose 
and lower point doses, and they also take advantage of the radiation for better image 
formation. 

5.2 Optimization of abdominal CT (study II) 

The HU values decreased with higher tube voltage and lower contrast concentrations, as 
expected, and there was no difference between the HU values on different IRs at the 
same tube voltage. When the measured noise was presented as a function of NI, the 
slopes of protocols A and B differed significantly (p<0.001) from our reference protocol 
(E), as shown in Figure 9 A. Although A and B produced the highest noise, they also 
resulted in higher doses compared to other tube voltages with the same IR as in Figure 9 
B.  

The CNR decreased linearly with NI, and the slopes of A, B (p<0.001) and C (p=0.002) 
were significantly steeper than of the reference E, as shown in Figure 10. The decrease of 
CNR was more pronounced at higher concentrations. 
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Figure 9. Noise A) and radiation dose B) for protocols A-F by noise input value (NI). Modified from 
study II 

 
Figure 10. Contrast to noise ratio (CNR) as a function noise input value (NI) at different concentrations 
of contrast medium, protocols A-F. Modified from study II. 

The FOM as a function of NI at different protocols are presented in Figure 11. When as-
sessing FOM, the slopes of protocols A and B at 80 kVp differed significantly from the slope 
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of reference protocol E (p<0.001), but there was no difference in the slopes between pro-
tocols C, D and F in comparison to the reference. Because there was no difference between 
the slopes of C to F in comparison to the reference, an additional analysis to these protocols 
was done. In this additional analysis the interaction of protocols and NI were not statistically 
significant in the model, and hence the interaction was expelled from the statistical model 
and the mean FOM values could be compared. The mean FOMs (95 % CI) of protocols C, 
D, E and F differed statistically significantly from each other (p<0.001); the respective val-
ues were 9.17 (8.96 to 9.38), 10.50 (10.26 to 10.74), 6.84 (6.68 to 7.00) and 7.42 (7.26 to 
7.59). With protocols C and D the FOM values were 15.5 % and 22.4 % higher when com-
pared to E. 

 
Figure 11: Figure of merit (FOM) as a function noise input value (NI) at different concentrations of 
contrast medium, protocols A-F. FOM illustrates the contrast to noise ratio (CNR) squared in relation to 
the radiation dose. Modified from study II. 

The image quality scores of the visual analyses are presented in Table 4. The grades de-
crease with increasing NI. The standard IR achieved higher grades than the strong IR. Pro-
tocols C and E achieved the highest total score, F the lowest. The inter-reader Kappa-value 
was 0.76 (95 % CL 0.71 to 0.8). 
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Table 4. Image quality score of each protocol (A-F) by noise input (NI) value.  The total image quality 
score calculated as a cumulative number of diagnostic grades. 

NI 
A)  

80kVp 
stand IR 

B)  
80 kVp 

strong IR 

C)  
100 kVp 
stand IR 

D)  
100 kVp 

strong IR 

E)  
120 kVp 
stand IR 

F)  
120 kVp 

strong IR 
10.5 11 11 12 11 11 10 
11.5 11 10 11 11 11 10 
12.5 11 10 10 11 11 10 
13.5 10 10 10 10 10 9 
14.5 10 10 10 10 10 10 
15.5 9 8 10 10 10 9 
16.5 9 8 9 8 9 8 
17.5 8 8 9 8 8 6 
18.5 8 8 8 8 8 4 
19.5 7 7 7 5 8 4 
20.5 7 6 7 5 7 4 
Total score 101 96 103 97 103 84 

Protocols A and B using 80 kVp had significantly higher noise than protocols C-F using tube 
voltages of 100 kVp or 120 kVp. The protocols with 100 kVp achieved highest FOM, as they 
offered higher image quality with same CTDIvol in contrast to 120 kVp protocols. The CNR of 
100 kVp was higher with standard IR compared to strong IR. Physical measurements showed 
that 100 kVp with standard IR seems to be a plausible choice for further assessment. More-
over, the image quality score at 100 kVp with standard IR corresponded to the performance 
of the reference protocol (Table 4) and achieved a higher total visual score than strong IR. 
Thus, 100 kVp with standard IR is the optimal in this case. A slightly higher NI level compared 
to the routine NI of 12.5 could be feasible for this protocol and further in vivo analysis. The 
CTDIvol at 100 kVp, standard IR and NI of 14.5 is 23 % lower when compared to the reference, 
which indicated that the previously used protocol may not have been fully optimized. 

5.3 CTDIvol and effective dose of CT studies of the head and cervical 
spine in the emergency department setting (study III) 

The data collected with dose monitoring software revealed significant differences in CTDIvol 
values between the two scanners (Aquilion One and Definition Dual Flash) in all indications. 
Protocol updating lowered the radiation dose and also un-optimized protocols were identified. 
Deviations of head and cervical spine CT doses are presented as a function of study date and 
patient age in Figure 12. In all indications, the CTDIvol values increased with age, as expected, 
but the increase was stronger with the Definition Flash scanner in routine head (p<0.001) and 
cervical spine (p=0.003) CT studies than with the Aquilion One. The trauma head CT doses 
were statistically significantly higher (p<0.001) than routine head CT doses on both scanners. 

The mean CTDIvol values were 24–62 % lower (p<0.001) with the Aquilion One in all indi-
cations and also the mean scanning lengths were shorter (p<0.001) than with the Denition 
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Flash. The mean CTDIvol (SD) related to trauma head, routine head and trauma cervical 
spine CT studies for the Aquilion One and Definition Flash were 40.3 mGy (SD 12.3 mGy), 
30.0 mGy (SD 11.1 mGy), 6.9 mGy (SD 3.1 mGy) and 53.0 mGy (SD 12.9 mGy), 43.2 mGy 
(SD 8.7 mGy), 18.3 mGy (SD 7.3 mGy), respectively. The mean doses by age groups and 
the national DRLs for routine head CT are presented in Table 5. The routine head CTDIvol 
exceeded the national DRLs among patients younger than 16 years when the Definition 
Flash was used (STUK, 2013; STUK, 2015). 

 
Figure 12. CTDIvol as a function of study date and patient age by different scanners and indications. A) 
and B) trauma head CT doses, C) and D) routine head CT and E) and F) trauma cervical spine.  
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Table 5. Mean CTDIvol (SD) for different age groups with the Definition Flash and Aquilion One scan-
ners. Only the latest protocols of the Aquilion One have been considered for estimation of mean CTDIvol 
values. National DRLs are presented for routine head CT (STUK, 2013; STUK, 2015). Units are mGys. 

  1–5 years 6–10 years 11–15 years 16–20 years 

Trauma head CT Flash 29.5 (2.5) 39.6 (9.4) 52.7 (9.8) 56.1 (12) 
One 31.9 (11.4) 30.6 (9.6) 38.9 (11.8) 4.14 (12.4) 

Routine head CT 
Flash 28.1 (1.3) 33.9 (6.7) 43.6 (7.7) 46.8 (6.0) 
One* 19.0 (4.5) 29.0 (6.6) 21.1 (2.8) 24.8 (5.3) 
DRL 25 29 35 55 

Cervical spine CT Flash 2.4 (3.4) 8.2 (8.4) 20.6 (1.5) 21.8 (2.4) 
One 3.3 (0.5) 3.7 (1.0) 6.6 (2.3) 8.2 (3.0) 

* Volume scanning was used for studying patients under 16 years old, otherwise helical scanning was 
used.  

The CTDIvol was significantly (p<0.001) reduced when the head CT protocol parameters of 
the Aquilion One were changed from standard to strong IR and the NI concomitantly in-
creased from 2.3 to 3.0. The mean CTDIvol decreased from 50.4 mGy (SD 7.2 mGy) to 30.0 
mGy (SD 7.8 mGy) in the trauma head protocol and from 36.9 mGy (SD 10.5 mGy) to 23.0 
mGy (SD 6.3 mGy in the routine head protocol. As seen in Figure 12 A) and C), the level of 
CTDIvol dropped on May 2015. Later on, in November 2015 the trauma head dose increased 
(p=0.04) to 32.5 mGy (SD 7.5 mGy), when the NI was decreased to 2.8. The total reduction 
of the mean CTDIvol in the trauma head protocol from 50.4 mGy to 32.5 mGy was no less 
than 35.5 %. 

The mean effective doses were below 6 mSv in all studies, age groups and both scanners 
(Fig. 13). There was no correlation between age and effective dose, although there was 
a statistical difference between the effective doses of age groups (p=0.009). The radiation 
dose correlated with CTDIvol; the dose increased with age, but when the effective dose 
was calculated, the conversion factors correspondingly decreased with age. The mean 
effective doses of trauma head are of similar magnitude in all age groups, as the maxi-
mum difference of the mean effective dose was 0.6 mSv in all age groups except the 
youngest group examined with the Aquilion One. The effective doses were higher for a 
limited number of patients (4) who had high CTDIvol values. An un-optimized practice 
emerged with the use of the Definition Flash scanner: the dose increased abruptly for 
patients aged above 10 years (Fig. 12 F) when the adult protocol was applied. This was 
also the case for effective doses (Fig. 13). The deviation in age group 6–10 years scanned 
with the Definition Flash was wide and high in age groups 11–15 years and 16–20 years. 
The CTDIvol varied also widely among patients above 10 years of age who were scanned 
with the Aquilion One, but the increase in mean CTDIvol was moderate and probably due 
to the normal variation of patient size. 
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Figure 13. Effective dose for trauma head (A), routine head (B) and trauma cervical spine (C) CT. Mean 
values are presented with asterisks, median is the line inside the box and the upper and lower hinge of 
the box show the 75th and 25th percentiles, respectively. The whiskers show minimum and maximum 
values and circles outliers. The point is an outlier, if the value is 3/2 times higher or lower than the hinges. 

The 75th percentiles were also determined from the dose data. The percentiles for the dif-
ferent indications are presented in Table 6. The 75th percentiles of trauma and routine head 
cannot be considered as local DRLs, because the percentiles of routine head at both hos-
pitals exceed the national DRLs (STUK, 2013; STUK, 2015). The percentiles of the trauma 
head CT were also a slightly higher with the Denition Flash, when percentiles were com-
pared with other national DRLs (Buls et al., 2010; Jackson et al., 2015; Shrimpton et al., 
2014; Verdun et al., 2008). With the Aquilion One, there were less than 10 patients in the 
youngest age group undergoing head trauma CT which precluded DRL calculations. The 
75th CTDIvol percentile from cervical spine CTs can be set as local DRLs. 
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Table 6. 75th percentiles of CTDIvol (mGy) with the Definition Flash and Aquilion One scanners for 
different age groups. In the trauma head CT group, only the updated head protocol was considered for 
the Aquilion One.  

  1–5 years 6–10 years 11–15 years 16–20 years 

Trauma head CT Flash 30.8 50.4 57.0 62.9 
One   39.5 39.6 

Routine head CT Flash 28.8 40.9 46.6 48.6 
One* 21.7 39.5 40.6 26.9 

Cervical spine CT Flash 1.6 17.3 20.8 22.8 
One 3.3 3.8 7.9 10.5 

*Volume scanning was used for patients younger than 16 years and helical scanning for older patients. 

5.4 Organ doses and cumulative effective doses from CT screening of 
testicular cancer (study IV)  

The mean number of CT studies per patient was six, and the maximum was 26 studies on 
one patient. Fifteen different CT scanners used, but 94 % of the examinations were made 
with six scanners. Table 7 shows the minimum and maximum organ doses and effective 
doses from CT scans of the abdomen and the whole body. Although the indication and 
patient group were the same, there was at maximum a nine-fold difference in organ doses. 
The highest dose of 65 mGy was received by the liver, the lowest by the lenses, which are 
not included in the scan area. In terms of effective dose, a maximum six-fold difference was 
observed between the minimum and maximum dose. 

Table 7. Minimum and maximum organ doses (mGy) and effective dose (mSv) to patients with testicular 
cancer from different CT examinations made during follow-up. 

Organ Abdomen 
nata 

Abdomen 
IVb 

Abdomen 
nat+IV 

WBc 

nat WB IV WB 
nat+IV 

Lungs 1.0–12 1.3–14 1.8–19 7.5–34 6.6–36 6.8–42 
Stomach 1.0–26 7.4–32 6.9–51 6.9–31 5.9–38 7.8–51 
Bladder 4.8–31 5.4–30 6.4–30 6.5–30 5.2–32 4.0–36 
Breast 0.3–7.2 0.4–7.8 0.6–15 6.5–30 1.7–30 3.7–31 
Liver 7.0–25 7.2–31 7.0–49 7.0–31 6.0–37 7.9–65 
Red bone marrow 2.9–13 3.0–11 4.1–17 4.5–21 4.1–21 3.9–27 
Testicles 0.3–26 0.4–26 0.1–27 0.5–26 0.4–28 0.11–26 
Colon 4.8–24 4.8–31 5.6–31 5.1–27 4.5–26 3.8–27 
Lens 0 0–0.07 0–0.09 0.04–0.5 0–0.01 0.03–3.6 
Heart 1.0–18 1.3–16 1.8–22 6.7–31 5.8–36 5.7–40 
Pancreas 6.4–26 6.6–30 6.5–49 6.5–29 5.5–36 7.2–62 
Effective dose 3.6–18 3.7–16 5.6–23 5.3–26 5.1–21 6–36 

a without IV contrast enhancement 
b with IV contrast enhancement 
c WB=Whole body 
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Frequent CT studies led to relatively high cumulative effective doses.  The highest cumula-
tive dose was 282 mSv. In this study 24 % of the patients were subjected to more than 50 
mSv in one year and 5 % of patients reached a 5-years mean of 20 mSv. The variation of 
cumulative effective doses in this patient group is presented in Figure 14. 

 
Figure 14. Variation of cumulative effective doses to patients testicular cancer during follow-up. Re-
printed from study IV. 

5.5 Effect of CT scanner and IV contrast agent on radiation dose 
(study V) 

In study V, the effective dose resulting from a whole body CT study of patients with testicular 
cancer was, on average, 7 mSv for the Plus 4 scanner and 12 mSv for the LightSpeed 16 
scanner. Figure 15 shows a box plot of effective doses of both scanners, and the higher 
doses of the LightSpeed 16 are obvious. The doses from both scanners, with and without 
IV contrast and with patients of different size (waist circumference) are presented in Table 
8. 

Table 8. Effective doses (SD) with intravenous (IV) and without IV contrast medium generated by two 
CT scanners. The number of studies among patients with a waist circumference below and above 100 
cm are presented in parenthesis. 

 LightSpeed 16 Plus 4 
Waist circumference <100 cm (94) ≥ 100 cm (43) <100 cm (116) ≥ 100 cm (26) 
With IV 13.6 (3.2) 17.5 (6.1) 7.4 (1.2) 8.5 (3.3) 
Without IV 10.7 (2.0) 12.8 (1.9) 6.2 (0.5) 7.7 (2.5) 
All 12.8 (3.2) 16.7 (5.9) 7.2 (1.2) 8.2 (3.0) 
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Figure 15: Box plot to show effective doses from two CT scanners. Mean values are presented with an 
asterisk, the median is the line inside the box and the upper and lower hinge of the box show the 75th 
and 25th percentile, respectively. Whiskers show minimum and maximum values and circles outliers. 
The point is an outlier, if the value is 3/2 times higher or lower than the hinges. Reprinted from study V. 

The radiation doses were significantly lower (p<0.001) for patients who were scanned with 
the Plus 4 scanner than with the LightSpeed 16, although the LightSpeed 16 utilized TCM. 
The exposure varied, as expected, with patient size: smaller patients were subjected to 
lower radiation doses than larger patients. The difference was statistically significant for 
both scanners (p<0.001). The mean effective doses from the LightSpeed 16 were 12.8 mSv 
(SD 3.2 mSv) and 16.7 mSv (SD 5.9 mSv) and for the Plus 4 7.2 mSv (SD 1.2 mSv) and 
8.2 mSv (SD 3.0 mSv) for waist circumferences below 100 cm and above 100 cm, respec-
tively. The doses from the LightSpeed 16 were higher than the doses from the Plus 4 mainly 
because the LightSpeed 16 used a higher current. The current was close to 150 mA for the 
Plus 4 and between 53 and 441 mA for the LightSpeed 16 whose baseline was also higher. 
The maximum current of the scanner was used for patients with a waist circumference of 
118 cm or higher. For these patients a non-modulating tube current was used, but in some 
cases the rotation time was increased. For larger patients, the effective dose increased 
proportionately more with the LightSpeed 16 than the Plus 4. Since both scanners were 
used for diagnostics, it is plausible that optimization was not successful with the novel Light-
Speed 16 scanner which generated significantly higher doses than the older Plus 4. 

When IV contrast agent was used, the radiation dose to patients increased significantly for 
both scanners (p=0.003). The reasons for higher effective doses when IV contrast medium 
is used are the number of phases required for the CT study. The IV study was mostly bi-
phasic when the Plus 4 was used and triphasic with LightSpeed 16, which increased the 
radiation dose compared the same study made without IV. 
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6 DISCUSSION 

6.1 Effective dose 

The effective dose was estimated in studies I and III–V because it is related to the detri-
mental effects of radiation and the effective dose is a means to transform exposure into 
equivalent uniform whole body exposure and comparison of different modalities, tech-
niques or protocols is possible (ICRP, 2007; ICRU, 2005). However, there are some lim-
itations regarding the determination of effective dose, which should be considered. Effec-
tive dose is calculated from the absorbed doses to organs by using weighting factors, 
which consider the quality of radiation and the sensitivity of organs or tissues to radiation. 
These weighting factors are given by the ICRP and they have been updated twice since 
1977, in 1991 and in 2007 (ICRP, 1977; ICRP, 1999; ICRP, 2007). The main difference 
with the latest updates compared to previous ones was that the tissue weighting factor of 
breast tissue increased from 0.05 to 0.12 and the tissue weighting factor of the gonads 
decreased from 0.20 to 0.08. Boetticher has shown that the latest coefficient update has 
increased the effective dose to the chest CT by 21 % (Boetticher et al., 2008) and for 
whole body examinations the change is almost 20 %, since most radiosensitive organs 
are subject to irradiation (Martin, 2007b). 

The weighting factors are derived from data on Japanese atomic bomb survivors.  The 
cohort included adults of both genders, and their whole body was exposed to radiation. This 
is not the case when evaluating the dose from diagnostic imaging, where only a part of the 
body is exposed to radiation, the gender is known and the age range is wide. With CT 
imaging, the exposure is focused only on a certain body part and exposure is inhomogene-
ous during the scan because of the TCM. This can cause a situation where the effective 
dose is low although the equivalent dose for a specific body part is high. As effective dose 
is a radiation protection quantity, it is practical to have only one value, although separate 
guidelines ought to be considered, since women are more sensitive to radiation than men. 
The tissue weighting factors are averaged for both gender and ages and thus determine 
the effective dose for a reference patient (ICRP, 2007). The determination of effective dose 
is more problematic for pediatric patients, because the tissue weighting factors are inde-
pendent of age, although the radiation risks are related to age. The risk for radiation-induced 
cancer later in life varies depending on the age at exposure.  The tissue weighting factors 
are not related to the real risk of detrimental effects to pediatric patients. Effective dose 
does not consider this variation, and effective dose may underestimate the risk of detri-
mental effects for pediatric patients by a factor ranging from 1.5 to 4 (Brenner, 2008; Pra-
dhan et al., 2012). 
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6.2 Radiation dose estimation in CT 

6.2.1 CTDIvol and DLP 
The dose display quantities (CTDIvol and DLP) were used to estimate the radiation doses in 
studies I–III. The use of CTDIvol and DLP has some limitations, because the CTDIvol is de-
termined as the absorbed dose measured with a 100 mm ionization chamber. The 100 mm 
ionization chamber underestimates the air kerma-length product, especially for collimations 
wider than 40 mm, because the tails of scattered radiation are not included in the measure-
ment since the chamber length is limited (Boone, 2007). The collimation of novel scanners 
can exceed 160 mm. With collimation of 160 mm, the 100 mm ionization chamber measures 
only 51 % of the CTDIw, compared to the dose measured with a 300 mm ionization chamber 
in a 350 mm long head phantom (Geleijns et al., 2009). The IEC has still established the 
100 mm ionization chamber to be used with wide collimations. The determination has been 
updated for collimations wider than the length of the ionization chamber, where the length 
of the ionization chamber is used to determine CTDI instead of NT (see equation 5) (IEC, 
2009). 

The Aquilion One utilized volume scanning with 100 mm collimation in studies I and III, and 
hence the CTDIvol and DLP were lower than measured. When comparing the effective dose 
calculated from phantom measurements without a localizer radiograph and the effective 
dose from DLP, there was a 77 % difference in study I. If the CTDIvol is underestimated by 
51%, the difference in effective doses determined with these different methods would de-
crease to 11 %. In study III, volume scanning was used only in routine head CTs for patients 
under 16 years of age. The CTDIvol values of routine head were now below the national 
DRLs, but the underestimation of CTDIvol may have impact on the mean CTDIvol doses. 
There is a need for more uniform expression of scanner output estimation independent of 
collimation. 

The dose display values have some uncertainty and they should be compared to measure-
ments performed with a calibrated reference meter. In studies, I and III the dose displays 
values were compared to the reference measurements performed by equipment service 
and the difference was less than 5.4 %. This uncertainty was not taken into account in 
studies I and III, because it was relatively low and would not change substantially the re-
sults. In study II, the uncertainty was not considered, since the CTDIvol values of the same 
scanner were compared among themselves and uncertainty was the same in all values.  

CTDIvol and DLP values refer to the scanner output and the quantities are reported either 
for a head or body phantom. The phantoms do not reflect the size or composition of real 
patients and these quantities are not patient doses (McCollough et al., 2011). For patient 
dose estimation, organ doses and E are used, although the evaluation of E or organ doses 
is not straightforward, because they are not measurable in vivo. The organ and effective 
doses can be estimated by suitable calculation software (studies I, IV and V), by phantom 
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and dosimeters (study I) or by calculating the E from DLP (studies I and III). A new term, 
size-specific dose estimate (SSDE) was developed to compensate for the CTDIvol not con-
sidering patient size. CTDIvol underestimates the dose to pediatric patients and small adults, 
because the x-ray beam is attenuated to a greater extent in large patients than in small 
patients when the same imaging technique is used (Nickoloff et al., 2003). SSDE is calcu-
lated by multiplying CTDIvol with a coefficient determined by the size of the patient described 
by AP/LAT width or by the effective diameter as the American Association of Physicist in 
Medicine presents (AAPM, 2011). The use of SSDE has not been very widespread, be-
cause CT scanners do not routinely represent SSDE together with CTDIvol and DLP. For 
organ dose estimation, a novel method has been introduced, which is based on the fact 
that SSDE correlates with the organ dose, if the organ is fully covered within the scan vol-
ume (Moore et al., 2014; Tian et al., 2015).  

In this thesis the SSDE was not used. In study I and II, the dose was determined for stand-
ard sized phantoms, when use of the SSDE did not offer additional information compared 
to CTDIvol. In study II, the CTDIvol was sufficient for comparing the phantom doses of differ-
ent protocols as the phantom size was constant. In studies III, IV and V, the SSDE could 
have been used, but measuring of the AP and LAT width in all studies included in study III, 
IV and V was considered to be too laborious when compared to the new information 
achieved. The SSDE values could not be used to compare to the DRLs of Finland with 
those of other countries, since DRLs are given in CTDIvol values and DLPs. 

The estimation of E from DLP is done by specific conversion coefficients, where conversion 
coefficients are determined as a ratio between effective dose calculated by Monte Carlo 
simulations and DLP for different anatomic regions (Deak et al., 2010; Huda et al., 2011; 
Shrimpton et al., 2005). The estimation of effective dose from DLP and conversion coeffi-
cients is problematic, since dose display values have inherent uncertainty and as the con-
version coefficients are applicable in restricted situations only. The conversion coefficients 
may account for age, but usually not for TCM, gender, variation in body shape or size or for 
scanner-dependent variables, like tube voltage or filter. Gender has been shown to have a 
significant effect on conversion factors in CT studies of the chest and pelvis regions, but 
not the head (Deak et al., 2010). 

The conversion factors of Shrimpton were used in studies I and III but the effective dose 
depends significantly on the conversion factors used. The conversion factors for newborns 
presented by Deak and Alessio are 0.0739 mGycm/mSv and 0.057 mGycm/mSv, which are 
much higher than the used 0.039 mGycm/mSv which were used (Alessio and Phillips, 2010; 
Deak et al., 2010). However, the difference between the effective doses estimated from 
DLP and ImPACT CTDosimetry in study I was at most 4.0 %. In spite of substantial uncer-
tainties, the conversion coefficients have turned out to be a robust tool for use in clinical 
practice, since they are reliable when used with large sets of data and easy to use. 
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6.2.2 Phantoms and TLDs 
Organ doses and image quality can be estimated with the aid of specific phantoms and 
TLDs. In studies I and II, anthropomorphic phantoms were used, which correspond to stand-
ard sized adults or newborns of both genders. When determining organ doses with phan-
toms and TLDs, multiple factors affect uncertainty, e.g., energy response and geometry 
(IAEA, 2007). The used material LiF:Mg,Cu,P has a tissue equivalent atomic number (Zeff 
=8.3). The dosimeter absorbs energy similarly like patients and the material is sensitive and 
has good energy response at diagnostic energies. The energy response deviates at maxi-
mum by 15 % at energies between 15 keV and 10 MeV and a relative energy response 
compared to ionization chamber measurements and Monte Carlo simulations decreases 
from 40 keV to 100 keV (Carinou et al., 2008; Duggan et al., 2004; Hranitzky et al., 2006). 
Because the filtration differs between scanners and this influences the photon energies, the 
energy response of TLDs may vary for different scanners (study I). The energy response 
may have had a slight effect on the organ dose measurements. 

The uncertainty caused by measurement geometry arises from phantom placement with 
respect to the isocenter and TLD placement in phantom. When comparing different CT 
scanners, the positioning of the phantom should be similar in all measurements because 
off-centering affects the dose by TCM and bow tie filters. Kaasalainen et al. have shown 12 
% higher and 8 % lower CTDIvol values in newborn chest CT studies, when the phantom 
was positioned 6 cm below or above the isocenter, respectively (Kaasalainen et al., 2013). 
The measured dose is also dependent on TLD placement, because the TLDs should be 
positioned exactly in the same positions in the phantom so that point doses are comparable. 
There was some fluctuation in geometry in study I, because the scan start angle of the x-
ray tube and pitch differed between scanners. 

The use of point doses limits the accuracy of organ and thus of effective dose determina-
tions. With phantom measurements, the number of TLDs is limited and places for TLDs are 
restricted to certain locations. The TLDs only represent absorbed dose in one specific point, 
which affects the accuracy of tissue and organ dose measurements. Cakmak and Groves 
have compared the organ doses and effective dose determined with CTDosimetry and TLD 
ships. Both used Rando Alderson phantom, Cakmak used two TLDs per organ and Groves 
three. In Cakmaks study the maximum difference was observed in kidney, where TLDs 
showed 3.5 times higher organ doses than CTDosimetry and the difference in organ doses 
between the methods varied from -19 % to 32% in different scan region. In Groves study 
the maximum difference was in the breast, where TLDs showed a 1.75 times higher organ 
dose and an 18% higher effective dose when determined with TLDs (Cakmak et al., 2015; 
Groves et al., 2004). Similar results was observed in study I: TLD measurements showed 
12 % and 21 % higher effective doses than CTDosimetry from Sensation 64 and Aquilion 
32 scanners, respectively. In study I, a repeatability test was also performed, and a mean 
deviation of 0.08 mGy was found. This limits the reliability of the lowest point doses meas-
ured especially outside the scan region, since the measured deviation is higher than the 
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lowest absorbed doses measured. In the scan area, the point doses are higher and the 
deviation is lower than measured point doses. Nevertheless, the required accuracy of 30–
50 % for low organ doses was presumably achieved (ICRU, 2005). 

Organ doses can be measured with radiophotoluminescent dosimeters (RPLD) or metal-
oxide-semiconductor field effect transistors (MOSFET) rather than TLDs. The use of RPLDs 
is similar to TLDs: both annealing and readout and both are time-consuming in use. For 
further phantom studies, the MOSFET would be a preferable choice, as it is accurate and 
provides a direct read out of real time measurements (Yoshizumi et al., 2007). 

6.2.3 ImPact CTDosimetry 
With the use of ImPACT CTDosimetry uncertainties arise from the used phantom, the 
measurements made for scanner output modelling, Monte Carlo simulations, datasets and 
the lack of TCM in calculations. Jansen and Shrimpton have made new Monte Carlo simu-
lations for three old scanners originally used in ImPACT CTDosimetry and one newer scan-
ner to estimate the quality of the original simulations and the reliability of the used ImPACT 
factor. These results showed similar effective and organ doses as for old scanners at both 
simulations, where the relative differences between simulations for all organs were below 
5 % and the relative standard deviation for the effective dose was 1.8 %. For the newer 
scanner, the simulations were comparable for tube voltages 100 kVp and 120 kVp and the 
mean relative difference was at most 3.0 %. This study provides reliability for the use of 
CTDosimetry and ImPACT factors (Jansen and Shrimpton, 2016). 

CTDosimetry utilizes a Medical Internal Radiation Dosimetry phantom corresponding to a 
standard adult and organs are represented with mathematical equations and geometric 
forms. More sophisticated phantoms, such as voxelized phantoms, have been developed 
with the use of MRI or CT scans of real patients. The voxelized phantoms function as ref-
erence males and reference females and they are recommended for evaluation of effective 
doses by the ICRP (ICRP, 2009). When the organ doses and effective doses determined 
with ICRP 110 phantoms and the Monte Carlo program made at Duke University were com-
pared to CTDosimetry, differences ranging from 13 to 37 % were recorded for fully irradiated 
organs. The difference resulted from differently sized and placed organs in phantoms. 
When organ doses calculated with CTDosimetry were compared to organ doses calculated 
with hybrid phantoms, the differences were significant in organs near the scan boundary. 
The doses were calculated for multiple studies with both phantoms and the liver doses of 
CTDosimetry were at most 0.4 times lower or 10 times higher than with hybrid phantoms in 
the abdominal region. The difference was due to the placement of organs in the phantoms 
in relation to scan start and length; organ doses deviated more when the scan was of short 
length (Bahadori et al., 2015). 

Although old, the CTDosimetry spreadsheet seems to result in organ doses comparable 
with other Monte Carlo calculations and phantoms. However, the major issue related to 
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phantoms used in organ dose calculations and TLD measurements is that they do not cor-
respond to the variation of patients’ sizes. Ding et al. estimated the difference in organ 
doses between anatomically realistic phantoms and CTDosimetry phantoms with the same 
scan settings. Because adipose tissue shields the radiosensitive organs in body, organ 
doses are lower with phantoms simulating morbidly obese patients. The maximum differ-
ence between phantom measurements was observed in the urinary bladder, where the or-
gan dose was estimated to be 1.5 times lower for the morbidly obese phantom (Ding et al., 
2015). When the percentages presented by Ding were used in CTDosimetry in study V, the 
effective dose decreased by 31 % in whole body CT studies of the largest patient. The 
marked differences between organ and effective doses in studies IV and V would have been 
lower patient size been considered. However, morbidly obese patients comprise only a mi-
nority of patients in cohort and the discrepancy would decrease when the patient size de-
creases towards normal BMI. 

6.3 Study related risk 

Magnetic resonance imaging (MRI) is more recommendable for pediatric patients than CT 
as it does not use ionizing radiation. However, MRI studies are time consuming and seda-
tion or general anesthesia is needed and anesthesia may cause adverse events (Metzner 
et al., 2009). On the other hand, some studies have shown DNA double-strand breaks 
(DSBs) in MRI studies. These DSBs occur in heart imaging, where fast gradients are used, 
and thus these effects may not take place with shorter gradients or pediatric populations 
(Fiechter et al., 2013; Jaffer and Murphy, 2017; Khursheed et al., 2002). According to study 
I, the point doses ranged from 0.03 to 2.9 mGy for the newborn chest CT. Although pediatric 
patients are more sensitive to radiation than adults, the dose is low and the risk for radiation-
induced cancer from one study can be assumed to be low. CT studies are also fast, as 
shown in study I where the duration of the fastest scan was below one second. The short 
duration of the study reduces the need for sedation. Clearly, the decision between CT and 
MRI should be considered carefully. Since there was a lack of small children in study III 
despite the two-year data collection period, it can be assumed that they were imaged with 
MRI in our hospital. 

Study IV showed that patients with testicular cancer are subject to high cumulative effective 
doses. A large variation in effective doses for cancer follow-up has also been reported by 
Calandrino et al. and high cumulative doses related to follow-up of testicular cancer by Silva 
et al. (Calandrino et al., 2013; Silva et al., 2012). Within the cohort 61.7 % received a 50 
mSv or higher cumulative dose during a 1-year period and 32 % exceeded the 20 mSv per 
year in five years of follow-up (Silva et al., 2012). In study IV the percentages were slightly 
lower: 24 % and 5 %, respectively. Tarin et al. estimated the risk associated with radiation 
exposure from CT imaging in the follow-up of testicular cancer and suggest that the lifetime 
attributable risk of secondary cancer for the AYA group is 1.23 % –1.93% depending on 
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age (Tarin et al., 2009). In a study by Salminen et al. the risk for radiation related cancer 
deaths calculated by the UNSCEAR model was estimated to be 2 % from CT examinations 
of follow-up for testicular cancer patients (Salminen et al., 2017). The effectiveness of clin-
ical follow-up which includes imaging has been debated due to this risk and due to subop-
timal clinical performance in identifying malignant disease during follow-up. In a study by 
Buchler et al. 27 % of the second tumors were detected by preplanned oncology follow-up 
investigations and the rest by nononcology physicians (19 %) or the patients themselves 
(54 %). When assessing the follow-up CTs made within six months prior to the diagnosis of 
the second cancer, 71 % of CT scans were negative (Buchler et al., 2011). Because of the 
demonstrated high cumulative effective doses and relatively low effectiveness of follow-up, 
the overall justification of follow-up studies should be considered more specifically in the 
future.  

The use of IV contrast agent may cause adverse effect like allergic reactions or nephrotox-
icity, but it has also been shown to increase the number of peripheral lymphocyte DNA 
DSBs (Beckett et al., 2015; de Gonzalez and Kleinerman, 2015; Deinzer et al., 2014; 
Piechowiak et al., 2015). These lymphocyte DNA DSBs have also been used in short-term 
accidents and long-term occupational exposures to estimate the influence of radiation, and 
the number of DSBs has been linked to cancer risk in epidemiological studies (Bonassi et 
al., 2008; de Gonzalez and Kleinerman, 2015). The use of IV contrast may increase the 
cancer risk, since the use of IV contrast agent increases the number of DSBs of DNA, but 
also because the radiation dose is higher when IV contrast agents are involved as also 
observed in study V. The doses were at maximum 37 % higher in contrast-enhanced stud-
ies than non-enhanced studies in the group of larger patients, who were scanned with Light-
Speed 16. The main reason for the difference of effective doses between studies with and 
without IV is the number of phases. As the increase is significant, the number of phases 
should be considered with care and related to diagnostic benefit. 

Fält et al. have proposed to balance the amount of IV contrast agent and the radiation dose 
to reduce the combined age-specific risk: lower radiation doses and higher amounts of IV 
contrast agent could be suitable for younger patients and vice versa for older patients (Fält 
et al., 2013). This method may be questionable, since higher amount of IV contrast medium 
increases the number of DSBs, which, in turn, may raise the risk of secondary cancers risk 
for young patients. For now, the benefits of using IV contrast agents override the harmful 
effects. 

6.4 Optimization 

This thesis shows that there is a wide variation in CT doses which is independent of the 
type of study population, and that follow-up CT studies of patients treated for testicular are 
numerous and subject the patients to high cumulative effective doses of radiation. In study 
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I, the mean effective doses determined from DLP to the newborn chest CT ranged from 
0.22 to 1.1 mSv, i.e., a five-fold difference in effective dose. In study II, phantom optimiza-
tion suggests that the radiation dose generated by CT studies of the abdomen for examine 
acute appendicitis could be reduced by approximately 20 %–25 %. In study III, the CTDIvol 
of trauma cervical spine CT studies showed three-fold maximum dose variations and head 
CT two-fold maximum dose variations for identical indications and age groups. Marked dif-
ferences were also observed in studies IV and V, where a maximum of nine-fold difference 
was observed regarding organ doses and a six-fold difference regarding effective doses. 
Of note, the effect of patient size was not taken into consideration for these calculations. 
Rather, the variation was due to variations in scanners, protocol parameters and the use of 
IV contrast agent. 

The large variations in radiation doses and high cumulative effective doses emphasize the 
need for careful parameter setting, harmonization and dose monitoring as efforts to identify 
non-optimized protocols. In study III, dose monitoring software revealed a non-optimized 
protocol, where an adult protocol was used to study children from age 10 years. De Bondt 
et al. have reported similar results, where dose monitoring software showed that several 
pediatric head CT studies had been performed erroneously with an adult protocol (Bondt et 
al., 2016). In study V, the current level of the LightSpeed 16 was unnecessarily high. The 
dose for the standard sized patient was below the national DRL (CTDIvol 15 mGy and DLP 
600 mGycm in abdominal CT), (STUK, 2013), but the use of DRL did not identify suboptimal 
protocols for larger patients, since the DRLs are only intended for patients with a weight 
between 60 kg and 90 kg. Larger patients need higher radiation doses than smaller patients 
to achieve predetermined noise levels in CT-images, but there is currently no measure of 
what degree of dose increase is acceptable for larger patients. With larger patients more 
noise can be moderated in images when the increase in radiation dose can be lower than 
predicted. Thus, there is a need for wider dose monitoring and for collecting all patient 
doses. With dose monitoring software, the doses can be reliably benchmarked in relation 
to other scanners, compared to DRLs or setting local DRLs, as the software collects and 
presents large data. The dose monitoring software aids in recognizing high doses that do 
not contribute to clinical purpose of medical imaging task or large size of patient, and action 
to improve the protocols can be undertaken. This might also indicate a need for setting 
DRLs as curves, as is the case for pediatric patients (STUK, 2015). DRL-curves could use 
with higher confidence, as dose monitoring software tools offer larger dose data together 
with data on patient size or patient dimensions (especially width). Previously data on patient 
size has not been collected systematically and patient width has not been measured. Dose 
monitoring software can determine patient width from localizer radiographs and this data 
could be used in conjunction with DRL-curves. For now, there is a limited number of indi-
cation-based DRLs, and a wider selection of DRLs may be needed to identify non-optimized 
protocols by dose monitoring software (STUK, 2013; STUK, 2015). In study III, the 75th 
percentiles of the radiation burden from CT studies needed to examine trauma to the cer-
vical spine with the Aquilion One scanner could be used as local DRLs, while there seems 
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to be a need for local DRLs to be applied to the Definition Flash scanner as the CTDIvol 
values were clearly not optimal. Local DRLs can be set according to patient age, which is 
reasonable when studying the head or cervical spine, but age is not suitable parameter 
when establishing DRLs for thorax or abdominal CTs since the body size of patients with 
identical age may vary significantly. There may also be a need for other tools than DRLs to 
improve optimization. 

Optimization is needed for patients of different size, as suggested in study V, since the 
protocol function may not be optimal for large patients. The TCM did not modulate when 
large patients were examined with the LightSpeed 16, and the increase in effective doses 
was higher for the LightSpeed 16 than the Plus 4 for patients with a wide waist circumfer-
ence. This observation that larger patients are studied with non-optimal protocols is in 
agreement with recent statements of medical societies including the EFOMP and ESR, who 
call for BMI-specific protocol optimization (EANM et al., 2017). For assessment of the im-
pact of BMI on CTDIvol and DLP, weight and height data should be recorded together with 
CT-study related data. In study V, height and weight were only recorded at the time of the 
first follow-up CT scan. Thus, data was obsolete at the time of subsequent CT studies, 
because patient size changes during follow-up. This made the waist circumference meas-
ured in connection each CT study a more reliable indicator of patient size. In the future, the 
recording of weight and height may become more common when dose monitoring software 
tools become more widely used and BMI-specific protocols are used for optimization. 

Because AYA patients have a long life expectancy, the risk associated with imaging should 
be kept as low as reasonably possible. In order to keep the radiation dose at a minimum, 
the individual examinations need to be optimized and optimization should be done for spe-
cial indications, as well. In study II, protocol parameters for acute appendicitis were deter-
mined with a specially planned phantom. After assessment of the dose, FOM and image 
quality, a new protocol with 100 kVp and standard IR was proposed for CT-imaging of pa-
tients with a suspicion of appendicitis. Higher contrast, acceptable noise and a lower dose 
was produced by 100 kVp and the radiologists evaluated image quality by the reference 
protocol and the new protocol as being similar. The new low-dose protocol fulfils the ALARA 
principle and implies that the original abdominal protocol may not have been optimized. The 
results agree with the ones of Kidoh et al, who also showed that standard iteration is more 
effective for dose reduction than strong IR while image quality is acceptable (Kidoh et al., 
2013). The new protocol will be tested clinically to confirm the feasibility of a lower dose 
and the capability of the protocol to distinguish complicated from non-complicated acute 
appendicitis. The new protocol may also be considered for other indications of abdominal 
CT studies, e.g., testicular cancer.  

More attention should also be paid on the selection of parameters for localizer radiographs.  
An important finding of these studies is that localizer radiographs contribute significantly to 
the effective dose. The dose from a single localizer radiograph is small but the contribution 
may become substantial when the effective dose from a study is low, as is the case for 
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pediatric imaging. In study I, the localizer paragraphs contributed 13 % 24 % to the total 
effective dose of the study. This observation is in line the one of Schmidt et al, who reported 
a 5 % contribution to the dose in standard scans and a 20 % contribution to low-dose ex-
aminations of adult patients (Schmidt et al., 2013). The contribution to the effective dose 
from localizer radiographs should be as low as possible, since localizer radiographs are not 
used for diagnosis. 
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7 CONCLUSIONS 

The conclusions of this thesis are 

I.  There was a wide variation of radiation doses to the neonate chest CT studies, which 
was due to the differences between the CT scanners. The CT localizer radiographs 
can contribute significantly to the dose of newborn patients and the parameters of 
localizer radiographs should be reviewed in the same way as the parameters of the 
scanning procedure.  

II.  A tube voltage of 100 kVp produced higher contrast to noise ratios than other volt-
ages and generated a lower radiation dose without degrading the image quality. The 
phantom study resulted a 23 % lower dose with 100 kVp, standard iterative recon-
struction and a noise input value of 14.5, but the protocols need to be tested in the 
clinical setting appendicitis imaging.  

III.  Local diagnostic reference levels for CT-studies of the cervical spine following 
trauma are proposed for four different age groups. The study shows that more wide-
spread dose monitoring is needed in situations where non-optimized CT doses can 
be detected directly and the effects of protocol changes can be studied more reliable 
from large data.  

IV.  The study revealed that patients with testicular cancer are subject to relatively high 
cumulative doses – 50 mSv or more for 68 % of these patients. Although this study 
population constitutes a homogeneous cohort and is treated for the same indication, 
there was a 9-fold difference in organ doses and up to a 6-fold difference in effective 
doses. The high cumulative doses call for updated clinical practices regarding the 
frequency of CT imaging for follow-up purposes to keep patient exposure as low as 
reasonably achievable, since the benefit of repeated CT-imaging must be viewed 
against how well imaging detects cancer recurrence and what the treatment options 
in that situation entail.   

V.  The CT scanner and use of IV contrast affect significantly the radiation dose. The 
newer device equipped with tube current modulation (TCM) produced higher doses 
for patients with a high waist circumference. This finding calls for patient size specific 
protocol optimization and assessment of the success of optimization. 
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