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ABSTRACT OF THE DISSERTATION 
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Professor Michael F. McNitt-Gray, Chair 

 

INTRODUCTION 

In 2011, the American Association of Physicist in Medicine (AAPM) devised the Size-Specific 

Dose Estimate (SSDE) quantity in Report 204. SSDE is a dose metric that adjusts the commonly-

reported CTDIvol metric to account for patient size. SSDE was originally developed with fixed 

tube current (FTC) exams of the abdomen and was later extended to the chest. SSDE represents 

an average dose to the center of the scan volume. As such, it gives some information concerning 

the radiation dose received from Computed Tomography (CT) exam but does not provide a direct 

estimate of organ dose by definition. AAPM Report 204 notes that the difference between the 

actual patient dose and SSDE may differ by 10-20%. Currently, the International Electrotechnical 
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Commission (IEC) has introduced a measure that would allow future CT scanners to report SSDE, 

meaning the SSDE will become widely available dose metric. 

 

PURPOSE 

Currently, adaptive dose reduction strategies such as attenuation-based tube current modulation 

(TCM) are in routine clinical use. Studies comparing SSDE to organ dose thus far have used patient 

models or TCM descriptions that are not seen clinically. Often times, these studies are also limited 

to routine chest and abdomen/pelvis exams. Moreover, recent developments in dose reduction 

technologies and, even federal recommendations, have produced other protocols that are 

commonly utilized, such as, low-dose CT lung cancer screening (LDCT-LCS) and organ-based 

tube current modulation (OBTCM) chest exams. The purpose of this dissertation was therefore to 

address the aforementioned shortcomings by evaluating an estimates of organ dose from routine 

and non-routine exams across a range of patient sizes to SSDE. 

 

METHODOLOGY 

This dissertation evaluated SSDE in light of organ doses from four routine protocols: (1) routine 

FTC head exams, (2) routine TCM chest exams, and (3) routine TCM abdomen/pelvis exams. 

Additionally, SSDE in relation to fetal dose from routine FTC and TCM abdomen/pelvis exams 

was also evaluated. Furthermore, this dissertation also evaluated SSDE in light of two non-routine 

protocols: (1) LDCT-LCS chest exams and (2) OBTCM chest exams. In contrast to previous 

studies, this investigation employed patient models generated from image data. Additionally, this 

study also employed “whole body” voxelized phantom models that are based on image data. Where 

appropriate (i.e., for scans employing TCM), tube current information was either extracted directly 
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from raw projection data or estimated based on the methodology of one manufacturer. The 

voxelized patient models and tube current information were used in detailed Monte Carlo (MC) 

simulations, currently deemed the “gold standard” of CT dosimetry, for organ dose estimation. 

Organ doses from MC simulation were normalized by CTDIvol (CTDIvol,16 for head and CTDIvol,32 

for body exams) and were compared with the SSDE f-factors from AAPM Report 293 for head 

exams and 204 for body exams. Specifically, this study investigated brain parenchyma doses from 

FTC routine head exams; lung and glandular breast tissue doses from TCM routine chest exams; 

and liver, spleen, and kidney doses from TCM routine abdomen/pelvis exams in relation to the 

SSDE f-factors. In addition, fetal doses from both TCM and FTC routine abdomen/pelvis exams 

were also investigated in relation to the SSDE f-factors. For non-routine exams, lung and breast 

doses both from LDCT-LCS and OBTCM chest exams were investigated in relation to the SSDE 

f-factors. Specifically, for each routine and non-routine protocol, a one-sided tolerance interval 

was utilized to estimate the upper tolerance limit needed to cover 95% of the population of cases 

(p = 0.95) with a confidence level (α) of 5% (α = 0.05). For each evaluation, the point of 

comparison in terms of the tolerance window is the 20% upper limit noted in AAPM Report 204. 

 

RESULTS 

For routine FTC head exams, this dissertation found that the upper tolerance limit for the difference 

between normalized brain parenchyma dose and the SSDE f-factors needed to cover 95% of the 

population with 95% confidence was observed to be 12.5%. This dissertation observed that, for 

normalized lung and breast dose from routine TCM chest exams, the upper tolerance limit for the 

difference between lung and breast dose the SSDE f-factors needed to cover 95% of the population 

with 95% confidence was observed to be 35.6% and 68.3%, respectively. For TCM 
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abdomen/pelvis exams, this study found that that the upper tolerance limit for the difference 

between normalized liver, spleen, and kidney dose and the SSDE f-factor needed to cover 95% of 

the population with 95% confidence was observed to be 30.7%, 33.2%, and 33.0%, respectively. 

This investigation found that the upper tolerance limit for the difference between TCM and FTC 

fetal dose and the SSDE f-factor needed to cover 95% of the population with 95% confidence was 

observed to be 35.7% and 24.8%, respectively. For LDCT-LCS chest exams, this study observed 

that the upper tolerance limit for the difference between normalized lung and breast dose and the 

SSDE f-factor needed to cover 95% of the population with 95% confidence was observed to be 

40.0% and 70.1%, respectively. For OBTCM chest exams, this study observed that the upper 

tolerance limit for the difference between normalized lung and breast dose and the SSDE f-factor 

needed to cover 95% of the population with 95% confidence was observed to be 50.5% and 64.0%, 

respectively. 

 

CONCLUSION 

The upper threshold limit of 20% between SSDE and organ dose was found to be insufficient to 

cover 95% of the population with 95% confidence for all of the organs and protocols investigated 

in this dissertation, with the exception of brain parenchyma dose from routine FTC head exams. 

Results of this dissertation suggest that a wider upper limit may be more appropriate if SSDE is to 

be used as an estimate for organ doses. For the routine body exams, a wider threshold difference 

of ~30-36% will be wide enough to cover 95% of the organs with 95% confidence investigated in 

this chapter, excluding the breasts. This tolerance difference may also be sufficient to cover 95% 

fetal dose with 95% confidence from abdomen/pelvis exams of pregnant patients pending adequate 

sample size. SSDE is likely to serve as a conservative estimate for breast dose from routine TCM 
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chest and lung and breast dose from LDCT-LCS and OBTCM non-routine protocols. Another dose 

model that takes TCM into consideration may be needed.
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CHAPTER 1: Background and Significance 
 
 
1.1 Concerns of Population Exposure from CT 
 
Computed Tomography (CT) is a versatile screening and diagnostic x-ray-based imaging modality 

with a diverse array of applications for evaluating medical problems. The usage of CT has 

increased over the past three decades and has led to a corresponding increase in radiation exposure 

at the population level. In 2007, approximately 70 million CT examinations were administered in 

the United States with an annual 10% rate of growth [1], [2]. In 2006, the total radiation dose per-

capita due to ionization radiation from diagnostic medical imaging was estimated to be 

approximately 3.0 mSv [3]. Although CT examinations accounted for only 17% of the estimated 

total number of diagnostic procedures, its dose contributions amounted to nearly half of the 

collective dose [3]. Recent studies have noted that CT usage in the primary care population has 

stabilized and has even decreased in the case of pediatric patients [2], [4]. CT utilization in other 

areas such the emergency department, however, has risen substantially [5]. 

 

The public health implications of population exposure to ionization radiation therefore warrant the 

tracking of radiation dose in order to ascertain estimates of the biological risk for patients 

undergoing CT produces. In general, the biological risks associated with exposure to ionization 

radiation are classified into two types: deterministic and stochastic. The deterministic risks refer 

to the induction of immediate tissue reactions to ionizing radiation due to cell death and occurs 

when certain dose thresholds are met or exceeded. Such reactions can include, for example, 

erythema and epilation (~5-6 Gy), cataracts for the lens of the eye (~2-5 Gy), moist desquamation 

(~18 Gy), and, for pregnant patients, congenital birth defects and even fetal death (both ≥100 mGy, 
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depending on gestational age) [6]–[10]. Typically, routine CT procedures do not encroach upon 

these threshold limits, with a notable exception being CT perfusion protocols, in which a region 

of the body is repeatedly irradiated. 

 

The stochastic risks, meanwhile, refer to the induction of latent or long-term effects due to cells 

being altered or damaged during an ionization event. While exposures from CT exams typically 

do not cause deterministic effects since the doses are not high enough to elicit cell death, the non-

uniform exposures do nevertheless cause cell damage. The x-rays from the CT source indirectly 

produce single- or double-strand DNA breaks as a consequence of the photoelectric effect or 

Compton scattering creating hydroxyl free radicals in the body. The cellular response to the DNA 

damage is either apoptosis (i.e., programmed intracellular death) or repair. The presence of DNA 

repair proteins allows for some of the damage done to cells to be fixed; however, during this repair 

process, mutations can occur as the DNA strand breaks have the potential of being mis-repaired 

by these proteins. The subsequent replication of DNA mutation can eventually lead to 

tumorigenesis. As such, the dose from CT examinations does carry a probability of cancer 

induction as a result of the potential DNA damage from the use of x-rays. 

 

Because of the use of x-rays, radiation dose from CT is considered to be a low-dose, low-linear 

energy transfer (LET) form of ionizing radiation with a relative biological effectiveness (RBE) of 

unity (wR = 1) [11]. Several models have been suggested to characterize the biological response in 

humans to ionizing radiation as a function of dose based upon epidemiological evidence primarily 

from the Japanese atomic bomb survivors of Hiroshima and Nagaski [12]. Both BEIR VII 

(Biological Effects of Ionizing Radiation) committee and the ICRP (International Committee on 
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Radiation Protection) recommended a linear, no-threshold (LNT) risk model as a basis for risk 

extrapolation and radiation protection from low-dose and low-dose rate ionization events [12], 

[13], such as those from CT. Despite its widespread usage, the accuracy of the LNT model and its 

application in low-dose and low-dose rate scenarios remains a contentious topic of debate [14]. 

However, absorbed organ dose has been connected to the risk of tumorigenesis [15]. The risk 

decreases with increasing age since children have more years for potential cancer induction and 

since children are inherently more radiosensitive due to their proliferative cells [15]. Since, as 

mentioned above, the dose from CT procedures do not usually reach deterministic limits, the 

primary concern for patient safety is the stochastic, long-term effects of radiation damage [16]. 

 

1.2 Conventional CT Dosimetry and Its Limitations 

Currently, most modern CT scanners report dose metrics related to CT dose index (CTDI). CTDI 

was introduced in 1981 by Shope et al. as a metric to quantify the radiation output from CT 

procedures consisting of multiple, contiguous scans [17]. CTDI is defined as average dose to the 

longitudinal center of a cylindrical phantom from a contiguous axial scan whose scan length is 

much greater than the beam width [17]. Mathematically, for modern multi-detector CT (MDCT) 

scanners, CTDI is given in Eq. 1-A 

 

  Eq. 1-A 

 

Where Dsingle(z) is the longitudinal dose profile from a single axial scan (with no table movement), 

N is the number of detector rows, and T is the thickness of the detector. 

 

CTDI =
1

NT

Z 1

�1
Dsingle(z) dz

<latexit sha1_base64="fhTE+aPiUW9azKPfzszUQc/T1F4="></latexit>
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CTDI is not measured clinically because measuring an infinite dose profile is impossible. Instead, 

the CTDI100 quantity eventually replaced CTDI through the use of the integral dose profile from 

100 mm ionization chambers. CTDI100 is given as 

 

  Eq. 1-B 

 

Where again N is the number of detectors rows, T is the thickness of the detector, and Dsingle(z) is 

the dose profile down the longitudinal axis of the phantom. In clinical practice, CTDI100 values are 

measured in two homogenous, cylindrical polymethyl methacrylate (PMMA) phantoms: one 

deemed the “Body” CTDI phantom, which is 32 cm in diameter, and one deemed the “Head” CTDI 

phantom, which is 16 cm in diameter. Figure 1-1 shows both the 32 cm and 16 cm CTDI phantoms. 

CTDI100 measurements are taken at the central (CTDI100,center) and peripheral (CTDI100,periphery) 

locations within both PMMA phantoms. 

 

 

Figure 1-1: A) 32 cm “Body” CTDI phantom and and B) 16 cm “Head” CTDI phantom. CTDI100 
measurements are made by inserting an 100 mm ionization chamber in the center and peripheral 
holes of each phantom and acquiring the dose profile. 
 

CTDI100 =
1

NT

Z 50mm

-50mm
Dsingle(z) dz =

f ⇥ C ⇥ E ⇥ L

NT
<latexit sha1_base64="z2mapRRpdUuzS/R0mIVFbpf7C7k="></latexit>
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The CTDI100 dose does vary within the field of view (FOV). Figure 1-2 below shows the dose 

distribution in the x-y plane for a single axial scan for the 32 cm and 16 cm CTDI phantoms shown 

above in Figure 1-1. In the “Body” phantom, CTDI100,periphery is usually around a factor of two 

higher than CTDI100,center, while for the “Head” phantom, the difference CTDI100,periphery and 

CTDI100,center is smaller due the size of the phantom and the presence of the bowtie filter modern 

CT scanners employ to more evenly distribute the radiation dose across the FOV.  

 

 

 

Figure 1-2: Dose distribution from a single axial scan for A) the 32 cm CTDI phantom and B) the 
16 cm CTDI phantom. 
 

To account for the fact that the dose distribution within a phantom is not uniform, the weighted 

CTDI (CTDIw) quantity was devised in order to estimate the average CTDI across the FOV and is 

calculated using Eq. 1-C. 

 

  Eq. 1-C 
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To account for non-contiguous helical scans (i.e., helical pitches that are not equal to 1), the volume 

CTDI (CTDIvol) was devised is defined using Eq. 1-D 

 

  Eq. 1-D 

 

Where pitch is table increment per tube gantry rotation. Additionally, the dose-length product 

(DLP) is also a common CTDI metric, which is defined as the product of CTDIvol and the scan 

length (given in mGy-cm). For this dissertation, CTDIvol values for the 32 cm and 16 cm CTDI 

phantoms are denoted as CTDIvol,32 and CTDIvol,16, respectively. 

 

CTDI was originally developed for fixed tube current (FTC) scans. Now, however, the vast 

majority of clinical scans use some form of automatic exposure control (AEC), including and 

especially tube current modulation (TCM) [18]–[24]. Figure 1-3 shows an example of a TCM 

scheme for a routine chest exam. TCM is discussed in more detail in § 1.4. In short, TCM adapts 

the tube current based on the attenuation characteristics of the patient. Because of the non-constant 

tube current applied in the instance of TCM, the International Electrotechnical Commission (IEC) 

altered the definition of CTDIvol such that it is based upon an average of the tube current across 

the scan volume [25]. Currently, both CTDIvol and DLP are the metrics most commonly reported 

indices of radiation output from CT scanners and are routinely utilized for quality assurance 

purposes. Moreover, the CTDIvol and DLP metrics are recorded in the DICOM Radiation Dose 

Structure Report (RDSR). 

 

CTDIvol =
CTDIw
pitch
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Figure 1-3: An example of a detailed TCM scheme showing tube current (in mA) as a function 
of table position (in mm). 
 

Their usefulness notwithstanding, the CTDI metrics, including CTDIvol, do have their limitations 

in terms of estimating patient dosimetry. CTDI metrics are measures of dose to a homogenous, 

cylindrical reference phantom. Human anatomy differs in terms of geometry and composition 

relative to the reference CTDI PMMA phantom. Because of the obvious differences between the 

CTDI PMMA phantom and human anatomy in terms of geometry and composition, the CTDI 

metrics are not intended to be measures of direct patient dosimetry [26]. 

 

1.3 Effective Dose and Its Limitations 
 

ICRP Publication 60 and subsequently ICRP Publication 103 provide models for assessing lifetime 

risks from partial or full-body irradiation. The models are based on the concept of “effective dose” 

[27], [28].  In 1975, “effective dose” was introduced for the purposes of radiation protection as a 

means of estimating the stochastic risks from non-uniform ionization radiation exposure [28], [29]. 
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Effective dose is “the mean absorbed dose from a uniform whole-body irradiation that results in 

the same total radiation detriment as from the non-uniform, partial-body irradiation in question” 

[30]. It is expressed mathematically as the tissue-weighted equivalent doses to the various 

radiosensitive organs delineated in the ICRP publications. The formula for calculating effective 

dose (E) is given below in Eq. 1-E 

 

  Eq. 1-E 

  

Where T is the tissue or organ, wT is the weighting factor related to the radiosensitive of tissue or 

organ T, R is the species of ionization radiation, wR is the radiation weighting factor, and DT,R is 

the mean absorbed dose in tissue or organ T from radiation R [28]. The product of wR and DT,R 

represents the equivalent dose (denoted as HT [28]) to a tissue or organ from a given type of 

radiation. Since the wR of x-rays is unity, equivalent dose for CT equals absorbed dose. Table 1-1 

and Table 1-2 below contains the wT from ICRP Publication 60 and ICRP Publication 103. 

 

  

E =
X

T

wT

X

R

wRDT,R =
X

T

wTHT
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Table 1-1: The organ/tissue types and their respective tissue weighting recommendations for 
calculating effective dose per ICRP Publication 60. 

 Organ/Tissue ICRP 60 Tissue 
Weighting Factor (wT) 

Total 
Contribution  

Gonads 0.20 0.20 
Colon 0.12 

0.48 Lungs 0.12 
Red bone marrow (RBM) 0.12 
Stomach 0.12 
Bladder 0.05 

0.30 

Breast 0.05 
Liver 0.05 
Esophagus 0.05 
Thyroid 0.05 
Remainder organs* 0.05 
Bone surface 0.01 0.02 Skin 0.01 

*This contribution is shared by the remainder tissues/organ, which are the adrenals, brain, kidneys, 
muscle, prostate (men), uterus (women), small intestine, spleen, thymus, and pancreas. 
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Table 1-2: The organ/tissue types and their respective tissue weighting recommendations for 
calculating effective dose per ICRP Publication 103. 

 Organ/Tissue ICRP 103 Tissue 
Weighting Factor (wT) 

Total 
Contribution  

Lung 0.12 

0.72 
Stomach 0.12 
Colon 0.12 
Red bone marrow (RBM) 0.12 
Breast 0.12 
Remainder organs* 0.12  
Gonads 0.08 0.08 
Thyroid 0.04 

0.16 Esophagus 0.04 
Bladder 0.04 
Liver 0.04 
Bone surface 0.01 

0.04 
Skin 0.01 
Brain 0.01 
Salivary glands 0.01 

*This contribution is shared by the remainder tissues/organ, which are the adrenals, extrathoracic 
tissue (ET), gall bladder, heart, kidneys, lymphatic nodes, muscle, oral mucosa, pancreas, prostate 
(men), small intestines (SI), spleen, thymus, and the uterus/cervix (women). 
 

Effective dose is given in Sieverts (Sv) and, for CT, is estimated in one of two ways. The first 

manner requires knowledge of absorbed doses to all of the individual radiosensitive organs 

identified by ICRP Publication 60 or 103 [27], [28]. This method requires the utilization 

computational phantom models containing the segmentation of all of the radiosensitive organ 

specified by ICRP and the estimation of absorbed organ doses to those organs via Monte Carlo 

(MC) radiation transport code [31], [32]. Limitations of this approach are related to accuracy of 

available computational in relation to actual human anatomy and the fact some organs listed by 

ICRP are extremely difficult to segment, such as the red bone marrow (RBM).  
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The second approach is an approximation derived from MC simulations. These simulations were 

used to devised DLP-to-effective dose conversion coefficients known as the k-factors [33]. In lieu 

of a complex MC calculation, effective dose can be estimated by Eq. 1-F 

 

  Eq. 1-F 

 

Where DLP is the scanner-reported dose-length product and k represents an effective dose 

conversion coefficient. The k-factors are a) age-dependent, b) anatomic region-specific (e.g., chest, 

head, etc.), c) based on ICRP Publication 60 recommendations, and d) based on FTC [33]. The 

current k-factors do not account for patient size in adults. In addition, the ICRP tissue 

recommendations were updated per ICRP Publication 103. Moreover, as noted in § 1.2, TCM is a 

mainstay in clinical practice. The k-factor approach, while simple and accessible, is subject to large 

uncertainties. 

 

As can be seen in Eq. 1-A, effective dose considers both the ionization potential of different types 

of radiation (via the radiation weighting factors, wR) as well as the radiosensitivity of the organs 

delineated in the ICRP publications (via the tissue weighting factors, wT). However, effective dose, 

by definition, is sex-averaged and age-independent. While this quantity was been introduced from 

the prospective of radiation protection and is useful for comparing the stochastic risks from various 

medical procedures, effective dose is nevertheless a broad measure risk and thus was never 

intended to be used as a measure of risk for an individual patient [28]. Instead, effective dose is 

intended to serve as risk estimate for an entire population. A more appropriate metric to assess the 

E = DLP ⇥ k
<latexit sha1_base64="bN30xq5moao87epYJyR/Dl//1kg=">AAAB+XicbVDJSgNBEK2JW4zbqEcvjUHwFGaioBchuIAHDxHMAskQejo9SZOehe6aQBjyJ148KOLVP/Hm39hZDpr4oODxXhVV9fxECo2O823lVlbX1jfym4Wt7Z3dPXv/oK7jVDFeY7GMVdOnmksR8RoKlLyZKE5DX/KGP7iZ+I0hV1rE0ROOEu6FtBeJQDCKRurY9h25IrcPVdJGEXJNBh276JScKcgyceekCHNUO/ZXuxuzNOQRMkm1brlOgl5GFQom+bjQTjVPKBvQHm8ZGlGzxsuml4/JiVG6JIiVqQjJVP09kdFQ61Hom86QYl8vehPxP6+VYnDpZSJKUuQRmy0KUkkwJpMYSFcozlCODKFMCXMrYX2qKEMTVsGE4C6+vEzq5ZJ7Vio/nhcr1/M48nAEx3AKLlxABe6hCjVgMIRneIU3K7NerHfrY9aas+Yzh/AH1ucPNzWSGg==</latexit>
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stochastic risks from CT on an individual patient basis has therefore been argued to be organ dose 

[15], [34].  

 

In contrast to ICRP Publication 60 and 103, BEIR committee’s 7th report (BEIR VII) presents 

organ-based, age-dependent mathematical risk models which consider the type of radiation that 

are derived from the epidemiological studies of the Japanese atomic bomb survivors [12]. 

Additionally, the BEIR VII provides site-specific (i.e., organ-based) risk estimates from medical 

exposures, including CT [12]. The information provided by BEIR VII is salient for assessing risk 

from CT because the non-uniform, partial body exposure means that different organs will receive 

varying levels of exposure. Having organ-specific risk estimates, therefore, may be more useful 

for assessing radiation-induce carcinogenesis on an individual basis.  

 

1.4 Methods of Estimation Organ Dose and Their Limitations 
 

Methods at present employed to estimate organ dose rely either on (1) physical measurements 

taken with anthropomorphic phantoms or (2) are from Monte Carlo-based (MC) software 

programs which employ mathematical anthropomorphic models. Physical measurements are used 

in CT dosimetry because they allow for dose estimates that come directly from the CT source. 

Furthermore, the use of physical anthropomorphic phantoms does allow for repeated exposures. 

The accuracy of the results from physical experiments, on the other hand, are limited by the 

instrumentation and the phantom models. For example, the results for some dosimeters may be 

affected by the energy dependence and calibration needed for diagnostic photon energy ranges. 

Additionally, performing internal dosimetry using physical phantoms and dosimeters can be 

challenging depending on the clinical situation and the organs of interest, such as performing 
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dosimetry on red bone marrow (RBM). Simulation methods are often employed as an alternative 

in order to circumvent the limitations of physical phantoms and dosimeters.  

 

Investigations of CT dosimetry based on physical phantoms use dosimeters such as ionization 

chambers, thermoluminescene dectectors (TLDs), metal oxide-silicon semiconductor field effect 

transistor (MOSFET) detectors, or optical simulated luminescence (OSL) detectors. With the 

exception of the ionization chamber, all the aforementioned dosimeters require extensive 

calibration for CT dosimetry due to energy dependence at diagnostic photon energies and to the 

beam hardening effects when dosimeters are placed inside physical phantoms. If dosimeters are 

not properly calibrated for the task of CT dosimetry, they can affect the accuracy of the results. 

Furthermore, while the ionization chamber can be easily calibrated for diagnostic energies, the 

geometry of these dosimeters requires phantoms with the appropriate-sized holes drilled into them 

for their insertion. Lastly, there is an inherent issue with utilizing small, localized detectors to 

estimate the absorbed dose to large or even dispersed organs (i.e. glandular breast tissue) from 

non-uniform radiation fields. This is because the dose distribution within the patient is not 

necessarily uniform, particularly near the surface of a patient [35]. Therefore, adequate spatial 

sampling of the non-uniform distribution to obtain an estimate of organ dose may require a large 

number of dosimeters. 

 

Concerning the phantoms, they are usually cylindrical in nature, such as the PMMA CTDI 

phantoms shown in Figure 1-1, or they are anthropomorphic in nature, as is shown in Figure 1-4. 

As mentioned in § 1.2, while cylindrical phantoms, like the PMMA CTDI phantom, are useful for 

quality assurance purposes and for comparing radiation output across different scanners and 
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protocols, the size and composition of cylindrical phantoms are not representative of human 

anatomy in terms of geometry and composition. Anthropomorphic phantoms, meanwhile, are 

better suited to estimate organ dose given that they usually composed of tissue-equivalent materials 

and that they are constructed to resemble human size and shape. As such, these phantoms are more 

reflective of the attenuation characteristics of patient anatomy than their cylindrical counterparts. 

However, while these highly sophisticated phantoms are often composed of tissue-equivalent 

materials and are even available for certain age ranges (such as the CIRS phantoms [36] shown in 

Figure 1-4), they nevertheless do not represent the wide distribution of patient habitus experienced 

clinically. Furthermore, the rigid construction of most CT anthropomorphic phantoms does not 

allow for tissue displacement and deformation when the human anatomy is placed in certain 

positions, such as the displacement of breast tissue when a patient is placed in the supine or prone 

position.  

 

 

Figure 1-4: The CIRS ATOM family of anthropomorphic models phantom [36] 
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A few institutions, such as Massachusetts General Hospital, have performed in vitro dose 

measurements in postmortem subjects using thimble ionization chambers [37]; yet, even in the 

case of cadaver studies, the size distribution of the postmortem subjects does not adequately 

represent the patient population, as this particular study only utilized one cadaver [37]. The 

University of Texas, MD Anderson has performed in vivo dose estimates using TLDs for CT 

colonography using a distribution of patient sizes [38]. However, in vivo measurements are often 

invasive. In the MD Anderson study, the in vivo measurements were performed with TLDs 

attached to rectal catheters and only estimated dose to the colon. 

 

MC simulation approaches are often seen as addressing the shortcomings associated dosimeters 

and anthropomorphic phantoms. The MC approach, in short, mathematically simulates the 

transportation of ionizing radiation through a particular medium. The advantage of the MC 

approach is that tracking the particle interactions allows for organ dose estimates to be made in a 

variety of clinical situations and patient habitus.  

 

In 1991, the United Kingdom’s (UK) National Radiological Protection Board (NRPB) provided 

estimates of patient dose using MC simulation techniques and mathematical phantom models [39]. 

The NRPB performed a series of 23 MC organ dose calculations for 27 common types of CT 

scanner using the Medical Internal Radiation Dose revised pamphlet No. 5 (MIRD-5) phantom 

model [39], [40]. Then, in 2000, an evaluation group of the UK’s Department of Health called the 

Imaging Performance Assessment of CT (ImPACT) group developed a method for matching 

contemporary scanners to those used in the NRPB report [41]. The work of the ImPACT group 

was done in order to allow for more accessible organ dose estimates from modern scanners not 
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included in the NRPB report. The result was a CT dose management spreadsheet that provides 

estimates of organ and effective dose based on the NRPB simulations of the MIRD phantom [41], 

estimates which are still used world-wide [42]. Along similar lines, the results from the German 

survey on CT practices back in 1999 were used to create the dose management spreadsheets CT-

Expo [43]. Unlike NRPB and subsequently ImPACT, whose simulations were based on the 

hermaphroditic MIRD-5 phantom, CT-Expo utilized MC simulations based on scalable, gender-

specific alterations of the MIRD-5 phantom, rendering it possible to perform simulations of 

mathematical models of varying sizes. The models used in CT-Expo were created at Helmholtz 

Zentrum München, German Research Center for Environment Health, Institute of Radiation 

Protection in Neuherberg, Germany (formerly known as Gesellschaft für Strahlenforschung, 

abbreviated as GSF). Figure 1-5 below shows two GSF models based on the original MIRD-5 

phantom. 

 

 

Figure 1-5: GSF phantoms Adam and Eva  used in CT-Expo [32], [43]. Adam and Eva are gender-
specific anthropomorphic phantoms based the MIRD-5 phantom used in the original NRPB study. 
The MIRD-5 phantom model and its derivatives created by GSF are stylized, mathematical models 
composed of geometric solids. 
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While MC approaches such as ImPACT and CT-Expo have been useful for providing accessible 

organ dose estimates, they nevertheless suffer from several limitations in the current context of CT 

dosimetry. The matching approach implies that modern CT scanners are not explicitly modeled; 

therefore, differences between older scanner models and modern MDCT scanners in terms of 

scanner geometry characteristics (such as source-to-isocenter distance), x-ray sources, bowtie 

composition and shape, fan angle, and beam collimation width – all of which play an important 

role in CT dosimetry – are not being explicitly considered in organ dose calculations. Moreover, 

as noted in § 1.2, TCM modulation is a clinical mainstay, and its implementation varies depending 

on the manufacturer. These methods may not accurately reflect the widespread usage and effects 

of TCM, if they include them at all. Furthermore, the patient models used in these approaches used 

based on the MIRD-5 phantom model. As can be seen in Figure 1-5, the MIRD-5 phantom and its 

derivatives created by GSF are stylized, mathematical models composed of geometric solids; 

hence, the dose estimates using these unrealistic models may not be representative of the energy 

deposited in actual human patients. 

 

In many modern clinical institutions, commercially-available dose management systems have 

become integrated into medical imaging departments, many of which purport to provide real-time 

organ and effective dose estimates from CT examinations. The organ and effective dose estimates 

software platforms, such as PACSHealth DoseMonitor [44], provide dose estimates that are based 

on MC simulations of more sophisticated anthropomorphic phantom models relative to the ones 

used in dose management spreadsheets like ImPACT and CT-Expo. Unlike the simple geometries 

employed in MIRD-5 phantom and its derivatives, phantom models such as the XCAT family of 

anthropomorphic models [45] are composed of non-uniform rational b-splines (NURBS) surfaces, 
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which enable organs to be constructed out of irregular and complex geometries; similarly, 

phantoms like the RPI family models are constructed of deformable polygonal meshes [46]. 

Depictions of both the XCAT and RPI models are given in Figure 1-6. Both approaches have been 

used to produce more realistic representations of human anatomy. Furthermore, the malleability 

afforded by these advanced geometries means that the size distribution for potential phantom 

models can be quite broad. As such, the dose management systems that rely on MC simulation 

results of these types phantoms are an improvement over those approaches that utilized simpler 

phantoms models. 

 

 

Figure 1-6: A) XCAT male and female model [45]. B) RPI male and female model [46] 
 

However, many of these dose management systems suffer from a few noteworthy shortcomings. 

In general, one limitation to any MC simulation approach is that the results need extensive 

validation before they can be trusted as being accurate. The validation of MC results is non-trivial 

and usually involves direct comparisons to either physical measurements or to previously 

published simulation results. The sophistication of phantom models notwithstanding, the organ 

dose calculations from these dose management platforms have yet to be extensively validated 

A B
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against organ dose estimates from actual human anatomy. Additionally, as noted in § 1.2, AEC 

systems developed by manufacturers to reduce patient dose such as TCM are in routine clinical 

use. TCM methods include longitudinal modulation (z-axis), angular modulation (xy-axis), or a 

combination of longitudinal and angular modulation that creates a three-dimensional modulation 

used by most TCM algorithms [18]–[24]. Other adaptive strategies, such as organ-based tube 

current modulation (OBTCM), are also sometimes utilized with the intent of reducing dose to 

anteriorly located radiosensitive organs such as the glandular breast tissue. Figure 1-7 shows 

examples of TCM (CAREDose4D, Siemens Healthineers, Forchheim, Germany) and OBTCM 

XCARE, Siemens Healthineers, Forchheim, Germany) [47], [48]. The implementation of TCM 

and OBTCM depends on the manufacturer and may not be accurately reflected in these dose 

management software systems. While there are generic, theoretical models of TCM, they may not 

represent the proprietary methods employed by CT manufacturers [49].  

 

 

Figure 1-7: A) Examples of A) TCM and B) OBTCM thorax scans showing tube current as a 
function of table position overlaid on patient topograms. In A), the tube current is being modulated 
both on longitudinal (z-axis) and angular (xy-axis) basis. In B), the tube current is also being 
modulated both on a longitudinal (z-axis) and angular (xy-axis) basis, in addition to a fixed angular 
reduction of the tube current.  
 

Table Position (mm)
0 50 100 150 200 250 300

Tu
be

 C
ur

re
nt

 (m
A

)

0

100

200

300

400

500

600

700

Table Position (mm)
0 50 100 150 200 250 300 350 400

Tu
be

 C
ur

re
nt

 (m
A

)

0

50

100

150

200

250

300

350

A B



 20 

 

Direct simulation using MC radiation transport codes for organ dose estimation avoids the 

aforementioned shortcomings of dose management spreadsheets and systems by employing patient 

models that are derived from patient image data. Voxelized phantoms of patient anatomy are 

created from patient image data. An example of this are the GSF/ICRP voxelized phantom models, 

which are described in § 3.3.B. Additionally, voxelized models of patient anatomy can be 

generated using a CT-number-to-tissue lookup table, a process that will be expounded upon in this 

dissertation in greater detail in § 3.2. Turner et al. devised the “equivalent source” method which 

consists of generating non-proprietary energy spectra and bowtie filtration descriptions [50]. This 

methodology allows for x-ray source and filtration descriptions that are based off measures of the 

CT scanners to be used directly in MC simulations. Additionally, the versatility of the direct MC 

approach allows for the inclusion of adaptive strategies like TCM or OBTCM into simulation to 

estimate their effects on patient organ dose [51]. For these reasons, the direct MC simulation 

approach is often seen to the address the limitations of the aforementioned methods of CT 

dosimetry. 

 

Despite the benefits of the direct MC simulation approach, there are still limitations. The technique 

can be both time consuming and computationally demanding, which hampers its clinical utility as 

a means of estimating patient organ dose. In addition, highly specialized training is usually needed 

for most MC codes. The creation of voxelized patient models from CT image is also a time-

consuming process, one which requires organs of interest to be individually segmented in the 

image data and special tools to create the voxelized models from the image data. As mentioned 



 21 

above, the results of such transport codes need a great deal of validation, especially given the 

complex clinical environment necessary for CT dosimetry.  

 

In short, while there are advantages to the direct MC simulation approach, there are nevertheless 

challenges for the clinical implementation of the approach for estimating patient organ dose from 

CT. These challenges are related to the speed, ease, and availability of the direct MC simulation 

methodology. An approach that addresses these three limitations would be beneficial for clinical 

utility.  

 

1.5 AAPM Task Groups 204 and 220 – Size-Specific Dose Estimate (SSDE) and Water Equivalent 
Diameter (Dw) 
 

As noted above in § 1.2, while CTDIvol is often readily available on most modern CT scanners, the 

quantity has limited utility in terms of patient dosimetry. In order to get more utility out of CTDIvol, 

Turner et al. used it as a normalization metric for MC-derived organ dose estimates to take into 

account the differences in radiation output among scanners and protocols. Using CTDIvol as a 

normalization metric was found to reduce the variability for MC-derived organ doses across CT 

scanners from different manufacturers [52]. Turner et al. noted that CTDIvol-normalized organ 

doses (denoted as nDorgan) are effectively scanner-independent and correlate with patient perimeter 

as a metric of patient size in an exponential fashion [52], [53]. The prediction relationship between 

nDorgan and patient size has the form 

 

  Eq. 1-G 

  

nDorgan = A⇥ e�B⇥perimeter
<latexit sha1_base64="/dMMO2CPAxxc7aicLLrZ4jE1S6Q=">AAACHnicbVBNSwMxEM3Wr1q/Vj16CRbBi2W3KnoRavXgUcGq0NaSTac1NJtdklmxLPtLvPhXvHhQRPCk/8a0VvDrQeDNezNM5gWxFAY9793JjY1PTE7lpwszs3PzC+7i0pmJEs2hxiMZ6YuAGZBCQQ0FSriINbAwkHAe9A4G/vk1aCMidYr9GJoh6yrREZyhlVrutjpspZHuMpVRukf3aQNFCIbCZbpR/SoaCDeYxqBthaCzrOUWvZI3BP1L/BEpkhGOW+5rox3xJASFXDJj6r4XYzNlGgWXkBUaiYGY8R7rQt1SxezaZjo8L6NrVmnTTqTtU0iH6veJlIXG9MPAdoYMr8xvbyD+59UT7Ow2U6HiBEHxz0WdRFKM6CAr2hYaOMq+JYxrYf9K+RXTjNsQTMGG4P8++S85K5f8zVL5ZKtYqY7iyJMVskrWiU92SIUckWNSI5zcknvySJ6cO+fBeXZePltzzmhmmfyA8/YBt1iiSw==</latexit>
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Where A and B are organ-specific regression coefficients and perimeter is the patient perimeter, 

the size metric used by Turner et al. Correlating CTDIvol-normalized organs with a metric of patient 

size like patient perimeter yielded scanner-independent, size-specific, CTDIvol-to-organ dose 

conversion coefficients. With knowledge of a patient’s perimeter and with the scanner-reported 

CTDIvol, these conversion coefficients allow for quick, accessible means of estimating absolute 

organ dose from a CT scan. These coefficients, however, were originally developed with FTC 

simulations and were limited to abdominal exams. Moreover, simulations were performed with 

eight GSF family of voxelized phantoms which offer a limited size range in terms of patient 

perimeter. 

 

Capitalizing on the methodology developed by Turner et al., the American Association of Physics 

in Medicine (AAPM) Task Group 204 collected conversion coefficients based on FTC 

measurements of physical phantoms and organ doses derived from MC simulations. The 

conversion coefficients from these different sources was used to devise the Size-Specific Dose 

Estimate (SSDE) quantity [54]. SSDE aimed to estimate the patient dose to the central region of 

the scan volume by adjusting the scanner-reported CTDIvol to account for patient size [54]. In 

AAPM Report 204, the size metric used was effective diameter (denoted as ED), which 

corresponds to a circle having an equivalent area to that of the patient’s cross section [54]. The 

adjustment to CTDIvol on the basis of patient size is achieved through the use of conversion 

coefficients that scale the scanner-reported CTDIvol value depending on patient size. These 

coefficients, denoted as f-factors in the report, for SSDE were developed both for the CTDIvol,32 

and CTDIvol,16 phantoms, and they follow the same exponential behavior observed in Turner et al. 

with different regression coefficients specific to the CTDIvol,32 and CTDIvol,16 phantoms [52], [54]. 
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SSDE was originally designed to estimate dose within the abdomen from FTC scans; however, 

SSDE was eventually extended to include the chest FTC scans as well. Moreover, though SSDE 

was developed for FTC scans, it is still reported for TCM scans. Figure 1-8 is a diagram 

summarizing SSDE. 

 

Figure 1-8: Diagram summarizing SSDE and how it is calculated. The scanner-reported CTDIvol 
for a protocol is adjusted using size-dependent conversion coefficients (denoted as f-factors in the 
report) developed from FTC measurements and simulations. The regression coefficients A and B 
are unique to the CTDIvol,32 and CTDIvol,16 phantoms. The size metric considered in AAPM Report 
204 was effective diameter. Though SSDE was devised using FTC data, it is nevertheless reported 
for TCM exams as well. 
 

There are several key issues worth mentioning regarding SSDE and its use of CT dose. One such 

key issue to note with SSDE is that the quantity is not intended to be a measure of patient organ 

dose. SSDE only describes the average dose to the center of the scan volume, since it is essentially 

CTDIvol adjusted for the size of the patient. Though organ doses from abdomen FTC simulations 

contributed to the development of SSDE, it is not, by definition, an estimate of organ dose. The 

report, does note “that the actual dose to any given patient may differ from the value calculated 

Scanner-reported CTDIvol value
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using this report by 10% to 20%” [54]. The exact notion of “the actual dose to any given patient” 

is, however, not expounded upon in the body of the report. Furthermore, SSDE f-factors were 

devised with FTC simulations and measurements, while the vast majority of CT exams use some 

form of AEC, most notably TCM. As such, SSDE is often reported for TCM scans, though the 

concepted was developed using FTC. 

 

In addition, another limitation of the AAPM Report 204 was the use of a geometric description of 

patient size which did not account for x-ray attenuation characteristics. For example, it is possible 

that the region containing aerated lungs and the abdomen might have the same ED value. To 

address this shortcoming, AAPM Task Group 220 convened to develop a practical size metric for 

automatically estimating patient size in CT based on the attenuation properties of the patient using 

the data acquired as a consequence of scanning (e.g., CT localizer radiographs, axial CT images, 

raw projection data) [55]. The task group devised the concept of “water equivalent diameter” 

(denoted as Dw) based upon previous work which expressed patient size in terms on an equivalent 

cylinder of water having the same attenuation properties as the patients [55]. Figure 1-9 shows 

example of the Dw relative to ED. Per this example, an ED estimate taken in the thorax might be 

larger than a Dw estimate taken in the same region due to the geometric characteristics of a patient 

relative to the attenuation characteristics of the region. In the case of the thorax, the presences of 

the aerated lungs decrease the average attenuation characteristics of the region. AAPM Task Group 

220 aimed to introduce standardized approaches to calculating Dw that could be incorporated by 

CT manufacturers or other entities [55]. The introduction of standardized approaches of estimating 

Dw is crucial given the prevalence of TCM in clinical setting, as TCM adapts current in relation to 

the attenuation characteristics of the patient. 
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Figure 1-9: Depictions of effective diameter (ED) and water equivalent diameter (Dw) 
 

Currently, the International Electrotechnical Commission (IEC) has introduced a measure that 

would allow CT scanners to report patient size in terms of water equivalent diameter (Dw) [55] and 

SSDE [56]. This means that Dw and SSDE will be widely available on future scanners. 

Additionally, this mandate also increases the likelihood of SSDE being be incorporated into 

DICOM-RDSR along with CTDIvol and DLP for monitoring patient radiation metrics. For these 

reasons, it is reasonable to assume that SSDE will become a factor in patient dose management in 

the foreseeable future. 

 

1.6 Dissertation Overview 
 

While not intended to be a measure of organ dose, SSDE does have clinical significance as a 

potentially quick, simple, and easily accessible way of providing an estimate of patient organ dose. 

Studies comparing SSDE to estimates of organ dose are currently limited to routine chest and 
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abdomen/pelvis with TCM exams and employ anthropomorphic phantoms [57]. Additionally, 

even though MC simulation is often deemed the “gold standard” for reasons mentioned above, 

organ dose estimates from studies employing MC simulations methods often do not use actual 

TCM information from the CT scanners. Rather, tube current information is either based on 

theoretical models of TCM or matched to existing TCM data based on criteria unrelated to 

attenuation characteristics [49], [57], [58]. Moreover, although routine procedures do comprise a 

substantial portion of the CT examinations performed, recent developments in dose reduction 

technologies and even federal recommendations have produced other protocols that are commonly 

utilized such as, for example, low-dose CT lung cancer screening (LDCT-LCS) and OBTCM chest 

exams. Previous analyses also often neglect these exams and other routine exams, such as head 

exams.  

 

The goal of this dissertation is to compare SSDE values to MC-derived organ dose estimates across 

a range patient body habitus and from variety of routine and non-routine CT scanning protocols, 

including those employing adaptive dose reduction strategies of AEC systems. This dissertation, 

in contrast to previous studies, will leverage the benefits of the direct MC simulation approach by 

employing patient models from actual human anatomy and tube current profiles either extracted 

directly from raw projection data or estimated using the methods of one CT manufacturer to be 

incorporated in detailed, validated MC simulation methods for organ dose estimation. This 

dissertation will employ these organ dose estimates from the detailed MC simulations in order to 

compare them to SSDE from a number of routine and non-routine CT protocols that heretofore 

have not been thoroughly investigated. The evaluation of SSDE in relation to organ dose from 

these exams will be done across patient size in terms of Dw. The approaches used throughout this 
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dissertation are meant to address shortcomings of previous work by evaluating SSDE in relation 

to patient organ dose estimates that are reflective of the actual patient anatomy seen clinically and, 

in the realm of AEC, tube current generation methods that are clinically used by at least one 

manufacturer. They are also meant to offer some clarity in terms of the meaning “that the actual 

dose to any given patient” used in AAPM Report 204 [54], as this dissertation is concerned 

primarily with patient organ dose.  

 

Chapter 2 of this dissertation contains the Specific Aims section wherein the overarching 

hypotheses and specific aims of this dissertation are explicitly stated. Chapter 3 of this dissertation 

outlines the workflow processes used throughout this dissertation. Specifically, the MC simulation 

engine, its modifications, and its application for CT dosimetry will addressed therein. The 

voxelization of image data, the usage of voxelized phantom models based on image data, and the 

incorporation of tube current data into the simulation engine are also addressed therein. Chapters 

4 through 7 are concerned with estimating organ dose estimated from routine head, chest, and 

abdomen/pelvis exams, respectively. Chapter 4 is concerned with estimating brain parenchyma 

dose from FTC routine head exams. Chapter 5 deals with estimating lung and glandular breast 

dose from routine chest exams employing TCM. Estimating liver, spleen, and kidney doses from 

routine abdomen/pelvis exams with TCM is handled in Chapter 6. Chapter 7 investigates the 

special case of estimating fetal dose from both TCM and FTC routine abdomen/pelvis exams for 

pregnant patients. Chapters 8 and 9 explores lung and breast dose from non-routine LDCT-LCS 

and OBTCM chest exams, respectively. Figure 1-10 below is a pictorial overview of the CT 

protocols and organs investigated in this dissertation. Chapters 10 and 11 contains the evaluation 

of SSDE using the MC-derived organ dose estimates from the previous chapters. Chapter 10 
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specifically is concerned with evaluating SSDE in relation to organ doses from three 

aforementioned routine exams, while Chapter 11 is concerned with evaluating SSDE in relation to 

organ doses from the two previously-mentioned non-routine chest exams. Lastly, Chapter 12 

summarizes the work and the results of this dissertation. 

 

 

Figure 1-10: Pictorial overview of the CT protocols and organs investigated in this dissertation 
broken down by chapter. The dashed lines used in the figure represent the scan lengths for the 
protocols investigated in this dissertation. Chapters 10 and 11 evaluate SSDE for routine and non-
routine protocols, respectively. 
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CHAPTER 2: SPECIFIC AIMS 

 

Radiation dose from Computed Tomography (CT) has a been a concern for years and currently 

remains so. The most useful metric of patient radiation exposure has been argued to be the 

absorbed dose to radiosensitive organs. Most modern CT scanners report metrics related to CT 

dose index measured in a cylindrical PMMA phantom; however, these standardized metrics do not 

correspond to patient organ dose. The majority of the current methods for estimating organ dose 

are either from physical measurements taken within anthropomorphic phantoms or are based on 

MC simulations of stylized mathematical models. Estimating organ dose using small, localized 

detectors presents challenges in non-uniform radiation fields such as the partial body exposure 

from CT. Moreover, there is a question as to whether the current MC-based approaches 

implemented in commercially available dose management software packages, many of which use 

mathematical patient models, reflect the AEC methods to reduce organ dose employed by 

manufacturers such as tube current modulation (TCM) and organ-based tube current modulation 

(OBTCM).  

 

The SSDE metric is a dosimetric quantity that affords a computationally simple way of estimating 

dose from CT by scaling scanner-reported CTDIvol to account for patient size. Though not 

originally intended to be a metric of patient organ dose, SSDE nevertheless provides a measure of 

dose to the central region of the scan volume. AAPM Report 204 notes “that the actual dose to any 

given patient may differ from the value calculated using this report by 10% to 20%.” Previous 

studies have compared estimates of organ dose to SSDE but have either relied on anthropomorphic 

phantoms or on MC-based software platforms for organ dose estimates. Because of this, these 
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studies usually suffer from three major limitations. The first of these limitations is that the studies 

often employ unrealistic patient models. The second limitation is that the methodologies used to 

acquire the tube current information in these studies do not accurately model the methods of CT 

manufacturers. In the case of TCM studies, either a theoretical TCM model is utilized or existing 

TCM data is matched using some criteria other than the patient’s attenuation characteristics such 

as age. The third limitation is that these studies are usually relegated to routine chest and 

abdomen/pelvis exams.  

 

This dissertation aims to evaluate SSDE as an estimate of organ dose derived from comprehensive 

MC simulations. The use of direct, comprehensive MC simulation methods of patient-specific 

anatomy is an attractive option to estimate patient organ dose since it obviates the limitations of 

the aforementioned approaches by more accurately modeling realistic patient anatomy and 

radiation field of CT scanners. The versatility of the comprehensive MC simulation and modeling 

approach allows for estimates of organ dose to be obtained from an array of patient body habitus 

and scanning protocols, including those which use TCM and OBTCM. This dissertation will to 

seek to leverage these advantageous elements of the direct MC simulation approach to address the 

shortcomings of previous work in order to evaluate the tolerance for SSDE to serve as a substitute 

for organ dose for a variety of routine and non-routine protocols. Using the tolerance in AAPM 

Report 204 as the point of departure, the scientific inquiries of this dissertation are as follows: 

 

1) Is the threshold greater than 20% between SSDE values and MC-derived organ dose 

estimates from routine head, chest, and abdominal/pelvis CT exams across a wide range of 

patient sizes? 
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2) Is the threshold greater than 20% between SSDE values and MC-derived organ dose 

estimates from non-routine LDCT-LCS and OBTCM chest exams across a wide range of 

patient sizes? 

 

To address these questions, this dissertation will utilize voxelized models based on image data and 

tube current profiles from the scanners, both of which will be incorporated directly into MC 

simulations. The SSDE will be compared to organ dose in routine and non-routine datasets. This 

proposal will provide a framework for comparing MC-derived organ doses to SSDE that are 

reflective of the variety of patients and protocols experienced and utilized clinically. The achieve 

these ends, the Specific Aims of this research proposal are as follows: 

 

SA-1: Collect patient data from a variety of CT protocols and from a range of body habitus and 
gender, including those that utilize scanner dose reduction techniques (e.g. TCM and OBTCM) 
 

SA-2: Develop an evaluation framework and compare SSDE threshold for routine head, chest, and 
abdominal/pelvis CT protocols to organ dose estimates from direct MC simulation 
 

SA-3: Develop an evaluation framework and compare SSDE threshold for non-routine OBTCM 
chest and LDCT-LCS CT protocols to organ dose estimates from direct MC simulation 
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CHAPTER 3: WORKFLOW PROCESSES COMMON TO MOST 
CHAPTERS 
 

This chapter discusses the elements of the workflow processes used to generate the MC-based 

organ dose estimates for this dissertation. These elements include (1) the MC simulation engine 

used by UCLA MC Dose research group (2) the modifications to the MC engine for MDCT 

dosimetry, (3) the voxelization of image data, (4) the incorporation of TCM data (where 

applicable), (5) the estimation of patient size in terms of water equivalent diameter (Dw), and (6) 

the derivation of organ dose estimates from MC simulations. Each of these six elements is the 

subject of a section of this chapter. The last section (7) of this chapter summarizes the workflow 

processes used throughout this dissertation. MC methodology used in this dissertation has been 

validated for a variety of clinical CT scenarios [51], [59]–[62]. 

 
 
3.1 UCLA MC Simulation Engine 

The transport code utilized by the UCLA MC CT Dosimetry group is MCNPX (Monte Carlo N-

Particle eXtended, version 2.7.a) [63]. MCNP is a general-purpose MC radiation transport package 

developed at Los Alamos National Laboratory and was originally designed for neutron, photon, 

electron, or coupled neutron/photon/electron transport. MCNPX is an extension of the original 

MCNP code and allows for the transportation and interactions of 34 particles, including all of the 

possible types of heavy ions, at nearly all energies [63]. The MCNPX software package is 

composed of multiple files containing FORTRAN code segments that allow statistical particle 

transport calculations. The MCNP code relies on Markov Chain MC algorithm that simulates the 

trajectory and interactions of one particle at a time through a specified geometry constructed by 

the user until the particles either exits the geometry (e.g., through an interaction such as scatter) or 
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falls below a user-specified cutoff energy. The transportation of individual particles through the 

geometry is repeated in accordance with the number of particle histories specified by the user. 

During this process, each particle is independent of previous simulated particles.  

 

Radiation transport problems using MCNPX are specified using separate input files. Input files are 

broadly composed of three sections: cell card, surface card, and data card. The cell card section is 

where the geometry of the transport problem is constructed using Boolean operators and where 

material designation of each cell component of the problem is designated [63]. The surface card 

section is used to defined the surfaces and/or geometric “macrobodies” (geometric solids) that 

comprise the problem geometry. For this dissertation, the cell and surface cards are used to define 

the voxelized models. The construction and material composition of the voxelized patient and 

phantom models are described in § 3.3. The data card region of the input file is where radiation 

source descriptions (including the type of particle to be transport, as well as cut-off energy), tally 

specifications (e.g., energy deposition or fluence), and material composition for the surfaces used 

in the cell cards (for cross-section data) are indicated. 

 

The source specification in the input file is described using the “SDEF” source card. MCNPX also 

allows for custom source descriptions if a more complicated one is needed. In this case, the 

FORTAN source code for MCNPX needs to be modified to allow for the custom source to supplant 

the “SDEF” card. In this dissertation, a custom source description for CT source trajectory was 

used and will be described in § 3.2. 
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The species of particle to be transported is specified using the “MODE” card within the data card 

section. For this dissertation, the “MODE” is set to “p” for photon tracking for the purpose of CT 

dosimetry. Additionally, all MCNPX simulations were performed with a low-energy cutoff of 1 

keV. In this mode, photoelectrons are essentially ignored as they are assumed to deposited all their 

energy at the photon interaction site. This condition satisfies the condition of charged particle 

equilibrium (CPE) in which the collision kerma (kinetic energy release per unit mass) is equal to 

the absorbed dose. This configuration has been shown to be appropriate for diagnostic x-ray energy 

range. As such, in CPE conditions, the dose to a volume is given by Eq. 3-A 

 

  Eq. 3-A 

 

Where 𝜓( is total fluence for a given energy E within the region of interest (ROI) and 

%𝜇*+ 𝜌- &
.,012*3415

 is the energy-dependent mass absorption coefficient at energy E for a given 

material. In this dissertation, each simulation was performed with the “*F4” in conjunction with 

the dose energy (DE) and dose function (DF) cards. The “*F4” tally recorded the energy fluence 

over the ROI in terms of MeV/cm2 per source particle, while the “DE” and “DF” cards were 

respectively used to bin the energy distribution and to multiply the energy flux by the 

%𝜇*+ 𝜌- &
.,012*3415

 values published by Hubbell and Seltzer [64]. 

 

3.2 MC Modifications for MDCT Dosimetry 

In order to simulate the transport of photons from a MDCT source, the UCLA MC CT Dosimetry 

group created a subroutine called “source.f” to specify the MDCT geometry and source 
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characteristics. The purpose of “source.f” is to establish the initial energy, position, and trajectory 

of the simulated particles emitted from a MDCT source. 

 

Within the MCNPX input file used by the UCLA MC CT Dosimetry group, the “SDEF” card is 

replaced with an array of cards, called “IDUM” and “RDUM” cards, that defined specific CT 

scanners and scanning parameters. “IDUM” cards are integers and are used to specify the 

following elements to be used in a simulation: type of scanner, beam energy spectrum, filtration 

profile, scanning mode (fixed tube position, axial, contiguous axial, helical, and variable tube 

current), and scan direction. Because they are used for identification purposes, the “IDUM” cards 

are conditional statements within the “source.f” code. The “RDUM” cards, on the other hand, are 

floating point numbers and are used to specify the CT scanning parameters like pitch, nominal and 

measured collimation, start location, and scan length. Once the “IDUM” and “RDUM” variables 

have been designated in the input file, “source.f” utilizes text files containing the beam energy 

spectrum and filtration profile to randomly sample the energy, position, and the trajectory of each 

simulated photon. The information regarding the spectrum coming off the CT source anode and 

the bowtie composition is often proprietary. To circumvent this, for this dissertation, the energy 

spectrum and filtration profiles for MCNPX were based on the “equivalent source” and “equivalent 

bowtie” methods developed by Turner et al. [50]. 

 

The “source.f” subroutine first initializes the energy of each photon. The energy of the photons 

coming off the CT source anode can be described by the absolute energy spectrum, as can be seen 

in Figure 3-1A, which characterizes the frequency of emitted photons as a function of energy. The 

absolute energy spectrum can be transformed into a probability distribution function (PDF), shown 
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in Figure 3-1B, by normalizing the frequency of photons in each energy bin by the sum of the 

photons of the spectrum. The random number generator in “source.f” selects a value from zero to 

one. The PDF therefore needed to be expressed as a probability from zero to one. Using the Inverse 

Transform Method, the PDF can be transformed into a cumulative distribution function (CDF), 

seen in Figure 3-1C, that gives the probability of the energy spectrum as a number between zero 

and one. The CDF expresses the probability that a random energy value is less than or equal to a 

specified value. The CDF as a function of energy, P(E), is mathematically defined in terms of the 

energy PDF, p(e), as 

 

  Eq. 3-B 

  

The CDF photon energy spectrum used in “source.f” is discretized for utilization within MCNPX. 

The beam energy spectra data read by “source.f” is the discretized form of the CDF and is 

expressed as 

 

   Eq. 3-C 

  

Thus, for this dissertation, the “equivalent source” spectrum used in “source.f” is the discretized 

CDF for a given beam energy (80 kVp, 100 kVp, 120 kVp, 140 kVp, etc.). In short, the “equivalent 

source” spectrum is generated from using a soft, discretized tungsten anode spectrum and from 

iteratively comparing the half value layer (HVL) and quarter value layer (QVL) values this 

candidate spectrum produces as it is filtered through thicknesses of aluminum to the HVL and 

P (E) = prob(⇠  E) =

Z E

Emin

p(e)de
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QVL measurements of scanner in question [50]. Most of simulations of this dissertation were 

performed using the 120 kVp “equivalent source” energy spectrum for the scanners modeled 

herein. 

 

  

Figure 3-1: Examples of A) absolute energy spectrum, B) probability distribution function, and 
C) cumulative distribution function for a 120 kVp beam for the Definition AS64. 
 

The three-dimensional initial position of the simulated photon is determined by randomly sampling 

from the continuous sinusoidal functions characterizing the source trajectory, as is shown in Figure 

3-2. This source trajectory is on based the source motion (i.e., single axial, contiguous axial, and 

helical motion), helical pitch (if applicable), nominal collimation and measured collimation, 

longitudinal starting and ending location, and gantry angle specified with the “IDUM” and 
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“RDUM” variables. The three-dimensional initial trajectory is given as a unit vector randomly 

selected from the initial position, the fan angle of the scanner, and the measured beam width (in 

contrast to the nominal beam width). The measured beam width was estimated based on the full 

width at half maximum (FWHM) measurement of the longitudinal beam profile. 

 

 

Figure 3-2: Depiction of the trajectory of virtual CT scan for a voxelized patient [65] 
 

Photon attenuation through the bowtie filter is handled through the manipulation of the statistical 

weighting system within MCNPX. The particle weighting feature alters the weight MCNPX gives 

a particle during transportation. In “source.f”, the initial weight given to a particle is unity. As the 

photon traverses through the bowtie filter, there is a probability that it will undergo an interaction 

with the material of the bowtie filter. Thus, for a given angle, the photon weight in MCNPX is 

calculated using Eq. 3-D 

 

  Eq. 3-D 

 

Where μfilter is the attenuation coefficient of the filter material and L is the distance the simulated 

photon travels within the bowtie based on the photon’s initial trajectory. As mentioned above, this 

MCNPX Weight =
I

Io
= e�µfilter⇥L
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dissertation utilized the “equivalent bowtie” method, which, in short, models the bowtie filter of a 

particular scanner as equivalent pathlengths of a filter material [50]. The “source.f” incorporates 

the photon mass attenuation coefficient %𝜇 𝜌- & for the filtration material based on Hubbell and 

Seltzer [64]. The weighting of the photon is adjusted via the exponential attenuation depending on 

the length it travels through the bowtie filter. Lastly, the adjusted particle weight factor is again 

scaled by another factor that accounts for the inverse square intensity drop off of a point source of 

radiation. 

 

 
3.3 Voxelized Models Used in this Dissertation 

This dissertation used two kinds of voxelized models, both sourced from the image data of human 

anatomy: voxelized patient models and voxelized phantom models. These voxelized models are 

described in § 3.3.A and § 3.3.B, respectively. 

 

3.3.A Voxelized Patient Models from CT Image Data 

Voxelized patient models were created from the clinically-indicated CT images of head, chest, and 

abdominal/pelvis CT exams acquired from a variety of scanners. The process for creating these 

voxelized models from CT image data is based on an extension of the methodology developed by 

DeMarco et al. for converting CT image data into computational tomographic patient models [61]. 

This extension allowed for the incorporation of segmented radiosensitive organs from CT image 

data into MC simulations.  

 

For most of the chapters in this dissertation, raw projection data were first collected from CT 

scanners and were used to reconstruct image data at a FOV that allowed for all of the patient 
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anatomy to be contained within the image. Following reconstruction, the images were anonymized 

and then imported into the Quantitative Imaging Work Station (QIWS) designed by Computer 

Vision and Imaging Biomarkers (CVIB) research group. The “marking tool” software within 

QIWS was originally designed by the CVIB research group for contouring tumors [66]. For the 

purpose of this dissertation, a modified version of the “marking tool” software was used for 

contouring organs of interests and for including the segmentation into voxelized patient models. 

 

 

The organs that were fully contained within the FOV for a given CT exam were chosen and 

explicitly contoured on each slice either manually or semi-automatically. For the routine head 

exams, the subject of Chapter 4, the brain parenchyma was contoured. For the routine chest exams, 

the subject of Chapters 5, and non-routine chest exams, the subject of Chapters 8 and 9, the lung 

and glandular breast tissue were contoured. For this dissertation, glandular breast tissue was 

contoured only for women. For the routine abdomen/pelvis exams, the subject of Chapter 6, the 

liver, spleen, and kidneys were contoured. The organs of interest of Chapters 4 through 6, 8, and 

9 were relatively easy to contour and thus did not require a radiologist. However, concerning the 

routine abdomen/pelvis exams of pregnant patients, the subject of Chapter 7, the uterus, gestational 

sac, and fetus were contoured by a radiologist [67]. The voxels within the contoured regions were 

identified as the primary tissue types defined in the International Commission on Radiation Units 

and Measurements (ICRU) Report 44 and were assigned an elemental composition and density 

accordingly as an integer value [68]. Using the methods developed by DeMarco et al., each voxel 

is modeled as one of the six tissue types – lung, fat, muscle, bone, water, or air – and is subdivided 

into one of 17 tissue density levels using a validated CT number-to-tissue lookup table [59], [61]. 

Table 3-1 contains the lookup table for the different density levels for lung, fat, muscle, and bone. 



 41 

Any voxel with a CT number less -930 HU was set to air with a density of 0.001293 gm/3, and any 

voxel between -5 HU and +5 HU was assigned to water with density of 1 g/cm3. 

 
Table 3-1: CT number-to-tissue lookup table used to create the voxelized patient models from 
axial CT images. Any voxel with a CT number less -930 HU was set to air with a density of 
0.001293 gm/3, any voxel between -5 HU and +5 HU was assigned to water with density of 1 
g/cm3. 
 

 

 

Once the voxels have been assigned an integer material designation, the voxelized model was 

constructed using the repeated structure geometry cards in MCNPX. These are comprised of the 

“U,” “FILL,” and “LAT” cards [63]. This feature allows cells and surfaces cards to be repeated if 

they need to appear more than once within the geometry of the radiation transport problem. A 

rectangular prism is constructed within MCNPX to contain the entirety scan volume. The “U” card 

identifies the universe, if any, to which a cell belongs. The “FILL” card is used to specify the 

universe with which a cell is to be filled. For this dissertation, the cell representing the rectangular 

prism was filled with the lattice representing the voxels (and hence, their material designations) of 

the axial CT image. LAT = 1 is used to designate a rectangular (square) lattice comprised of 

hexahedra [63]. The lattice is filled beginning from the leftmost index along the x-axis, then along 

the y-axis, and finally in the z-axis. The “Dose Tool” software within QWIS was used to create 

the MCNPX input files from the image data. The process for generating voxelized patient models 

is summarized in Figure 3-3 below. 
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Figure 3-3: The creation of voxelized patient models using the pregnant patient image data from 
Angel et al. [67] as an example. Here, the A) original image is B) contoured wherein the regions 
of interest are segmented. In B), red corresponds to the uterus, orange corresponds to the 
gestational sac, and gold corresponds to the fetus. In C), the segmented image data is used to create 
voxelized patient models using Table 3-1 CT number-to-tissue look up table [61] and the “U,” 
“FILL,” and “LAT” cards in MCNPX. 
 

 

3.3.B GSF/ICRP Voxelized Phantom Models 

In addition to the voxelized patient models, Chapters 4 and 8 of this dissertation utilized two groups 

of reference voxelized phantom models: the GSF and ICRP voxelized phantom models [31], [69]. 

The GSF family of phantom models is composed of eight models, two of which are pediatric 

patients (“Baby” and “Child”). The ICRP models consist of two voxelized adult reference models, 

Adult Reference Male and Female. This section briefly the GSF/ICRP voxelized models and their 

incorporation in MC simulations. 

 

The physical characteristics of the GSF/ICRP reference voxelized phantoms are outlined in Table 

3-2. The GSF/ICRP phantoms are all based on image data, the characteristics of which are 

tabulated in Table 3-3. Of the ten GSF/ICRP phantoms, seven of them are whole body models; the 

remaining three phantoms are head and torso phantoms with some portions of the thighs. For 

B CA



 43 

phantoms with portions of anatomy excluded from the model, a weight and height for the 

individual who was scanned and for the phantom. For “Frank,” only the weight and height of the 

reference voxelized phantom model are given because the patient whose image were employed to 

make the model was not available. Figure 3-4 shows cross-sectional images of each of the 

GSF/ICRP voxelized phantom model. 

 

Table 3-2: Physical characteristics of GSF and ICRP voxelized patient models. Numbers in 
parentheses refer to the height and/or weight of the voxelized phantom models. For Frank, the 
numbers refer to the height and/or weight of the actual individual whose images were used to 
create the phantom. 

  
Names Gender Age Type Weight        

(kg) 
Height      
(cm) 

G
SF

 

Baby Female 8 wk Whole body 4.2 57 
Child Female 7 yr Whole body 21.7 115 
Donna Female 40 yr Whole body 79 170 
Frank Male 48 yr Head/torso 65.4 96.5 
Golem Male 38 yr Whole body 68.9 176 
Helga Female 28 yr Head/torso 81 170 
Irene Female 32 yr Whole body 51 163 
Visible Human Male 38 yr Head/torso 103.2  180  

IC
R

P 

ICRP Female 
(Regina) Female 38 yr Whole body 60 167 

ICRP Male 
(Rex) 

Male 43 yr Whole body 73 176 
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Table 3-3: Image characteristics of GSF/ICRP voxelized models used in this investigation 

  
Names 

Number 
of 

images 

Image 
resolution 

Slice 
Thickness 

(mm) 

Voxel 
size 

(mm3) 

G
SF

 
Baby 142 267 × 138 4 2.89 
Child 144 256 × 256 8 18.97 
Donna 179 256 × 256 10 35.15 
Frank 193 512 × 512 5 2.75 
Golem 220 256 × 256 8 34.61 
Helga 114 512 × 512 10 9.60 
Irene 348 262 × 132 5 17.57 
Visible 
Human 250 512 × 512 5 4.27 

IC
R

P ICRP Female 
(Regina) 

222* 299 × 137 4.8 15.24 

ICRP Male 
(Rex) 348* 254 × 127 8 36.53 

* For Regina and Rex, actual patient anatomy is 220 and 346, respectively, with a recommend 
extra slice of air at the cranial and caudal ends of the phantoms. 

 

 
Figure 3-4: Cross-sectional images of the ten GSF/ICRP phantom models 
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The GSF/ICRP reference voxelized phantom models have as many as 141 individual organs and 

tissues segmented. However, some of the radiosensitive organs have not been identified in the 

GSF/ICRP phantoms. Substitute organs are suggested for those organs that have not been 

identified based upon anatomical proximity. Glandular breast tissue is the only tissue type for 

which there is no substitute as there are no superficial organs in the vicinity that could serve as an 

adequate substitute. Table 3-4 contains the list of substitute organs for the those not identified in 

the GSF/ICRP phantoms. “Child,” “Golem,” and “Visible Human” do not have glandular breast 

tissue identified. 

 

Table 3-4: Substitute organs for the ICRP 103 and ICRP 60 organs not identified in the 
GSF/ICRP voxelized phantom models. 

ICRP 103/ICRP 60 Organ substitutes  
Breast -  

Gonads Prostate (male)/Uterus (female)  
Esophagus Thymus  

Salivary glands Brain  
Extrathoracic (ET) region Thyroid  

Gall bladder Pancreas  
Lymphatic nodes Muscle  

Oral mucosa Brain  
Small intestine Stomach or duodenum/ileum  

   
 

As with the generation of the voxelized patient models described in § 3.3.A, each voxel comprising 

the GSF/ICRP phantom models is given an integer value related to an organ, tissue type, or 

anatomical structure. Again, as with voxelized patient models, each organ or tissue type is 

designated a material description based on the elemental composition and physical characteristics 

of tissue based on ICRU 44 [68]. A density of 0.048 g/cm3 was assigned to the lung voxels of all 

of the phantom models. Red bone marrow (RBM) and the bone surface were not modeled explicitly 

in the models. Homogenous bone (HB) composition and density (1.4 g/cm3) was used for all 
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skeletal tissue, including the bone surface [69]. For MC simulations, the dose to RBM was 

estimated as the ratio of mass energy-absorption coefficients of RBM and HB multiplied by the 

dose to the HB [69]. The repeated structure cards within MCNPX are used to construct the voxelized 

phantoms in the same way as the voxelized patient models. Lastly, for this dissertation, all 

GSF/ICRP models were modified to mimic the scanning position by removing the arms and 

elevating the shoulders. Figure 3-5 shows a representation of the modified ICRP “Rex” and 

“Regina” models using the MCNPX plotter.  

 
 

 
Figure 3-5: Modified ICRP Models "Rex" and "Regina" in MCNPX plotter. These modified 
versions of the phantoms were used in this dissertation. 
 

 

3.4 DW Estimates Used in this Dissertation 
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As mentioned in § 1.6, the principle patient size metric used throughout this dissertation is Dw. 

This is an attenuation-based metric of patient size that attempts to describe the average attenuation 

characteristics of a patient in terms of an equivalent circle of water with the same attenuation 

characteristics. The use of water to estimate the attenuation characteristics of the human is 

appropriate given that water is a major component of the human body. AAPM Report 220 

describes two ways which Dw may be estimated, both of which are utilized in this dissertation.  

 

The first method involves using the axial CT image data to estimate Dw using the CT numbers 

associated with the pixels of each image [55]. In this instance, for patient anatomy within the axial 

image, estimating Dw (Dw,image) can be performed using Eq. 3-E 

 

  Eq. 3-E 
 

ρ is the average attenuation of the patient and is defined as  

 

  Eq. 3-F 

  

Where is the CT(x,y) is the pixel CT number at its xy location and N is the number of voxels within 

the patient. Apatient is the area of the patient and is given as 

 

  Eq. 3-G 

  

Dw,image = ⇢⇥ 2

r
Apatient

⇡
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With Apixel being the area of each pixel. Eq 3-E is coded into the QWIS “Dose Tool” software to 

give Dw estimates for each image in the series. In addition, the “Wbdy” ROI designation in the 

“marking tool” allowed for Dw estimates from ROIs contoured on the axial images. 

 

The second method for estimating Dw involves extracting the attenuation information from the CT 

localizer radiograph (referred to as the “topogram” by Siemens). For Siemens scanners, the AP 

and LAT dimensions of the patient are located in a private field in the DICOM header that can be 

extracted using software codes like Matlab. In this case, Dw from the AP and LAT found in the 

topogram (Dw,topo) is given as Eq. 3-H. Figure 3-5 shows the AP, LAT, and Dw distributions from 

the topogram. 

  

 
  Eq. 3-H 
  

 
Figure 3-6: The anterior-posterior (AP), lateral (LAT), and Dw distributions as functions of table 
position extracted from Siemens topogram overlaid over a patient topogram. 
 
 

Dw,topo =
p
AP ⇥ LAT
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In addition, this dissertation also employed simulated topograms based upon the methodology 

developed by McMillan et al. in the cases where attenuation information was not available [70]. 

Specifically, this methodology was used to produce TCM schemes for the fetal dose models used 

in Chapter 7 and the LDCT-LCS TCM schemes for GSF/ICRP phantoms used in Chapter 8. 

Briefly, the attenuation characteristics of each voxelized model were obtained from MCNPX 

simulations to emulate the AP projection geometry of the topogram. The resulting simulations 

were then used to estimate the AP dimension at each table position. Then, the LAT dimension was 

estimated from the AP dimension using a mathematical model that removes air and table 

attenuation and accounts for patient offset from isocenter. The Dw was calculated using Eq. 3-H 

above. Figure 3-6 shows the attenuation profile for one of the pregnant models used in Chapter 7 

of this dissertation. 

 

 
Figure 3-7: The AP, LAT, and Dw distributions using the methodology developed by McMillan 
et al. [70]. In this case, the AP, LAT, Dw distributions are overlaid on a simulated topogram. 
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3.5 Incorporation of Tube Current Modulation Data  

As mentioned in § 1.2 and again in § 1.4, TCM is routinely used in clinical practice as a dose 

reduction strategy for CT and thus is employed in a variety of routine and non-routine protocols.  

Therefore, in order to accurately simulate the effects of TCM on CT examinations, further 

modification to MCNPX using the “source.f” code were added to incorporate the ability to 

transport photons due to variable tube current. For this dissertation, TCM information is based on 

the CAREDose4D TCM algorithm from Siemens [48]. 

 

From the raw projection data, the tube current, I, at each table position, z, and each gantry tube 

angle, Θ, was extracted. Thus, for TCM, the tube current is expressed as a function of table position 

and gantry tube angle, denoted as I(z, Θ). The function I(z, Θ) is extracted from the raw projection 

data as a text file called a “vmas.txt” (variable mAs) file containing columns of the three 

components of I(z, Θ): table location, gantry tube angle, and the corresponding tube current value. 

The first line in the “vmas.txt” is a single entry denoting the total number of projections (i.e., 

entries) in the file. When the “IDUM” variables for specifying a variable tube current scan are 

selected in the MCNPX input file, “source.f” reads the “vmas.txt,” determines the maximum tube 

current value for the entire scan, and then normalizes all of the tube current values by the maximum 

value, thereby expressing the variable tube current in a range of zero to one. Figure 3-8 depicts the 

extracted TCM from the raw projection data and the normalized TCM curve used by MCNPX. 

Next, “source.f” indexes the “vmas.txt” ranging from one to the length of the file, wherein the 

length of the file corresponds to the number of projections. MCNPX randomly selects from these 

indices to set the position, direction, and weight of the photon wherein the indices correspond to 
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the table position, gantry tube angle, and normalized tube current. The process of selecting the 

photon energy and attenuation through the bowtie filter proceeds was described in § 3.2. 

 

 
Figure 3-8: (Left) TCM profile for a routine chest exam. (Right) Normalized tube current profile 
used by MCNPX. 
 

In addition, for instances in which there is no raw projection data (such as with the GSF/ICRP 

phantom models and the pregnant patient models), estimates of CAREDose4D TCM schemes were 

generated using methods developed by McMillan et al. [48], [70]. The AP projections for the 

simulated topogram were performed using the MCNPX “F2” surface flux detector tallies placed 

at the source-to-detector (SID) distance. The z-axis modulation is based on the maximum 

attenuation at each table position from either the AP or LAT direction from the simulated 

topogram. As such, the maximum attenuation at each table position, i, Amax(i) is determined by 

taking the maximum of the calculated AP and LAT size values for each tale position as shown in 

Eq. 3-I: 

 

   Eq. 3-I 

  

Table Position (mm)
0 50 100 150 200 250 300 350 400

Tu
be

 C
ur

re
nt

 (m
A

)

0

100

200

300

400

500

600

700
TCM as a function of table position

Table Position (mm)
0 50 100 150 200 250 300 350 400

N
or

m
al

iz
ed

 T
ub

e 
C

ur
re

nt

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Modeling TCM in MCNPX

Amax(i) = max [exp(µwater,kV p ⇥AP (i)), exp(µwater,kV p ⇥ LAT (i))]
<latexit sha1_base64="ZOHPuQKVOULx8y3pSow+xpGU7c4="></latexit>



 52 

where μwater,kVp is the linear attenuation coefficient of water for a given beam energy. For this 

investigation, μwater,kVp was set to 0.2 cm-1 for a 120 kVp beam. The tube current values (mA) at 

each table position, i, are calculated from the corresponding patient attenuation using Eq. 3-J:  

 

  Eq. 3-J 

 

where QRM is the quality reference effective tube current-time product (effective mAs) set on the 

scanner by the user on the interface [71], t is the gantry rotation time set by the user on the interface, 

pitch is the user selected pitch value, Amax(i) is the maximum patient attenuation at each table 

location i calculated in Eq. 3-I, Aref is the protocol-specific reference attenuation value specified 

by the manufacturer [71], [72], and b is a strength parameter that can be set according to individual 

preferences for the tube current increase and decrease. The default strength setting for all Siemens 

CT scanners is “Average” and this corresponds to a b value of 0.33 for attenuation greater than 

Aref and 0.5 for attenuation less than Aref  [71], [73]. For this dissertation, Aref was set to 600 (~32 

cm) for chest exams and 1000 (~35 cm) for abdomen/pelvis exams. The angular current tube was 

calculated at each table position, i, using Eq. 3-K: 

 

  Eq. 3-K 
 

where hROT denotes half rotation of the tube, A(i – hROT) represents the patient attenuation at the 

table position a half rotation prior to the current table position, Amin denotes minimum patient 

attenuation over the previous half rotation, Amax represents the maximum patient attenuation over 

mA(i) =
QRM⇥ pitch

t
⇥
✓
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<latexit sha1_base64="9Q6qhqIhY08tIfECTwghnKYfTKc="></latexit>

m(i) = 1� µ(i)⇥
✓
A

q
max �A(�hROT )q

A
q
max �A

q
min

◆

<latexit sha1_base64="ciob3qwOP6yJbIboVTFkx10KKw0="></latexit>



 53 

the previous half rotation, q represents an optimization parameter between 0.5 and 1.0, and μ(i) is 

a gantry rotation time-dependent parameter that limits the amount of modulation allowed at a given 

table position [70]. The complete estimated ATCM scheme is then generated by multiplying 

longitudinal (from Eq. 3-J) and the angular (from Eq. 3-K) together. Figure 3-9 depicts the process 

for generating estimated CAREDose4D TCM schemes using MCNPX. The predicted 

CAREDose4D schemes are stored in “vmas.txt” files and are used by “source.f” and MCNPX in 

the same way as the extracted TCM profiles. 

 

 

Figure 3-9: Simulated topogram of GSF “Frank” using MCNPX. The size information in the 
simulated topogram is used to generate the estimated CAREDose4D TCM scheme based on 
methodology outlined by McMillan et al. [70]. 
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results from MCNPX tally have to be converted from dose per source particle to absolute dose to 

take into account the dependence of beam collimation on photon fluence. 

 

In order to do this, the MCNPX *F4 tally results must be multiplied by a tube voltage- and 

collimation-dependent normalization factor (NFkVp,NT). Multiplying the tally results by NFkVp,NT 

will convert the MCNPX output to dose per mAs (tube current-time product). As described by 

Jarry et al. [62], NFkVp,NT is the ratio of the measured CTDIair for a given tube voltage and 

collimation from a single axial scan with the 100 mm ion chamber position at isocenter to the 

simulated CTDIair using same set up, albeit virtually: 

 

  Eq. 3-L 

 

To retrieve units of absolute dose in mGy, the dose per mAs has to be scaled by the total mAs of 

the scan in question, which is a product of the mAs per gantry rotation and the total number of 

gantry rotations. In the case of FTC, the mAs is the effective mAs applied to the whole scan; 

therefore, the total mAs is a constant value. In the case of TCM, the tube current varies as a function 

of table position and gantry tube angle. Since, as noted in § 3.5, the maximum tube current within 

the “vmas.txt” file is used to the normalize the entirety of the TCM function, the dose contributions 

of each photon are scaled relative to the maximum tube current. Therefore, in order to retrieve 

units of absolute dose from TCM simulation, the converted MCNPX output (again dose per mAs) 

has to be multiplied by the maximum mAs used to normalize the tube current, which is given in 

Eq. 3-M 

 

NFkV p,NT =
(CTDIair,measured)kV p,NT

(CTDIair,simulated)kV p,NT
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 Eq. 3-M 

 

Where CFMeV/g⇾	mGy is the conversion from MeV/g to mGy and nrot is the number of gantry 

rotation and is given by 

 

  Eq. 3-N 

 

In the case of FTC simulations, the max mAs seen in Eq. 3-M is simply replaced with the effective 

mAs. Absolute organ doses from either TCM or FTC MC simulations are denoted as Dorgan in this 

dissertation. 

 

3.7 Deriving Normalized Organ Dose Estimates from Absolute Organ Doses  

Normalized organ dose estimates (nDorgan) were calculated using Eq. 3-O 

 

  Eq. 3-O 

 

Where Dorgan values are the absolute organ estimates from MC simulations from § 3.6 and CTDIvol 

metric is a metric of scanner radiation output. This dissertation employed various renditions of the 

CTDIvol metric, including CTDIvol,16 for head exams, CTDIvol,32 for body exams, and CTDIvol, Low 

Att, which represents the radiation incident upon the organs of interest in the chest as defined by 

Khatonabadi et al. [74]. 

DTCM,kV p,NT = MC OUTPUT⇥ CFMeV/g!mGy ⇥NFkV p,NT ⇥max mAs⇥ nrot
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3.8 Overview of Workflow Processes  

The principle concern of this dissertation was investigating CTDIvol-normalized organ dose 

relative to SSDE (f-factors). The derivation of absolute and CTDIvol-normalized organ dose from 

MCNPX simulations as discussed in the previous sections was used throughout this dissertation. 

Organ doses from MCNPX were normalized by scan-specific CTDIvol values. The head exams of 

Chapter 4 are FTC and therefore a single CTDIvol,16 across all the patient and phantom models was 

used in that investigation. For the remaining Chapters 5 through 9, which are considered with body 

exams, CTDIvol,32 values used for chest and abdomen/pelvis exams were taken directly from the 

patient protocol pages from the scanners in the case of voxelized patient models. For the voxelized 

phantom models or for voxelized patient models that did not have patient protocol pages, 

CTDIvol,32 values were based on the average tube current across the scan volume per the IEC 

standard [25]. In this case, the average tube current from a TCM scan is multiplied by 

CTDIvol,32/mAs quantity based on CTDI100 per mAs measurements. 

 

For each of the patient models or phantom models used in this dissertation, an estimate of SSDE 

was calculated based on an of estimates Dw outlined in § 3.4 and from exponential relation given 

in Equation A-1 of AAPM Report 204 [54] 

 

  Eq. 3-P 

 

 For routine head exams, the subject of Chapter 4, A0 = 1.99 and B0 = 0.049 per AAPM Report 293 

[75]. For body exams, the subjects of Chapters 5 through 9, A0 = 3.70 and B0 = 0.037 per AAPM 

Reports 204 and 220 based on the 32 cm CTDI phantom [54], [55]. For body CT exams, which 

SSDE f � factors = A0 ⇥ exp(�B0 ⇥Dw)
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comprises the majority of the protocols investigated in this dissertation, the comparison of SSDE 

to MC-derived organ doses were performed with a range of patient sizes in terms of Dw. In this 

dissertation, bariatric patients were assumed to have a Dw estimate of ≈ 40 cm or greater. 

 

Figure 3-10 details the workflow process for instances where raw projection data is available. 

Starting with (I) raw projection data as input, (II) image data were reconstructed and segmented. 

(III) Tube current profiles was extracted from the raw data. (IV) The segmented image data was 

voxelized by mapping CT number to a material designation using a look-up table. The TCM data 

(III) and the voxelized patient model (IV) were incorporated into MCNPX to get (V) absolute 

organ doses. Absolute organ doses (V) were normalized by (VI) CTDIvol from the patient protocol 

page to yield (VII) CTDIvol-normalized organ doses. (VIII) From the topogram, estimates of Dw 

(IX) were then extracted. In this workflow, Dw estimates can also be taken from the image data. 

The Dw estimates were used to the calculate the SSDE f-factor value (X) from AAPM Report 204 

and 220. Lastly SSDE f-factors were then evaluated (XI) relative to MC-derived CTDIvol-

normalized organ doses. 
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*Dw estimates from image data can also be used 
 

Figure 3-10: Evaluation framework for patient models with raw projection data 
 

 

Figure 3-11 details the workflow process for instances where raw projection data is not available 

such as with the GSF/IRCP and pregnant patient models. Starting with a (I) voxelized model as 

input, (II) a simulated topogram was performed in MCNPX to get (III) an estimated tube current 

profile. The voxelized model (I) and the TCM data (III) are incorporated into MCNPX to get (IV) 

absolute organ dose estimates. (V) CTDIvol was calculated based off the average tube current from 

the estimated TCM schemes and was to get (VI) CTDIvol-normalized organ doses. (VII) From the 

simulation topogram, estimates of Dw (VIII) were then extracted. Here again, Dw estimates can 

also be taken from the image data if topograms are not available. The Dw estimates were used to 

the calculate the SSDE f-factor value (IX) from AAPM Report 204 and 220. Lastly, as above, 

SSDE f-factors were then evaluated (X) relative to MC-derived CTDIvol-normalized organ doses. 
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*Dw estimates from image data can also be used 

 
Figure 3-11: Evaluation framework for patient or phantom models without raw projection data 

 

For both frameworks (with or without raw projection data), in FTC scenarios, such as the subject 

Chapter 4 and part of Chapter 7, the inclusion of the TCM data into the MC engine can be omitted 

from the workflow. In this case, the absolute organ dose estimates and CTDIvol values can be based 

on the effective mAs used for the scan. In both Figures 3-10 and 3-11, the red boxes outlining the 

evaluation methodology for SSDE relative to MC-derived organ dose compromise the 

contributions of this dissertation to the field of CT dosimetry. This evaluation framework of SSDE 

to organ dose, in combination the previous methodology used by the UCLA MC Dose Research 

group (represented by the workflow outside the red box), addresses the shortcomings of previous 

work. 
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CHAPTER 4: ESTIMATING A SIZE-SPECIFIC DOSE FOR HELICAL 
HEAD CT EXAMINATIONS USING MONTE CARLO METHODS 

*This chapter is based on Hardy AJ, Bostani M, Hernandez AM, Zankl M, McCollough C, Cagnon C, 
Boone JM, and McNitt-Gray MF, “Estimating a size-specific dose for helical head CT examinations using 
Monte Carlo simulation methods,” Med. Phys., vol. 46, no. 2, pp. 902–912, 2019. 
 
†Data from this chapter is also incoporated into American Association of Physicist in Medicine (AAPM) 
Report 293. Boone JM (Chair), Strauss KJ (Vice Chair), Hernandez A, Hardy AJ, Applegate KE, Artz NS, 
Brady SL, Cody DD, Kasraie N, McCollough CH, McNitt-Gray M. Size-Specific Dose Estimate (SSDE) 
for Head CT: Report of AAPM Research Task Group 293. 2019 July. 
 

4.1 Introduction 
 
A recent study conducted by the University of California Dose Optimization and Standardization 

Endeavor (UC Dose) summarizing CT doses across twelve University of California medical 

centers found that head scans comprised 16% of all adult CT examinations [76]. The same study 

also found that the most frequent area imaged in pediatric patients was the head, accounting for 

33% of the total procedures administered [76]. The fact that radiation exposure from head CT 

examinations is a large contributor to the total medical radiation exposures underscores the need 

for accurate patient dose assessments from head CT procedures, particularly for younger patients. 

 

The radiation dose metric commonly reported on most scanners is the volume computed 

tomography dose index (CTDIvol) [20], [77]. This metric, however, is a measure of dose to a 

reference phantom, not a measure of patient dose [20], [77]. Turner et al. showed that utilizing 

CTDIvol as normalization metric for Monte Carlo (MC) simulated organs doses from abdominal 

CT scans compensated both for the differences among scanner manufacturers and reduced the 

variation of organ doses across scanners from 31.5% down to 5.2% [52]. Subsequently, AAPM 

Report 204 developed the size-specific dose estimate (SSDE) quantity to adjust CTDIvol using a 



 61 

set of CTDIvol-to-patient-dose conversion coefficients from either the CTDIvol,32 or CTDIvol,16 

phantom to account for patient size in adult and pediatric body CT exams, respectively [54]. SSDE 

“…provides an estimate of the dose at the center of the scanned region (along z) in the patient” 

and is defined as the patient dose estimate that takes into account corrections based on patient size 

by AAPM Report 204 [54]. Although SSDE has been shown to be a good substitute for organ dose 

in the context of abdominal scans [57], the work of AAPM Report 204 was limited only to body 

CT examinations. 

 

The work of McMillan et al. in 2014 sought to extend the approach developed by Turner et al. and 

used in AAPM Report 204 for the body, to investigate organs of interest in the head, including 

brain and lens of eye, for routine helical and axial acquisitions [78]. In that study, strong predictive 

exponential correlations were observed when MC simulated organ doses from detailed voxelized 

phantom were normalized by CTDIvol,16 and were parameterized by water equivalent diameter (Dw) 

as a metric of patient size [55], yielding coefficients of determination (R2) of 0.93 for whole brain 

dose for helical scans [78]. While predictive correlations were determined by McMillan et al., that 

work focused on organ doses rather than dose to the center of the scan volume, the latter being 

consistent with SSDE as defined in AAPM Report 204 [54]. 

 

Therefore, the purpose of this current study was to estimate dose to the “center of the scan volume” 

for helical head CT exams that can be used to help determine conversion factors for an SSDE of 

the head. AAPM Report 204 described that the Size Specific Dose Estimate (SSDE) gives an 

estimate of the dose at “the center of the scanned region (along z) in the patient” [54]. However, 

for helical head CT exams, the definition of the “center of the scanned region (along z)” is open to 
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several interpretations, which are explored in this manuscript to determine if there are difference 

in results based on these interpretations. Therefore, this work employed voxelized patient models 

along with MC simulation techniques with mesh tallies of the entire head to produce voxelized 

dose distributions wherein two different interpretations of “center of the scan volume” were 

investigated: a small central region within the brain parenchyma and a central slab comprising both 

brain parenchyma and bone of the cranium. Additionally, the entire scan volume was also 

investigated for sake of comparison and completeness. In the case of the central slab, as well for 

the entire scan volume, doses both to the brain parenchyma and bone were also estimated 

separately. To account for the dose deposited in both the brain parenchyma and bone in the head, 

a mass weighted-average dose comprising both brain parenchyma and bone was devised to account 

for the presence of both brain parenchyma and bone within the slab tally region, as well as for the 

entire scan volume. In a manner similar to that used in AAPM Report 204, all doses were 

normalized by CTDIvol,16 and were parameterized in an exponential fashion with Dw. Lastly, organ 

dose estimates from this study are used in Chapter 10 in order to compare brain parenchyma dose 

to SSDE. 

 
 
4.2 Materials and Methods 
 
4.2.A Patient models 

Ten voxelized phantom models from the GSF (Gesellschaft für Strahlen- und Umweltforschung; 

National Research Centre for Environment and Health – current name: Helmholtz Zentrum 

München, German Research Center for Environment Health, Institute of Radiation Protection, 

Neuherberg, Germany) family [31] and the ICRP (International Commission Radiological 

Protection) voxelized reference male and female [69], [79] were used with all radiosensitive organs 
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identified. The eight GSF voxel-based models were created from CT images with up to 131 organs 

and anatomic structures segmented. The two ICRP reference male and female voxelized models 

were each based off modifications of two corresponding male and female GSF models of similar 

external dimensions.  The GSF/ICRP voxelized models used in this study had the in-plane 

resolution subsampled from the original to decrease computation time [31], [69], [79]. 

 

Additionally, to extend this investigation into the pediatric size range, the adult models were 

augmented with five voxelized patient models created from anonymized head CT volume data sets 

of pediatric patients. These data sets were obtained from clinically indicated scans under IRB 

approval. Figure 7-1 contains an example of an axial slice of a 23-month-old pediatric head CT 

scan and the corresponding voxelized representation utilized in the MC simulations. All scans were 

acquired on a Siemens Sensation 64 multi-detector row CT (MDCT) and were performed in the 

supine position. To create voxelized models of each patient’s anatomy from the image data, voxels 

within each image series were modeled as either fat, water, muscle, bone or air and were 

subdivided into one of seventeen density levels depending on its CT number [61]. The density 

variations for the six different material designations are based upon the CT scanner calibration 

curve and the linear relationship between mass density and electron density. This number of bins 

has been shown to be sufficient for CT dosimetry and has been validated in previous studies [59], 

[61]. Individual organs were not segmented for these patient models, but brain parenchyma tissue 

was semi-automatically contoured and explicitly identified. The MCNPX model characteristics 

for all voxelized models used in this study are summarized in Table 4-1. Detailed descriptions of 

scan length determination and patient size metrics in terms of Dw can be found in § 4.2.B and § 

4.2.C, respectively. 
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Figure 4-1: (Left) Head CT image of a pediatric patient (Peds5) who underwent a routine CT head 
exam with window/level settings and reconstruction field of view (FOV). (Right) Monte Carlo 
representation of the patient produced using a CT number-based lookup table. The image on the 
right is color-coded for the material designations for each voxel. 

 

Table 4-1: MCNPX model resolution characteristics, scan lengths, and Dw for GSF/ICRP phantom 
models and five patient models used in this investigation 

 
* Indicates a voxelized patient model created from image data obtained from clinically indicated 
scans 
 
 
4.2.B CT scanner and scanning protocol 

The scanning protocol used in this investigation was taken from the AAPM Adult Routine Head 

Brain parenchyma
Bone
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W/L: 400/40 
FOV: 180 mm
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CT protocol for a Siemens Sensation 64 MDCT [80]. Table 4-2 contains the CT scanning protocol 

used in this investigation. All simulations were performed as fixed tube current FTC helical scans 

with the voxelized models centered within the gantry and with the patient table removed. The scan 

range was defined from the top of the C1 lamina through the top of the calvarium [80]. The widest 

nominal collimation setting of 28.8 mm (measured beam width of 32.2 mm) on the Siemens 

scanner was used in the simulations because it is the most dose efficient collimation setting [78]. 

The AAPM’s Routine Head CT protocol recommends either the gantry or head be tilted to reduce 

the dose to the lens of the eye [80]; however, for the scanner being modeled, helical scans are not 

performed with gantry tilt, so no tilt angle was used in these simulations. 

 

Table 4-2: Routine helical head FTC scanning protocol and associated CTDIvol,16 per mAs for 
the scanner used in this investigation 

Parameter Setting 
kV 120 
Rotation time (s) 0.5 
Helical pitch 0.55 
Nominal collimation (mm) 28.8 
Bowtie filter Standard 
Central Half Value Layer 8.9 mm Al 
CTDIvol,16/mAs (mGy/mAs) 0.24 

 

 

4.2.C Size Metrics 

Dw is a size metric referenced in AAPM Report 220 as the “x-ray attenuation of a patient in terms 

of a water cylinder having the same x-ray absorption” and was used in this study as a measure of 

patient size [55]. For the five pediatric patients, Dw was estimated at the center of the scan volume 

directly from the CT numbers (in Hounsfield units, HU) in their image data. For the GSF/ICRP 
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models, it is not possible to directly calculate Dw since they are constructed with pixel data 

containing tissue identification numbers, not CT numbers. The Dw estimates for GSF/ICRP 

voxelized phantoms were instead obtained indirectly from a correlation between effective diameter 

and Dw [78]. 

 

4.2.D Monte Carlo simulations 

All CT dose simulations for this investigation were conducted using a modified version of the 

radiation transport software package MCNPX (Monte Carlo N-Particle eXtended version 2.7.a) 

[59], [63], [81]. Specifically, the source code was modified to model a MDCT scanner geometry 

and X-ray source trajectory. All simulations were conducted in photon transport mode with a 1 

keV low-energy cut-off. This transport mode does not transport secondary electrons and instead 

assumes their energy to be deposited at the interaction site. All MC CT dosimetry for helical head 

scans were performed using an equivalent source model of the Siemens Sensation 64 MDCT 

scanner [50]. The equivalent source model, as previously described by Turner et al., generates and 

incorporates scanner-specific x-ray spectra  and bowtie filter profiles [50].  

 

Concerning the voxelized models mentioned in § 4.2.A, incorporation into MCNPX simulations 

required that each model be represented as a three-dimensional matrix of organ or non-anatomic 

material. Integer identification numbers were allocated for material descriptions based on 

elemental compositions of tissue substitutes and their densities as defined in ICRU Report 44 [61], 

[79], [82]. Three-dimensional dose distributions of the entire head of each voxelized model were 

produced using the track-averaged rectangular mesh tally configuration (RMESH) in MCNPX. 

This tally configuration tracks particles through a mesh grid that is independent of the regular 
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transport problem [63]. The mesh tally grid was defined to match the matrix size and resolution of 

each individual voxelized model to ensure that the dose on a per voxel basis was accurately 

estimated. The average energy deposition within each voxel was tallied in units of 

MeV/cm3/source particle [63]. The resulting voxel-wise energy deposition maps were then divided 

by a density map to get units of MeV/g/source particle. 

 

Normalization factors are necessary to convert dose per simulated source particle (mGy/source 

particle) to absolute dose per tube current time product (mGy/mAs). To achieve this, all MCNPX 

tally results were multiplied by a scanner, collimation, and beam energy specific normalization 

factor [60]. Each simulation was performed with 108 photons to ensure a statistical uncertainty of 

less than 2% for each individual mesh element. Because a mesh tally was used to investigate the 

dose distribution, the computation time was on the order of 10-15 hours per voxelized model, 

depending on the resolution of the phantom. This work used computational and storage services 

associated with the Hoffman2 Shared Cluster provided by UCLA Institute for Digital Research 

and Education’s Research Technology Group. 

 

4.2.E CTDIvol Measurements 

Since CT head scans performed in this study were all simulated scans, estimates of CTDIvol,16 were 

needed for normalization purposes. Conventional CTDI100 exposure measurements were taken at 

the center and peripheral position of a CTDIvol,16 phantom with the scan parameters outlined in § 

4.2.B. Exposure measurements in milliroentgen (mR) were made with a standard 100-mm pencil 

ionization chamber (model: 10X6-3CT, Radcal, Monrovia, CA; calibrated by Radcal) coupled 
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with a calibrated electrometer (MDH 1015, Radcal, Monrovia, CA; calibrated by Radcal) and 

converted to units of air kerma (mGy) using the conversion factor 1 mR = 0.00876 mGy. The 100-

mm pencil ionization chamber and electrometer were calibrated for diagnostic energies with an 

energy dependence of ± 5% for 3 - 20 mm AL HVL. The air kerma was then normalized by the 

tube current-rotation time product (mAs) used to take the initial measurements. CTDIvol,16 was 

then calculated from the CTDI100 measurements at the central and peripheral locations and was 

recorded on an air kerma per tube current-rotation time product basis (mGy/mAs). 

 

4.2.F Dose analyses 

All dose values for each voxel in the patient models were obtained using mesh tallies as outlined 

in § 4.2.D. Three regions were investigated in this study: (1) a small 0.6 cc volume at the center of 

the scan volume, (2) a 0.8-1.0 cm axial slab at the center of the scan volume, and (3) the entire 

scan volume. A representation of each tally region is shown in Figure 4-2. Tally regions #1 and #2 

were investigated as separate interpretations of “center of the volume.” For tally region #1, a 0.6 

cc volume was positioned at the center of the scan volume and the mean brain parenchyma dose 

values within all voxels in this small volume were averaged. Tally #1 was used to estimate the 

dose in a volume that is comparable to a farmer chamber located in the center of the head. This 

configuration allows for a simplified comparison against empirical measurements wherein a 

farmer chamber is placed in the center hole of physical head CT dose phantoms (e.g. CIRS head 

CT phantoms [83]). The coefficient of variations (CoV) were also recorded. This configuration 

was used to mimic a dose reading from the irradiation of 0.6 cc ion chamber virtually located in 

the center of head. 
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For tally region #2, dose values within a slab parallel to an axial plane at the center of the scan 

volume were identified. The thickness of the slab ranged from 0.8 – 1.0 cm, depending on the slice 

thickness of the voxelized phantom, as detailed in Table 4-1 in § 4.2.A. Dose estimations within 

this slab consists of dose to the brain parenchyma and the bone surrounding it. Under this 

configuration, the mean of the dose voxels to both brain parenchyma and bone within the slab were 

calculated. The standard deviation and coefficient of variation for both brain parenchyma and bone 

dose within the slab were also calculated. Additionally, to consider the presence of both brain 

parenchyma and bone in tally #2 and tally #3, a mass-weighted average of dose contributions from 

both brain tissue and bone was calculated using Equation 4-A, 

 

  Eq. 4-A 

 

where Dbone and Dbrain are the mean dose contributions from bone and brain parenchyma, 

respectively, and Mbone and Mbrain represent the mass contributions from bone and brain 

parenchyma, respectively. Similarly, the mean of the dose voxels of both brain parenchyma and 

bone within the entire scan volume were calculated, as well as a mean mass-weighted average 

dose. The standard deviations and coefficients of variation for brain parenchyma and bone doses 

within the entire scan volume were also recorded. In this study, mean doses are designated using 

the nomenclature Dtissue,tally where tissue represents the tissue type and tally represents one of the 

three tally regions. The tissue contents and doses calculated within each tally region are 

summarized in Table 4-3.  

 

Dwt�avg =
DboneMbone +DbrainMbrain

Mbone +Mbrain
<latexit sha1_base64="p5IyVyTnePutU4dh3I/2Em0uY4w="></latexit>
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Figure 4-2: MCNPX voxelized representation of ICRP male “Rex” depicting A) the 0.6 cc volume 
positioned at the center of scan volume (tally region #1), B) the 0.8-1.0 cm axial slab positioned 
at the center of the scan volume (tally region #2), and C) the entire scan volume (tally region #3) 
as specified by the AAPM Routine Head CT [80] protocols with corresponding color-coded 
material designation for each voxel. 
 
 

Table 4-3: Summary of tally regions, tissue contents within each tally region, and mean dose 
estimates measured 

Tally region Tissue(s) in tally region Doses calculated 

#1: 0.6 cc volume Brain parenchyma  Dbrain,1 
#2: Central slab  Brain parenchyma, bone Dbrain,2, Dbone,2, Dwt-avg,2 
#3: Entire scan volume  Brain parenchyma, bone Dbrain,3, Dbone,3, Dwt-avg,3 

 

All dose values were normalized by CTDIvol,16. Consistent with AAPM Report 204, normalized 

dose values were parameterized as a function Dw using the following exponential relationship 

using Eq. 4-B:  

 

Tally Region #1

Tally Region #2
Tally Region #3

Brain parenchyma
Cortical bone Muscle tissue

Nasal passage 
Air

Skin

A B C
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  Eq. 4-B 

 

where A and B (units of cm-1) are regression constants for a given tissue classification. The 

coefficient of determination (R2) was used to assess the ability of the correlations to explain the 

proportion of variation explained by Dw. 

 

Dose matrix analysis was performed using MATLAB scripts (R2014b, TheMathWorks, Inc., 

Natick, Massachusetts, United States). Brain parenchyma dose voxels from all three tally regions 

were compared using the one-way analysis of variance (ANOVA). ANOVA was also performed 

to compare conversion factors from AAPM Report 204 for a CTDIvol,16 phantom with normalized 

brain parenchyma dose voxels from the three tally regions. Bone doses for tally regions #2 and #3 

were compared using a paired t-test. Additionally, differences between Dbone,2 and Dbone,3 were also 

tabulated and was defined as follows: 

 

  Eq. 4-C 

  

Where D2 and D3 are the doses corresponding to tally regions 2 and 3, respectively, and ∆D is the 

difference between D2 and D3. Similarly, the mass-weighted average doses for tally regions #2 and 

#3 were also compared using a paired t-test and the differences between Dwt-avg,2 and Dwt-avg,3 were 

calculated using Eq. 4-C and were tabulated. ANOVA was also performed to compare conversion 

factors from AAPM Report 204 with mass-weighted average doses from tally regions #2 and #3. 

nDtissue,tally =
Dtissue,tally

CTDIvol,16
= A⇥ e�B⇥Dw

<latexit sha1_base64="FsQzV6QkFj38ikp6W7J4j4JvJs0="></latexit>

|�D|
.5(D2 +D3)

⇥ 100%
<latexit sha1_base64="Tid+JUwGOFc2VyB/gzrvWmg2A4Y=">AAACGXicbVDLSgNBEJz1GeMr6tHLYBAiwjKbKHoMmoNHBWOE7LLMTmaTIbMPZnqFsMlvePFXvHhQxKOe/BsnMQc1FjQUVd10dwWpFBoI+bTm5hcWl5YLK8XVtfWNzdLW9o1OMsV4kyUyUbcB1VyKmDdBgOS3qeI0CiRvBf3zsd+640qLJL6GQcq9iHZjEQpGwUh+ibihoiwfYrfBJVDcwMNRbh9XGn4VH+KGXzsYYRdExDV2CMHuvl8qE5tMgGeJMyVlNMWlX3p3OwnLIh4Dk1TrtkNS8HKqQDDJR0U30zylrE+7vG1oTM0uL598NsL7RungMFGmYsAT9edETiOtB1FgOiMKPf3XG4v/ee0MwlMvF3GaAY/Z96IwkxgSPI4Jd4TiDOTAEMqUMLdi1qMmKjBhFk0Izt+XZ8lN1XZqNrk6KtfPpnEU0C7aQxXkoBNURxfoEjURQ/foET2jF+vBerJerbfv1jlrOrODfsH6+ALtup0R</latexit>
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Statistical analyses were performed using GraphPad Prism 6.00 for Mac OS X (GraphPad 

Software, La Jolla, California, USA, www.graphpad.com). 

 
 
4.3 Results 
 

4.3.A Mesh tally results 

Dose distribution maps from the mesh tally simulations of three different voxelized models are 

shown in Figure 4-3.  These mesh tally results provide a graphical representation of the uniformity 

of the dose distribution within the brain parenchyma. Each of the following sections below 

describes the doses for each tissue group: brain parenchyma dose, bone dose, and the mass-

weighted average of brain parenchyma and bone dose. 

 

 

Figure 4-3: Axial view of voxelized dose distribution maps for Peds3, Peds4, and Rex, 
respectively, at the top, center, and bottom of the scan volume. The red arrow at the top of the 
figure indicates the direction of the scan range. 
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4.3.A.1 Brain parenchyma doses 

Dbrain,1, Dbrain,2, and Dbrain,3, for each voxelized model can be seen in Table 4-4 with values ranging 

from 0.188 mGy/mAs to 0.292 mGy/mAs, 0.185 mGy/mAs to 0.286 mGy/mAs, and 0.178 

mGy/mAs to 0.284 mGy/mAs, respectively. This table also shows that the CoV were below 2.6%, 

6.5%, and 9.4% within tally regions #1, #2, and #3, respectively, across all voxelized models and 

below 3.9% across all tally regions within each voxelized model. ANOVA with multiple 

comparison showed that Dbrain,1, Dbrain,2, and Dbrain,3 were not significantly different from each 

other [F(2, 42) = 0.07, p = 0.93]. 

 

Table 4-4: Mean brain doses by tally region type with coefficients of variation within each tally 
region, and the coefficient of variation across tally regions for each patient 
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4.3.A.2 Bone doses 

Dbone,2 and Dbone,3, for each voxelized model, ranged from 0.664 mGy/mAs to 1.040 mGy/mAs and 

0.604 mGy/mAs to 0.957 mGy/mAs, respectively, as indicated in Table 4-5. The CoV for Dbone,2 

and Dbone,3 was less than 27% and 29%, respectively, within the individual patient models and 

differences of less than 12% were observed across all models. The differences between Dbone,2 and 

Dbone,3 were found to be statistically significant (p < 0.0001, using paired t-test). 

 

Table 4-5: Mean bone doses by tally region type with coefficients of variation within each tally 
region and differences between the means of each region 

 
 Slab  

(#2)  
Entire scan volume 

(#3) 
  

Name   Dbone,2  
(mGy/mAs) 

CoV 
(%)  

 Dbone,3  
(mGy/mAs) 

CoV 
(%) 

 Difference 
(%) 

Peds2  0.929 8  0.916 11  1.4 
Peds1  0.917 27  0.894 29  2.5 
Baby  1.040 6  0.957 14  8.3 
Peds3  0.839 16  0.768 21  8.8 
Peds5  0.857 14  0.768 19  10.9 
Peds4  0.759 18  0.731 24  3.8 
Child  0.792 5  0.733 15  7.8 
Helga  0.734 10  0.651 16  12.0 
Irene  0.730 9  0.697 12  4.7 

Golem  0.723 8  0.688 15  11.0 
Visible 
Human  0.673 13  0.603 18  5.3 

Regina  0.730 9  0.693 11  5.0 
Donna  0.750 9  0.680 13  9.7 

Rex  0.661 8  0.636 11  3.9 
Frank  0.664 10  0.604 17  9.4 

 

 

4.3.A.3 Mass-weighted average 
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Dwt-avg,2 and Dwt-avg,3 ranged from 0.306 mGy/mAs to 0.397 mGy/mAs and 0.380 mGy/mAs to 

0.472 mGy/mAs, respectively, across all voxelized models as indicated in Table 4-6. Differences 

of less than 27% were observed between Dwt-avg,2 and Dwt-avg,3 for each of the individual patient 

models. In addition, Dwt-avg,3 was consistently higher than Dwt-avg,2 across all patient models. These 

differences were statistically significant (p < 0.0001, using paired t-test). 

 
Table 4-6: The mass-weighted average of brain and bone dose for tally regions #2 and #3 (Dwt-

avg,2 and Dwt-avg,3) and the differences between the means of each region. 

 
 Slab  

(#2) 
 Entire scan volume 

(#3)    

Name 
  Dwt-avg,2 

(mGy/mAs) 
 Dwt-avg,3  

(mGy/mAs)   
 

 Difference 
(%) 

Peds2  0.338  0.412   20 
Peds1  0.366  0.436   18 
Baby  0.397  0.472   17 
Peds3  0.359  0.399   11 
Peds5  0.326  0.408   22 
Peds4  0.326  0.395   19 
Child  0.324  0.397   20 
Helga  0.311  0.398   25 
Irene  0.328  0.417   24 

Golem  0.351  0.411   16 
Visible 
Human  0.332  0.380   13 

Regina  0.306  0.402   27 
Donna  0.350  0.427   20 

Rex  0.317  0.379   18 
Frank  0.361  0.401   11 

 

 

4.3.B Size-specific, scanner-independent dose estimates  

4.3.B.1 Normalized brain parenchyma doses estimates and comparison with AAPM Report 204 

values 
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Figure 4-4 shows normalized brain parenchyma dose estimates for the three tally regions (nDbrain,1, 

nDbrain,2, and nDbrain,3) parameterized as functions of Dw. For comparison, AAPM Report 204 

conversion coefficients for the 16 cm pediatric body phantom as a function of Dw (Figure 6 from 

that report) are included in the same figure. The coefficients of determination for nDbrain,1, nDbrain,2, 

and nDbrain,3 dose estimations were 0.86, 0.84, and 0.88, respectively. Results from the regression 

analysis are summarized in Table 4-7. ANOVA showed there was no statistically significant 

difference between nDbrain,1, nDbrain,2, and nDbrain,3 compared to the AAPM Report 204 conversion 

factors based on CTDIvol,16 [F(3, 56) = 0.70, p = 0.56]. However, it should be noted that estimates 

using AAPM report 204 conversion factors were consistently higher by 5-10% than those obtained 

using the regression equations for nDbrain,1, nDbrain,2, and nDbrain,3 from Table 4-7. 

 

 

Figure 4-4: Brain parenchyma dose estimations for the three tally regions (nDbrain,1, nDbrain,2, and 
nDbrain,3) normalized by CTDIvol,16 are plotted as a function of Dw along with the associated 
regression fits. AAPM Report 204 conversion factors based on CTDIvol,16 are also plotted for 
comparison.
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Table 4-7: Regression analysis results for nDbrain,1, nDbrain,2, and nDbrain,3, along with AAPM 
Report 204 regression curve coefficients 

Normalized dose A B (cm-1) R2   
nDbrain,1 1.80 0.041 0.86 
nDbrain,2 1.74 0.041 0.84  
nDbrain,3 1.93 0.046 0.88   

AAPM Report 204 1.87 0.039 -  
 

 

4.3.B.2 Normalized bone doses estimates 

Figure 4-5 contains nDbone,2 and nDbone,3 parameterized as functions of Dw. The coefficients of 

determination for nDbone,2 and nDbone,3 were 0.83 and 0.87, respectively. Results of the regression 

analysis are tabulated in Table 4-8. 

 

 

Figure 4-5: nDbone,2 and nDbone,3 with associated regression fits. 
 
 
 

Table 4-8: Regression analysis for nDbone,2 and nDbone,3 
Normalized Dose A B (cm-1)    R2 

nDbone,2 6.17 0.039 0.83 
nDbone,3 6.17 0.043 0.88 
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4.3.B.3 Normalized mass-weighted average doses and comparisons to AAPM Report 204 values 
 
Figure 4-6 shows nDwt-avg,2 and nDwt-avg,3 parameterized as functions of Dw. The coefficients of 

determination for nDwt-avg,2 and nDwt-avg,3 were 0.39 and 0.51, respectively. ANOVA revealed a 

statistically significant difference between AAPM Report 204 conversion factors and nDwt-avg,2 and 

nDwt-avg,3 dose estimations [F(2,42) = 168.1, p < 0.0001]. Results from the regression analysis are 

summarized in Table 4-9. It should be noted here that the AAPM Report 204 values are 

consistently lower than nDwt-avg,2 and nDwt-avg,3 dose estimations as indicated in Figure 4-6. The fit 

coefficients for AAPM Report 204 are the same as those in Table 4-7. 

 

 

Figure 4-6: Normalized mass-weighted average dose to the brain parenchyma and cortical bone 
for tally regions #2 and #3 (nDwt-avg,2 and nDwt-avg,3) along with the associated regression fits. 
AAPM Report 204 conversion factors based on CTDIvol,16 are also plotted for comparison.  
 
 

Table 4-9: Regression analysis for nDwt-avg,2 and nDwt-avg,3 
Normalized Dose A B (cm-1)    R2 

nDwt-avg,2 1.76 0.014 0.39 
nDwt-avg,3 2.08 0.013 0.51 
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4.4 Discussion  
 
In this study, Monte Carlo simulation methods were performed to obtain estimates of brain 

parenchyma and bone dose from patients of different sizes and different tally configurations that 

could be used as a basis for determining SSDE conversion coefficients for routine, helical head 

CT examinations. Two different tally configurations were considered as possible candidates for 

the condition that the measured dose be in the “center scan volume” as described in AAPM Report 

204 [54]. In addition, a third tally configuration estimates the dose to the entire scan volume of 

each patient for comparison. A mass-weighted average dose quantity was used to consider the 

presence of bone in the central slab tally configuration, as well for the entirety of the scan volume. 

Lastly, normalized brain parenchyma dose estimations under all the three tally configurations and 

normalized mass-weighted average dose quantity for the both slab and the entire scan volume were 

compared with conversion coefficients from AAPM Report 204 based on CTDIvol,16. 

 

nDbrain,1, nDbrain,2, and nDbrain,3 had R2 of 0.86, 0.84 and 0.88, respectively. This indicates that Dw 

provides good correlative function for the normalized brain parenchyma dose using the three tally 

configurations investigated in this study. Unlike the study conducted by McMillan et al., which 

only investigated normalized organ doses [78], the current study employed meshed tallies to map 

dose distributions on a per voxel basis. Using this approach, Dbrain,1, Dbrain,2, and Dbrain,3 were found 

to be homogeneous with CVs below 10% across all voxelized models and below 4% across all 

tally regions within each voxelized model. The implications of this result are twofold. The first is 

that if “center of the scan volume” is defined as a small, central volume (Dbrain,1) or a central slab 

within the brain parenchyma (Dbrain,2), then normalized doses within these regions should yield 

similar results for a head SSDE. The second is that since the dose to the brain is fairly uniform, a 
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dose measure from either of these two tally regions would be similar to dose to the entire brain 

(Dbrain,3). 

 

Dbone,2 and Dbone,3 dose estimations had CoVs as high as 29% and 27%, respectively. Variations of 

surface dose as high as 30% for helical scans were previously observed by Zhang et al. as a 

consequence of wider beam collimations and tube start angle [35]. When investigating the surface 

dose profile of a CTDIvol,32 phantom using MC, for example, Zhang et al. reported substantial dose 

peaks when utilizing a pitch of less than one and when the simulated beam width was wider than 

the nominal beam width [35]. A similar effect was seen when investigating the variability of 

surface dose in anthropomorphic phantoms in the abdominal and thoracic regions, whereby a pitch 

of 0.75 was shown to result in a 37% increase in surface dose [35]. The results of this study indicate 

that the dose variations observed within voxels of the bone could be due to surface dose variations, 

particularly given the use of the low pitch and wide beam collimations recommended in the 

AAPM’s Adult Routine Head CT Protocol [80].  

 

The coefficients of determination for nDbone,2 and nDbone,3 were 0.83 and 0.87, respectively, 

indicating that Dw is a satisfactory size metric for parameterization of normalized bone dose either 

for a central slab (i.e., tally region #2) or for entirety of the head (i.e. tally region #3). The 

motivation for investigating dose to bone as a function of patient size comes from the fact that, 

within the cranium of pediatric patients, there is a fair amount of red bone marrow (RBM). The 

amount of RBM in the head (relative to the entire body) is 12% for children 10 years of age and 

up to 29% for infants [84], [85]. The cranium is composed of the inner and outer layers of cortical 

bone that enclose bone spongiosa, wherein RBM, yellow bone marrow (YBM), and trabecular 
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bone are found [85]. RBM is the primary tissue of interest for the radiogenic risk of leukemia and 

is considered highly radiosensitive, as reflected by the high tissue weighting designation in ICRP 

103 (wT = 0.12) [28].  In this study, RBM and YBM were not modeled. The cranial microdosimetry 

necessary to accurately assess RBM dose is beyond the scope of this study, as is assessing the 

leukemia risk associated with head CT procedures. RBM and YBM doses could, in principle, be 

calculated using fluence-to-dose response functions or dose enhancement factors (e.g., the Annex 

on Skeletal Dosimetry in ICRP Publication 116 [86]). This would, however, require age- and bone-

specific dose response functions or enhancement factors, which were not available for this current 

study. SSDE was only intended to estimate patient dose using metrics of radiation output displayed 

by scanners and was not intended to asses cancer risk from CT procedures [54]. In routine head 

CT exams, although the cortical bone would provide some shielding for the spongiosa containing 

RBM, RBM within the cranium would still receive some appreciable amount of radiation dose. 

The potential effects of RBM dose should be taken into consideration as a consequence of the 

scanning techniques used in routine head CT exams, particularly for pediatric patients [28], [87].   

 

In accordance with the second interpretation of “center of scan volume,” this study also 

investigated dose to a central slab of the head, which consists of both bone and brain parenchyma. 

A mass weighted-average of the dose contributions from both bone and brain parenchyma was 

devised to take into consideration the presence of both tissue types. The coefficients of 

determination for nDwt-avg,2 and nDwt-avg,3 were 0.39 and 0.51, respectively. The loss of an 

exponential relationship effects with respect to the normalized mass-weighted average dose as a 

function of patient size can be explained by considering the relationship between bone mass (and 

tissue mass) fraction of the head as a function of patient size. The mass of bone increases with age 
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which competes with the decreasing exponential of normalized dose versus patient size. Weighting 

normalized doses of brain parenchyma and bone by their respective masses accounts for the effects 

of size of the patients in effect, making the relationship of normalized weighted average dose more 

linear with respect to patient size. Additionally, the statistically significant difference observed 

between nDwt-avg,2 and nDwt-avg,3 and AAPM Report 204 can be attributed to the fact that, as 

mentioned in Sec 3.B.3, the conversion coefficients in AAPM Report 204 were devised for the 

abdomen region, which contains a small amount of bone relative to the percentage of soft tissue. 

The values reported in AAPM Report 204 were consistently lower than nDwt-avg,2 and nDwt-avg,3 due 

to taking the dose contributions of bone into consideration. 

 

In several places in this manuscript, dose estimates were compared with AAPM Report 204 

coefficients of SSDE to assess the generalizability of those coefficients to helical head scans when 

estimating dose to the center of the scan volume. When estimating brain dose, Figure 4-4 and Table 

4-7 showed the nDbrain,1, nDbrain,2, and nDbrain,3 estimates and the regression fits for each of these 

estimates, as well as the SSDE-based estimates and coefficients. A one-way ANOVA showed no 

statistically significant difference between the estimates obtained from the regression fits and those 

obtained using AAPM Report 204 conversion factors; however, the SSDE-based estimates were 

consistently higher than those provided by the regression fits of nDbrain,1, nDbrain,2, and nDbrain,3. 

The differences observed between AAPM Report 204 and normalized nDbrain,1, nDbrain,2, and 

nDbrain,3 can be attributed to the fact that the AAPM Report 204 conversion factors were originally 

devised to estimate dose to the center of the scan volume for the abdomen, which is a homogenous 

region comprised of soft tissue. The head, in contrast, is comprised of the soft-tissue brain 

parenchyma encased in a layer of bone. The presence of the bone provides an inherent source of 
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shielding for the brain parenchyma, which decreases the normalized dose of the brain parenchyma 

relative to the normalized dose to the center of the scan volume for the abdomen. 

 

When estimating the mass-weighted average dose to brain parenchyma and cortical bone, Figure 

4-6 and Table 4-9 showed the nDwt-avg,2 and nDwt-avg,3 estimates and the regression fits for each of 

these estimates, as well as the SSDE-based estimates.  This time, the one-way ANOVA analysis 

did show a statistically significant difference between the estimates obtained from the regression 

fits and those obtained using AAPM Report 204 conversion factors. In addition, the SSDE-based 

estimates were shown to be consistently lower by 32-50% than those provided by the regression 

fits of nDwt-avg,2 and nDwt-avg,3. Thus, the conversion factors found in AAPM Report 204 do not 

appear to be applicable when the dose to bone is included. Instead the dose to bone itself or the 

mass-weighted average dose may be used. 

 
 
4.5 Conclusion 
 
There are some limitations to this study. This study only investigated dose distributions from 

voxelized phantom models and voxelized patient data from a single scanner model. In order to 

devise an official SSDE for head CT examinations, the data presented in this study may be 

combined with other physical air kerma measurements of head-sized phantoms and MC 

simulations from different scanner models as was done for AAPM Report 204 [54]. Moreover, the 

voxelized phantom models used in this investigation were of spatial low resolution. Despite the 

low resolution of the phantoms, dose distribution within the brain parenchyma was still observed 

to be fairly uniform. This dose uniformity was observed even for the voxelized patient models, 

which have much higher resolution. However, the low resolution could affect the accuracy of 
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surface bone dose (and mass-weighted average dose) due to volume averaging used to make 

coarser voxels. Additionally, the patient table was not considered in these simulation, the omission 

of which could lead to an overestimation of patient dose [88]. However, this overestimation is 

expected to be under 10% relative to doses considering the inclusion of the table [88].



 85 

CHAPTER 5: ESTIMATING LUNG AND BREAST DOSE FROM ROUTINE 
CHEST EXAMS 

 

5.1 Introduction 

CT is widely used as a diagnostic tool for chest imaging due to its ability to acquire three-

dimensional acquisitions of patient thoracic anatomy in a relatively short amount of time. In 2006, 

chest CT scans conducted within the United States accounted for 16% of all CT procedures, 

ranking third in terms of frequency behind head and abdominal/pelvic examinations [3]. 

Additionally, the 2015 UC DOSE study found that, across twelve University of California medical 

centers, chest CT scans comprised 13% of all adult CT procedures, again ranking the third in terms 

of the total number of scans behind head and abdominal/pelvis CT procedures [76]. Given that 

radiation exposure from chest CT examination substantively contributes to CT medical exposures, 

patient organ dose assessments from chest procedures are needed.  

 

For chest CT exams, the most radiosensitive organs of interest in the thoracic region are expected 

to be the lung tissue and glandular breast tissue [28], [89]. Radiation dose to these organs may 

serve as a better assessment of site-specific, cancer induction risk for individual patients 

administered a TCM chest scan relative to the broad measures of risk such as effective dose [12], 

[15], [90]. Many of the existing methods to estimate lung and glandular breast tissue dose from 

chest CT exams are either based on physical measurements using unrealistic anthropomorphic 

phantoms [91], [92] or are from MC-based simulations of stylized, mathematical, 

anthropomorphic phantoms, such as those used in CTExpo and ImPACT [41]–[43]. Other methods 

include the use of commercially-available software packages that estimate individual organ dose 
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from CT procedures, including from those scans employing proprietary implementations of 

automatic exposure control (AEC) algorithms like tube current modulation (TCM). All three of 

these methods of estimating organ dose may not take into consideration the variability of the 

patient population, particularly as a function of patient size. Moreover, while the use of physical 

measurements and phantoms considers the effects of TCM directly, the localized dose 

measurements provided by dosimeters may not thoroughly capture the dose variation in the body. 

For example, point detectors placed in certain regions of the thorax only capture localized dose 

measurements. Additionally, it is not known if the other simulation-based methods mentioned 

accurately reflect the proprietary AEC algorithms in their dose estimations. 

 

The use of direct MC simulation methods addresses the limitations of the aforementioned methods 

by allowing for the simulation of patient anatomy with respect to the patient’s unique TCM 

scheme. For example, in 2009, Angel et al. conducted a study wherein lung and breast doses from 

routine chest examinations employing TCM were estimated using a validated MC simulation 

approach [89]. This study was conducted to assess the dose reduction TCM provides relative fixed 

tube current (FTC) in routine chest exams. That study correlated absolute organ dose estimates 

from TCM and FTC chest scans with patient perimeter as a metric of patient size, and it found that 

the dose savings for both lung and breast dose are dependent upon patient size [89]. The study 

conducted by Angel et al., however, used patient perimeter as a metric patient size, while currently, 

water equivalent diameter (Dw) is the size metric routinely used. Additionally, in the Angel et al. 

study, absolute doses from TCM and FTC were compared, whereas Turner et al. demonstrated that 

normalizing organ doses from MC by CTDIvol reduces the variability of organ dose estimates by 

taking radiation output into consideration [53]. 
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The purpose of this chapter was to estimate lung and breast dose from routine chest exams 

employing TCM. This study, unlike the Angel et al. study, estimated CTDIvol-normalized lung and 

breast doses from Siemens AEC algorithm, CAREDose4D (Siemens Healthineers, Siemens 

Healthineers, Forchheim Germany). Furthermore, again unlike the Angel et al. study, this study 

correlated CTDIvol-normalized organ doses with Dw. Organ dose estimates from this study are used 

in Chapter 10 in order to evaluate SSDE as an estimate of lung and glandular breast dose. 

 

5.2 Materials and Methods 

5.2.A Voxelized patient models 

To estimate lung and glandular breast tissue dose from routine chest exams, raw projection data 

from a total of 160 patients (85 females, 75 males) who were administered clinically-indicated 

routine chest examinations with TCM were collected from four different Siemens scanners at 

UCLA: Sensation 16 (S16), Sensation 64 (S64), Definition AS64, and SOMATOM Force. The 

patient cohort included 42 pediatric chest cases and 3 notable bariatric cases (Dw of ≈ 40 cm or 

greater). Table 5-1 summarizes the scanning protocols for the routine chest protocols used for the 

four scanners. Because of the presence of pediatric and bariatric patients, some alterations of the 

routine chest protocol, such as reduced tube voltage for pediatric patients, reduced pitch for 

bariatric patients and different bowtie filter for pediatric patients, were present in this cohort. The 

Siemens data were collected with the CAREDose4D strength set to “Average.” The chest scans 

were all performed in the supine position. Image data were reconstructed at 500 mm field-of-view 

(FOV) in order to ensure patient anatomy is contained within the FOV. For bariatric patients, 

portions of peripheral anatomy were often still outside of the 500 mm FOV. In these cases, an 
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extended FOV (eFOV) of 650 mm was employed to encompass the anatomy for larger patients. 

Table 5-2 summarizes the quantity of patient data from each scanner. 

 

Table 5-1: Routine chest scanning parameters for the four scanners used in this investigation 
Parameter S16 S64 AS64 Force 

kVp* 100 120 120 120 
Quality reference mAs (QRM) 140 140 140 140 

Rotation time (s) 0.5 0.5 0.5 0.5 
Pitch† 1.0 1.0 1.0 1.0 

Nominal collimation (mm) 24.0 19.2 19.2 57.6 
Bowtie filter‡ Body Body Body/W1 Body/W1 

* Most of the pediatric patients were scanned with 100 kVp. 
†Bariatric patients were scanned with pitches lower than 1.0 
‡For the AS64 and Force scanners, the pediatric patients were scanned with Head/W2 bowtie filter 

 

 Table 5-2: Overview of chest scans collected from the different scanners used in this study 
Patient cohort S16 S64 AS64 Force 
Adult males - 42 12 11 
Adult female - 29 12 12 

Pediatrics 13  
(6 m, 7 f) 

17  
(12 m, 5 f) 

12  
(5 m, 7 f) 

1 
(1 m, 0 f) 

Total 13 88 36 23 
 

To use the patient image data for MC simulations, patient anatomy contained within the image 

data were voxelized. Voxels within the image data were modeled as either lung, fat, water, muscle, 

bone or air then subdivided into one of seventeen density levels in relation to their CT number 

[59], [61]. The lung tissue was semi-automatically contoured in both female and male patients; 

glandular breast tissue, however, was only segmented for female patients [93]. Figure 5-1 contains 

examples of segmented male and female patient image data and resulting voxelized models. 
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Figure 5-1: A) Segmented images of a male patient who underwent clinically-indicated chest CT 
exam with B) the voxelization of the segmented image data for use in MC simulations. In A), only 
the lung tissue (red outline) is segmented. C) Segmented images of a female patient who underwent 
clinically-indicated chest CT exam with D) the voxelization of the segmented image data for use 
in MC simulations. In C), both lung (red outline) and glandular breast tissue (yellow outline) are 
segmented. 
 

5.2.B Patient size metrics 

For those patients whose raw projection data was collected on the either the Sensation 16 or the 

Sensation 64 scanners, estimates of Dw were taken using the CT numbers in the image data. This 

was done because the topograms for these patients were not available. Specifically, Dw was 

estimated at the center of the image series using the methods outlined in AAPM Report 220 for 

assessing Dw from CT numbers in image data [55]. 

 

For the patients whose raw projection data was gathered from the Definition AS64 or the Force 

scanners, estimates of Dw were extracted from the topogram. For each patient model, Dw was 

A B

C D
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assessed at the longitudinal center of the image series while the estimates of Dw were obtained 

from the topogram at that center location. This method of acquiring Dw from the topogram is also 

based on the methodology outline in AAPM Report 220 wherein Dw is calculated using the lateral 

(LAT) and anterior-posterior (AP) measurements also found within the topogram [55]. 

 

5.2.C MC simulations 

The specifics of the MC simulation package and simulation parameters are detailed in § 3.1. In 

brief, modifications to MCNPX allowed for the implementation of “equivalent source” and 

“equivalent bowtie” of the three MDCT scanners used in this investigation [50]. All simulations 

were performed in photon transport mode with a 1 keV low-energy cut-off. All simulations were 

performed with 107 particle histories to ensure a statistical uncertainty of less than 1%. In order to 

incorporate the TCM data into the MC simulation, an additional “vmas” text file containing the 

TCM information was generated by extracted the tube current information from the raw projection 

data. In the text file, the tube current I(z,Θ) was expressed as a function of table position (z) and 

tube angle (Θ). Figure 5-2 shows both the extracted TCM from a routine chest exam overlaid on 

patient anatomy. MCNPX simulations were performed using the computational and storage 

services associated with the Hoffman2 Shared Cluster provided by UCLA Institute for Digital 

Research and Education’s Research Technology Group. 
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Figure 5-2: Routine chest TCM scheme for an adult male overlaid on a topogram 
  

5.2.D Dose analyses 

Absolute lung (Dlung) and breast (Dbreast) values were acquired from MC simulations from § 5.2.C 

by applying scanner-, tube voltage-, collimation-specific normalization factors. CTDIvol,32-

normalized Dlung and Dbreast values (nDlung and nDbreast) were calculated by dividing Dlung and Dbreast 

by CTDIvol,32 values. CTDIvol,32 estimates for the routine TCM chest examinations were taken 

directly from the patient protocol page produced by the scanners utilized in this investigation. 

nDlung and nDbreast values were compared to SSDE f-factors using a paired t-test. Lastly, nDlung and 

nDbreast were the parameterized as an exponential function with respect to Dw via AAPM Report 

204 [54] using Eq. 5-A 

 

  Eq. 5-A 

  

Where A and B are organ-specific regression coefficients.  
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5.3 Results 

5.3.A Dw and CTDIvol,32 summary 

When pooled across female and male patients, Dw estimates in this investigation ranged from 16.4 

cm to 43.7 cm with a mean Dw of 26.0 cm, a median Dw of 25.7 cm, and a standard deviation of 

4.7 cm. When pooled across all patients, the CTDIvol,32 ranged from 2.05 mGy to 52.9 mGy with 

a mean of 14.0 mGy, a median of 14.3 mGy, and a standard deviation of 7.0 mGy. Across female 

patients, the Dw ranged from 16.4 cm to 43.7 cm with a mean Dw of 26.6 cm, a median Dw of 26.1 

cm, and a standard deviation of 5.1 cm. When considering female patients, the CTDIvol,32 ranged 

from 2.05 mGy to 52.9 mGy with a mean of 14.8 mGy, a median of 14.3 mGy, and a standard 

deviation of 7.6 mGy. Across male patients, the Dw ranged from 16.8 cm to 34.7 cm with a mean 

Dw of 25.3 cm, a median Dw of 25.2 cm, and a standard deviation of 4.7 cm. When considering 

male patients, the CTDIvol ranged from 1.30 mGy to 25.0 mGy with a mean of 13.0 mGy, a median 

of 14.3 mGy, and a standard deviation of 7.0 mGy. Table 5-2 contains the statistical summary of 

the Dw and CTDIvol,32 for this investigation. 
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Table 5-3: Summary statistics of Dw and CTDIvol,32 values for the pooled population, female, 
and male patients of this investigation of routine chest exams 

  Dw 
(cm) 

 CTDIvol,32 
(mGy) 

 

  Max Min Mean Median SD   Max Min Mean Median SD   
Pooled  16.4 43.7 26.0 25.7 4.7   1.30 52.9 14.0 14.3 7.0  

Females  16.4 43.7 26.6 26.1 5.1   2.05 52.9 14.8 14.3 7.6  
Males  16.8 34.7 25.3 25.2 4.7   1.30 25.0 13.0 14.3 7.0  

 

 

5.3.B Normalized lung and breast doses dose from routine chest exams 

Figure 5-3 shows CTDIvol,32 for the routine chest exams parameterized with Dw as an exponential 

function. The coefficients of determination (R2) for CTDIvol,32 with respect to Dw observed to be 

0.61. nDlung estimates parameterized as functions of Dw Figure 5-4 shows nDlung estimates 

parameterized as functions of Dw. For comparison, SSDE f-factors for the 32 cm CTDI body 

phantom as a function of Dw are included in the same figure. The R2 value for nDlung with respect 

to Dw observed to be 0.47. In addition, the difference between nDlung (mean = 1.23, SD = 0.05) and 

SSDE f-factors (mean = 1.44, SD = 0.06) was observed to be statistically significant [t(159) = 

14.42, p < 0.0001]. 
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Figure 5-3: CTDIvol,32 plotted against Dw for routine TCM chest exams 
 

 

 
Figure 5-4: nDlung as an exponential function of Dw 

 

Figure 5-5 shows nDbreast estimates parameterized as functions of Dw. Again, for the sake of 

comparison, AAPM Report 204 conversion coefficients for the 32 cm CTDI body phantom as a 

function of Dw are included in the figure. The R2 value for nDbreast with respect to Dw observed to 

be 0.27. In addition, the difference between nDbreast (mean = 0.98, SD = 0.05) and SSDE f-factors 
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(mean = 1.42, SD = 0.06) was observed to be statistically significant [t(84) = 14.39, p < 0.0001]. 

Table 5-3 has the regression coefficients for nDlung and nDbreast with respect for Dw. 

 

 

 
Figure 5-5: nDbreast as an exponential function of Dw 

 

Table 5-4: Regression coefficients nDlung and nDbreast from routine chest exams 
Normalized dose A B (cm-1) R2   

nDlung 2.71 0.031 0.47 
nDbreast 2.83 0.044 0.27 

AAPM Report 204 3.70 0.036 -  
 

5.4 Discussion 

This chapter was concerned with estimating lung and breast doses from routine chest examinations 

that employ TCM across a range of patient sizes in terms of Dw. Herein, the estimations of organ 

doses were performed in accordance with the workflow chart outlined in Figure 3-9: voxelized 

patient models were created from image data and TCM profiles were extracted from raw projection 

data, both of which were incorporated into MC simulations. Patient Dw estimates were taken from 

the topogram or image data. Organ doses resulting from MC simulations of the four different 
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Siemens scanners were normalized using the CTDIvol,32 values from the patient protocol pages. 

Following AAPM Report 204, the normalized doses and size metrics were correlated [54]. These 

normalized dose values were lastly compared to SSDE. 

 

In terms of nDlung, an R2 value of 0.47 was observed when correlating with Dw, meaning that Dw 

explains roughly half of the observed variation in nDlung. As noted by Bostani et al., concerning 

TCM scanning methods, the use of the global CTDIvol,32 (and hence global tube current) may not 

be representative of the fluence incident on the lungs from a CT examination [74]. A more regional 

metric of scanner radiation output, such as the CTDIvol, Low Att metric proposed by Bostani et al., 

may more adequately capture the variation of the incident radiation from TCM upon the lungs. 

This can be clearly be seen in the tube current profile shown in Figure 5-2, where the drastic, 

longitudinal reduction of the tube current may not be well-represented by a global CTDIvol,32 value. 

As such, employing a regional descriptor of radiation output, like CTDIvol, Low Att, as a 

normalization metric vis-à-vis the global metric of CTDIvol,32 reported on most scanners would 

likely improve the strength of the correlation, as was shown Bostani et al [74]. 

 

In terms of nDbreast, an R2 value of 0.27 was observed when correlated with Dw, meaning that Dw 

explains only about a quarter of the variation of nDbreast. In the case of breast dose, the reduction 

in the predictive capacity of the exponential model with respect to Dw is related to two issues. The 

first issue is that the methodology of AAPM Report 204 was devised with normalized organ doses 

from the larger, centrally located organs of the abdomen [54]. Glandular breast tissue, meanwhile, 

is a peripheral organ dispersed in the adipose of the chest. The second issue is related to what was 

discussed above about nDlung, namely, that the use of a regional descriptor of radiation output like 
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CTDIvol, Low Att would provide a better normalization metric relative to the global CTDIvol,32 

reported on scanners [74]. This is so because a regional metric of CTDIvol,32 more accurately 

reflects the radiation incident on the breast. Hence, again as with nDlung, the use of a regional metric 

would likely improve the strength of the correlations. 

 

When comparing nDlung to SSDE, this study observed that there was a statistically significant 

difference between the two [t(159) = 14.42, p < 0.0001]. As can be seen in Figure 5-4, the majority 

of the nDlung data points (90.6%) were below the SSDE curve. Similarly, when comparing nDbreast 

to SSDE, this study observed that there also was a statistically significant difference between the 

two [t(84) = 14.39, p < 0.0001]. As can be seen in Figure 5-5, nearly all of the nDbreast data points 

(97.7%) were below the SSDE curve. These results suggest that nDlung and nDbreast using the global 

CTDIvol,32 as the normalization metric are not comparable to SSDE values across patient size. 

Moreover, this result also suggests that SSDE might serve as a conservative estimate of lung and 

breast dose from routine chest exams. However, as AAPM Report 204 notes, the difference 

between patient dose and the SSDE values can range from 10-20%. This range is be investigated 

in Chapter 10. Additionally, it is possible that using the regional metric of CTDIvol, Low Att as a 

normalization metric may yield nDlung and nDbreast values that are closer to SSDE. Using CTDIvol, 

Low Att as normalization metric for lung and breast dose in relation to SSDE values is also 

investigated later in Chapter 10. 

 

There are two important limitations to this study. This study investigated lung and breast doses 

and their relation to SSDE with respect to patient size; however, this study only included three 

bariatric patients due to the difficulty in locating patients of this size. This study could be improved 



 98 

with the inclusion organ dose values of more bariatric patients. Additionally, this study only 

investigated routine chest protocols using TCM only from Siemens scanners. Future work here 

would include incorporating organ dose data from TCM schemes of other manufacturers. 

 

5.5 Conclusion 

Normalized lung and breast doses from routine chest examinations using TCM have been 

estimated and were compared to SSDE. These data are used in Chapter 10 to evaluate SSDE as an 

estimate of organ dose. 
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CHAPTER 6: ESTIMATING LIVER, KIDNEY, AND SPLEEN DOSE FROM 
ROUTINE ABDOMINAL/PELVIS EXAMS 

 

 
6.1 Introduction 

As with thoracic imaging, CT is also widely utilized as a diagnostic modality for abdominal and 

pelvic imaging. In the same study investigating diagnostic and interventional radiologic exams in 

2006 mentioned in § 5.1, abdominal/pelvic CT scans performed in the United States comprised 

32% of all CT procedures, ranking first ahead of both head and chest scans [3]. Furthermore, in 

the same 2015 UC DOSE study also mentioned in § 5.1, abdominal/pelvis scans accounted for 

32% of all adult CT examinations across twelve University of California medical centers, again 

making it first in terms of the total number of scans ahead head and thoracic CT procedures [76]. 

Routine abdomen/pelvis examinations may be reasonably assumed to comprise the large majority 

of abdomen/pelvis CT procedures. Thus, patient organ dose assessments from routine 

abdomen/pelvis procedures are of substantial interest. 

 

Current organ dose estimates from routine abdominal/pelvic exams are from the variety of 

different sources mentioned in § 1.4, including dose management software programs and 

spreadsheets like CTExpo and VirtualDose [94], [95], in vitro phantoms [57], including from 

cadavers [37], [96], [97]. As such, many of these studies suffer from the limitations outlined in § 

1.4. In the case studies relying on dose management packages, the patient models and CT source 

descriptions, including TCM, may not adequately reflective of clinical scenarios. In the case of in 

vitro phantoms, the point detectors may not adequately capture the internal dose variation as only 

localized point measurements are acquired from their use.  
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In 2013, Khatonabadi et al. employed voxelized patient models generated from clinical image data 

and direct MC simulation methods for the development of the regional metric of CTDIvol (CTDIvol, 

regional) [74]. Later, in 2017, this methodology was expanded for the creation of the generalizable 

linear model [98]. In both studies, simulations of routine abdomen/pelvis exams using TCM were 

performed with voxelized patient data to assess the organ dose to three organs in the abdomen: the 

liver, kidneys, and spleen. While these organs are not deemed particularly radiosensitive per ICRP 

103 (wliver = 0.04, wliver = wspleen ≈ 0.009 since the liver and spleen are two constituents of the 

remainder organs [28]), they were nevertheless chosen due to the relative ease of contouring these 

organ in the image data. 

 

The purpose of this chapter was to estimate organ doses from routine abdominal/pelvis exams 

employing TCM. As with the studies conducted by Khatonabadi et al. and Bostani et al., this study 

will investigate liver, kidney, and spleen doses from routine abdomen/pelvis exams utilizing TCM. 

This study investigated CTDIvol,32-normalized liver, kidney, and spleen doses resulting from 

Siemens CAREDose4D AEC algorithm. Additionally, this study extends that work by correlating 

CTDIvol,32-normalized organ doses with Dw and by comparing normalized organ doses to SSDE. 

Lastly, as in Chapter 5, the normalized organ dose values from this study are incorporated into 

Chapter 10 for evaluating SSDE as an estimate of liver, kidney, and spleen dose. 

 

6.2 Materials and Methods 

6.2.A Voxelized patient models 

In order to estimate liver, spleen, and kidney dose from routine abdomen/pelvis exams, raw 

projection data from a total of 107 patients (52 females, 55 males) who were administered 
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clinically-indicated routine abdomen/pelvis examinations with TCM were collected from three 

different Siemens scanners at UCLA. Those scanners included the Sensation 64 (S64), Definition 

AS64, and SOMATOM Force. Table 6-1 contains the scanning parameter for the abdomen/pelvis 

protocols for the three scanners of this investigation. This investigation included 21 pediatric 

abdomen/pelvis cases and 10 bariatric cases (again, Dw of ≈40 cm or greater). As in Chapter 5, the 

Siemens data were collected with the CAREDose4D strength set to “Average.” All of the 

abdomen/pelvis scans were performed in the supine position, and the image data were 

reconstructed at 500 mm field-of-view (FOV) in order to ensure patient anatomy is contained 

within the FOV. An extended FOV (eFOV) of 650 mm was utilized to encompass the anatomy for 

larger patients, particularly the bariatric ones. Table 6-2 summarizes the quantity of patient data 

from each scanner. 

 

Table 6-1: Routine abdominal/pelvis scanning parameters for the three scanners used in this 
investigation 

Parameter S64 AS64 Force 
kVp* 120 120 120 

Quality reference mAs (QRM) 180 180 180 
Rotation time (s) 0.5 0.5 0.5 

Pitch† 1.0 1.0 1.0 
Nominal collimation (mm) 19.2 19.2 57.6 

Bowtie filter‡ Body Body/W1 Body/W1 
* Most of the pediatric patients were scanned with 100 kVp. 
†Bariatric patients were scanned with pitches lower than 1.0 
‡For the AS64 and Force scanners, the pediatric patients were scanned with Head/W2 bowtie filter 
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Table 6-2: An overview of abdomen/pelvis scans collected from the different scanners used in 
this study 

Patient cohort S64 AS64 Force 
Adult males 30 8 4 
Adult female 32 7 5 

Pediatrics 20  
(11 m, 9 f) - 1 

(1 m, 0 f) 
Total 82 15 10 

 

Again, as in Chapter 5, the abdominal/pelvic image data were voxelized for utilization in MC 

simulations wherein voxels within the image data were modeled as either lung, fat, water, muscle, 

bone or air then subdivided into one of seventeen density levels in relation to their CT number 

[59], [61]. Figure 6-1 contains examples of segmented male and female patient image data and 

resulting voxelized models. 

 

 

 
Figure 6-1: A) Segmented images of a female patient who underwent clinically-indicated 
abdomen/pelvis CT exam with B) the voxelization of the segmented image data for use in MC 
simulations. 
 

6.2.B Patient size metrics 

The collection of size metric information for this investigated was performed in the same manner 

as Chapter 5 (§ 5.2.B). For patients whose raw projection data was collected on the Sensation 64 

A B
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scanners, estimates of Dw were taken using the CT numbers in the image data at the center of the 

image series per AAPM Report 220 [55] because of the lack of topograms. For the patients whose 

raw projection data was gathered from the Definition AS64 or the Force scanners, estimates of Dw 

were extracted from the topogram at the longitudinal center of the image series. 

 

6.2.C MC simulations 

The simulation work in this investigation follows the methodology of § 5.2.C All simulations were 

performed in photon transport mode with a 1 keV low-energy cut-off. All simulations were 

performed with 107 particle histories to ensure a statistical uncertainty of less than 1%. To take 

TCM in consideration, these “vmas” text files were incorporated in MC simulation. Figure 6-2 

shows both the extracted TCM from a routine abdomen/pelvis exam overlaid on patient anatomy. 

MCNPX simulations were performed using the computational and storage services associated with 

the Hoffman2 Shared Cluster provided by UCLA Institute for Digital Research and Education’s 

Research Technology Group.  

 

 

Figure 6-2: Routine abdomen/pelvis TCM scheme for A) an adult female (Dw = 25.3 cm) scanned 
on the Force and B) an bariatric female scanned on the AS64 (Dw = 37.1 cm). In both cases, the 
tube current profile is overlaid on the patient topogram. 
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6.2.D Dose analyses 

To obtain absolute liver (Dliver), kidney (Dkidney), and spleen (Dspleen) values from the MC 

simulations performed in § 6.2.C, scanner-, tube voltage-, collimation-specific normalization 

factors were applied to raw MC simulations results. Dliver, Dkidney, and Dspleen were normalized by 

CTDIvol,32 to acquire CTDIvol,32-normalized Dliver, Dkidney, and Dspleen values (nDliver, nDkidney, and 

nDspleen, respectively). The CTDIvol,32 values for the routine TCM abdomen/pelvis examinations 

were taken from the patient protocol page. A one-way ANOVA was performed with nDliver, 

nDkidney, and nDspleen in order to see if these dose values were statistically different from one 

another. nDliver, nDkidney, and nDspleen values were then separately compared to SSDE f-factors using 

a paired t-test. nDliver, nDkidney, and nDspleen were then parameterized as an exponential function 

with respect to Dw using Eq. 5-A in § 5.2.D.  

 

6.3 Results 

6.3.A Dw and CTDIvol,32 summary 

For the pooled female and male patient population in this investigation, Dw ranged from 17.6 cm 

to 44.0 cm with a mean Dw of 30.2 cm, a median Dw of 30.2 cm, and a standard deviation of 5.5 

cm. Across all patients, the CTDIvol,32 ranged from 1.67 mGy to 36.7 mGy with a mean of 15.8 

mGy, a median of 16.2 mGy, and a standard deviation of 7.4 mGy. Across female patients, the Dw 

ranged from 17.6 cm to 44.0 cm with a mean Dw of 29.8 cm, a median Dw of 28.1 cm, and a 

standard deviation of 5.7 cm. When considering female patients, the CTDIvol,32 ranged from 1.67 

mGy to 36.5 mGy with a mean of 15.6 mGy, a median of 16.3 mGy, and a standard deviation of 

7.1 mGy. Across male patients, the Dw ranged from 19.7 cm to 42.7 cm with a mean Dw of 30.5 
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cm, a median Dw of 31.2 cm, and a standard deviation of 5.4 cm. When considering male patients, 

the CTDIvol,32 ranged from 1.87 mGy to 36.7 mGy with a mean of 15.9 mGy, a median of 16.2 

mGy, and a standard deviation of 7.8 mGy. Table 6-2 contains the statistical summary of the Dw 

and CTDIvol,32 for this investigation of abdomen/pelvis exams. 

 

Table 6-3: Summary statistics of Dw and CTDIvol,32 values for the pooled population, female, and 
male patients of this investigation of routine abdomen/pelvis exams 

  Dw 
(cm) 

 CTDIvol,32 
(mGy) 

 

  Max Min Mean Median SD   Max Min Mean Median SD   
Pooled  17.6 44.0 30.2 30.2 5.5   1.67 36.7 15.8 16.2 7.4  

Females  17.6 44.0 29.8 28.1 5.7   1.67 36.5 15.6 16.3 7.1  
Males  19.7 42.7 30.5 31.2 5.4   1.87 36.7 15.9 16.2 7.8  

 

6.3.B Normalized liver, spleen, and kidney doses dose from routine abdomen/pelvis exams 

Figure 6-3 shows CTDIvol,32 for the routine abdomen/pelvis exams parameterized with Dw as an 

exponential function. The coefficients of determination (R2) for CTDIvol with respect to Dw 

observed to be 0.61. The ANOVA showed that nDliver, nDspleen, and nDkidney were not significantly 

different from each other [F(2, 318) = 0.32, p = 0.73]. Figure 6-4 shows nDliver estimates 

parameterized as functions of Dw. As in § 5.3.B, AAPM Report 204 conversion coefficients for 

the 32 cm CTDI body phantom as a function of Dw are included for comparison. When nDliver was 

correlated with Dw using an exponential relationship, an R2 value of 0.60 was observed. The 

difference between nDliver (mean = 1.12, SD = 0.23) and SSDE f-factors (mean = 1.25, SD = 0.25) 

was observed to be statistically significant [t(106) = 8.76, p < 0.0001].
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Figure 6-3: CTDIvol,32 plotted against Dw for routine TCM abdominal/pelvic exams 

 

 

 
Figure 6-4: nDliver as an exponential function of Dw 

 
 

The parameterization of nDspleen and Dw with an exponential relationship with the AAPM Report 

204 conversion coefficients is shown in Figure 6-5. When nDspleen was correlated with Dw using an 

exponential relationship, a coefficient of determination of 0.45 was observed. The difference 

between nDspleen (mean = 1.11, SD = 0.21) and SSDE f-factors was observed to be statistically 

significant [t(106) = 7.45, p < 0.0001]. 
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Figure 6-5: nDspleen as an exponential function of Dw 

 

The parameterization of nDkidney and Dw with an exponential relationship is shown in Figure 6-6. 

Again, here the AAPM Report 204 conversion coefficients are shown for comparison. When 

nDspleen was correlated with Dw using an exponential relationship, an R2 value of 0.45 was observed. 

The difference between nDspleen (mean = 1.13, SD = 0.21) and SSDE f-factors was observed to be 

statistically significant [t(106) = 6.14, p < 0.0001]. 

 

 
Figure 6-6: nDkidney as an exponential function of Dw 
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Table 6-4: Regression coefficients nDliver, nDspleen, and nDkidney from routine abdomen/pelvis 
exams 

Normalized dose A B (cm-1) R2   
nDliver 2.82 0.032 0.60 
nDspleen 2.22 0.024 0.45 
nDkidney 2.36 0.025 0.46 

AAPM Report 204 3.70 0.036 -  
 

 
6.4 Discussion 

The purpose of Chapter 6 was to estimate liver, spleen, and kidney doses from TCM routine 

abdominal/pelvis examinations across a range of patient sizes in terms of Dw. This chapter has 

much in common in terms of methodology with the previous chapter on lung and breast dose from 

routine chest exams. As in Chapter 5, the estimates of liver, spleen, and kidney doses were 

performed with respect to workflow chart outlined in Figure 3-9. From the clinical image data, 

voxelized patient models were generated and were incorporated in direct MC simulations along 

with TCM profiles extracted directly from raw projection data. In this way, the limitations of 

previous studies mentioned in § 6.1 on organ doses from abdominal/pelvic CT exams are 

mitigated. Again, as in Chapter 5, patient Dw estimates were extracted from the topogram or from 

the image data. Absolute organ doses from MC simulations of the three different Siemens scanners 

used in this study were normalized using the CTDIvol,32 values from the patient protocol pages. 

Lastly, again the normalized doses and size metrics were parameterized with patient size [54]. 

 

The one-way ANOVA between nDliver, nDspleen, and nDkidney revealed that were no statistically 

significant differences between the three dose values [F(2, 318) = 0.32, p = 0.73]. The results of 

the ANOVA indicate that normalized liver, spleen, and kidney doses are fairly equivalent within 
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the abdomen/pelvis across patient size in terms of Dw. As opposed to the cranium, the subject of 

Chapter 4, the abdomen is composed of a homogenous region of soft tissue encompassing the 

lumbar vertebral column and caudally the sacrum in the pelvic region. The homogeneity of the 

dose variation in the abdomen can be attributed to the homogenous composition of the abdomen. 

In addition, the homogeneity of the dose distribution can also be attributed to the effects of the 

bowtie filter in order to reduce the presence of substantial dose gradients across the field of view.  

 

In terms of nDliver, an R2 value of 0.60 was observed when correlating with Dw, meaning that Dw 

explains 60% of the observed variation in nDliver. When comparing nDliver to SSDE, this study 

observed that there was a statistically significant difference between the two [t(106) = 8.76, p < 

0.0001]. As can be seen in Figure 6-3, the majority of the nDliver data points (81.3%) were below 

the SSDE curve. Although SSDE was developed using organ doses from the abdomen/pelvis, this 

study found that liver dose across patient size was actually below SSDE. The reduction in liver 

dose observed in this study relative to SSDE can be attributed to the usage of TCM, given that 

SSDE was originally developed with measurements based on FTC. As can be seen in Figure 6-

2A, some patients can experience little longitudinal modulation from TCM in the abdomen due to 

the relatively homogeneous nature of the region. The longitudinal modulation, however, changed 

when the x-ray source traverses over the bony area of the pelvis.  In this particular case, the fluence 

experience by the liver would not be drastically different from a FTC scenario, as most of the 

modulation is this case is angular. However, with a larger patient, as can be seen in Figure 6-2B, 

the abdomen region experiences drastic longitudinal modulation as the CT source leaves the low-

attenuating, aerated lung, passes the diaphragm, and enters into the abdomen. The rise in the tube 

current is due to the patient’s attenuation characteristics whereby the system has to ramp up the 
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CT source output to maintain image quality. Despite the patient-specific nature of the AEC 

algorithm’s response in terms of longitudinal modulation, the liver is still nevertheless a large, 

centrally-located organ, which may explain the strength of the correlation with Dw. 

 

In terms of nDspleen and nDkidney, R2 values of 0.45 and 0.46 were observed when correlating with 

Dw, meaning that Dw explains roughly half of the observed variation in both nDspleen and nDkidney. 

As can be seen in Figures 6-4 and 6-5, the majority of the nDspleen and nDkidney (76.6% and 71.0%, 

respectively) fell below the SSDE curve. The ANOVA results mentioned above indicate that the 

organ doses between the liver, spleen, and kidney were not statistically different. Therefore, it is a 

reasonable and intuitive observation that spleen and kidney doses should follow to some degree 

the trends seen in the liver relative to SSDE. The decreased strength of the correlations relative to 

the liver might be attributed to the fact that, while the dose distribution within abdomen is generally 

uniform, local variation of dose distributions are more likely to be captured in smaller organs 

relative to the liver, such as the kidney and spleen. As such, the changes in modulation, specifically 

longitudinal modulation, due to patient attenuation characteristics and the resulting variations in 

the dose distributions might be more likely to effect doses to smaller organs within the abdomen, 

especially if those organs aren’t centrally located. 

 

This study has a few limitations. This study only investigated liver, spleen, and doses from routine 

abdomen/pelvis and their relation to SSDE with respect to patient size due the ease of contouring. 

This study could be improved by including more radiosensitive organs, such as the colon wall. 

Additionally, this study investigated the organ doses of only ten bariatric patients due to the 

difficulty in locating patients of this size. This study could be improved by including more organ 
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dose values from bariatric patients. Lastly, this study employed routine abdomen/pelvis protocols 

using AEC algorithm from Siemens. Future work here would include investigating organ dose data 

from other AEC algorithms of other manufacturers. 

 

6.5 Conclusion 

Normalized liver, spleen, and kidney doses from routine abdomen/pelvis examinations using TCM 

have been estimated and were compared to SSDE. As with the data generated in Chapter 5, the 

data is this chapter are incorporated into Chapter 10 to evaluate SSDE as an estimate of organ 

dose.
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CHAPTER 7: ESTIMATING FETAL DOSE FROM ROUTINE TUBE 
CURRENT MODULATED AND FIXED TUBE CURRENT 
ABDOMINAL/PELVIS CT EXAMINATIONS 

 
*This chapter is based on Hardy AJ, Angel E, Bostani M, Zankl M, Cagnon C, and McNitt-Gray MF, 
“Estimating fetal dose from tube current-modulated (TCM) and fixed tube current (FTC) abdominal/pelvis 
CT examinations,” Med. Phys., vol. 46, no. 6, pp. 2729–2743, Jun. 2019. 
 

7.1 Introduction 
 
Performing CT exams on pregnant patients is occasionally necessary. In such cases, physicians, 

medical physicists, and/or radiation safety officers may need to estimate the radiation dose 

received by the conceptus (fetus or embryo) with a reasonable degree of accuracy due to the risks 

associated with irradiating developing radiosensitive organs such as red bone marrow [28], [84], 

[85]. Initial attempts to estimate the radiation dose a fetus would receive from a CT exam were 

based either on phantom measurements, Monte Carlo (MC) simulations of geometric phantoms, 

or a combination of the two [99]–[108]. The approach described by Felmlee et al., for example, 

uses anthropomorphic phantom measurements and measured CTDI values [99]. Some important 

limitations of these early efforts relate to their use of simplified, geometric models and assumptions 

of non-varying maternal anatomy in a single-size patient model.  

 

More recent methods for estimating radiation conceptus dose from CT exams of pregnant patients 

are typically based on MC simulations of pregnant patient anatomy representing a range of 

gestational ages and patient sizes [58], [67], [109]–[113]. However, many of these studies were 

limited in that they were either not based on actual pregnant patient anatomy, applied only to a 

single scanner model, or did not include a range of gestational ages. In addition, most of these 

methods have thus far been limited to fixed tube current (FTC) CT exams of pregnant patients. 
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For example, the study conducted by Angel et al. examined the effects that maternal and fetal 

characteristics such as maternal size, gestational age, and fetal presentation have on fetal dose 

using MC simulations [67]. This work was based on voxelized patient models generated from a 

set of pregnant patients who underwent clinically indicated abdominal and pelvic CT examinations 

[67]. While the results of Angel et al. addressed the limitations of earlier studies by providing size-

specific fetal dose estimates based on actual patient anatomy across a range of gestational ages, 

dose estimates were nevertheless limited to FTC CT exams of pregnant patients for a specific 

scanner model.  

 

In the current context of CT dosimetry, nearly all CT exams are performed with attenuation-based 

tube current modulation (TCM). Additionally, Turner et al. developed scanner-independent, size-

adjusted estimates of organ dose by normalizing organ doses from MC simulations of voxelized 

models by CTDIvol [52], [114]. The work of Turner et al. was incorporated into Size-Specific Dose 

Estimate (SSDE) in AAPM Report 204 and was subsequently extended in AAPM report 220 which 

described the attenuation-based size metric water equivalent diameter (Dw), which is defined as 

“x-ray attenuation of a patient in terms of a water cylinder having the same x-ray absorption” [54], 

[55]. The normalization metric of CTDIvol and the attenuation-based size metric of Dw are routinely 

used for generating predictive estimates of normalized organ dose. However, estimates reported 

by Angel et al. were based on a per 100 mAs normalization and patient size characteristics were 

described in terms of maternal perimeter.  

 

Gu et al. conducted a study to estimate the effects of TCM on fetal doses for three computational 

phantoms representing pregnant patients of the gestational ages of 3, 6, and 9 months [111], [112]. 
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Since no TCM data existed for these computational phantoms, TCM schemes were instead selected 

from actual pregnant patients of gestational ages of 15, 20, and 31 weeks, and were appropriately 

applied to the computational phantoms. These selected TCM schemes were longitudinal 

modulation (z axis) only and did not include angular (x-y axis) modulation. This approach of 

necessity assumed that the TCM scheme for one patient matched the anatomy of another patient. 

This is crucial since TCM adjusts the tube current with respect to the attenuation characteristics of 

the patient in question. Additionally, as shown in Angel et al., fetal dose correlates strongly with 

a measure of maternal patient size but does not correlate with gestational age [67]. 

 

Physical phantom studies have also been used to estimate fetal dose from CT with TCM at several 

gestational stages using anthropomorphic phantoms and MOSFETs [108], [113]. While these 

studies do consider TCM, there is an inherent issue with estimating dose using small detectors. 

Even when considering a FTC study, the dose distribution within a patient is substantially non-

uniform [35]. When this effect is combined with the non-uniform exposure patterns of TCM during 

a helical acquisition, the point detector is sampling only a certain location in a complex dose 

distribution environment. MC simulations can be used to estimate average fetal dose in a way that 

overcomes the limitations of measuring at single points inside a non-uniform dose distribution.  

 

However, performing MC simulation for every pregnant patient undergoing CT examinations is a 

time prohibitive option. Therefore, the primary purpose of this investigation was to develop a 

patient size-specific method for estimating radiation dose to the embryo or fetus for pregnant 

patients undergoing abdominal/pelvic CT exams that accounts for the use of either TCM or FTC 

scanning techniques and applies to patients of different sizes and gestational ages. This 
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investigation was meant to serve as an update to the study conducted by Angel et al. and used the 

same patient models. However, though the patient models used in this study were the same as 

those used by the study conducted by Angel et al., this study differs from the previous study in 

four distinct ways. (1) The study conducted by Angel et al. normalized fetal doses on a per 100 

mAs basis whereas this study used CTDIvol,32 as normalization metric [67]. The normalization 

using CTDIvol,32 employed in this study is consistent with AAPM Report 204 [54]. For TCM scans, 

fetal doses were normalized by CTDIvol,32 based on the average tube current across the entire scan. 

For FTC scans, the dose to the fetus was normalized by CTDIvol,32 for each patient. (2) This study 

used Dw as metric of patient size from AAPM Report 220 [55] while the study conducted by Angel 

et al. [67] used patient perimeter as the metric of patient size. (3) Multiple scanner models were 

included in the FTC simulations for this study to accommodate for the effects of scanner design. 

(4) The effects of TCM were included in this study whereas the Angel et al. study was limited to 

FTC. The results of this study was a set of scan technique-independent, CTDIvol,32-to-fetal-dose 

coefficients for abdominal/pelvic CT, which can be applied to (a) either TCM or FTC scans, (b) 

patients of different sizes in terms of Dw, and (c) patients at various gestational stages of pregnancy. 

Additionally, as with Angel et al., this study also investigated using fetal depth (DEf) in 

conjunction Dw for estimating CTDIvol,32-to-fetal-dose coefficients [67]. Lastly, the resulting fetal 

dose coefficients were compared to SSDE conversion coefficients (f-factors) from AAPM Report 

204 to investigate the use of SSDE as an estimate of fetal dose for either TCM or FTC scans. The 

SSDE f-factors are the conversion coefficients for adjusting the scanner-reported CTDIvol,32 to 

account for patient size. AAPM Report 204 notes “that the actual dose to any given patient may 

differ from the value calculated using this report by 10% to 20%” [55]. Though not originally 

intended to be a measure of fetal dose, it is expected that the SSDE f-factors will become widely 
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available. In addition to estimating fetal dose, this study therefore also sought to compare fetal 

dose from TCM and FTC to SSDE in order ascertain whether or not SSDE could be used as a 

surrogate for fetal dose. 

 

7.2 Materials and Methods 
 
7.2.A Voxelized patient cohort 

The patient image data used in this investigation was previously collected by Angel et al. and is 

comprised of 24 pregnant patients of gestational ages ranging from less than 5 to 36 weeks who 

underwent clinically indicated abdominal/pelvic FTC CT examinations [67]. For each patient, the 

image data included, at a minimum, patient anatomy from the lower thorax to the pubic symphysis. 

Given that the patients represent a range of gestational ages, the fetus was not visible in 5 patients 

due the pregnancies being in the early stages. In these cases, either the uterus or the gestational sac 

was used as a surrogate organ for the fetus. For each patient, the uterus, gestational sac, and fetus 

were semi-automatically segmented from the axial images, depending on what was visible in the 

image data. The three-dimensional geometric centroid of the fetus was calculated based on the 

segmented boundaries. For each patient, an estimate of patient size in form Dw was determined 

from the image data per AAPM Report 220 [55]. The patient size was determined as the Dw 

measured at the image containing the three-dimensional geometric centroid of the fetus [67]. If the 

fetus was not present, then Dw was estimated at the image containing three-dimensional geometric 

centroid of either the uterus or gestational sac [67]. DEf is defined and was measured as the distance 

from the anterior skin surface to the most anterior part of the fetus [67]. DEf was therefore 

measured at the slice containing the most anterior part of the fetus. Voxels containing the uterus 

were modeled as soft tissue, and the voxels of the gestational sac were modeled as water [67]. All 
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voxels containing the fetus were modeled as either soft tissue or fetal bone depending on 

Hounsfield number [67]. The remaining voxels outside of the contoured regions were identified as 

a specific tissue type (lung, fat, water, muscle, bone, air) using a Hounsfield number lookup table 

[61]. Table 7-I contains a list of the patient gestational ages and the organs of interest used in this 

study. Figure 7-1 shows axial images of the centroid of the region of interest demonstrating the 

development of voxelized patient models for 3 of the pregnant patients. 

 

Table 7-1: Gestational age and region of interest used for all subjects 

ID 
Gestational 

Age      
(weeks) 

Region of 
Interest 

1 < 5 Uterus 
2 5.0 Ges. Sac 
3 5.0 Ges. Sac 
4 6.6 Ges. Sac 
5 7.1 Ges. Sac 
6 12.1 Fetus 
7 14.3 Fetus 
8 14.9 Fetus 
9 17.0 Fetus 
10 17.1 Fetus 
11 18.5 Fetus 
12 20.3 Fetus 
13 22.0 Fetus 
14 23.7 Fetus 
15 24.0 Fetus 
16 24.4 Fetus 
17 25.0 Fetus 
18 27.0 Fetus 
19 27.4 Fetus 
20 27.4 Fetus 
21 28.3 Fetus 
22 29.4 Fetus 
23 35.0 Fetus 
24 35.9 Fetus 
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Figure 7-1: Images in the first row are, from left to right, represent early, mid-term, and late-term 
pregnant patients. Images in the second row show the uterus (yellow), gestational sac (green), and 
fetus (red) segmented from the images of these pregnant patients. Adapted with permission from 
Figure 3 of Angel et al. [67]. 
 

7.2.B   Monte Carlo Simulation Tool 

A Monte Carlo software package, MCNPX (Monte Carlo N-Particle eXtended version 2.7.a), was 

utilized for all simulations [115], [116]. The source code of MCNPX was modified to model 

MDCT scanner geometries and spectra [60], [62], [117]. The code is capable of selecting the 

appropriate energy spectrum data reflecting a range of scanner models previously generated using 

the “equivalent source” method by Turner et al. and other user-specified variables such as scan 

length and helical pitch. All simulations were conducted in photon transport mode with a 1 keV 

low-energy cut-off. Additionally, all simulations were performed with 107 particle histories. All 

MC simulations were performed with the voxelized patient models at isocenter. In the case of 

TCM simulations, an additional text file with information on individual table location, tube angle, 

and tube current value throughout the scan was utilized in the simulation. Validation of this MC 
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simulation package under a variety of conditions including TCM has been previously reported 

[60], [118]–[120]. 

 

7.2.C Modeling Tube Current Modulation (TCM) Scans 

As actual TCM schemes are scanner make and model dependent, TCM modeling was limited to 

the specific scanner modeled previously by McMillan et. al [70]. The method was used to estimate 

the TCM scheme from one manufacturer (CAREDose4D, Siemens Healthineers, Forchheim 

Germany). Therefore, only TCM scans using CAREDose4D [121] from the Definition AS64 were 

simulated. The methodology is summarized below in § 7.2.C.1. Table 7-2 contains the scanning 

protocol for TCM CT simulations. For each pregnant patient model, the TCM curves were 

estimated for an abdomen/pelvis scan. A CTDIvol,32 value was then derived for each TCM curve 

based on the average mA across the scan. 

 

 
Table 7-2: Scanning parameters used for the TCM scan on Siemens Definition AS64 using 
CAREDose4D  

Parameter Setting 
kVp 120 
Quality reference mAs (QRM) 200 
Rotation time (s) 0.5 
Pitch 1.0 
Nominal collimation (mm) 19.2 (64 × 0.6 FFS) 
Measured collimation (mm) 23.8 
Bowtie filter Body 
HVL (mm Al) 8.2 
CTDIvol,32 (mGy/mAs) 0.078 

 

 

7.2.C.1 Creation of TCM Functions 
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Using the methodology described in McMillan et al. [70], TCM schemes were created for each of 

the pregnant patient models. As described therein, the TCM schemes generated are specific to one 

manufacturer’s TCM algorithm. A brief summary of the methods described in McMillan et al. [70] 

are provided below.  

 

7.2.C.1.1 Estimating Patient Size Using Attenuation Profiles  

TCM typically adapts the tube current in response to the patient attenuation characteristics from 

the CT localizer radiograph. However, no localizer information is available for these patients. 

Therefore, a simulated CT radiograph was generated for each patient using MCNPX in order to 

acquire estimates of attenuation.  

 

To generate the TCM schemes used in this investigation, the first step was to create a simulated 

abdominal/pelvic CT scan radiograph by simulating projections along the length of each patient’s 

image data in 1 mm increments. When combined with a simulated in air scan, the result is the 

generation of patient attenuation profiles in the anterior-posterior (AP) direction. Figure 7-2 

depicts the methodology for generating the simulated CT radiograph. From these patient 

attenuation profiles, an estimate of the AP dimension of patient size was generated. This involved 

emulating methods employed by the manufacturer and included using a moving average filter on 

the attenuation profile and then determining the maximum attenuation from the profile [122]. The 

AP patient dimension was calculated at each table position using the maximum attenuation 

normalized by the linear attenuation coefficient of water at a given beam energy (assumed to be 

120 kVp and having an equivalent energy of 60 keV). 
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Figure 7-2: A) Voxelized representation of patient model (sagittal view) and B) simulated CT 
radiograph (AP view). The simulated CT radiograph was generated by simulating projections at 1 
mm increments along the length of the voxelized patient model and dividing the resulting 
projections by a reference air scan. The legend below A) is color-coded for the material 
designations for each voxel.  
 

The lateral (LAT) patient dimension was estimated using data derived from the simulated AP scan 

radiographs described above and applying a mathematical model that involves the elimination of 

outside air, the CT table and low-attenuation regions through the application of thresholds to the 

patient attenuation profile [122], [123]. Additionally, in order to generate the LAT patient 

estimates from the AP estimates, the CAREDose4D estimation algorithm applies a table offset 

correction factor to account for the patient not being at isocenter in the image data. Once 

determined, these estimates of AP and LAT dimensions of patient size were used as the inputs to 

the methods to estimate Siemens TCM schemes described. AP and LAT patient dimension 

estimates were determined at each 1 mm step. 

 

7.2.C.1.2 Estimating Tube Current Modulation Schemes from Attenuation Data 
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7.2.C.1.2.1 Estimating Longitudinal Tube Current Modulation  

 

In the CAREDose4D AEC algorithm, tube current is first determined by comparing the actual 

patient attenuation from the CT radiograph to reference patient attenuation values hardcoded in 

the AEC algorithm [71], [121]. The AP and LAT water-equivalent estimates of patient size were 

determined from simulated CT radiographs in the previous section. The estimation of longitudinal 

modulation is based on the maximum attenuation at each table position from either the AP or LAT 

direction. Therefore, the maximum attenuation at each table position, i, Amax(i) is determined by 

taking the maximum of the calculated AP and LAT size values for each tale position as shown in 

Eq. 7-A: 

 

   Eq. 7-A 

  

where μwater,kVp is the linear attenuation coefficient of water for a given beam energy. For this 

investigation, μwater,kVp was set to 0.2 cm-1 for a 120 kVp beam. 

 

After the maximum attenuation at each table position is calculated, tube current values (mA) at 

each table position, i, are calculated from the corresponding patient attenuation using Eq. 7-B:  

 

  Eq. 7-B 

 

where QRM is the quality reference mAs, t is the gantry rotation time, pitch is the user selected 

pitch value, Amax(i) is the maximum patient attenuation at each table location i, Aref is the protocol-

Amax(i) = max [exp(µwater,kV p ⇥AP (i)), exp(µwater,kV p ⇥ LAT (i))]
<latexit sha1_base64="ZOHPuQKVOULx8y3pSow+xpGU7c4="></latexit>

mA(i) =
QRM⇥ pitch
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specific reference attenuation value specified by the manufacturer [71], and b is a strength 

parameter. The default strength setting of “Average” was used for this study and corresponds to a 

b value of 0.33 for attenuation greater than Aref and 0.5 for attenuation less than Aref  [71], [73]. 

Applying Eq. 7-B to the patient attenuation profiles determined at each table position from the 

simulated radiograph yielded an estimate of the maximum tube current at each table position and 

corresponds to the longitudinal modulation based upon attenuation characteristics. 

 

7.2.C.1.2.2 Estimating Angular Tube Current Modulation  

This AEC algorithm also modulates the tube current angularly according to angular attenuation 

measurements (i.e. angular or x-y modulation) [121]. The only patient attenuation data used were 

the attenuation data derived from the simulated radiograph and was based on the AP and LAT 

attenuation profiles described above. Attenuation values between these ordinal positions of the 

tube gantry were obtained through interpolation to derive an estimate of the angular attenuation. 

In addition, a gantry rotation time-dependent parameter is utilized that limits the amount of 

modulation allowed at a given table position [124]. 

 

7.2.C.1.2.3. Combining Longitudinal and Angular Modulation 

Combining the longitudinal modulation scheme from § 7.2.C.1.2.1 and the angular modulation 

scheme from § 7.2.C.1.2.2 generated an estimated tube current profile. For the estimated tube 

current, the tube current at each table position, i, is based on the longitudinal modulation value 

multiplied by the angular modulation value [125]. For this work, the operating limits for tube 

current values were 665 mA for 120 kVp. (This was the limit for a Definition AS64, but that limit 
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is higher for later scanners). An example TCM curve for one pregnant patient model is illustrated 

in Figure 7-3.  

 

Figure 7-3: Estimated TCM scheme for a pregnant patient who received a clinically indicated CT 
examination. The TCM scheme is overlaid on an image of the simulated CT localizer radiograph 
(AP orientation) of the pregnant patient. The portion of the scan range in which the fetus is located 
is indicated with yellow dashed lines. 
 

7.2.D Modeling Fixed Tube Current (FTC) Scans 

For the FTC scans, four different 64 slice MDCT scanner models were used.  These were (a) 

LightSpeed VCT (GE Medical Systems Waukesha, WI), (b) Brilliance 64, (Philips Medical 

Systems, Cleveland, OH), (c) Aquilion 64 (Toshiba Medical Systems, Inc., Otawara, Japan), and 

(d) Definition AS64 (Siemens Healthineers, Forchheim, Germany). For each scanner model, the 

equivalent source method [126] was used to determine the equivalent spectra and equivalent 

bowtie filtration profile. The nominal collimation, measured beam width, HVL, and CTDIvol,32 per 

mAs for each scanner are described in Table 7-3. The following technique was used for each 

scanner: 120 kVp, 400 mA, 0.5 s rotation time, and a pitch of 1. The beam collimation used was 
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the widest available on each scanner model. For each scanner model, for each scanner, physical 

measurements were made using the CTDIvol,32 phantom to determine the CTDIvol,32 under these 

scan conditions (kVp, bowtie, etc.) and were reported on a mGy/mAs basis. CTDIvol,32 values for 

each scanner were achieved by multiplying CTDIvol,32 per values mAs by the tube current-rotation 

time product (effective mAs). These scanner models were incorporated into the MC simulation 

tools described in § 7.2.B. 

 

Table 7-3: Scanners used for fixed tube current (FTC) scans and associated parameters. The 
nominal collimation, measured beam width, HVL, and CTDI per mAs for the Definition AS64 
listed in Table 7-2 of § 7.2.C are presented here for comparison. 

 

 

7.2.E Fetal Dose Estimates 

The nomenclature employed in this study was adapted from Turner et al. [114]. Using voxelized 

models of patient anatomy described in § 7.2.A, MC simulations of both TCM and FTC 

abdomen/pelvis CT examinations were performed to estimate the absolute dose to the fetus (Dfetus) 

for each pregnant patient model. For this study, Dfetus was taken as the ratio of total energy imparted 

to the total fetal mass.  

 

Normalized fetal dose estimates, nDfetus, were obtained by dividing Dfetus from the MC simulations 

by CTDIvol,32. The differences of nDfetus for TCM relative to FTC were compared for one scanner 

(Definition AS64). nDfetus estimates were also used (1) to investigate an exponential relationship 
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between nDfetus and patient size in terms of Dw (§ 7.2.E.1), (2) to explore a bivariate linear 

relationship between nDfetus and both Dw and DEf (§ 7.2.E.2), and (3) to compare nDfetus to the 

SSDE f-factors. Regression equations describing the correlations between nDfetus with either Dw or 

both Dw and DEf served as the means to generate scan technique-independent fetal dose estimates 

for any patient size. Additionally, for the FTC scans, nDfetus!!!!!!!! was calculated by averaging the nDfetus 

across the four scanners on a per patient basis and was used to investigate an exponential 

relationship with Dw, a bivariate relation with Dw and DEf, and a comparison with SSDE f-factors. 

For FTC scans, the coefficient of variations (CoV) across the four scanners were also calculated 

on a per patient basis.  

 

7.2.E.1 Fetal dose conversion coefficients as a function of Dw using an exponential model 

The first approach is consistent with the observed exponential relationships between CTDIvol,32-

normalized organ dose and patient size demonstrated by Turner et al. [52] and used in AAPM 

report 204. This exponential relationship between nDfetus and Dw is defined in Equation 7-C: 

 

  Eq. 7-C 

 

where nDfetus,1(Dw) represents fetal dose conversion coefficients as a function of Dw using the 

exponential model and A0 and B0 are exponential regression coefficients. A0 and B0 were 

determined by performing the regression of nDfetus and Dw across all patient models and were 

determined separately for TCM and FTC scans. For FTC scans, nDfetus for the FTC scans from 

each manufacturer and nDfetus!!!!!!!! were correlated separately using Equation 7-C. nDfetus,1!!!!!!!!!!(Dw) was 

nDfetus,1(Dw) = A0 ⇥ exp(�B0 ⇥Dw)
<latexit sha1_base64="Q2ZubfurlVERQgPbAVgZHFfkK14=">AAACIXicbVBNSwMxEM36bf2qevQSLEIFLbsq6EWo1YNHBauFtizZdLYNZrNLMquWpX/Fi3/FiwdFvIl/xrQW1OpAyOO9N8zMCxIpDLruuzM2PjE5NT0zm5ubX1hcyi+vXJo41RyqPJaxrgXMgBQKqihQQi3RwKJAwlVwfdzXr25AGxGrC+wm0IxYW4lQcIaW8vMH6sTPQsDUbHm94ol/u3l45Lu0gSICYz+4wwzukl5xu/JN921+vuCW3EHRv8AbggIZ1pmff2u0Yp5GoJBLZkzdcxNsZkyj4BJ6uUZqIGH8mrWhbqFidlIzG1zYoxuWadEw1vYppAP2Z0fGImO6UWCdEcOOGdX65H9aPcXwoJkJlaQIin8NClNJMab9uGhLaOAouxYwroXdlfIO04yjDTVnQ/BGT/4LLndK3m7JPd8rlCvDOGbIGlknReKRfVImp+SMVAkn9+SRPJMX58F5cl6dty/rmDPsWSW/yvn4BAfKoi0=</latexit>
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used to represent the exponential model using nDfetus.!!!!!!!!! In order to gauge the strength of these 

correlations, the coefficient of determination (R2) was used.  

 

7.2.E.2 Fetal dose conversion coefficients as a function of Dw and DEf using a bivariate linear 

model 

The second approach is based on Angel et al. [67] wherein the relationship between nDfetus 

and both Dw and DEf is defined in Equation 7-D: 

 

  Eq. 7-D 

 

where nDfetus,2(Dw,DEf) represents fetal dose conversion coefficients as a function of Dw and DEf 

using the bivariate linear model, and A1, B1, and C1 are regression coefficients. A1, B1, and C1 were 

determined by performing the regression of nDfetus with Dw and DEf across all patient models and 

were determined separately for TCM and FTC scans. The bivariate linear regression was 

performed using GraphPad Prism 6.00 for Mac OS X (GraphPad Software, La Jolla, California, 

USA, www.graphpad.com). A user-defined regression model was configured for the analysis of 

two independent variables. This regression analysis was performed using the FTC scans from each 

manufacturer and nDfetus!!!!!!!!. nDfetus,2!!!!!!!!!!(Dw,DEf) was used to represent the bivariate linear model using 

nDfetus!!!!!!!!. As in § 7.2.E.1, the coefficient of determination (R2) was used to gauge the strength of the 

correlation. 

 

7.2.E.3 Comparison of nDfetus to SSDE f-factors 

nDfetus,2(Dw, DEf ) = A1 �B1Dw � C1DEf
<latexit sha1_base64="cT5Q3nFbCgSg6xqq8MafGctxj6g=">AAACEnicbVBNSwJBGJ61L7OvrY5dhiRQUNm1oC6BqUFHgzRBZZkdZ3VwdnaZmU1k8Td06a906VBE107d+jeNH4fSHnhfHp7nfZl5HzdkVCrL+jYSK6tr6xvJzdTW9s7unrl/0JBBJDCp44AFoukiSRjlpK6oYqQZCoJ8l5F7d1CZ+PcPREga8Ds1CknHRz1OPYqR0pJjZnnViT2iIpkrjjNVZ5irXjte9vLKsWG+7NjVYb6iu9YcM20VrCngMrHnJA3mqDnmV7sb4MgnXGGGpGzZVqg6MRKKYkbGqXYkSYjwAPVIS1OOfCI78fSkMTzRShd6gdDFFZyqvzdi5Es58l096SPVl4veRPzPa0XKu+jElIeRIhzPHvIiBlUAJ/nALhUEKzbSBGFB9V8h7iOBsNIppnQI9uLJy6RRLNinBev2LF0qz+NIgiNwDDLABuegBG5ADdQBBo/gGbyCN+PJeDHejY/ZaMKY7xyCPzA+fwC0mprw</latexit>
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The nDfetus estimates from TCM and FTC were compared to the SSDE f-factors based on the 

CTDIvol,32 phantom from AAPM Report 204 using the f-factors as a reference. Eq. 7-E, taken from 

AAPM Report 204 (Equation A-1 of the report), was used to generated the conversion factors 

across the patient sizes investigated in this study and is as follows: 

 

  Eq. 7-E 

 

where A0 = 3.70 and B0 = 0.037 [54]. nDfetus!!!!!!!! estimates were also compared to the SSDE f-factors. 

The differences relative to SSDE f-factors were expressed in terms of percentage (%) for each 

patient. In addition, for the exponential model regression analyses performed in § 7.2.E.1, the 

SSDE f-factors were included as a point of reference with shaded regions corresponding to ± 20% 

and ± 25% of the SSDE f-factors. 

 

7.3 Results 
 
7.3.A TCM comparison to FTC for a single scanner 

Table 7-4 contains the Dw estimates, DEf, CTDIvol,32 estimates for TCM scans, absolute fetal dose 

(Dfetus) values for AS64 TCM simulations and AS64 FTC simulations, normalized fetal dose 

(nDfetus) values for AS64 TCM simulations and AS64 FTC simulations, and differences of TCM 

nDfetus relative to FTC nDfetus. Dw estimates ranged from 25.3 cm to 35.6 cm. DEf estimates ranged 

from 3.4 cm to 10.9 cm.  The CTDIvol,32 for TCM ranged from 6.9 mGy to 17.3 mGy. The 

CTDIvol,32 for FTC for the AS64 was 15.6 mGy across all patients. For TCM, nDfetus differences 

relative to FTC ranged from -5% to 23%, with a mean of 6% across all patients. 

 

SSDE f � factors = A0 ⇥ exp(�B0 ⇥Dw)
<latexit sha1_base64="t/1IK8pqjuZxWvX9cErBfxscAhE="></latexit>
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Table 7-4: For all patients listed in Table 7-1, this table includes patient size metric (Dw), fetal 
depth (DEf), patient CTDIvol,32 estimates for TCM scans, Dfetus from TCM and FTC, nDfetus from 
TCM and FTC, as well as TCM nDfetus difference (%) relative to FTC. The CTDIvol,32 for FTC for 
was 15.6 mGy.  

ID Dw 
(cm) 

DEf 
(cm) 

TCM 
CTDIvol,32 

(mGy) 

Absolute 
fetal dose, 

Dfetus 
(mGy) 

 
Normalize fetal dose  

(nDfetus) 
nDfetus 

Difference 
(%) 

TCM FTC  TCM FTC 
1 33.5 10.6 15.4 18.2 14.9  1.18 0.96 23 
2 25.6 4.2 8.7 14.6 23.3  1.68 1.50 12 
3 28.9 7.6 6.9 10.9 25.6  1.57 1.64 -5 
4 29.2 10.9 11.8 14.1 16.6  1.20 1.07 12 
5 27.3 5.9 9.2 17.3 25.0  1.87 1.61 16 
6 25.3 4.6 9.1 16.2 28.1  1.77 1.81 -2 
7 32.0 6.5 12.7 17.8 21.2  1.40 1.37 3 
8 28.0 7.1 10.1 14.5 21.7  1.43 1.40 2 
9 29.6 7.7 11.2 16.5 22.3  1.47 1.43 3 
10 25.9 6.7 9.1 15.0 24.3  1.65 1.56 6 
11 26.6 5.6 9.5 17.3 27.6  1.83 1.77 3 
12 34.6 8 13.4 15.3 16.8  1.14 1.08 6 
13 30.6 4.7 15.9 22.4 21.5  1.41 1.38 2 
14 35.6 6.3 15.6 17.0 15.9  1.09 1.02 7 
15 29.7 5.6 8.9 13.3 22.3  1.50 1.44 5 
16 28.2 6.6 9.5 14.0 22.5  1.47 1.45 1 
17 27.9 2.5 12.7 19.8 23.8  1.56 1.53 2 
18 27.9 9 8.0 11.6 22.5  1.45 1.45 1 
19 30.8 3.6 11.7 17.9 23.1  1.52 1.48 3 
20 35.6 6 17.3 20.2 16.8  1.17 1.08 8 
21 34.0 5.5 13.6 17.5 18.6  1.29 1.20 8 
22 31.7 3.5 16.7 21.8 18.9  1.30 1.22 7 
23 28.5 5.1 11.5 15.5 20.5  1.36 1.32 3 
24 35.3 3.4 16.1 20.1 17.4  1.24 1.12 11 
        Mean 6 

 

 

7.3.B Fetal dose conversion coefficients as a function of Dw using an exponential model  

7.3.B.1 TCM and FTC exponential relationships for a single scanner 
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Figure 7-4 shows the exponential model regression analysis for both TCM and FTC simulations 

for the AS64 nDfetus data tabulated in Table 7-4. The R2 values of the TCM and FTC was observed 

to be 0.73 and 0.70, respectively. The results of the regression analysis are tabulated in Table 7-5.  

 

 

Figure 7-4: nDfetus,1(Dw) for the TCM and FTC scans from the AS64. nDfetus,1(Dw) represents the 
exponential model using nDfetus and Dw for TCM and FTC scans. 

 
 

Table 7-5: nDfetus,1(Dw) and R2 values for the AS64 TCM and FTC scans. 

Normalized Dose A0 B0 R2 

AS64 TCM 4.68 0.040 0.73 
AS64 FTC 5.28 0.045 0.70 

 
 

7.3.B.2 FTC exponential relationships for four scanners 

For the FTC scan protocol described in § 7.2.E, the CTDIvol,32 for the LightSpeed VCT, Brilliance 

64, and Aquilion 64 scanners was 17.7 mGy, 12.5 mGy, and 24.6 mGy, respectively, across all 

patients. As mentioned in § 7.3.A, the CTDIvol,32 for FTC for the AS64 was 15.6 mGy across all 

patients. The nDfetus for each of the four scanners in FTC mode and nDfetus!!!!!!!! are tabulated in Table 

7-6. The CoV ranged from 10% to 14%. The mean CoV across all patients was 12%. Figure 6-5 



 131 

contains the FTC regression analyses for the four scanners. The R2 values for the exponential 

model for the LightSpeed VCT, Brilliance 64, and Aquilion 64 in FTC mode were observed to be 

0.63, 0.60, and 0.64, respectively. From § 7.3.B.1, the R2 value of the AS64 in FTC mode was 

observed to be 0.70. The exponential regression coefficients and coefficients of determination for 

FTC fetal dose estimates from the four scanners are shown in Table 7-7. Figure 7-6 shows 

regression analysis of nDfetus,1!!!!!!!!!!(Dw), which yielded an R2 of 0.64. 
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Table 7-6: The results below are only for FTC scans. nDfetus for the four scanners, nDfetus!!!!!!!!, and 
CoV across the four scanners. The FTC nDfetus for the AS64 was included for comparison. CoV 
results reflect the variation among the four scanner models on a per patient basis. 

 nDfetus 

nDfetus!!!!!!!! CoV 
(%) ID 

LightSpee
d 

VCT 

Brilliance 
64 Aquilion 64 AS64 

1 0.89 0.68 0.85 0.96 0.84 14 
2 1.36 1.11 1.36 1.50 1.33 12 
3 1.54 1.20 1.51 1.64 1.47 13 
4 0.98 0.75 0.93 1.07 0.93 14 
5 1.52 1.27 1.55 1.61 1.48 10 
6 1.73 1.42 1.74 1.81 1.67 10 
7 1.30 1.03 1.25 1.37 1.24 12 
8 1.32 1.03 1.29 1.40 1.26 13 
9 1.35 1.07 1.34 1.43 1.30 12 
10 1.48 1.15 1.45 1.56 1.41 13 
11 1.71 1.37 1.68 1.77 1.64 11 
12 1.02 0.79 0.98 1.08 0.97 13 
13 1.34 1.09 1.32 1.38 1.28 10 
14 0.97 0.76 0.92 1.02 0.92 12 
15 1.38 1.08 1.33 1.44 1.31 12 
16 1.38 1.09 1.34 1.45 1.32 12 
17 1.49 1.21 1.45 1.53 1.42 10 
18 1.38 1.07 1.33 1.45 1.31 12 
19 1.45 1.18 1.41 1.48 1.38 10 
20 1.04 0.81 0.99 1.08 0.98 12 
21 1.16 0.90 1.11 1.20 1.09 12 
22 1.19 0.95 1.13 1.22 1.12 11 
23 1.27 1.00 1.22 1.32 1.20 12 
24 1.10 0.88 1.05 1.12 1.04 10 
     Mean 1.25 12 
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Figure 7-5: The results here are only for FTC scans. nDfetus,1(Dw) for the A) LightSpeed VCT, B) 
Brilliance 64, C) Aquilion 64, and D) AS64. The CTDIvol,32 values for the four scanners were 
17.7 mGy for the LightSpeed VCT, 12.5 mGy for the Brilliance, 24.6 mGy for the Aquilion, and 
15.6 mGy for the AS64. nDfetus,1(Dw) represents the exponential model using nDfetus and Dw for 
each of the four scanners. 
 

 

 

Figure 7-6: Regression analysis for nDfetus,1!!!!!!!!!!(Dw) using the exponential model. nDfetus,1!!!!!!!!!!(Dw) 
represents the exponential model using nDfetus!!!!!!!! and Dw. 
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Table 7-7: nDfetus,1(Dw) and R2 for the four scanners, along with nDfetus,1!!!!!!!!!!(Dw) and its R2 values. 
The AS64 FTC nDfetus,1(Dw) regression coefficients are shown here for comparison. 

Conversion 
Coefficients A0 B0 R2 

LightSpeed VCT FTC 4.78 0.044 0.63 
Brilliance 64 FTC 4.09 0.046 0.60 
Aquilion 64 FTC 5.21 0.047 0.64 

AS64 FTC 5.28 0.045 0.70 
nDfetus,1!!!!!!!!!!(Dw) 4.82 0.046 0.64 

 

 

7.3.C Fetal dose conversion coefficients as a function of Dw and DEf using a bivariate linear model  

Table 7-8 contains the results for the multivariate regression analyses for the all the scanners used 

in this investigation. The multivariate regression using the bivariate linear model for nDfetus from 

TCM was observed to have an R2 value of 0.78. The R2 values for nDfetus,2(Dw,DEf) for the 

LightSpeed VCT, Brilliance 64, Aquilion 64, and AS64 in FTC mode were observed to be 0.74, 

0.76, 0.75, and 0.77, respectively. The R2 value of nDfetus,2!!!!!!!!!!%Dw,DEf& was observed to be 0.75.  

 
Table 7-8: nDfetus,2(Dw,DEf) regression coefficients and R2 values for the bivariate linear models. 

nDfetus,2!!!!!!!!!!%Dw,DEf& regression coefficients are also included. 
Conversion 
Coefficients A1 B1 C1 R2 

AS64 TCM  3.26 0.055 0.026 0.78 
LightSpeed VCT FTC 3.13 0.053 0.036 0.74 

Brilliance 64 FTC 2.61 0.045 0.036 0.76 
Aquilion 64 FTC 3.22 0.057 0.037 0.75 

AS64 FTC  3.32 0.059 0.030 0.77 
nDfetus,2!!!!!!!!!!(Dw,DEf) 3.07 0.053 0.035 0.75 

 
 

7.3.D Comparisons to SSDE f-factors 

7.3.D.1 SSDE f-factor comparison to TCM and FTC nDfetus from a single scanner 
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Comparison of the AS64 TCM and FTC nDfetus to SSDE are tabulated in Table 7-9. Figure 7-7 

shows the same exponential model regression analyses shown in Figure 7-4 with the addition of 

the SSDE f-factors as a point of reference. Shaded areas corresponding to ± 20% and ± 25% of the 

SSDE f-factors were also added. For TCM (n=24), 15 patients in this study had nDfetus within ± 

20% of the SSDE f-factors, and 21 patients had nDfetus within ± 25% of the SSDE f-factors. For 

FTC (n=24), 20 patients in this study had nDfetus within ± 20% of the SSDE f-factors, and 22 

patients had nDfetus within ± 25% of the SSDE f-factors. When considering both TCM and FTC 

scans (n=48), 35 instances of nDfetus were within ± 20% of the SSDE f-factors, and 43 instances of 

nDfetus were within ± 25% of the f-factors. Table 7-10 contains a summary of the relation of nDfetus 

to the SSDE f-factors per Figure 7-7. 
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Table 7-9: Comparison of the AS64 TCM and FTC nDfetus to the SSDE f-factors 

ID AS64 TCM  
nDfetus 

AS64 FTC 
nDfetus 

SSDE  
f-factors 

Difference from the SSDE f-factors (%) 
AS64 TCM AS64 FTC 

1 1.18 0.96 1.08 8.6 -11.8 
2 1.68 1.50 1.45 15.8 3.4 
3 1.57 1.64 1.28 21.9 28.0 
4 1.20 1.07 1.31 -5.8 -16.0 
5 1.87 1.61 1.36 37.7 18.5 
6 1.77 1.81 1.46 21.2 23.8 
7 1.40 1.37 1.14 22.4 19.3 
8 1.43 1.40 1.33 7.9 5.5 
9 1.47 1.43 1.25 17.8 14.6 
10 1.65 1.56 1.43 15.7 9.3 
11 1.83 1.77 1.40 31.0 26.9 
12 1.14 1.08 1.04 9.8 3.9 
13 1.41 1.38 1.20 17.1 14.9 
14 1.09 1.02 1.00 9.0 1.8 
15 1.50 1.44 1.25 20.7 15.2 
16 1.47 1.45 1.32 11.4 10.0 
17 1.56 1.53 1.33 17.5 15.0 
18 1.45 1.45 1.33 9.3 8.6 
19 1.52 1.48 1.19 27.5 22.1 
20 1.17 1.08 1.00 16.4 7.5 
21 1.29 1.20 1.06 21.3 12.5 
22 1.30 1.22 1.16 12.3 5.1 
23 1.36 1.32 1.30 4.1 1.5 
24 1.24 1.12 1.01 22.5 10.5 
   Mean 16.4 10.4 

 

 



 137 

 
Figure 7-7: The same regression analyses shown in Figure 4 accompanied by the SSDE f-factors 
from AAPM Report 204 as a point of reference and shaded areas corresponding to ± 20% and ± 
25% of the SSDE f-factors. A summary of the doses that fall within ± 20% and ± 25% of the SSDE 
f-factors are tabulated in Table 7-10. 
 
 
Table 7-10: Summary table of nDfetus points within the bounds of ± 20% and ± 25% of the SSDE 
f-factors 

 TCM 
(n=24) 

FTC 
(n=24) 

TCM + FTC 
(n=48) 

nDfetus within ± 20% 15  
(62.5%) 

20 
(83.3%) 

35  
(72.9%) 

nDfetus within ± 25% 21  
(87.5%) 

22 
(91.7%) 

43  
(89.6%) 

nDfetus beyond ± 25% 3  
(12.5%) 

2  
(8.3%) 

5  
(10.4%) 

 

 

7.3.D.2 SSDE f-factor comparison to nDfetus!!!!!!!! 

Table 7-11 contains the comparisons nDfetus!!!!!!!! to the SSDE f-factors on a per patient basis. The 

differences with respect to the SSDE f-factors ranged from -29% to 17%. A mean difference of 

0.4% was observed between nDfetus!!!!!!!! and the SSDE f-factors. Figure 7-8 shows the regression 

analyses for the four scanners shown in Figure 7-5 with the addition of the SSDE f-factors as a 

point of reference. Shaded areas corresponding to ± 20% and ± 25% of the SSDE f-factors were 
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also added to Figure 7-8. All but two patients had nDfetus!!!!!!!! that were within the ± 20% tolerance 

specified by AAPM Report 204. Figure 7-9 shows nDfetus,1!!!!!!!!!!(Dw) with the addition of the SSDE f-

factors as a point of reference and shaded regions corresponding to ± 20% and ± 25% of the SSDE 

f-factors. 

 

Table 7-11: Comparison of nDfetus!!!!!!!! to the SSDE f-factors 

ID nDfetus!!!!!!!! SSDE  
f-factors 

Difference from  
the SSDE f-factors 

(%) 
1 0.84 1.08 -22.2 
2 1.33 1.45 -8.0 
3 1.47 1.28 14.7 
4 0.93 1.31 -29.0 
5 1.48 1.36 9.4 
6 1.67 1.46 14.5 
7 1.24 1.14 7.9 
8 1.26 1.33 -4.9 
9 1.30 1.25 3.9 
10 1.41 1.43 -1.5 
11 1.64 1.40 17.0 
12 0.97 1.04 -7.1 
13 1.28 1.20 6.6 
14 0.92 1.00 -8.5 
15 1.31 1.25 4.8 
16 1.32 1.32 -0.1 
17 1.42 1.33 6.9 
18 1.31 1.33 -1.9 
19 1.38 1.19 15.6 
20 0.98 1.00 -2.3 
21 1.09 1.06 2.5 
22 1.12 1.16 -3.2 
23 1.20 1.30 -7.6 
24 1.04 1.01 2.4 
  Mean 0.4 
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Figure 7-8: nDfetus,1(Dw) for the A) LightSpeed VCT, B) Brilliance 64, C) Aquilion 64, and D) 
Definition AS64 shown in Figure 5 with the SSDE f-factors from AAPM Report 204 included as 
a point of reference. In addition, shaded areas corresponding to ± 20% and ± 25% of the SSDE f-
factors are also shown. 
 
 

 

Figure 7-9: nDfetus,1!!!!!!!!!!(Dw) accompanied with the SSDE f-factors and the shaded regions 
corresponding to ± 20% and ± 25% of the SSDE f-factors for comparison. 
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7.4 Discussion 
 
In this work, MC simulation methods were applied to 24 pregnant patient models (originally 

developed by Angel et al. [67]) in order to estimate fetal dose from CT abdomen/pelvis exams 

using TCM and FTC. TCM was applied to one scanner model for which TCM schemes could be 

estimated. Additionally, this scanner model and three additional scanner models were used to 

estimate fetal dose from FTC scans. For both TCM and FTC scans, the resulting fetal doses were 

normalized by scanner output (CTDIvol,32) and parameterized with respect to water equivalent 

diameter (Dw) to create size-specific, scan technique-independent fetal dose estimates. A bivariate 

linear model was also investigated correlating normalized fetal dose with Dw and a metric of fetal 

position in terms of fetal depth (DEf). The resulting fetal dose coefficients were then compared to 

the SSDE conversion coefficients (the SSDE f-factors from AAPM Report 204).  

 

As described in § 7.2.A, Dw was measured at the image containing the three-dimensional geometric 

centroid of the fetus or surrogate organ (being uterus and gestational sac), the same location used 

by Angel et al. [67]. The image data for these patients were not originally reconstructed at the 

maximum available field of view (FOV). Because of this, nearly all of the patients (n=22) had 

small portions of peripheral anatomy outside of the FOV. Since the voxelized models were based 

upon the image data, the calculated Dw from the simulated topogram underestimates Dw for these 

cases. This underestimation of AP and LAT dimensions from anatomy outside of the FOV also 

affects the inputs necessary to estimate TCM schemes. Underestimated patient size yields lower 

tube current values. The decreased tube current values would also yield decreased CTDIvol,32 

estimates from the average tube current across the entire scan range. However, the voxelized model 

itself will also be affected as there will be less tissue to attenuate the photons in the simulations. 
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Therefore, the net effect of a slightly underestimated patient size due to small portions of peripheral 

anatomy outside the FOV on nDfetus should have minimal impact to the study results. 

 

When comparing TCM to FTC (performed for the Definition AS64 in this study), the coefficients 

of determination of 0.73 and 0.70, for nDfetus,1(Dw) for both TCM and FTC, respectively, suggest 

that Dw explains much of the variation of nDfetus. nDfetus,2(Dw,DEf) using both Dw and DEf for TCM 

yielded a coefficient of determination of 0.78. This finding suggests that a knowledge of Dw and 

DEf may give a better estimate for fetal dose than Dw alone. As can be noted in Figure 7-4 and in 

Table 7-4, the TCM conversion coefficients are systematically greater than the FTC conversion 

coefficients by roughly 6% on average. The increase in fetal dose from TCM relative to FTC is 

most probably due to AEC response to pelvic anatomy. The fetal extent included the pelvis for 

most of the patients, as is shown in Figure 7-3. As such, the fetus experienced an elevated tube 

current due to the attenuation of the pelvis. However, TCM was only simulated for one TCM 

technology, so it is not clear whether this 6% would be observable for all TCM technologies. 

Further study would therefore be needed to ascertain if this difference exists with other AEC 

systems. 

 

For the Definition AS64, TCM conversion coefficients of the fetus and surrogate organs (when 

the fetus was not present) were observed to be greater than the SSDE conversion coefficients by 

17%, as can be seen from Figure 7-7 and Table 7-9. The higher conversion coefficients would 

imply a higher absolute fetal dose relative to SSDE for a given CTDIvol,32. One potential reason 

for the conversion coefficients being higher than the SSDE f-factors is that the f-factors were based 

on the average absorbed dose to organs located in the abdomen using MC simulations of FTC 
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abdomen protocols for voxelized phantom models [52], [54], [114]. The soft-tissue organs within 

are effectively water-equivalent in composition, in contrast to fetal anatomy, which is comprised 

both of water equivalent soft-tissue voxels and bone voxels. The mass energy-absorption 

coefficients of bone to water is greater than unity, meaning the absorbed dose to the fetus should 

be higher than absorbed dose to any of the abdominal organs [113], so for a given CTDIvol,32, the 

nDfetus should be greater than the normalized dose to abdominal organs. On the other hand, the 

surrogate organs, the uterus and gestational sac (5 of the 24 patients), also experienced normalized 

doses higher than SSDE conversion coefficients. These two organs are, as described in § 7.2.B, 

comprised of soft-tissue and water, respectively, unlike fetal anatomy. Therefore, what these 

results suggests is that the variance from the SSDE f-factors may be scanner-specific. This 

conclusion is additionally supported by the variability observed for nDfetus for FTC simulations of 

the other scanners in § 7.3.B [114]. These imply variance from the SSDE f-factors can be related 

to properties of the scanner itself, such as the scanner x-ray source.  

 

However, for the Definition AS64, the majority of patients in this study, for both TCM and FTC, 

had nDfetus within ± 20% of the SSDE f-factors and within ± 25% of the SSDE f-factors, as Table 

7-10 shows. SSDE was never intended to be applied to fetal dose estimates. However, AAPM 

Report 204 stipulates a 10-20% tolerance of estimated patient dose from size-specific, scan 

technique-independent conversion factors and actual patient dose [54]. Though there were some 

patients that had differences from the SSDE f-factors greater that 20%, results from this study 

indicate that normalized doses from both TCM and FTC are mostly within this tolerance range. 

This suggests that, within the patient size range used in this study, the SSDE f-factors can provide 
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a reasonable (within ± 25%) estimate of normalized fetal dose estimates for both TCM and FTC 

abdominal/pelvis scans.  

 

Additionally, this study also investigated nDfetus for FTC averaged across the four different scanner 

manufacturers (nDfetus!!!!!!!!). In the case of nDfetus,1!!!!!!!!!!(Dw), the coefficient of determination was observed 

to be 0.64 with respect to Dw, meaning Dw explains roughly two thirds of the variation seen in  

nDfetus!!!!!!!!. The regression analyses using the exponential model performed for each scanner shown in 

Figure 7-5 highlight the observed variability of normalized dose across scanners as discussed 

above [114] albeit within 15%. nDfetus,2!!!!!!!!!!(Dw,DEf) yielded a coefficient of determination of 0.75. 

Only two patients (ID1 and ID4), both of which are early-term patients, had nDfetus!!!!!!!! beyond the 

tolerance specified in AAPM Report 204. One possible explanation for this observation is that, for 

these two patients, the DEf was larger relative (10.6 cm and 10.9 cm, respectively) to the other 

patients. As can be seen in Figure 7-10, the larger DEf implies that the organs of interest for these 

two patients are positioned deeper within the pelvis as compared with two other early-term patients 

(ID5 and ID3) and are thus provided with more inherent shielding, which decreased their 

normalized dose. To illustrate this point, Figure 7-11 shows TCM and FTC dose distributions maps 

for early-term patient ID1. Here, it can be seen that TCM algorithm adopts the tube current due to 

the attenuation characteristics of the pelvis while, with FTC, the photon fluence is the same at all 

projections, leading to an overall lower normalized dose to the uterus relative to TCM. Given this 

variation in fetal position in early-term patients, the inclusion of DEf in the bivariate model may 

explain the improvement of correlative ability over the exponential model. 
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Figure 7-10: Axial and sagittal images showing the variability of early-term maternal anatomy. 
For ID1 in A) and ID4 in B), the greater DEf means that the uterus (yellow) and gestational sac 
(green), respectively, are situated deeper within the pelvis and hence provided the fetus more 
shielding. For ID5 in C), the uterus and gestation sac extend anteriorly and for ID3 in D), a 
distended bladder (outlined in cyan) pushes uterus more anteriorly. 
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Figure 7-11: A) TCM and B) FTC dose distribution maps for patient ID1. The TCM algorithm 
adjusts for the tube current for the presence of the pelvis and increases the normalized uterus dose 
as a result. The lower normalized dose to the uterus can be seen in FTC dose distribution versus 
the TCM dose distribution map. 
 

Across patients, the mean nDfetus!!!!!!!! difference from the SSDE f-factors was observed to be 0.4%. 

Furthermore, the curves representing nDfetus,1!!!!!!!!!!(Dw) and the SSDE f-factors are fairly similar within 

the patient size range of this study, as can be seen in Figure 6-9. These points further buttress the 

conclusion made above, namely that, within the patient size range used in this study, for FTC 

scans, the SSDE f-factors can provide a reasonable estimate of nDfetus. This result is intuitive given 

that AAPM Report 204 was concerned with estimating the dose to the central region of abdomen 

CT exams using FTC and derived the CTDIvol,32 conversion coefficients by incorporating 

normalized dose values across multiple scanner manufacturers [54]. However, this being said, for 

early-term patients, the position of the uterus or gestational sac can vary due a variety of factors, 
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as highlighted in Figure 7-10. Therefore, a wider tolerance from SSDE may be necessary to 

account for the variability of early-term maternal anatomy. 

 

There are still a few important limitations worth mentioning. The first is that, as detailed in §7.2.E, 

the TCM data for the patients in this study were based off the attenuation characteristics from a 

simulated CT localizer and estimates from one manufacturer’s AEC algorithm. Ideally, patient Dw 

information and TCM data directly from the scanner would be available. However, since they were 

not available for these patients, estimates of patient Dw from simulations were generated. 

Moreover, estimating the AEC algorithm of other manufacturers is beyond the scope of this work. 

The second limitation is that, as mentioned above, the variability of early-term maternal anatomy 

can have an effect on the ability of SSDE to serve as a surrogate for fetal dose. This study, however, 

only considered five early-term patients. The data in this study suggest a detailed investigation of 

fetal dose in early-term pregnant patients is warranted and hence will be the subject of future work. 

A third limitation is that only scans of the abdomen/pelvis region were considered. Head and chest 

scans of the patients were not considered for this study as the pregnant patient models used in this 

study did not include this anatomy. To extend this work to scans of other anatomic regions, whole-

body patient models of maternal anatomy would be needed such as the RPI pregnant patient 

models [127]. However, fetal dose contributions from head or chest scans are expected to be 

negligible [128], [129]. Lastly, the available image resolution was not sufficient to investigate dose 

to specific fetal organs such as the thyroid and red bone marrow. This study averaged the dose 

across the entire fetal volume and thus subsumed the dose to individual developing organs into a 

single estimate of fetal dose. Extending this work could therefore also include investigating dose 
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to developing fetal organs, provided that the resolution of fetal anatomy is sufficient enough to 

make this a possibility. 

 

7.5 Conclusion 
 
Results from this study suggest that fetal dose from both TCM and FTC CT scans of pregnant 

patients of various gestational ages and patient sizes may be reasonably estimated using models 

that incorporate (1) scanner-reported CTDIvol,32 and (2) with Dw as a metric for patient size metric 

to account for patient size variation. Moreover, more accurate estimates of fetal dose can be 

obtained with knowledge of DEf if it is available. The results from this study also imply that the 

SSDE f-factors can provide a reasonable (within ± 25%) estimate of normalized fetal dose across 

scanners for the range of patient sizes investigated herein.  
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CHAPTER 8: ESTIMATING LUNG, BREAST, AND EFFECTIVE DOSE 
FROM LOW-DOSE LUNG CANCER SCREENING CT (LDCT-LCS) 
EXAMS WITH ATTENUATION-BASED TUBE CURRENT MODULATION 

 
*This chapter is based on Hardy AJ, Bostani M, McMillan K, Zankl M, McCollough C, Cagnon C, and 
McNitt-Gray MF, “Estimating lung, breast, and effective dose from low-dose lung cancer screeing CT 
exams with tube currentmodulation across a range of patient sizes,” Med. Phys., vol. 45, no. 10, pp. 4667-
4682, 2018. 
 

 

8.1 Introduction 
 
Lung cancer is the leading cause of cancer-related mortality among both men and women in the 

United States, and since 1985, has been the most common cancer both in terms of incidence and 

mortality worldwide [130]. While the five-year survival of lung cancer is only 15%, the prognosis 

for those with a diagnosis at early stages improves substantially. This motivated the National 

Cancer Institute to sponsor the National Lung Screening Trial (NLST) from 2002 to 2009. The 

NLST was a multicenter, randomized, controlled trial investigating the ability of early detection 

using low-dose helical computed tomography (LDCT) to reduce lung cancer mortality compared 

to those undergoing screening chest radiography (CXR) in a large cohort of high-risk participants 

[131]. The study found a 20% reduction in lung cancer related mortality for those participants who 

underwent a LDCT exam compared to those who underwent CXR [132]. It should be noted here 

that the original NLST protocol used a low dose lung cancer screening (LCS) exam that employed 

fixed tube current (FTC), as tube current modulation (TCM) was novel technology when the study 

began in 2002.[133] CT dosimetry and subsequent estimates of patient dose indicated that the 

average CTDIvol,32 was approximately 3.0 mGy and the averaged estimated effective dose was 1.5 

mSv [134].  
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Based on the positive results of the NLST, several groups have recommended annual low dose CT 

for lung cancer screening (LDCT-LCS) for high risk individuals, including the United States 

Preventive Services Task Force (USPSTF) in 2013 and subsequently the Centers for Medicare & 

Medicaid Services (CMS) in 2014 [135], [136]. In addition, the American College of Radiology 

(ACR) and the Society of Thoracic Radiology (STR) issued a joint practice parameter for the 

performance and reporting of LCS thoracic CT [137]. Both the CMS and ACR-STR LCS later 

described a low dose CT scan protocol as one that: (a) CTDIvol,32 of less than 3.0 mGy for a 

standard-sized patient (height, 170 cm [5 feet 7 inches]; weight, 70 kg [155 lbs]) and (b) adjusts 

the scanner output for patient size [135], [137]. To provide technical assistance in the performing 

of LDCT scans for screening, the American Association of Physicists in Medicine (AAPM) 

published a set of “reasonable” imaging protocols for different scanners and manufacturers [138]. 

Fujii et al. have reported on CTDIvol,32 and DLP values from LCS based on the AAPM protocols 

for one scanner manufacturer (Siemens) and have shown these protocols to be compliant with the 

requirements established by CMS and ACR-STR [139].  

 

While CTDIvol,32 and DLP are useful indicators of CT scanner output, they are not measures of 

patient dose [26]. For the NLST, estimates of both organ dose and effective dose were reported 

using tools that are based on Monte Carlo (MC) simulation results (CTExpo) [134]. However, 

those tools utilize a stylized, mathematical, anthropomorphic patient model of a single size 

(standard-sized patient for male and for female). In addition, the estimates were based on the NLST 

protocol that only used FTC scans. While these approaches produced reasonable estimates of organ 
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and effective dose for the NLST, they nevertheless have several important limitations in the current 

context of clinical implementation of LCS. 

 

In current clinical practice, the vast majority of clinical exams, including LDCT-LCS use one or 

more forms of automatic exposure control (AEC), such as TCM [18], [20], [22], [24], which was 

not available during the NLST [133]. Another limitation for prior dose estimates is the use of 

single-sized stylized, anthropomorphic mathematical phantoms, which do not represent the 

anatomic and size variations that are seen in clinical practice. TCM has been shown to have an 

effect on the absorbed organ dose as a function of patient size, particularly for radiosensitive organs 

in the chest region such as the breast and lung [89], [93], [120], [140]–[143]. Methods of estimating 

either organ or effective dose that account for the effects of patient size and the widespread usage 

of TCM are needed to provide accurate patient dose estimates. 

 

In order to estimate patient dose from body CT exams, AAPM Reports 204 and 220 developed the 

size-specific dose estimate (SSDE) to account for patient size [54], [55]. However, the estimates 

from SSDE are based on FTC scan, whereas, as mentioned above, the vast majority of routine 

clinical CT procedures, including LCS, are done with some form of TCM [18], [20], [22], [24]. 

SSDE was originally developed to estimate dose to the center of the scan volume [54]. Recently, 

using a regional definition of CTDIvol,32 as a normalization metric [74], Bostani et al. developed a 

generalizable linear model (GLM) to estimate normalized organ dose from routine body CT exams 

with TCM that resulted in estimates significantly closer to MC reference dose calculations than 

those provided by both SSDE or the MC-based software package ImPACT, across a variety of 

scanner manufacturers [144]. However, that model only considered routine chest and longitudinal 
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modulation [144] and may face limitations when estimating organ dose in LDCT LCS where low 

tube current values are used and machine limits (minimums) may be encountered. Additionally, 

previous estimates of effective dose from LCS from Larke et al. utilized k-factors derived from 

FTC chest scans which may not be applicable in the current context of LCS scans performed with 

TCM. Therefore, the purpose of this study was to estimate lung, breast, and effective dose from 

TCM LCS scans across a variety of patient sizes. 

 

8.2 Materials and Methods 

8.2.A Overview 

This study employed MC methods for CT radiation transport and dosimetry to determine organ 

doses, including lung and breast, from LCS. Effective dose can then be calculated using the 

determined organ doses. MC simulations of LCS CT protocols with TCM were conducted on a 

total of thirty-eight voxelized models containing detailed thoracic anatomy. The scanning protocol 

for LCS with TCM comes from AAPM protocols [138]. Thirty of the voxelized models were 

created from CT image data of patients who underwent LCS CT exams. The remaining eight 

models are from GSF/ICRP voxelized phantom models. For patient models, TCM schemes were 

extracted from raw projection data. For phantom models, TCM schemes were estimated using a 

validated method of estimating TCM from the AEC from one manufacturer [125]. Extracted TCM 

schemes for patient models and estimated TCM functions for GSF/ICRP phantom models were 

both incorporated into MC simulations of LCS chest protocol from a Definition AS64 MDCT 

(Siemens Healthineers, Forchheim, Germany) scanner to obtain organ doses. Effective doses were 

computed with respect to ICRP 103 tissue weighting factor recommendations [28]. While this 

quantity has been introduced for prospective radiation protection as a measure to limit radiation 
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risk for the worker and the general public, it is nevertheless generally found to be a practical 

quantity, and hence often used also for studies as the present one aimed towards personalized dose 

assessment. Effective dose has been introduced in this study from a general radiation protection 

perspective, not for individual dose assessment [28]. The size of each patient model is described 

using a standard attenuation-based metric, water equivalent diameter (Dw) [55]. Lung and breast 

doses were normalized by the scanner radiation output value, CTDIvol,32 [53], [54]. Additionally, 

Khatonabadi et al. showed that a regional descriptor of CTDIvol,32 capturing the local variations of 

radiation incident upon the organs of interest in the chest (i.e. area of low attenuation), defined as 

CTDIvol, Low Att, served as a better normalization metric for predicting lung and breast dose in 

comparison with CTDIvol,32 [74]. For this reason, this study also employed CTDIvol, Low Att as a 

normalization metric for lung and breast dose. Figure 8-1 contains flow charts summarizing the 

methods used in this investigation generating the lung and breast dose predictive models for both 

the phantom and patient models. Effective doses normalized by CTDIvol,32 and DLP were also 

parameterized as a function of Dw. Regression equations were calculated and their predictive 

capability were assessed using the coefficient of determination (R2).  
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Figure 8-1: Flow charts depicting the methods for generating the lung and breast dose predictive 
models for A) voxelized phantoms models and B) voxelized patient models. 
 

8.2.B Patient models 

8.2.B.1 Voxelized phantom models (whole body models) 

Eight voxelized whole body phantom models (referred to in this manuscript as “phantom models”), 

six from the GSF family [31] and the ICRP voxelized reference male and female models [69], 

[79], were used in this study. These phantom models have all of the radiosensitive organs identified 

and therefore can be used to estimate lung, breast, and effective doses. The six GSF voxel-based 

models were created from CT images with up to 131 organs and anatomic structures segmented, 

and the two ICRP reference male and female voxelized models were each based off modifications 

of two corresponding male and female GSF models of similar external dimensions [69], [79]. 
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Incorporation into MC simulations necessitated that each model be represented as a three-

dimensional matrix of integer identification numbers wherein each identification number was 

allocated a material description based on elemental compositions of tissue substitutes and their 

densities as defined in ICRU Report 44 [68]. 

 

This study included four adult male models (Golem, Frank, ICRP Reference Male “Rex”, and 

Visible Human), and four adult female models (Irene, Donna, ICRP Reference Female “Regina”, 

and Helga). Some GSF models are not whole-body models; however, all of the models included 

full head, thorax, and abdominal regions with all the necessary radiosensitive organs or adequate 

substitute organs segmented and thus are appropriate for CT exam simulation and subsequent 

effective dose calculations. Two of the models—Golem and Visible Human—do not have 

glandular breast tissue [31]. Given that in the same anatomic region there is no substitute for 

glandular breast tissue, for these models there is no dose contribution from this organ. Detailed 

physical characteristics of each of these models are provided in Table 3-2 and image data 

characteristics are provided in Table 3-3 in § 3.3.B. The table material was assumed to be pure 

graphite. All patients were simulated in the head-first supine position. 

 

Since, for LCS scanning, the arms are typically raised above the head and are out of the scan 

region, the arms for all voxelized phantoms were identified and removed below the shoulders. 

Raising the arms above the head does elevate the shoulders; thus, to recreate this posture, the 

shoulders for each phantom model were edited to resemble this posture. These modified versions 

of voxelized phantom models were used in all MC simulations described in this study. 
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8.2.B.2 Voxelized patient models (thorax only) 

To extend the limited size range provided by the GSF/ICRP voxelized models, under IRB 

approval, thirty additional voxelized patient models (referred to as “patient models”) of detailed 

thoracic anatomy were created based on image data from seventeen female (age range: 43 – 75 yr) 

and thirteen male (age range: 63 – 81 yr) patients who underwent clinical LCS CT exams. These 

thirty patients were specifically selected to represent a range of sizes in terms of Dw (see § 8.2.C 

below). All scans were acquired on a Siemens Definition AS64 and were performed in accordance 

with the AAPM’s Alliance for Quality CT imaging protocol (see § 8.2.C below) [138] in the supine 

position. Image data were reconstructed from raw projection data at 500 mm field-of-view to 

ensure inclusion of the entire thorax. The reconstructed in-plane image resolution was 0.98 mm2 

with 3 mm image thickness. To create voxelized models of each patient’s anatomy from the image 

data, voxels within each image series were modeled as either lung, fat, water, muscle, bone or air 

and were subdivided into one of seventeen density levels depending on their CT number [61]. The 

lung and breast tissues were semi-automatically contoured and explicitly identified in the patient 

models. Breast tissue was segmented only for the female patients [93]. Given that these patient 

models did not have all the radiosensitive organs needed to calculate effective dose, their inclusion 

in this study served only to estimate lung and breast dose from LCS. 

 

8.2.C CT Scanning Protocol 

The scanning parameters were taken from AAPM’s Alliance for Quality CT protocol 

recommendations for the Siemens SOMATOM Definition AS scanner [138]. The superior and 

inferior aspects of the scan volume were the top and bottom of the lungs, respectively, with 20 mm 
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of over-scanning both superiorly and inferiorly. MC simulations of chest protocols for each 

phantom were performed using the following scanning parameters: a tube voltage of 120 kV, a 

nominal collimation of 19.2 mm (32 × 0.6 mm collimation using the z flying focal spot; the 

measured beam FWHM is 23.8 mm), body bowtie filter, CAREDose4D AEC scheme with 

“Average” setting, quality reference mAs (QRM) of 25, a tube rotation time of 0.5 s, and a pitch 

of 1. All MCNPX simulations were also performed in accordance with this protocol. 

 

8.2.D Size Metrics 

For each patient model, Dw was assessed at the center (longitudinally) of the image series; 

estimates of Dw were obtained from the CT localizer radiograph (which Siemens refers to as the 

“topogram”) at that center location. The Dw for each GSF/ICRP phantom model was estimated at 

the center of chest region from the attenuation information following a simulated topogram as 

described by McMillan et al. [70]. Briefly, the attenuation characteristics of each phantom model 

were obtained using MC simulations to emulate the anterior-posterior (AP) projection geometry 

of the CT localizer radiograph. The resulting attenuation profiles were then used to estimate the 

AP dimension at each table position. Thereafter, the lateral (LAT) dimension was estimated from 

the AP dimension using a mathematical model that removes air and table attenuation and accounts 

for patient offset from isocenter. Since each dimension is in terms of water equivalent attenuation, 

the Dw was calculated as Eq. 8-A:  

  Eq. 8-A 

 

Dw,topo =
p
AP ⇥ LAT

<latexit sha1_base64="Z/RmZleTkcQaLdwblU9YeIuuins=">AAACCnicbVC7SgNBFJ2NrxhfUUub0SBYSNhVQRshUQsLiwh5QXYJs5NJMmR2Z525q4QltY2/YmOhiK1fYOffOHkUmnjgwuGce7n3Hj8SXINtf1upufmFxaX0cmZldW19I7u5VdUyVpRVqBRS1X2imeAhqwAHweqRYiTwBav5vcuhX7tnSnMZlqEfMS8gnZC3OSVgpGZ296qZPByCjOQAn2NX3ylIiiXsAg+YxjfF8qCZzdl5ewQ8S5wJyaEJSs3sl9uSNA5YCFQQrRuOHYGXEAWcCjbIuLFmEaE90mENQ0NiNnnJ6JUB3jdKC7elMhUCHqm/JxISaN0PfNMZEOjqaW8o/uc1YmifeQkPoxhYSMeL2rHAIPEwF9ziilEQfUMIVdzcimmXKELBpJcxITjTL8+S6lHeOc7btye5wsUkjjTaQXvoADnoFBXQNSqhCqLoET2jV/RmPVkv1rv1MW5NWZOZbfQH1ucP65uZwg==</latexit>
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8.2.E Tube Current Modulation Schemes 

For each patient model, TCM data were extracted from the raw projection data as described in 

Angel et al. [93].  In the case of the phantom models, estimates of TCM data were obtained using 

the method described by McMillan et al. [70]. This method emulates the generation of TCM data 

based on CAREDose4D (Siemens Healthineers, Forchheim, Germany), which uses patient size 

information from the CT localizer radiograph to predict the longitudinal and angular TCM 

functions. The longitudinal modulation was based on the maximum tube current at each table 

position. The tube current at each table position was then determined with respect to the protocol-

specific reference attenuation that considers the QRM specified, the gantry rotation time, the 

maximum patient attenuation at each table position, the protocol-specific reference attenuation for 

a standard-sized patient coded into the CAREDose4D algorithm, and the modulation strength 

parameter which can also be specified at the user interface. The modulation strength was set to 

“Average,” which is the default for all Siemens CT scanners. Angular modulation was achieved 

from estimating the angular attenuation through a piecewise interpolation of the AP and LAT 

attenuation profiles at tube angles corresponding in AP (0° and 180°) and LAT (90° and 270°) 

locations. 

 

8.2.F Monte Carlo simulations and dose calculations  

A previously described, modified version of the radiation transport software package MCNPX 

(Monte Carlo N-Particle eXtended version 2.7.a) was used for this investigation [59], [63], [81]. 

All simulations were conducted in photon transport mode with a 1 keV low-energy cut-off. Also, 

an equivalent source model of a 64 slice multi-detector row CT (MDCT) scanner (Definition AS, 
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Siemens Healthineers, Forchheim, Germany) was utilized for all MC simulations [50]. The initial 

position vector, energy, and trajectory vector of each simulated photon must be specified within 

MCNPX. The default MCNPX source code was therefore modified to randomly sample from all 

possible positions along a helical path of the CT x-ray source movement for a specified nominal 

beam collimation, scan length, and pitch for helical scans. Additional modifications were 

incorporated to account for scanner-specific fan angles and measured beam widths when sampling 

photon trajectories [51]. It should be noted that all simulated scans used the same tube potential 

(120 kVp) and the same bowtie filter (body). For each patient and phantom model, TCM data were 

incorporated into MC simulations using a method described by Angel et al. [51], [93]. Absolute 

doses for TCM simulations were computed by multiplying the dose per tube current time product 

by the maximum tube current value obtained from the TCM function across the entire simulated 

scan volume and by the tube rotation time of the scan. Red bone marrow (RBM) and bone surface 

were not explicitly modeled and such dose to red bone marrow (RBM) and to the skeletal tissue 

were determined indirectly. Homogenous bone (HB) voxels were used to determine dose to the 

bone surface [69]. Dose to RBM was then approximated as the ratio of mass energy-absorption 

coefficients of RBM and HB multiplied by the dose to the HB [69]. Each simulation was performed 

with 108 photons to ensure a relative error of less than 1%. 

 

8.2.G Scanner radiation output metrics 

Three radiation outputs were used as normalization metrics in this study: CTDIvol,32, CTDIvol, Low 

Att, and dose length product (DLP). For patient models, CTDIvol,32 and DLP were taken from the 

patient protocol pages. CTDIvol, Low Att was calculated using a MATLAB script wherein CTDIvol,32 



 159 

values were averaged from approximately the inferior edge of the scapula to the superior boundary 

of the liver [74]. For LCS exams, this regional descriptor of CTDIvol,32 excludes the shoulder and 

any abdominal organs and includes most of the lungs and the glandular breast tissue. 

 

To estimate the radiation output for phantom models, CTDIvol,32/mAs was obtained from 

measurements performed on a 32 cm CTDI phantom at 120 kVp for the Siemens Definition AS. 

The CTDIvol,32 values for each simulated scan were then calculated through multiplying by the 

average tube current time product across the entire simulated scan length to produce CTDIvol,32. 

To obtain CTDIvol, Low Att for the phantom models, tube current values in the LCS region of the 

chest, as described above, were averaged and multiplied by the CTDIvol,32/mAs value described 

above. DLP values were obtained by multiplying scan-specific CTDIvol,32 values by the respective 

scan lengths of each phantom model. 

 

8.2.H Dose Analysis 

To confirm expected relationships between scanner output metrics and patient size, CTDIvol,32, 

CTDIvol, Low Att, and DLP were plotted as functions of Dw to assess the exponential relationship 

between these parameters. Absolute lung and breast doses were likewise plotted as functions of 

Dw. CTDIvol,32 and CTDIvol, Low Att values were then used as normalization factors for lung and 

breast doses. Similar to the analysis performed in AAPM Report 204, an exponential relationship 

between lung and breast dose normalized by each CTDIvol metric and Dw was determined, as 

shown in Equation 8-B 
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  Eq. 8-B 

where A and B are organ-specific coefficients. Because organ doses and CTDIvol metrics were in 

units of mGy, normalized organ doses are unit-less quantities.23 The coefficient of determination 

(R2) was used to assess the predictive capability of the calculated coefficients and to quantify the 

proportion of variation explained by Dw. Individual absolute organ doses for all segmented radio-

sensitive organs from LCS chest MC simulations for ICRP female and male models Regina and 

Rex were also shown for the standard woman and man.  

 

Effective doses (E) for the eight GSF/ICRP phantom models were calculated from simulated organ 

doses based upon ICRP 103 tissue weighting factors. As with absolute lung and breast dose, 

effective dose was parameterized as a function of Dw. Effective doses were then normalized both 

by the CTDIvol,32 and DLP and were parameterized as a function of Dw as seen in Equation 8-C 

  Eq. 8-C 

where A and B are regression coefficients for each normalization metric. CTDIvol,32-normalized 

effective doses were in units of mSv • mGy-1 and effective doses normalized by DLP were in units 

of mSv ⦁ (mGy-cm)-1. The resulting regression coefficients provided a means to estimate scanner-

independent lung, breast, and effective dose estimates for a given patient size. The predictive 

strength of each correlation was ascertained using the coefficient of determination. 

 
8.3 Results 
 

nDorgan =
Dorgan

CTDIvol metric
= A⇥ eB⇥Dw

<latexit sha1_base64="NSHO4/ETOSk/+sXVMwMayQH/3Zc="></latexit>

Normalized e↵ective dose =
E

Global radiation metric
= A⇥ eB⇥Dw

<latexit sha1_base64="hGbg11R9F8BO7p2Ba7Fv3bVfcQM="></latexit>
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8.3.A Patient and phantom characteristics 

Table 8-3 contains the gender, scan length, and chest Dw estimates for the eight GSF/ICRP 

phantoms models and for all thirty patient models. For the GSF/ICRP phantom models, the scan 

lengths ranged from 22.0 cm to 31.0 cm, while Dw ranged from 19.5 to 26.1 cm.  For the patient 

models, the scan lengths ranged from 27.3 cm to 36.3 cm and Dw ranged from 20.7 to 40.7 cm.  

The age range of the patient models was 43 to 81 years.  
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Table 8-1: Gender, scan length, and Dw estimates for all patient and phantom models used in this 
investigation listed in order of increasing size. 

Patient ID Gender 
(M/F) 

Scan length 
(cm) 

Dw  
(cm) 

LCS1 M 36.0 20.0 
LCS2 M 36.0 20.3 
LCS3 F 33.8 21.2 
LCS4 M 32.5 21.7 
LCS5 F 34.6 22.2 
LCS6 M 35.1 22.7 
LCS7 M 36.3 22.8 
LCS8 M 28.6 23.1 
LCS9 F 32.4 23.3 
LCS10 F 33.7 23.4 
LCS11 M 33.7 24.1 
LCS12 M 32.8 24.4 
LCS13 F 32.3 24.5 
LCS14 M 33.9 24.6 
LCS15 F 27.3 24.7 
LCS16 M 31.4 26.8 
LCS17 F 34.1 27.2 
LCS18 M 33.7 28.2 
LCS19 M 32.0 28.9 
LCS20 F 31.8 29.1 
LCS21 M 32.2 29.2 
LCS22 M 33.7 30.8 
LCS23 M 34.8 31.7 
LCS24 F 30.9 32.7 
LCS25 M 36.3 32.8 
LCS26 M 35.2 33.4 
LCS27 F 28.9 33.5 
LCS28 F 31.7 34.0 
LCS29 M 35.0 36.1 
LCS30 F 30.8 40.7 
Irene F 27.0 19.5 
Frank M 28.0 21.3 

Visible Human M 30.0 22.7 
Golem M 31.0 22.8 
Regina F 27.1 23.4 
Donna F 25.0 24.1 

Rex M 28.0 24.4 
Helga F 22.0 26.1 
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8.3.B TCM Schemes, CTDIvol,32, CTDIvol, Low Att, and DLP Measurements 

Figures 8-2 and 8-3 show examples of the TCM schemes for two patient models (one female and 

one male), and two GSF phantom models “Frank” and “Donna” overlaid atop patient anatomy, 

respectively. Predicted TCM schemes for the remaining GSF and ICRP phantom models are 

shown in Appendix A. Table 8-4 contains the CTDIvol,32, CTDIvol, Low Att, and DLP for the simulated 

chest scan of each patient and phantom model. 

 

  

Figure 8-2: Extracted TCM schemes for A) female (LCS13) and B) male (LCS14) overlaid on 
patient anatomy. The solid blue line represents the tube current profile extracted from the raw 
projection data. The tube current is elevated in the shoulder regions and subsequently decreases as 
the x-ray source traverses over the low attenuating region of the lungs. The solid red line represents 
the average tube current across the entire scan. The dashed cyan lines represent the extent of the 
low attenuation region over which CTDIvol, Low Att is calculated. The dashed yellow line represents 
the lower machine limit of 20 mA. 
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Figure 8-3: Predicted TCM scheme for GSF A) Donna and B) Frank overlaid with a representation 
of phantom anatomy. As in Figure 2, the solid blue line represents the estimated tube current 
modulation data. Likewise, the solid red line is the average tube current throughout the entire scan 
length and was used to calculate CTDIvol,32 for each phantom model. DLP values for phantom 
models were derived by multiplying CTDIvol,32 with the scan lengths listed in Table 8-3. The 
dashed cyan lines represent the extent of the low attenuation region over which CTDIvol, Low Att.is 
calculated. The dashed yellow line represents the lower machine limit of 20 mA of the system. 
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Table 8-2: CTDIvol,32, CTDIvol, Low Att, and DLP for patient and phantom models 

Patient CTDIvol,32 
(mGy) 

CTDIvol, Low Att  
(mGy) 

DLP 
(mGy-cm) 

LCS1 1.25 0.65 45.0 
LCS2 1.25 0.71 45.0 
LCS3 1.33 0.68 45.0 
LCS4 1.60 0.98 52.0 
LCS5 1.56 0.79 54.0 
LCS6 1.71 0.84 60.0 
LCS7 1.71 0.85 62.0 
LCS8 1.75 1.14 50.0 
LCS9 1.48 0.94 48.0 
LCS10 1.75 1.05 59.0 
LCS11 1.75 0.96 59.0 
LCS12 1.86 1.00 61.0 
LCS13 2.17 1.12 70.0 
LCS14 2.24 1.29 76.0 
LCS15 2.05 1.50 56.0 
LCS16 2.36 1.51 74.0 
LCS17 2.55 1.52 87.0 
LCS18 2.85 1.49 96.0 
LCS19 2.66 2.05 85.0 
LCS20 2.55 2.19 81.0 
LCS21 2.70 1.67 87.0 
LCS22 4.18 2.04 141.0 
LCS23 3.42 2.71 119.0 
LCS24 3.46 2.30 107.0 
LCS25 4.22 2.38 153.0 
LCS26 4.03 2.69 142.0 
LCS27 3.53 3.22 102.0 
LCS28 3.50 3.18 111.0 
LCS29 5.28 3.85 185.0 
LCS30 6.00 6.35 185.0 
Irene 1.20 0.81 32.0 
Frank 2.60 1.62 73.0 

Visible Human 1.95 0.89 59.0 
Golem 1.81 1.01 56.0 
Regina 1.33 0.85 36.0 
Donna 2.13 0.83 53.0 

Rex 1.61 1.04 45.0 
Helga 2.86 1.27 63.0 
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Figure 8-4 shows plots of CTDIvol,32, CTDIvol, Low Att and DLP as functions of Dw for all thirty-eight 

voxelized models used in this study. CTDIvol,32, CTDIvol, Low Att, and DLP had coefficients of 

determination of 0.87, 0.91, and 0.84, respectively. Results of the regression analysis for radiation 

metrics are summarized in Table 8-5. 

 

Figure 8-4: A) CTDIvol,32, B) CTDIvol, Low Att, and C) DLP scanner radiation metrics as functions 
of Dw for all thirty-eight models used in this study. 
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8.3.C Absolute and size-specific, scanner-independent lung and breast doses estimates 

8.3.C.1 Absolute organ doses for “standard female and male” 

For standard female and male models Regina and Rex, all 27 radiosensitive organs, including lung 

and breast, identified in ICRP 103 had absolute individual organ doses below 4.0 mGy. Figure 8-

5 displays the estimated organ doses from simulations for Regina and Rex. For both Regina and 

Rex, thyroid, thymus, and extrathoracic region doses for LCS with TCM were elevated due to the 

increased tube current because of the high attenuation from the shoulders. Thyroid doses for 

Regina were 3.03 mGy and 3.14 mGy for Rex. Breast dose for Regina was 1.25 mGy. Lung doses 

were slightly higher for Rex at 1.89 mGy compared with Regina at 1.85 mGy. 

 

 

Figure 8-5: Bar graph showing estimated organ doses to voxelized models representing the 
standard female and male Regina and Rex. 
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8.3.C.2 Absolute and normalized lung and breast dose estimates as functions of Dw for all 
models 
 
Figure 8-6 contains absolute and normalized lung and breast doses. Absolute lung and breast dose 

had coefficients of determination of 0.76 and 0.85, respectively. When normalized by CTDIvol,32, 

R2 values for normalized lung and breast dose as functions of Dw were 0.42 and 0.14, respectively. 

When normalized by CTDIvol, Low Att, R2 values for normalized lung and breast dose as functions 

of Dw were 0.80 and 0.23, respectively. Regression analysis results are summarized in Table 8-6. 

 

 

 
 

Figure 8-6: Absolute and normalized lung and breast doses for LCS with TCM as a function of 
Dw. A-C) Absolute, CTDIvol,32-normalized, and CTDIvol, Low Att-normalized lung doses, 
respectively. D-F) Absolute, CTDIvol,32-normalized, and CTDIvol, Low Att-normalized breast doses, 
respectively.  
 

A

B

C

D

E

F

20 25 30 35 40 45

Lu
ng

 D
os

e
(m

G
y)

0

2

4

6

8

R2 = 0.76

Patient
GSF/ICRP

20 25 30 35 40 45

B
re

as
t D

os
e

(m
G

y)

0

2

4

6

8

R2 = 0.85

Patient
GSF/ICRP

20 25 30 35 40 45

C
TD

I vo
l,3

2-n
or

m
al

iz
ed

Lu
ng

 D
os

e

0.6

0.8

1

1.2

1.4

1.6

R2 = 0.42

Patient
GSF/ICRP

20 25 30 35 40 45

C
TD

I vo
l,3

2-n
or

m
al

iz
ed

B
re

as
t D

os
e

0.6

0.8

1

1.2

1.4

1.6

R2 = 0.14

Patient
GSF/ICRP

Dw (cm)
20 25 30 35 40 45C

TD
I vo

l, 
Lo

w
 A

tt-n
or

m
al

iz
ed

Lu
ng

 D
os

e

0.5

1

1.5

2

2.5

3

R2 = 0.80

Patient
GSF/ICRP

Dw (cm)
20 25 30 35 40 45C

TD
I vo

l, 
Lo

w
 A

tt-n
or

m
al

iz
ed

B
re

as
t D

os
e

0.5

1

1.5

2

2.5

3

R2 = 0.23

Patient
GSF/ICRP



 169 

Table 8-4: Exponential regression coefficients and R2 values for absolute and normalized lung 
and breast dose 

  
Absolute Dose 

(mGy)   
CTDIvol,32 

 normalized   
CTDIvol, Low Att 
normalized 

Organ A B R2   A B R2   A B R2 
Lung 0.59 0.056 0.76  1.99 -0.021 0.42  6.21 -0.046 0.80 
Breast  0.23 0.084 0.85   0.72  0.012 0.14   2.38 -0.018 0.23 

 

8.3.D Absolute effective dose and size-specific, scanner-independent effective dose estimates from 
phantom models 

 
Figure 8-7 shows absolute, CTDIvol,32-normalized, and DLP-normalized effective doses as 

functions of Dw for the eight GSF/ICRP phantom models. Table 8-7 contains the effective doses 

for all eight phantom models. All effective doses for LCS chest CT simulations using TCM were 

below 1.6 mSv. The models representing the standard female and male had effective doses of 0.87 

mSv and 0.99 mSv, respectively. The average DLP-normalized effective dose across all phantom 

models was 0.023. Frank had a lower normalized DLP-normalized effective dose due to Frank 

having a high CTDIvol,32 and a long scan volume, meaning a high DLP. A moderate exponential 

relationship was observed between absolute effective dose and Dw with an R2 of 0.36. Exponential 

relationships were not observed with CTDIvol,32-normalized and DLP-normalized effective doses 

with respect to Dw, with R2 values of 0.02 and 0.04, respectively. These exponential relationships 

are described in a similar manner as with lung and breast doses in § 8.3.C. Again, this lack of an 

exponential relationship is due in part to the fact that the normalizing quantity (e.g. CTDIvol,32, 

DLP) is not a constant when TCM is used and in fact has its own exponential relationship with 

Dw, as demonstrated in Figures 8-4A and 8-4C. 
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Table 8-5: Effective dose estimates for LCS with TCM 

Phantom E 
(mSv) 

CTDIvol,32-norm E    
  (mSv mGy-1) 

DLP-norm E 
(mSv⦁[mGy-cm]-1) 

Irene 0.84 0.71 0.026 
Frank 1.12 0.43 0.015 

Visible Human 1.37 0.70 0.023 
Golem 1.16 0.64 0.021 
Regina 0.87 0.65 0.024 
Donna 1.34 0.63 0.025 

Rex 0.99 0.62 0.022 
Helga 1.53 0.53 0.024 

 

 

Figure 8-7:  Absolute and normalized effective doses for LCS with TCM as a function of Dw. A) 
Absolute effective doses, B) CTDIvol,32-normalized effective doses and C) DLP-normalized 
effective dose as a function of Dw. All effective dose estimates for LCS, which were based on 
ICRP 103 tissue weighting recommendations, were below 1.6 mSv. 
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8.4 Discussion 
 
A combination of fully segmented voxelized phantom models and thoracic patient models created 

from LCS scans were employed in this study to estimate lung, breast, and effective doses in LDCT 

LCS using previously validated MC simulation techniques. In the case of patient models, TCM for 

LCS schemes were extracted directly from raw projection data. In the case of phantom models, 

TCM schemes were estimated using a recently validated prediction method. TCM schemes were 

incorporated in MC simulations. Lung and breast doses were normalized by two different metrics 

of CTDIvol, and effective doses were normalized by two global metrics of radiation output available 

on current clinical scanners (CTDIvol,32 and DLP). Lastly, all dose estimates in this study were 

reported with respect to the current methods outlined both in AAPM Reports 204 and 220 [54], 

[55]. 

 

This study revealed that, for estimating lung dose, using CTDIvol, Low Att as a normalization metric 

yielded the best results with a coefficient of determination of 0.80 for an exponential model with 

respect to patient size. This correlation suggests that a reasonable estimate for lung dose from LCS 

with TCM can be achieved with some knowledge of patient size and with a regional descriptor 

CTDIvol such as CTDIvol, Low Att. For estimating breast dose, the best result used CTDIvol, Low Att as 

a normalization metric and yielded an exponential model with a coefficient of determination of 

0.23. The strength of the correlation for normalized lung dose most likely is related to the fact the 

lung is large, centrally located organ with the chest. Given that the approach employed in AAPM 

report 204 was used to estimate dose to the center of scan volume for the large, centrally organs 

within abdomen, it stands to reason the approach should produce good results for an organ like the 
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lung within the chest. The glandular breast tissue, on the other hand, is a peripheral organ dispersed 

within local adipose, so the approach employed in AAPM report 204 may not yield the strong 

predictive correlations, as this study has shown. Currently, scanners only report the global metric 

of CTDIvol (i.e., CTDIvol,32). This study indicates that reporting a regional metric such as CTDIvol, 

Low Att may be valuable addition to the radiation metrics reported by most scanners. 

 

Effective doses were estimated to be below 1.6 mSv, even for the largest phantom model (Helga). 

Absolute effective doses showed size some size dependence as seen in Figure 8-7A. However, as 

shown in the results of Table 8-7 and illustrated in Figure 8-7C, normalizing the effective dose by 

DLP resulted in a nearly constant multiplier of 0.023 on average for the adult GSF/ICRP models, 

with Frank being the notable exception. What this results suggests is that for adult patients 

undergoing LDCT-LCS within the size range provided by the GSF/ICRP models, effective dose 

can be estimated by multiplying a scan-specific DLP by a constant multiple, similar to the existing 

DLP × k-factor approach to estimating effective dose for a standard-sized patient [33]. Thus, while 

the  raw effective dose values demonstrated some size dependence, when effective dose is 

normalized by DLP (which itself has an exponential relationship with patient size in when TCM 

is being used as shown in Figure 8-4C), this removes the size dependence relationship but 

preserves the ability to estimate effective dose from LDCT-LCS using a constant multiple of DLP. 

 

The current k-factor for adult chest scans is 0.014, which is 39% different from what was found in 

this study [33]. It should be noted that the current set of k-factors were devised with FTC [33]. As 

such, these results might encourage the formulation of a new set of k-factors based both on the 

ICRP 103 tissue recommendations and specific implementations of TCM. Previous effective dose 
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estimates for LCS from Larke et al. under the FTC imaging constraints of the NLST found the 

effective dose of 2.4 mSv for “standard” females and under 1.6 mSv for standard males based on 

ICRP 103 and a mean effective dose of 1.4 mSv (± 0.5 mSv SD) from k-factor calculations [134]. 

Effective doses for the standard female and male were calculated to be 0.87 mSv and 0.99 mSv in 

this study. This reduction of effective dose is likely due to the reduction of incident radiation on 

the radiosensitive organs in the chest region, namely the lungs and breast, from the modeled 

CAREDose4D tube current modulation scheme [145]. This reduction may be different for different 

implementations of AEC from different manufacturers (or even different settings used for 

CAREDose4D). TCM has been shown to reduce dose to the breast by as much as 64% for smaller 

patients and to the lung by as much as 56% for smaller patients with an average reduction for both 

organs being 16% [89], [93]. However, individual organs in the proximity of higher attenuating 

anatomic regions such as the shoulders, including the thyroid for example, may experience higher 

doses when compared to FTC due simply to the increase photon fluence necessary to maintain 

sufficient image quality in those regions. Thyroid doses increased for standard females and males 

from approximately 1.0 mGy with FTC simulations to 3.0 mGy for females and 3.1 mGy for males 

with TCM simulations [134]. In some cases, though, the thyroid dose can decrease depending on 

its position in the body. Frank’s thyroid, for example, is only partially irradiated due it being 

positioned higher in the throat. Though the thyroid has a lower tissue weighting factor per ICRP 

103 (wT = 0.04) [145], elevated thyroid doses could occur as a consequence of TCM utilization in 

LCS. 

 

The models developed in this work yield lung and breast dose estimates that are different from 

previously developed methods such as the previously described SSDE method [54] (which is 
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technically not a method for estimating organ dose but rather is intended for estimating dose to the 

center of the scan volume) and GLM method [144]. To illustrate these differences, Figure 8 was 

created to show absolute (not normalized) lung and breast dose estimates from LCS using the MC 

simulation of this study and to compare them to the results of absolute lung and breast dose 

obtained using the SSDE and GLM methods for each patient model. SSDE and GLM lung and 

breast dose estimates here are based on the LCS protocol imaging parameters, i.e. 120 kVp and 25 

QRM. Figure 8A demonstrates the estimated lung dose for each method where mean differences 

of 27% between SSDE and MC results and -24% between GLM and MC results, respectively, 

were observed. Similarly, Figure 8B shows the estimated breast dose where mean differences of 

43% were between SSDE and MC results and -23% between GLM and MC results, respectively, 

were observed. Thus, results from this study suggest that using the SSDE model could lead to over 

estimating lung and breast dose from LCS with TCM and that using the GLM model could under 

estimate lung and breast dose. The differences between the current results and SSDE can be 

attributed to the fact that SSDE was originally devised for FTC scans of a homogenous region like 

the abdomen [54], [55] and moreover requires the normalization by CTDIvol,32 which represents 

an average across the entirety of the scan volume [74], [144]. For smaller to average-sized patients, 

the fluence that the lung and breast experience due to FTC would be higher than in a TCM scenario, 

where tube current adapts to the lower attenuating region of the lungs. Larger patients, on the other 

hand, in a TCM scenario, would likely experience the same fluence as a FTC as the tube current 

adapts towards its allowed maximum. This phenomenon can be seen in Figure 8-8A, whereby the 

lung dose estimates for all three methods for the largest patient in this study, LCS30 (Dw = 40.7), 

effectively converge. The GLM model was developed from routine clinical protocols (e.g. routine 

chest) that used TCM [144]. However, as can be seen in Figure 3 (and further discussed below and 
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in the Appendix), LCS exams are performed with low mAs values that may result in the mA values 

reaching the scanner minimum, for which the GLM method neither encountered nor considered. 

 

 

Figure 8-8:  Absolute A) lung and B) breast dose estimates from LCS MCNPX simulations, 
GLM model, and SSDE model. 
 
 
To further illustrate this point, the TCM functions estimated using the approach described by 

McMillan et al. using CAREDose4D for all of the GSF models are included in Appendix A [70].  

For illustrative purposes only, the TCM functions for the GSF models Baby and Child are included 

there. Even though there is no expectation of performing LCS on pediatric-sized patients, these 

TCM functions were predicted and shown to demonstrate that very small patients being scanned 

with LCS protocols may experience virtually no modulation of the tube current. This is due to both 

the low QRM setting, as well as the attenuation characteristics of Baby and Child relative to the 

protocol-specific reference attenuation within the CAREDose4D AEC algorithm [125]. It should 

be noted that, given that the scope of this study was lung, breast, and effective doses for LCS using 

TCM, the aforementioned dose estimates for these two pediatric patients were not included 

because the tube current profiles effectively resemble a FTC scenario. In the case of very small 
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patients whose attenuation characteristics are well below those of the reference-protocol, the low 

QRM used in LCS may bring the tube current values down to the machine minimum throughout a 

substantial portion of the scan volume, which would more closely resemble a FTC scenario. 

Similarly, very large patients whose attenuation characteristics are well above those of the 

reference-protocol could potentially see tube current values peak for the duration of the scan. In 

clinical practice, the issue of the tube current essentially being a constant value - at the minimum 

tube current - for smaller patients can be mitigated with a few options. One is to reduce the tube 

voltage and increase the tube current in such a way as to keep the desired scanner output 

(CTDIvol,32) at acceptable levels for an LCS scan. This will also raise the tube current values above 

scanner minimums and allow modulation. Another option is that in some scanners (e.g. 

SOMATOM Force, Siemens Healthineers, Forchheim Germany), additional filtration (in this case, 

Sn) [138] can be used. In this scenario, the tube current can again be raised above the scanner 

minimum and, because of the additional filtration, the scanner output (CTDIvol,32) can reach 

acceptably low levels for an LCS scan.  The behavior of AEC at either extreme size region should 

be noted and will be the subject of further investigation. 

 

8.5 Conclusion 
 
The advantages of this study include correlations of estimating lung, breast, and effective dose 

from LD-LCS with TCM. These advantages notwithstanding, there are nevertheless a few 

important limitations to bear in mind. The first limitation is that the TCM prediction scheme of 

only one manufacturer is modeled and thus the results presented here reflect only that CT system. 

While all manufacturers’ approaches generate variable tube current as a function of patient 

attenuation characteristics, the specific implementation details vary widely across manufacturers 
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in terms of how the tube current is varied, how tube current limits are incorporated and many other 

aspects. In previous work [53] a measure of scanner output that was more specific to an anatomic 

region or organ was used as the normalization value (CTDIvol, Low Att) with the aim of mitigating 

differences in implementation of TCM across scanners and focusing on the regional output of the 

scanner. In addition, the TCM prediction method used in this study approximates the approach 

used by the manufacturer. Thus, for example, while the prediction method does take into 

consideration sudden changes in attenuation [125], differences can nevertheless be observed in the 

extracted TCM versus the predicted for the GSF/ICRP phantoms, particularly at the interfaces of 

tissue boundaries as the boundary of the lungs and the diaphragm, such as can be seen in Figure 

8-2 and 8-3. As a result, the estimate of organ dose could be affected. For example, in Figure 8-3, 

the impact of this approximation relative to an extracted TCM profile could be an increased lung 

dose estimate, as well potentially an increased breast dose estimate depending on their position.  

 

A second limitation is that, while the use of voxelized phantom models circumvented the 

shortcoming of using the idealized, mathematical patient models employed by Larke et al., the 

limited number of available phantom models with segmented organs presents a challenge when 

trying to develop robust correlations. Additionally, the size distribution represented in the adult 

GSF/ICRP models may not be reflective of the LDCT-LCS population as the size range which 

they provide is quite narrow, hence some of the regression models may have limited applicability. 

The addition of patient thoracic models from image data does mitigate some of these shortcomings, 

but these models did not have all the radiosensitive organs segmented and therefore were limited 

in their ability to contribute to all aspects of this work. Moreover, since these thoracic models were 

based on image data, the effects of back scatter from tissues outside the scan range are ignored and 
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could therefore lead to an underestimation of lung and breast dose. However, the contribution from 

back scatter from outside the field of view is expected to be small. To test this, an LCS MCNPX 

simulation was performed on the GSF model “Helga” wherein the whole-body model was 

truncated to resemble a thoracic model from a chest scan. Lung and breast dose estimates resulting 

from truncated model were compared to the lung and breast dose of the whole-body model. Helga 

was chosen because she is the largest of the GSF models and hence has more scattering material. 

The simulation was carried out in the same manner as described in § 8.2.E. The simulations yielded 

lung and breast dose estimates that were different by -3% and -%1, respectively, from estimates 

using the whole-body phantom. This simulation did show that not considering backscatter from 

outside the field of view can lead to an underestimation of the dose, albeit a small one. 

Nevertheless, to address these limitations in the future, a larger range of validated, whole-body 

phantom models of different sizes with all radiosensitive organs segmented would be needed. 

Additionally, investigating and quantifying the effects of backscatter will be the subject of future 

investigations. 
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CHAPTER 9: A COMPARISOM OF BREAST AND LUNG DOSES FROM 
CHEST CT SCANS USING ORGAN-BASED TUBE CURRENT 
MODULATION (OBTCM) VS. ATTENUATION-BASED TUBE CURRENT 
MODULATION (ATCM) 

*This chapter is based on Hardy AJ, Bostani M, McMillan K, Zankl M, McCollough C, Cagnon C, and 
McNitt-Gray MF, “A Comparison of Breast and Lung Doses from Chest CT Scans Using Organ-Based 
Tube Current Modulation (OBTCM) vs. Conventional Attenuation-Based Tube Current Modulation 
(ATCM),” which was accepted for publication in Medical Physics. 
 

 

9.1 Introduction 
 
Computed tomography (CT) was first introduced in the 1970s, and the technology has rapidly 

evolved making it an important and highly utilized diagnostic tool for clinicians. In 2007, an 

estimated 62 million CT exams were performed annually with an annual growth rate of 12.5% 

from 2008 to 2009 [15], [146]. The increased utilization of CT procedures, and particularly the 

frequency of exams per patient, has raised concern about potential carcinogenetic health risk from 

the associated radiation, despite the fact that the potential cancer risk associated with a single CT 

scan is considered to be very low [15], [147]. Another important aspect when considering 

radiation-related carcinogenesis is the radiation dose to radiosensitive organs, such as the breast. 

The breast is one of the most radiosensitive organs and is incidentally irradiated during certain CT 

exams while not being the organ of interest, e.g. when evaluating the lung for pulmonary embolism 

using a thoracic CT exam. 

 

Several approaches have been explored to reduce radiation dose to the breast from CT procedures. 

For instance, radioprotective shields made with bismuth can attenuate the entrance exposure during 

the CT exam thereby reducing the breast dose [148]–[150]. However, it has been demonstrated 

that these protective devices can negatively impact image quality by increasing noise, create streak 
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and beam hardening artifacts, and affect CT number accuracy [151]–[153]. CT technology 

advancements have widely replaced the use of bismuth breast shields by incorporating techniques 

such as automatic exposure control (AEC). One type of AEC which is used routinely in clinical 

practice is the conventional, attenuation-based tube current modulation (ATCM). ATCM adjusts 

the x-ray tube current along the angular and/or longitudinal direction to optimize the dose 

distribution based on the patient size and provide overall improved image quality at a reduced 

radiation dose. A more recent evolution in CT technology provides additional radiation dose 

savings, particularly to radiosensitive organs, with organ-based tube current modulation 

(OBTCM). This technique reduces the x-ray tube current preferentially over projections containing 

the radiosensitive organ. For instance, the anterior (assuming the patient is positioned supine) x-

ray tube current is reduced in a chest CT to decrease dose to the breast.  

 

One OBTCM approach reduces the x-ray tube current over the anterior 120° of the patient with 

the aim of redistributing the dose posteriorly to maintain image quality [47]. Several investigators 

have quantified the anterior dose distribution from OBTCM relative to conventional ATCM. A 

study conducted by Lungren et al. used MOSFET detectors on an adult, female anthropomorphic 

thoracic phantom to measure the anterior dose distribution from OBTCM and reported a 17-47% 

decrease anteriorly with accompanying maximum 52% increase posteriorly relative to ATCM.[92] 

A similar study done by Matsubara et al. used radiophotoluminescence dosimeters to specifically 

investigate the breast dose with OBTCM and reported a 22% reduction [91]. While these studies 

consider the effects of OBTCM on dose distribution, both approaches nevertheless suffer from two 

important limitations in terms of evaluating breast dose.  
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The first limitation is that phantom models are often not representative of actual patient anatomy 

since positioning of the breast may in fact be within the area of increased radiation due simply to 

tissue movement or deformation. The same study done by Lungren et al. also observed that for 

adult female patients, the average angle needed to contain all breast tissue was 155° [92]. 

Moreover, other investigators have demonstrated, for actual adult female patients, the breasts may 

not be positioned within the OBTCM angular range of reduced fluence when the patient is in the 

supine position [154], [155]. The second limitation is in extending dose measurements from 

dosimeters to organ doses because dose distribution within the patient is not uniform, particularly 

near the surface [35]. The issue of surface dose variation certainly applies to glandular breast 

because the tissue is dispersed within peripheral and anterior adipose tissue. 

 

Another concern with OBTCM is organs such as the lungs can incur a dose penalty by increasing 

the x-ray tube current posteriorly. Recent Monte Carlo (MC) studies have noted an increase of 

lung dose with the use of OBTCM relative to conventional ATCM [155], [156]. This can be 

confounding when considering both breast and lung tissue are equally radiosensitive per ICRP 103 

tissue weighting recommendations [28]. Although the use of OBTCM may spare dose to anteriorly 

located radiosensitive organs, the potential increased dose to posteriorly located organs may result 

in no net benefit in terms of overall population risk. 

 

The purpose of this work was therefore to estimate and compare breast and lung doses of chest CT 

scans using OBTCM to estimates of ATCM using MC simulation methods.  In order to perform a 

direct within-patient comparison of lung and breast dose from OBTCM relative to conventional 

TCM, a predicted conventional ATCM scheme based on CAREDose4D [48] (Siemens 
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Healthineers, Forchheim, Germany) was estimated. This study considered organ doses from 

OBTCM relative to ATCM for females, males, and pooled populations (in case one OBTCM 

protocol would be used for both females and males). Lastly, this investigation employed MC 

simulation techniques to estimate and compare the breast and lung dose from OBTCM and ATCM. 

  

9.2 Materials and Methods 

This study employed MC simulation methods for CT radiation transport to compare lung and 

breast doses from clinical OBTCM scans to those of estimates of conventional ATCM. To obtain 

as realistic an estimate of organ dose as possible, actual tube current modulation data was extracted 

from clinically-performed scans on individual patients (both male and female). Specifically, the 

OBTCM tube current information was extracted from the raw projection data collected from 

clinical patient scans obtained directly from the CT scanners. Additionally, the image data that 

resulted from the OBTCM scans were used to create voxelized patient models that were specific 

to the scan performed. Because the patients were only scanned once clinically, a direct comparison 

to ATCM was not possible, so the conventional ATCM tube current information was estimated 

using the attenuation information in the topogram as described by McMillan et al. [70]. Both of 

these TCM schemes were then incorporated separately into MC simulations on a per-patient basis 

for a direct comparison between OBTCM and ATCM lung and breast dose. The details of this 

approach are provided below. 

 

9.2.A. Patient models 
 
To estimate the effects of OBTCM relative to ATCM on breast and lung dose, image and raw 

projection data were collected under IRB approval (PA12-0496) for 34 patients (17 males, 17 
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females) obtaining standard of care chest/abdomen/pelvis (CAP) CT examinations. For the 34 

exams, 19 scans were obtained from the SOMATOM Force (VA50A, Siemens Healthineers, 

Forchheim, Germany) and 15 scans from the SOMATOM Definition Flash (VA48A, Siemens 

Healthineers, Forchheim, Germany). For this study, only the chest portion of the CAP exams was 

used. The chest portion of all CAP examinations used OBTCM and were acquired with the patient 

in the supine position. Additionally, all images were reconstructed to 500 mm full field-of-view 

(FOV) in order to ensure that the patient anatomy, including the breasts, was contained within the 

image data. This includes the glandular breast tissue for female patients. The patient size in terms 

of water equivalent diameter (Dw) was determined for the image data of each patient at the center 

of the volume [157]. Specifically, Dw was estimated using an ROI that encompassed the patient 

anatomy in the central cross-sectional image. 

 

In order to use patient data in MC simulations, voxelized models of each patient’s anatomy were 

created from the image data. Voxels within each image series were modeled as either lung, fat, 

water, muscle, bone or air then subdivided into one of seventeen density levels depending on their 

CT number [61]. The lung and glandular breast tissues were semi-automatically contoured and 

identified in the female models. Glandular breast tissue was segmented for female patients but not 

for male patients [93]. Figure 9-1 contains images of a female patient with lung and breast tissues 

segmented and a male patient without glandular breast tissue. 
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Figure 9-1: A) Unsegmented image, segmented image, and voxelized patient model, respectively, 
of a A) female and B) male patient who underwent clinically-indicated CAP CT exam for use in 
MC simulations. Both unsegmented and segmented images contain an outline of 120° fluence 
reduction zone. On In A), the center image shows breast and lung tissues segmented in yellow and 
red, respectively, for a female patient. In B), the center shows only lung tissue segmented in red 
for a male patient as there was no glandular breast tissue to segment. 
. 

 

9.2.B. CT scanning protocol 
 
The CT chest protocols used to acquire the raw data from the two scanners are shown in Table 9-

1. For 10 cases acquired on the Flash scanner, a tube voltage of 100 kVp was applied due to CARE 

kV (Siemens Healthineers, Forchheim, Germany) being utilized for these scans. For all 34 cases, 

scans were acquired using the OBTCM technique offered by the manufacturer (XCARE Siemens 

Healthineers, Forchheim, Germany). This OBTCM algorithm employs an angle of 120° for 

fluence reduction that cannot be changed by the user. To provide comparisons with an ATCM  

acquisition on the same patients, the methods developed by McMillan et al. [70]. were applied to 

produce predicted tube current modulation profiles for each patient using the same scanner 

parameters shown in Table 9-1. Included in Table 9-1 are the software versions for the Force and 

120° 120°

120° 120°

A

B
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Flash. The details of generating predicted ATCM schemes based on these scanning parameters are 

briefly described below in § 9.C.2. 

 

Table 9-1: Scanning parameters used for the Force and Definition Flash scanners. 

Parameter Siemens Force 
(VA50A) 

Siemens Flash 
(VA48A) 

kVp 120 120/100* 
Quality reference mAs (QRM) 140 140/269* 

Rotation time (s) 0.5 0.5 
Pitch 0.6 0.6 

Nominal collimation (mm) 57.6 (96 × 0.6 FFS†) 38.4 (64 × 0.6 FFS†) 
Measured collimation (mm) 59.6 42.9 

Bowtie filter Body Body 
HVL (mm Al) 8.0 7.9/6.8* 

CTDIvol,32 (mGy/mAs) 0.115 0.140/0.087* 
*10 patients on the Flash were performed with 100 kVp due to CARE kV and hence had a different 
QRM, HVL, and CTDIvol,32 per mAs value 
 
† Flying Focal Spot (FFS) uses periodic motion in the longitudinal (z-axis) direction for double 
sampling. 

 

9.2.C Modeling tube current modulation schemes 
 
9.2.C.1 OBTCM Extraction from raw projection data 

 
OBTCM schemes were extracted directly from raw projection data for each patient. The tube 

current, I, was expressed as a function of table position, and tube angle, I(z, Θ) where z represents 

the table position and Θ is the tube angle within the gantry. Figure 9-2A shows an example of an 

OBTCM scheme extracted from the raw projection data of a patient as a function of table position, 

while Figure 9-2B shows a polar plot of the tube current as a function of tube angle. All values I(z, 

Θ) were normalized by the maximum tube current value then used as weighting factors at each 

angle (z, Θ) along the source trajectory in MC simulations. 
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Figure 9-2: OBTCM tube current scheme extracted from the raw projection data as A) a function 
of table position and B) a function of tube gantry angle. For B) the radial axes corresponding to 
the tube current while the polar axes correspond to the gantry angle. 

  

9.2.C.2 Conventional attenuation-based TCM (ATCM) estimation 
 
The Siemens ATCM algorithm (CAREDose4D) utilizes both longitudinal and angular TCM. The 

longitudinal TCM accounts for the AP and LAT dimensions, yet only uses the maximum 

attenuation (Amax) value in either the AP or LAT dimension. Amax at each table position (i) as 

determined based on the patient attenuation characteristics within the CT localizer radiograph 

(referred to by Siemens as the “topogram”) from Eq. 9-A as follows [70]: 

 

  Eq. 9-A 

 

where μwater, kVp is the linear attenuation coefficient of water for a given beam energy. For this 

investigation, μwater, kVp was set to 0.2 cm-1 for a 120 kVp beam. The maximum attenuation at each 

table position from Eq. 9-B is then compared to a reference attenuation value (Aref) and used to 

calculate the longitudinal tube current (mA) at each table position, i: 

 

Amax(i) = max [exp(µwater,kV p ⇥AP (i)), exp(µwater,kV p ⇥ LAT (i))]
<latexit sha1_base64="ZOHPuQKVOULx8y3pSow+xpGU7c4="></latexit>
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  Eq. 9-B 

 

where QRM is the quality reference mAs, t is the gantry rotation time, Aref is the protocol-specific 

reference attenuation hard coded into the ATCM algorithm. b is a strength parameter set by the 

user to control the rate by which the tube current increases or decreases. In this study, the QRM 

was set to 140 based on radiologist’s preference for the desired image quality of an average sized 

patient. The strength parameter (b) was set to “Average”, which corresponds to 0.33 for attenuation 

greater than Aref and 0.5 for attenuation less than Aref  [70], [72]. The angular current tube was 

calculated at each table position, i, using Eq. 9-C: 

 

  Eq. 9-C 
 

where hROT is the half rotation of the tube, A(i – hROT) is the patient attenuation at the table 

position a half rotation prior to the current table position, Amin is minimum patient attenuation over 

the previous half rotation, Amax is the maximum patient attenuation over the previous half rotation, 

q is an optimization parameter between 0.5 and 1.0, and μ(i) is a gantry rotation time-dependent 

parameter that limits the amount of modulation allowed at a given table position [70]. The 

complete estimated ATCM schemes was calculated by multiplying longitudinal (from Eq. 9-B) 

and the angular (from Eq. 9-C) together. 

 

In order to perform a direct per-patient comparison with the OBTCM schemes extracted from the 

raw projection data in § 9.2.C.1, the ATCM schemes were estimated in accordance with the same 

mA(i) =
QRM⇥ pitch

t
⇥
✓
Amax(i)

Aref

◆b

<latexit sha1_base64="9Q6qhqIhY08tIfECTwghnKYfTKc="></latexit>
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imaging protocols specified in § 9.2.B. Figure 9-3 depicts the process of generating a predicted 

ATCM profile using the attenuation information that is stored in the DICOM header of the 

topogram. Predicted ATCM schemes were generated for the table positions corresponding to the 

chest portion of the CAP topogram. The predicted ATCM profiles were likewise expressed as a 

function I(z, Θ) and normalized in the same manner as highlighted in § 9.2.C.1 for utilization 

within MCNPX. 

 

 
Figure 9-3: A) The attenuation characteristics extracted from the topogram were used as an input 
for the ATCM prediction algorithm [70]. The predicted ATCM tube current values were plotted 
as a function of B) table position and C) gantry angle. For B), the predicted ATCM schemes were 
generated for the table positions corresponding to the chest portion of the CAP topogram. For C) 
the radial axes corresponding to the tube current while the polar axes correspond to the gantry 
angle. 
 
 
9.2.D. MC simulations and dose calculations 
 
A modified version of the MC software package MCNPX (Monte Carlo N-Particle eXtended 

version 2.7.a) was utilized for all the simulations in this study [115], [116]. The modification 



 189 

allowed for the modeling of MDCT scanner geometry and beam spectrum [60], [62], [117], [158]. 

Specifically, in this investigation, the appropriate beam energy spectrum data was generated using 

the equivalent source method developed by Turner et al. [126]. An equivalent source model of 

either the Force or Flash scanners, as applicable, was used for each patient. Other user-specified 

variables that define CT source trajectory such as scan start, scan location, and helical pitch were 

stipulated in the MCNPX input file. The effect of the Flying Focal Spot (FFS) was not considered 

in MC simulations. The effects are expected to be negligible in CT dosimetry because the use of 

the FFS does not increase the number of photons generated from the source, nor does it increase 

the fluence from the source. All simulations were conducted in photon transport mode with a 1 

keV low-energy cut-off. This mode does not transport secondary electrons and assumes their 

energy to be deposited at the interaction site. Additionally, each simulation was performed with 

107 particle histories to ensure a statistical uncertainty of less than 1%. This MC simulation 

package has been validated under various conditions, including TCM [118], [119]. MCNPX 

simulations were performed using the computational and storage services associated with the 

Hoffman2 Shared Cluster provided by UCLA Institute for Digital Research and Education’s 

Research Technology Group. 

 

An additional text file containing the I(z, Θ) TCM information outlined in § 9.2.C.1 and § 9.2.C.2 

was utilized in the MC simulations. For the direct comparison, OBTCM and ATCM schemes were 

incorporated separately into MCNPX for each patient to get absolute lung and breast doses 

estimates for each modulation scenario. Figure 9-4 shows both the extracted OBTCM and 

predicted ATCM overlaid on patient anatomy. 
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Figure 9-4: A) Extracted OBTCM (blue) from § 9.2.C.1 and ATCM TCM (red) from § 9.2.C.2 
overlaid atop of a patient topogram. Three-dimensional renders of the B) OBTCM and C) predicted 
ATCM are depicted atop of D) three-dimensional render of patient anatomy. Note that in B), for 
OBTCM, the tube current is reduced on the anterior surface along the entire length of the scan and not just 
over the breast region. 
 

 

9.2.E. CTDIvol,32 measurements 
 
For each patient, CTDIvol,32 for the chest portion of the CAP scan using OBTCM was taken from 

the patient protocol page. In order to estimate CTDIvol,32 for the predicted ATCM simulated scans, 

the collimation and bowtie-specific CTDIvol,32 per mAs values given in Table 9-1 were multiplied 

by the average tube current-time product across the entire simulated scan length. The CTDIvol,32 

per mAs values were obtained from air kerma measurements performed on a CTDIvol,32 phantom 

for both the Force and Flash at the appropriate tube voltages and normalized by the applied tube 

current-time product. CTDIvol,32 values for OBTCM and estimated ATCM were correlated with 

Dw. CTDIvol,32 values for OBTCM and ATCM were compared against one another in order to 
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determine the relationship between the two. In both of these cases, the strength of the correlation 

was determined using the coefficient of determination (R2). 

 

9.2.F. Dose analysis 
 
Absolute breast and lung (Dbreast and Dlung) doses tallied in Sec 2.D for OBTCM and ATCM were 

normalized by the respective scan-specific CTDIvol,32 values to yield normalized breast and lung 

doses (nDbreast and nDlung). Comparisons between OBTCM and estimated ATCM for CTDIvol,32-

normalized doses were done on a per-patient basis by calculating within-patient difference (%) 

relative to ATCM. Comparisons were done for: 1) nDbreast and nDlung for females, 2) nDlung for 

males, and 3) nDlung for both females and males (pooled). Differences for nDbreast and nDlung 

relative to ATCM (ΔnDbreast and ΔnDlung) for females and males were parameterized with respect 

to Dw. Comparisons were conducted with CTDIvol,32-normalized doses in order to account for the 

radiation output from two scanners and the different protocols used in this investigation.[53] 

Negative differences were interpreted as dose savings relative to ATCM, while positive differences 

were interpreted as dose penalties relative to ATCM. The mean, median, and standard deviation 

(SD) for ΔnDbreast and ΔnDlung were reported. Additionally, nDbreast from OBTCM and ATCM was 

compared between the Force (N = 12) and Flash (N = 5) scanners using a Mann-Whitney U-test 

because of the small sample size of female patients from the Flash scanner. nDlung from OBTCM 

and ATCM was compared between the Force (N = 19) and Flash (N = 15) scanners using an 

unpaired t-test. Statistical analyses were performed in GraphPad Prism 6.00 for Mac OS X 

(GraphPad Software, La Jolla, California, USA, www.graphpad.com). 

 

9.3 Results 
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9.3.A Patient Size and CTDIvol values 
 
The measured range of Dw was 20.0 – 33.2 cm for females. The mean, median, and standard 

deviation of Dw for females was 23.5 cm, 22.9 cm, and 3.9 cm, respectively. The range of Dw for 

males was 17.8 – 36.2 cm, with the mean, median, and standard deviation of Dw being 24.3 cm, 

23.6 cm, and 4.9 cm, respectively. For females, the CTDIvol,32 range for OBTCM was observed to 

be 6.1 – 16.9 mGy with the mean, median, and standard deviation being value 9.9 mGy, 9.3 mGy, 

3.0 mGy, respectively, and the CTDIvol,32 range for simulated ATCM was observed to be 5.4 – 

17.3 mGy with the mean, median, standard deviation 10.1 mGy, 10.4 mGy, and 3.0 mGy, 

respectively. For males, the CTDIvol,32 range for OBTCM was observed to be 8.2 – 23.2 mGy with 

the mean, median, and standard deviation being value 13.1 mGy, 11.8 mGy, 3.9 mGy, respectively, 

and the CTDIvol,32 range for simulated ATCM was observed to be 7.0 – 23.5 mGy with the mean, 

median, standard deviation 13.0 mGy, 11.6 mGy, and 4.6 mGy, respectively. Table 9-2 contains 

the summary statistics of Dw and CTDIvol values for females, males, and pooled females and males.  

Figure 9-5 shows the Pearson correlations of OBTCM and ATCM CTDIvol,32 values with respect 

to Dw across all patients using a linear relationship. The R2 values for OBTCM and ATCM with 

respect to Dw were observed to be 0.71 and 0.54, respectively. The Pearson correlation of 

CTDIvol,32 between OBTCM and ATCM results is shown in Figure 9-6. The R2 value between 

OBTCM and ATCM CTDIvol,32 was observed to be 0.58. 

 

Table 9-2: Summary statistics of Dw and CTDIvol values for females, males, and for pooled 
females and males 

   Dw 
(cm) 

 OBTCM CTDIvol 
(mGy) 

 ATCM CTDIvol 
(mGy) 

  Mean Median SD   Mean Median SD   Mean Median SD 
Females  23.5 22.9 3.9   9.9 9.3 3.0  10.1 10.4 3.0 
Males   24.3 23.6 4.9   13.1 11.8 3.9  13.0 11.6 4.6 
Pooled   23.9 23.3 4.3   11.5 10.6 3.8  11.6 11.4 4.1 
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Figure 9-5: Correlation of A) OBTCM CTDIvol,32 values and B) ATCM CTDIvol,32 values with 
respect to Dw. 
 
 

 
Figure 9-6: Plot of OBTCM CTDIvol,32 in relation to predicted ATCM CTDIvol,32. The dashed line 
represents the correlation between OBTCM and ATCM CTDIvol,32 of which the Pearson 
correlation coefficient (R2) was observed to be 0.58. The solid line represents unity. 
 
 
9.3.B   Organ dose comparisons between OBTCM and ATCM 

9.3.B.1 Breast and lung dose comparison for females 
 
For females, the OBTCM difference relative to ATCM for nDbreast (ΔnDbreast) was observed to 

range from -31% to 21%. The mean, median, and standard deviation (SD) of the difference from 

ATCM for females was -10%, -13%, and 18% for ΔnDbreast, respectively.  In this comparison, 13 
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out of 17 female patients had lower nDbreast values from OBTCM compared to ATCM, i.e., dose 

savings from OBTCM. The nDlung for females demonstrated a difference relative to ATCM 

(ΔnDlung) ranging from -18% to 26%. The mean, median, and standard deviation of the difference 

from ATCM for females was -2%, -4%, and 12%, respectively, for ΔnDlung. For this comparison, 

only 9 of 17 female subjects had lower nDlung values from OBTCM compared to ATCM, i.e., dose 

savings from OBTCM. Table 9-3 and Table 9-4 contains nDbreast and nDlung comparisons, 

respectively. Figure 9-7 shows ΔnDbreast and ΔnDlung for females with respect to Dw. 
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Table 9-3: OBTCM and ATCM normalized breast dose (nDbreast) comparison for females. 
ΔnDbreast are reported as percentages relative to ATCM comparison. 

 
ID Dw 

(cm) 

OBTCM  ATCM   
 CTDIvol,32 

(mGy) nDbreast  CTDIvol,32 
(mGy) nDbreast   ΔnDbreast 

(%) 

Fl
as

h 

2* 20.0 8.0 0.84  11.4 1.05   -20% 
5* 20.7 7.8 0.79  12.3 0.76   4% 
6* 22.2 6.1 1.17  10.1 1.22   -5% 
8* 22.9 8.0 0.96  6.7 1.11   -13% 
11 25.1 9.9 0.87  11.4 0.95   -9% 

Fo
rc

e 

16 18.8 6.6 1.15  6.8 0.96   21% 
18 20.0 7.7 0.80  6.3 0.81   -1% 
19 20.3 6.9 0.94  5.4 0.83   14% 
22 21.7 8.2 0.83  8.4 0.96   -14% 
24 22.6 10.7 0.88  10.8 1.01   -12% 
25 23.6 9.3 0.95  9.5 1.36   -31% 
26 23.7 10.4 0.93  8.0 0.83   12% 
27 23.8 11.9 0.70  11.9 1.00   -30% 
31 27.0 12.9 0.88  13.0 1.14   -23% 
32 27.2 12.9 0.70  10.4 0.89   -22% 
33 27.5 14.6 0.63  11.8 0.76   -17% 
34 33.2 16.9 0.73  17.3 0.96   -25% 

 Mean 23.5 9.9 0.87  10.1 0.98   -10 
 Median 22.9 9.3 0.87  10.4 0.96   -13 
 SD 3.6 3.0 0.15  3.0 0.16   16 

* Performed with CARE kV protocol
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Table 9-4: OBTCM and ATCM normalized lung dose (nDlung) comparison for females. ΔnDlung 
are reported as percentages relative to ATCM comparison. 

 
ID Dw 

(cm) 

OBTCM  ATCM   
 CTDIvol,32 

(mGy) nDlung  CTDIvol,32 
(mGy) nDlung   ΔnDlung 

(%) 

Fl
as

h 

2* 20.0 8.0 1.14  11.4 1.19   -4% 
5* 20.7 7.8 1.03  12.3 0.92   12% 
6* 22.2 6.1 1.58  10.1 1.26   26% 
8* 22.9 8.0 1.17  6.7 1.12   5% 
11 25.1 9.9 1.20  11.4 1.09   11% 

Fo
rc

e 

16 18.8 6.6 1.35  6.8 1.33   1% 
18 20.0 7.7 1.25  6.3 1.18   6% 
19 20.3 6.9 1.37  5.4 1.29   6% 
22 21.7 8.2 1.17  8.4 1.31   -11% 
24 22.6 10.7 1.15  10.8 1.28   -10% 
25 23.6 9.3 1.25  9.5 1.47   -15% 
26 23.7 10.4 1.15  8.0 1.21   -5% 
27 23.8 11.9 1.03  11.9 1.26   -18% 
31 27.0 12.9 0.97  13.0 1.13   -15% 
32 27.2 12.9 1.02  10.8 1.04   -2% 
33 27.5 14.6 0.78  11.8 0.85   -9% 
34 33.2 16.9 0.97  17.3 1.05   -8% 

 Mean 23.5 9.9 1.15  10.1 1.18   -2% 
 Median 22.9 9.3 1.15  10.4 1.19   -4% 
 SD 3.6 3.0 0.19  3.0 0.16   12% 

* Performed with CARE kV protocol
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Figure 9-7: A) Normalized breast dose differences (ΔnDbreast) and B) normalized lung dose 
differences (ΔnDlung) with respect to ATCM as a function of Dw 

 

9.3.B.2 Lung dose comparison for males 
 
For males, the OBTCM differences relative to ATCM for nDlung (ΔnDlung) ranged from -21% to 

36%. The mean, median, and standard deviation (SD) of the difference compared to ATCM for 

males was 9%, 13%, and 16% for ΔnDlung, respectively. Table 9-5 contains the lung dose 

comparison for males. In this comparison, only 4 out of 17 had lower normalized lung dose values 

from OBTCM compared to ATCM, i.e., dose savings from OBTCM.  Figures 9-8 show ΔnDlung 

with respect to Dw for males. 
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Table 9-5: OBTCM and ATCM normalized lung (nDlung) comparison for males. ΔnDlung are 
reported as percentages relative to ATCM comparison. 

 
ID Dw 

(cm) 

OBTCM  ATCM   
 CTDIvol,32 

(mGy) nDlung  CTDIvol,32 
(mGy) nDlung   ΔnDlung 

(%) 

Fl
as

h 

1* 19.9 9.3 1.29  11.5 1.14   13% 
3* 20.7 10.3 1.24  11.3 1.04   20% 
4* 20.7 8.2 1.20  10.6 0.94   28% 
7 22.3 15.2 1.26  19.5 0.99   26% 
9* 23.6 11.4 1.09  13.0 0.85   28% 
10 24.7 11.5 1.27  11.9 1.15   11% 
12* 26.6 13.0 0.99  17.0 0.87   14% 
13* 30.4 14.9 1.01  19.7 0.89   14% 
14 32.8 18.9 0.96  14.9 0.84   14% 
15 36.2 23.2 0.80  23.5 0.86   -6% 

Fo
rc

e 

17 17.8 9.8 1.05  7.2 1.01   4% 
20 20.3 11.8 1.06  8.0 1.05   1% 
21 21.0 10.7 1.12  7.9 1.04   7% 
23 22.1 11.2 0.95  9.3 1.04   -9% 
28 24.1 12.3 1.04  14.5 1.29   -19% 
29 25.2 12.6 1.26  9.9 0.93   36% 
30 25.5 18.0 0.70  11.6 0.89   -21% 

 Mean 24.3 13.1 1.08  13.0 0.99   9% 
 Median 23.6 11.8 1.06  11.6 0.99   13% 
 SD 4.9 3.9 0.17  4.6 0.12   16% 

* Performed with CARE kV protocol
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Figure 9-8: Normalized lung dose differences (ΔnDlung) with respected to ATCM as a function 
of Dw for males 
 

 

9.3.B.3 Pooled breast and lung dose comparison 
 
When both populations were pooled (i.e., females and males), the mean, median, and standard 

deviation of the difference for ΔnDlung was 4%, 5%, and 15%, respectively. A summary of ΔnDbreast 

and ΔnDlung for all patient is given in Table 9-6.  

 

Table 9-6: Summary of female, male, and pooled mean, median, and standard deviation (SD) of 
differences (%) for ΔnDbreast and ΔnDlung. Negative and positive differences were interpreted as 
dose savings and dose penalties relative to ATCM, respectively. 

   ΔnDbreast   ΔnDlung 

  Mean 
(%) 

Median 
(%) 

SD 
(%) 

   Mean 
(%) 

Median 
(%) 

SD 
(%) 

Females  -10 -13% 16    -2 -4 12 
Males   - - -    9 13 16 
Pooled   - - -    4 5 15 

 

 
9.3.C Normalized breast and lung dose comparison between scanners 
 
For nDbreast with OBTCM, the Mann-Whitney test indicates there was not a statistically significant 

difference (Mann-Whitney U = 21, P = 0.37) in the distributions of nDbreast for the Force (median 
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= 0.86, n = 12) and Flash (median = 0.87, n = 5). In addition, ATCM results for the Mann-Whitney 

test indicates there was not a statistically significant difference (Mann-Whitney U = 23.5, P = 0.52) 

in the distributions of nDbreast for the Force (median = 0.96, n = 12) and for the Flash (median = 

1.05, n = 5). Unpaired t-test results for nDlung on the Force and Flash indicates no statistically 

significant difference for OBTCM (t = 1.01, P = 0.32), but there was a statistically significant 

difference for ATCM (t = 2.39, P = 0.02). 

 

9.4 Discussion 

The objective of the introduction of OBTCM was to reduce the radiation dose to radiosensitive 

organs, particularly more anteriorly positioned ones. The design of the OBTCM investigated in 

this retrospective study was to accomplish this dose reduction through a geometric approach where 

the tube current was reduced over the anterior 120° degrees of the source rotation. Since many 

facilities do not implement gender-specific protocols, both male and female patients were included 

in this study. To maintain image quality, the tube current was also increased over the posterior 

240° degrees to compensate for the reduced anterior tube current. This study focused on the impact 

of this technique on organ dose, specifically investigating the potential radiation dose reduction or 

penalty to the breast in female patients and lung in male and female patients from OBTCM chest 

exam relative to an ATCM chest exam that is typically used in the clinical setting. This comparison 

was achieved by extracting OBTCM tube current information directly from the raw projection 

data, estimating ATCM tube current data using the attenuation information found in the topogram, 

and incorporating both TCM schemes separately into MC simulations. The intra-patient 

differences in both absolute and CTDIvol-normalized breast and lung dose from OBTCM relative 

to ATCM were investigated across patient size. 
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In terms of CTDIvol, the R2 values between CTDIvol and Dw for OBTCM and ATCM was to be 

0.71 and 0.54, respectively. This suggest the Dw explains 71% of variation of CTDIvol from 

OBTCM but only 54% of the variation from ATCM. The decreased strength of the correlation of 

CTDIvol with respect to ATCM could be due to the fact the tube current values are estimated. The 

relationship between OBTCM and ATCM, as indicated by the Pearson’s correlation coefficient 

shown in Figure 6, was observed to be 0.58. This relationship suggests that, for a given protocol 

and for a given patient, the CTDIvol values between OBTCM and ATCM may not necessarily be 

one-to-one. It is not known whether the OBTCM was designed to preserve the CTDIvol for a given 

protocol and for a given patient in relation to ATCM. To maintain image quality with OBTCM, 

the posterior radiation dose must be increased for all projection angles except 120° anteriorly. The 

effect this posterior increase has on CTDIvol in relation to ATCM for patients is, however, beyond 

the scope of this investigation. The irregularities/spikes (particularly in the shoulder region) seen 

in Figure 9-4C would not appear in an actual ATCM scheme and are the results of the ATCM 

estimation. In terms of estimating organ dose, these irregularities only exist across a few 

projections relative to the entirety of the ATCM scheme and therefore would not drastically affect 

the breast dose estimates. Again, though, it should be noted that the ATCM schemes – and hence 

the CTDIvol – were estimated and could therefore be the source of the variation. 

 

The results in Tables 9-3 and Figures 9-7A demonstrate an overall average reduction in the 

normalized breast dose (ΔnDbreast = -10%) when using OBTCM compared to ATCM. For this 

study, male breast dose was not considered due to the absence of glandular tissue in the cross-

sectional images of the male patients. Additionally, the cancer biology of male breast cancer 
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appears to be distinct from that of female breast cancer, both of which being outside the scope of 

this study [159]. As can be seen in Figure 9-7A, there can be an increase in the normalized breast 

dose for some patients as the dose savings for ΔnDbreast ranges from -44% to 21%. These variations 

in ΔnDbreast are complex and based on several factors. For a specific patient, the increase or 

decrease in normalized breast dose for OBTCM relative to ATCM can be due to: (a) the degree 

and location of tube current reduction over the anterior portion of the chest (both OBTCM and 

ATCM do this), (b) the degree and location of tube current reduction over the longitudinal extent 

of the patient (again, both OBTCM and ATCM do this), and (c) exactly where the glandular breast 

tissue is positioned with respect to the gantry and whether all glandular tissue is contained within 

the 120° degree fluence reduction zone used by this implementation of the OBTCM. Figure 9-9 

and Figure 9-10 show dose distribution maps of two patients, #11 and #27, to highlight the 

complexity of angular and longitudinal modulation in relation to radiosensitive organs. Similar to 

previous studies investigating OBTCM and breasting positioning [154], [155], [160], all of the 

females in the study possessed at least some breast tissue outside of the 120° fluence reduction 

zone. The tendency for the breasts to be displaced laterally while in the supine position can be 

mitigated with the use of brassieres, as their usage has been shown to position breast tissue more 

medially (and thus increase the proportion of breast tissue within the fluence reduction zone) 

without introducing image artifacts. To exemplify this, Figure 9-9 shows the two female patients, 

ID16 and ID19, with breast tissue outside 120°. Additionally, dose maps for two patients (#11 and 

#27) are shown in Figures 9-10 and 9-11, respectively, highlighting these complexities. Viewed in 

this light, the results suggest that the potential for breast dose reduction from OBTCM may be 

affected by the extent to which the breasts are within 120° fluence reduction zone. The tendency 

for the breasts to be displaced laterally while in the supine position can be mitigated with the use 
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of brassieres, as their usage has been shown to position breast tissue more medially (and thus 

increase the proportion of breast tissue within the fluence reduction zone) without introducing 

image artifacts [161]. However, as noted above, breast dose is also dependent on the longitudinal 

positioning of the breast tissue. These results highlight the strength of the MC simulation approach 

to this particular question of breast dose using OBTCM, as the use of idealized, rigid, physical 

phantoms to measure dose distributions simply does not take into consideration the variation of 

human anatomy nor tissue deformation when human anatomy is placed in certain positions. 

 

 

Figure 9-9: Images of A) ID16 and B) ID19 showing the glandular breast tissue outside the 
designated 120° fluence reduction zone. 
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Figure 9-10: A) Coronal and B) axial dose distribution for patient #11 which had similar CTDIvol 
values for the OBTCM (9.9 mGy) and estimated ATCM (11.4 mGy) exams. The green line in the 
coronal view represents the position were the axial slice was taken. For this patient, there was a 
9% breast dose saving but an 11% lung dose penalty. In the case of patient #11, a majority of the 
glandular breast tissue was located more caudally towards the base of lungs and closer to the 
diaphragm. In this case, the estimated ATCM scheme produced higher normalized dose in that 
region. Though, in patient #11, the increased lung dose as a result of OBTCM can be seen. 
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Figure 9-11: A) Coronal and B) axial dose distribution for patient #27 which had the same CTDIvol 
value of 11.9 mGy for the OBTCM and estimated ATCM exams. Again, the green line in the 
coronal view represents the position were the axial slice was taken. In this case, patient #27 had a 
breast and lung dose savings of 30% and 18%, respectively. Both the axial and coronal dose 
distributions reveal decreased normalized dose with OBTCM relative to ATCM. 
 

In addition, females were observed to experience a small reduction, on average, in normalized lung 

dose with OBTCM relative to ATCM (ΔnDlung = -2%). Similar to the breast dose results, shown 

in Table 9-4 and Figure 9-7B, the observed range of normalized lung dose difference values 

(ΔnDlung: -18% to 26%) indicates some female patients experience dose penalties relative to 

ATCM. As noted previously, given OBTCM requires a posterior increase in tube current to 

maintain image quality, increased normalized lung dose would be expected for some patients. In 

contrast, males, on average, experienced an overall increase in normalized lung dose (ΔnDlung = 

9%). However, as can be seen in Table 9-5 and Figure 9-8, the range of observed differences of 

normalized lung dose (ΔnDlung: -19% to 36%) for males demonstrates some patients received a 

reduction in lung dose from OBTCM relative to ATCM. As noted previously, both breast and lung 
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tissue are considered equally radiosensitive per ICRP 103 (wT = 0.12) [28] and require equal 

consideration when utilizing OBTCM. Therefore, when the OBTCM chest protocol is applied to 

both females and males, the results of this study suggest that breast dose savings for women and 

lung dose penalties for men may not yield an overall benefit relative to ATCM in terms of effective 

dose, especially since effective dose is sex-averaged [28]. However, the results of this study do 

support the use of OBTCM chest protocols for female patients but not male patients. 

 

A recent MC study conducted by Fu et al. in 2017 showed a 15 ± 2% reduction of normalized 

breast dose with the usage of 180° reduction zone (referred to as organ-dose-based tube current 

modulation, ODM GE Healthcare) [162]. This study also observed, for a given CTDIvol, the 

normalized organ dose was reduced to most radiosensitive organs [162]. As such, increasing the 

angle of tube current reduction zone to 180° may provide greater reduction in terms of normalized 

breast dose relative to 120° (10% reduction in ΔnDbreast was observed in this study versus 15 ± 2% 

observed in Fu et al.). However, the aforementioned study did not investigate potential lung dose 

penalties for men with the usage of 180° in the case where an ODM protocol is applied to both 

women and men. This study observed a minor lung dose savings for women (ΔnDlung = -2%) yet 

lung dose penalties for men (ΔnDlung = 9%) with the usage of 120°. Results from this study that 

investigating OBTCM and ODM penalties and savings for both women and men are warranted, 

especially since most facilities do not implement gender-specific protocols. 

 

This study also compared normalized breast and lung dose across the Force and Flash scanner for 

both OBTCM and ATCM. For OBTCM, when comparing nDbreast across the Force and Flash, a 

statistically significant difference was not observed (Mann-Whitney U = 21, P = 0.37) between 



 207 

the Force and the Flash. In addition, for ATCM, when comparing nDbreast across the Force and 

Flash, a statistically significant difference was also not observed (Mann-Whitney U = 23.5, P = 

0.52) between the Force and Flash. These results indicate that the Force and Flash scanners may 

yield similar normalized breast values as normalizing by CTDIvol has been shown to reduce organ 

dose variability across scanners [53]. Additionally, for OBTCM nDlung (for both females and 

males), no statistically difference was observed between Force and Flash (t = 1.01, P = 0.32) but 

a statistically difference was observed for ATCM (t = 2.39, P = 0.02). The observed differences in 

nDlung could be due to the variability in lung dose observed with this patient population. 

 

This study has a few advantages. The data presented herein are from patient models derived from 

clinical image data and actual OTBCM schemes extracted directly from the corresponding raw 

projection data. Additionally, the ATCM estimations employed herein are approximations of the 

methods of one manufacturer. As such, the data is not idealized but rather is reflective of the real 

clinical scenarios. This investigation, on the other hand, has a few limitations. The first of these 

limitations is inclusion of only Siemens scanners and the OBTCM and ATCM AEC algorithms of 

Siemens. A more comprehensive study of breast and lung dose from OBTCM and ATCM should 

include other scanners and AEC algorithms from different manufacturers (such as ODM). Another 

limitation to this study is related to the heterogeneity of protocols coming from two scanners with 

some exams being performed with CARE kV. Ideally, a study of this nature would use a patient 

population from one scanner using one OBTCM and ATCM protocol for a direct, per-patient 

comparison. This study attempted to assuage the effects of protocol heterogeneity with intra-

patient comparisons of absolute dose from OBTCM and ATCM. In addition, comparisons were 

performed with the CTDIvol normalized dose which has been shown to reduce variability across 
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protocols and scanners [53]. The mapping of material designations is performed based on CT 

numbers, so some of the spongiosa in vertebral column got mapped as breast/muscle tissue (Figure 

9-1). This was not corrected in the simulation because it would require identifying all of the 

relevant voxels and changing their material (tissue) types. However, the effects in terms of lung 

and breast from this mischaracterization is expected to minimal because the TCM schemes (both 

ATCM and OBTCM) are based on the attenuation information in the topogram, rather than on the 

exact tissue definition. Lastly, this study used estimated ATCM as opposed to an actual ATCM 

directly from the raw projection data to make comparisons with OBTCM. This estimated ATCM 

does introduce around 5% error in terms of dose estimates [70]. A comparison study of this nature 

would also ideally compare doses from ATCM values extracted from raw projection data. 

However, this was not an option because obtaining IRB approval for duplicate chest scans for this 

purpose alone was not considered feasible. 

 

9.5 Conclusion 
 
In this study, the OBTCM algorithm of one manufacturer (Siemens) was analyzed in relation to 

an estimated version of the ATCM algorithm of the same manufacturer. The OBTCM algorithm 

investigated in this study proports to reduce dose to anteriorly located organs such as the breast 

[47]. This study found, on average, a reduction of normalized breast dose was observed with 

OBTCM relative to ATCM. However, the potential breast dose savings for females inherently 

comes at the expense of a small increase in normalized lung doses to both women and men. Results 

from this study support the use of OBTCM chest protocols for females only. Overall, the results 

of this study highlight potential dose savings or penalties are variable and dependent upon patient 

size and breast positioning. Future work on this topic would examine the relationship of patient 
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size on breast and lung doses, along with the impact of breast positioning specifically on breast 

dose with the use of OBTCM for human patients. Lastly, this study only investigated the fluence 

reduction angle implemented by one manufacturer. Future work would investigate the effects of 

different fluence reduction angles on lung and breast dose. 
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CHAPTER 10: EVALUATING SSDE FOR ROUTINE HEAD, CHEST, AND 
ABDOMINAL/PELVIS PROTOCOLS 

 
10.1 Introduction 

As mentioned in § 1.2, the CTDIvol and DLP metrics commonly reported on modern CT scanners 

have long been understood not necessarily to be indicative of patient dosimetry owing to 

differences in composition and geometry. There are at present two ways of estimating patient organ 

dose from CT: (1) in vitro empirical dose measurements using dosimeters such TLDs or MOSFETs 

within anthropomorphic phantoms or cadavers and (2) dose calculations from MC software 

packages.  

 

Both of these two approaches have inherent advantageous and disadvantages in the current context 

of modern CT dosimetry, both of which were discussed in § 1.4. In brief, in vitro empirical 

measurements are advantageous in that dose estimates come directly from the CT source, meaning 

that specific AEC strategies of manufacturers are captured in these dose readings, provided that 

the dosimeters are properly calibrated.  In addition, this method does allow for repeated exposures. 

A drawback to physical measurements, however, is that often times even the most sophisticated 

anthropomorphic phantoms models, including cadavers, may not be reflective of the variety actual 

patient anatomy experienced clinically. Moreover, even assuming the proper calibration of 

dosimeters for diagnostic energy ranges (which can an issue for some dosimeters like TLDs), the 

non-uniform dose distribution within the body may necessitate multiple detectors for adequate 

spatial sampling. 
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MC approaches address some of the shortcoming of the in vitro, empirical methods; however, this 

method comes with its own set of challenges. MC methods obviate the need for dosimeters entirely 

due to the mathematical transportation of particles through a particular medium. Moreover, the 

availability of highly-sophisticated, deformable, mathematical phantoms models, such the XCAT 

family models mentioned in § 1.4, allows for a wide permutation of human anatomy. 

Commercially-available dose management software packages, used widely in hospitals and 

medical centers, often employ MC simulations based on these sophisticated, mathematical models. 

However, as with any MC simulation, the accuracy of the MC approach is highly dependent upon 

the accuracy of the simulation set up. For CT dosimetry, this accuracy requires both sufficient 

scanner x-ray source descriptions, especially those that implement vendor-specific AEC 

algorithms, and patient anatomic representations. Furthermore, MC results require extensive 

validation, usually with equivalent empirical measurements, and can be time prohibitive and 

computationally expensive. Additionally, while there is a plethora of MC simulation engines, they 

may not be accessible for clinical use due to the specialized training needed to the use them and 

the computational demands often required to perform a detailed MC calculation. Chapter 3 of this 

dissertation described in detail the direct MC simulation approach used by the UCLA MC Dose 

research group. The methodology therein addresses most of the aforementioned shortcomings of 

the MC approach. However, one issue this approach does not address is the issue of accessibility, 

as the UCLA Research relies upon a modified version of MCNPX, an MC code which is itself 

export controlled and whose distribution is highly regulated. 

 

While not intended to be a measure of organ dose, SSDE does have the potential to provide an 

accessible and quick estimate of organ dose in lieu of empirical measurement and MC approaches. 
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A study conducted by Moore et al. investigated the correlation between absolute organ dose with 

SSDE in pediatric and adult patients using in vitro organ dose measurements from four CIRS 

anthropomorphic phantoms (shown in Figure 1-4) [57]. This study used effective diameter (ED) 

as the metric of patient and phantom size and compared patient organ dose derived from SSDE-

to-organ dose conversion coefficients to published MC results of computational phantoms. The 

Moore et al. study found that the average correlation of SSDE and absolute organ dose was found 

to be within ± 10% of unity [57]. Another study conducted by Sinclair et al. compared correlations 

of CTDIvol-normalized organ dose versus ED against SSDE for chest/abdomen/pelvis exams [163]. 

In this study, the organ dose values were from in vitro measurements of 8 cadavers representing a 

range of sizes from the University of Florida. In this study, the difference between the average 

overall organ dose measurements from the cadavers and SSDE ranged from -23% to 4% [163]. In 

both these studies, ED was used as the metric of patient size whereas, as discussed in § 1.5, the 

attenuation-based size metric of Dw is now more commonly used. Moreover, the Moore et al. study 

indirectly compared SSDE to empirical measurements and MC simulations of hybrid 

computational phantom models from Lee et al. and Li et al. [164], [165]. As mentioned above, the 

use of in vitro measurements from detailed physical phantoms and MC simulations of the highly-

sophisticated computational phantom may not be representative of variation of patient habitus. 

Similarly, in the Sinclair et al. study, instead of comparing SSDE on a per-organ basis, SSDE was 

directly compared the global average of empirical organ dose measurements from in vitro 

cadavers. 

 

Despite its shortcomings, the direct MC simulation of patient anatomy nevertheless addresses the 

limitation of the previous studies. Therefore, the purpose of this chapter was to evaluate SSDE as 
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an estimate of organ from the direct MC simulation of the routine exams investigated in chapters 

4 through 7. In contrast to the previous studies, this evaluation of SSDE was performed on a direct, 

per-organ basis across a wide range of patient habitus administered routine head, chest, and 

abdomen/pelvis exams using the frameworks outlined in Figure 3-10 and Figure 3-11. Specifically, 

this chapter evaluated the SSDE f-factors in relation to normalized brain parenchyma dose from 

FTC routine head exams; lung and breast dose from routine TCM chest exams; liver, spleen, and 

kidney dose from routine TCM abdomen/pelvis exams; and fetal dose in the special case of both 

TCM and FTC routine abdomen/pelvis exams of pregnant patients. 

 

10.2 Materials and Methods 

10.2.1 Evaluating SSDE for routine head, chest, and abdominal/pelvis protocols 

CTDIvol-normalized organ dose values (nDorgan) from the routine exams investigated in Chapters 

4 through 7 were used in this chapter. This chapter used the SSDE f-factors from AAPM Report 

293 for head exams and AAPM 204 for body exams as the point of comparison against CTDIvol-

normalized doses [54], [75]. For each organ dose from each protocol, the average difference 

relative to SSDE f-factors (∆DSSDE,organ!!!!!!!!!!!!!!!), standard deviation of the difference relative to SSDE f-

factors (ΔSSSDE,organ), and bias relative to SSDE f-factors (ΔBSSDE,organ) was calculated using Eq. 

10-A, Eq. 10-B, and Eq. 10-C, respectively 

 

  Eq. 10-A 

 

�DSSDE,organ (%) =
1

N

NX

i=1

|(�DSSDE,organ)i|
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  Eq. 10-B 

 

  Eq. 10-C 

  

Where N is the total number cases and ΔDSSDE,organ is the individual patient nDorgan value relative 

to the SSDE f-factor value based on the patient’s Dw estimate. The definition of ΔDSSDE,organ is 

given by Eq. 10-D 

 

  Eq. 10-D 

 

The SSDE f-factors from Report 293 were evaulated against the whole brain parenchyma dose 

(nDbrain, denoted as nDbrain,3 in Chapter 4). For SSDE evaluation for routine TCM chest exams, 

absolute lung (Dlung) and breast (Dbreast) doses from Chapter 5 were normalized using two metrics, 

CTDIvol,32 and by CTDIvol, Low Att. CTDIvol,32-normalized lung and breast doses are designated as 

nDlung and nDbreast while CTDIvol, Low Att-normalized lung and breast doses are designated as nDlung, 

Low Att and nDbreast, Low Att, respectively. The nDlung, Low Att and nDbreast, Low Att values came from the 

Siemens Sensation 16 and Sensation 64 scanners from Chapter 5. The SSDE f-factors from AAPM 

Report 204 were evaulated against both the CTDIvol,32-normalized and CTDIvol, Low Att-normalized 

lung and breast doses. Similarly, for the CTDIvol,32-normalized liver, spleen, and kidney dose 

(nDliver, nDspleen, and nDkidney, respectively) from Chapter 6 were also evaluated against the SSDE 
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f-factors from AAPM Report 204. Lastly, from Chapter 7, CTDIvol,32-normalized fetal dose values 

from TCM abdomen/pelvis CT exams (nDfetus) and average FTC fetal dose across the four 

manufacturers (nDfetus!!!!!!!!) values were also evaluted against the the SSDE f-factors from AAPM 

Report 204. 

 

Exponential model regression analyses of nDorgan values with Dw from Chapters 4 through 7 were 

also incoroporated into this chapter. For the organs protocols investigated those chapters, the SSDE 

f-factors were included in those regression models as a point of reference with shaded regions 

corresponding to ± 20% and ± 30% of the SSDE f-factors. The proportion of the data points within 

these regions (Cp) were given for each organ. Lastly, in order to determine the coverage of SSDE 

as an estimate of organ dose over a fixed proportion of the population, a one-sided, upper tolerance 

limited was calculated. The one-sided tolerance limit was utilized because this dissertation is 

concerned with assessing the upper tolerance limit (TU) of the difference between normalized 

organ dose and the SSDE f-factors. The coverage factor (proportion of the population of nDorgan 

values, p) used to construct the tolerance limit was 95% (p = 0.95) with a confidence level of 95% 

(α = 0.05). Using the upper bound of 20% difference between SSDE and patient dose mentioned 

in AAPM Report 204 as a point of departure, the hypotheses for this dissertation were as follows: 

a. Null hypothesis (H0): TU ≤ 20% with a confidence of 95% (α = 0.05) covering 95% 

of the population (p = 0.95). 

b. Alternative hypothesis (H1): TU > 20% with a confidence of 95% (α = 0.05) 

covering 95% of the population (p = 0.95). 

Where TU is calculated as 
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  Eq. 10-E 

  

Where is k1 is the factor that determines the upper limit to cover proportion p with confidence α 

using sample size N [166]. The necessary sample size was approximated to be 77 patients based 

on the desired p and α values [166]. In this chapter, only the body CT exams, excluding the 

abdominal/pelvis exams of pregnant patients, were contained enough patients to satisfy this 

condition. The required sample size was not available for the remaining protocols due to the 

availability of the data. In these cases, the upper limit was reported with the caveat that more data 

would be needed for confirmation. 

 

10.3 Results 

10.3.A Brain parenchyma dose from routine FTC head exams relative to SSDE 

Table 10-1 below contains the Dw estimates, SSDE f-factors from AAPM Report 293, nDbrain 

values, and difference (%) of nDbrain values relative to the SSDE f-factors (ΔDSSDE,brain) for the 

patients investigated in Chapter 4. In addition, the mean (∆DSSDE,brain!!!!!!!!!!!!!!), standard deviation 

(ΔSSSDE,brain), and bias (ΔBSSDE,brain) of brain dose relative to the SSDE f-factors are also included 

in Table 10-1. ΔDSSDE,brain values ranged from -5.9% to 13.8%. ∆DSSDE,brain!!!!!!!!!!!!!! was observed to be 

4.4% and ΔSSSDE,brain was observed to be 3.2%. ΔBSSDE,brain was observed to be 5.7%. All 15 nDbrain 

values were within 20% of the SSDE f-factors (Cp = 100.0%). Using N = 15, TU for the SSDE f-

factors covering 95% of the population for nDbrain with 95% confidence was observed to be 12.5%. 

Figure 10-1 shows below nDbrain parameterized as an exponential function with Dw in relation to 

the SSDE f-factors from AAPM Report 293. 

TU = �DSSDE,organ + k1(↵, p,N)�SSSDE,organ
<latexit sha1_base64="gkni+azLRCvotqqnh5b6oTIlObw="></latexit>
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Table 10-1: Dw estimates, SSDE f-factors, nDbrain values (nDbrain,3 from Chapter 4), and difference 
of nDbrain values relative to the SSDE f-factors (ΔDSSDE,brain) for the patients investigated in Chapter 
4 for FTC head exams 

Name Dw 
(cm) 

SSDE 
f-factor nDbrain ΔDSSDE,brain 

(%) 

Peds2 12.6 1.07 1.12 -4.8 
Peds1 10.6 1.19 1.17 1.4 
Baby 11.1 1.16 1.16 -0.7 
Peds3 15.6 0.93 0.98 -5.3 
Peds5 17.1 0.86 0.81 5.5 
Peds4 15.7 0.92 0.89 3.5 
Child 17.2 0.86 0.91 -6.2 
Helga 18.2 0.82 0.81 0.4 
Irene 17.1 0.86 0.84 2.4 

Golem 18.3 0.81 0.86 5.5 
Visible Human 19.6 0.76 0.74 2.3 

Regina 19.9 0.75 0.85 -13.8 
Donna 18.7 0.79 0.83 5.0 

Rex 20.2 0.74 0.78 5.4 
Frank 19.2 0.78 0.73 5.9 

   ∆DSSDE,brain!!!!!!!!!!!!!! 4.4 
   ΔSSSDE,brain 3.2 
   ΔBSSDE,brain 5.7 
   TU 12.5 

 

 

 
Figure 10-1: nDbrain values from Chapter 4 in relation to SSDE f-factors from AAPM Report 293 
with shaded areas corresponding to ± 20% and ± 30% of the SSDE f-factors 
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10.3.B Lung and breast dose from routine chest exams relative to SSDE 

10.3.B.1 Evaluation of nDlung and nDlung, Low Att relative to SSDE 

Figure 10-2 contains nDlung parameterized as an exponential function with Dw in relation to the 

SSDE f-factors from AAPM Report 204. For nDlung, ΔDSSDE,lung values ranged from -60.4% to 

20.1%. ∆DSSDE,lung!!!!!!!!!!!!!!was observed to be 15.3% and ΔSSSDE,lung was observed to be 10.9%. ΔBSSDE,lung 

was observed to be 18.8%. Of the 160 cases, 119 of the nDlung values were within 20% of the 

SSDE f-factors (Cp = 74.4%) while 148 of the nDlung values were within 30% of the SSDE f-factors 

(Cp = 92.5%). Only 12 of the nDlung cases were beyond 30% of SSDE f-factors (Cp = 7.5%). Using 

N = 160, TU for the SSDE f-factors covering 95% of the population for nDlung with 95% confidence 

was observed to be 35.6%. 

 

 
Figure 10-2: nDlung values from Chapter 5 in relation to SSDE f-factors from AAPM Report 204 
with shaded areas corresponding to ± 20% and ± 30% of the SSDE f-factors 
 
 

Figure 10-3 shows nDlung, Low Att values parameterized as an exponential function with Dw in relation 

to the SSDE f-factors from AAPM Report 204. For nDlung, Low Att, ΔDSSDE,lung values ranged from -

25.8% to 74.8%. ∆DSSDE,lung!!!!!!!!!!!!!!was observed to be 24.0% and ΔSSSDE,lung was observed to be 18.8%. 
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ΔBSSDE,lung was observed to be 30.6%. Of the 101 cases, 54 of the nDlung, Low Att values were within 

20% of the SSDE f-factors (Cp = 54.4%) while 68 of the nDlung, Low values were within 30% of the 

SSDE f-factors (Cp = 67.3%). 33 of the nDlung cases were beyond 30% of SSDE f-factors (Cp = 

32.7%). Using N = 101, TU for the SSDE f-factors covering 95% of the population for nDlung, Low 

Att with 95% confidence was observed to be 60.1%. Table 10-2 contains the summary statistics for 

nDlung and nDlung, Low Att values relative to the SSDE f-factors and TU for both organs. Table 10-3 

contains the frequency table for nDlung and nDlung, Low Att values relative to 20% and 30% of the 

SSDE f-factors. 

 

 
Figure 10-3: nDlung, Low Att values for the Sensation 16 and Sensation 64 scanners in relation to 
SSDE f-factors from AAPM Report 204 with shaded areas corresponding to ± 20% and ± 30% of 
the SSDE f-factors 
 



 220 

Table 10-2: Summary statistics for nDlung and nDlung, Low Att values relative to the SSDE f-factors 
and the TU for each estimate of normalized lung dose 

 nDlung nDlung, Low Att 
ΔDSSDE,organ range (%) -60.4 to 20.1 -25.8 to 74.8 

∆DSSDE,organ!!!!!!!!!!!!!!! (%) 15.3 24.0 
ΔSSSDE,organ (%) 10.9 18.8 
ΔBSSDE,organ (%) 18.8 30.6 

TU (%) 35.6 60.1 
 
 

Table 10-3: Frequency table of nDlung and nDlung, Low Att relative to the SSDE f-factors from routine 
TCM chest exams 

 nDlung 
(N=160) 

nDlung, Low Att 
(N=101) 

within ± 20% of SSDE 119 
Cp = 74.4% 

54 
Cp = 54.4% 

within ± 30% of SSDE 148 
Cp = 92.5% 

68 
Cp = 67.3% 

beyond ± 30% of SSDE 12 
Cp = 7.5% 

33 
Cp = 32.7% 

 

 

10.3.B.1 Evaluation of nDbreast and nDbreast, Low Att relative to SSDE 

Figure 10-4 shows nDbreast parameterized as an exponential function with Dw in relation to the 

SSDE f-factors. For nDbreast, ΔDSSDE,breast values ranged from -90.8% to 10.4%. ∆DSSDE,breast!!!!!!!!!!!!!!!	was 

observed to be 31.8% and ΔSSSDE,breast was observed to be 18.7%. ΔBSSDE,breast was observed to be 

37.1%. Of the 85 cases, 26 of the nDbreast values were within 20% of the SSDE f-factors (Cp = 

30.6%) while 44 of the nDbreast values were within 30% of the SSDE f-factors (Cp = 51.8%). 41 of 

the nDbreast cases were beyond 30% of SSDE f-factors (Cp = 48.2%). Using N = 85, TU for the 

SSDE f-factors covering 95% of the population for nDbreast with 95% confidence was observed to 

be 60.7%.  
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Figure 10-4: nDbreast values from Chapter 5 in relation to SSDE f-factors from AAPM Report 204 
with shaded areas corresponding to ± 20% and ± 30% of the SSDE f-factors 
 
 

Figure 10-5 shows nDbreast, Low Att parameterized as an exponential function with Dw in relation to 

the SSDE f-factors. For nDbreast, Low Att, ΔDSSDE,breast values ranged from -29.7% to 24.2%. 

∆DSSDE,breast!!!!!!!!!!!!!!!	was observed to be 11.6% and ΔSSSDE,breast was observed to be 7.4%. ΔBSSDE,breast was 

observed to be 13.8%. Of the 54 cases, 45 of the nDbreast, Low Att values were within 20% of the 

SSDE f-factors (Cp = 83.3%). On the other hand, all 54 of the nDbreast, Low Att values were within 

30% of the SSDE f-factors (Cp = 100.0%). Using N = 54, TU for the SSDE f-factors covering 95% 

of the population for nDbreast with 95% confidence was observed to be 26.7%. Table 10-4 contains 

the summary statistics for nDbreast and nDbreast, Low Att values relative to the SSDE f-factors and TU 

for both organs. Table 10-5 contains the frequency table of for nDbreast and nDbreast, Low Att values 

relative to 20% and 30% of the SSDE f-factors.  
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Figure 10-5: nDbreast, Low Att values for the Sensation 16 and Sensation 64 scanners in relation to 
SSDE f-factors from AAPM Report 204 with shaded areas corresponding to ± 20% and ± 30% of 
the SSDE f-factors 
 
 
Table 10-4: Summary statistics for nDbreast and nDbreast, Low Att values relative to the SSDE f-factors 
and the TU for each estimate of normalized breast dose 

 nDbreast nDbreast, Low Att 
ΔDSSDE,organ range (%) -90.8 to 10.4 -29.7 to 24.2 

∆DSSDE,organ!!!!!!!!!!!!!!! (%) 31.8 11.6 
ΔSSSDE,organ (%) 18.7 7.4 
ΔBSSDE,organ (%) 37.1 13.8 

TU (%) 68.3 26.7 
 
 
Table 10-5: Frequency table of nDbreast and nDbreast, Low Att relative to the SSDE f-factors from 
routine TCM chest exams 

 nDbreast 
(N=85) 

nDbreast, Low Att 
(N=54) 

within ± 20% of SSDE 26 
Cp = 30.6% 

45 
Cp = 83.3% 

within ± 30% of SSDE 44 
Cp = 51.8% 

54 
Cp = 100.0% 

beyond ± 30% of SSDE 41 
Cp = 48.2% 

0 
Cp = 0.0% 
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10.3.C Liver, spleen, and kidney dose from routine abdominal/pelvis exams relative to SSDE 

Figure 10-6 contains nDliver parameterized as an exponential function with Dw in relation to the 

SSDE f-factors from AAPM Report 204. ΔDSSDE,liver values ranged from -54.0% to 28.7%. 

∆DSSDE,liver!!!!!!!!!!!!!!	was observed to be 13.1% and ΔSSSDE,liver was observed to be 9.2%. ΔBSSDE,breast was 

observed to be 14.8%. Of the 107 cases, 88 of the nDliver values were within 20% of the SSDE f-

factors (Cp = 82.2%) while 104 of the nDliver values were within 30% of the SSDE f-factors (Cp = 

97.2%). Only 3 of the nDliver cases were beyond 30% of SSDE f-factors (Cp = 2.8%). Using N = 

107, TU for the SSDE f-factors covering 95% of the population for nDliver with 95% confidence 

was observed to be 30.7%. 

 

 
Figure 10-6: nDliver values from Chapter 6 in relation to SSDE f-factors from AAPM Report 204 
with shaded areas corresponding to ± 20% and ± 30% of the SSDE f-factors 
 
 

Figure 10-7 contains nDspleen parameterized as an exponential function with Dw in relation to the 

SSDE f-factors from AAPM Report 204. ΔDSSDE,spleen values ranged from -44.4% to 35.4%. 

∆DSSDE,spleen!!!!!!!!!!!!!!!	was observed to be 14.1% and ΔSSSDE,spleen was observed to be 10.0%. ΔBSSDE,breast 

was observed to be 17.3%. Of the 107 cases, 81 of the nDspleen values were within 20% of the 
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SSDE f-factors (Cp = 75.7%) while 99 of the nDspleen values were within 30% of the SSDE f-factors 

(Cp = 92.5%). Only 8 of the nDspleen cases were beyond 30% of SSDE f-factors (Cp = 7.5%). TU 

for the SSDE f-factors covering 95% of the population for nDspleen with 95% confidence was 

observed to be 33.2%. 

 

 
Figure 10-7: nDspleen values from Chapter 6 in relation to SSDE f-factors from AAPM Report 204 
with shaded areas corresponding to ± 20% and ± 30% of the SSDE f-factors 
 
 

Figure 10-8 contains nDkidney parameterized as an exponential function with Dw in relation to the 

SSDE f-factors from AAPM Report 204. ΔDSSDE,kidney values ranged from -49.6% to 47.3%. 

∆DSSDE,kidney!!!!!!!!!!!!!!!	was observed to be 13.7% and ΔSSSDE,kidney was observed to be 10.1%. ΔBSSDE,kidney 

was observed to be 17.1%. Of the 107 cases, 83 of the nDkidney values were within 20% of the 

SSDE f-factors (Cp = 77.6%) while 100 of the nDkidney values were within 30% of the SSDE f-

factors (Cp = 93.5%). Only 7 of the nDkidney cases were beyond 30% of SSDE f-factors (Cp = 6.5%). 

TU for the SSDE f-factors covering 95% of the population for nDkidney with 95% confidence was 

observed to be 33.0%. Table 10-6 contains the summary statistics for nDliver, nDspleen, and nDkidney 
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values relative to the SSDE f-factors and the TU for each organ. Table 10-7 contains the frequency 

table for nDliver, nDspleen, and nDkidney values relative to 20% and 30% of the SSDE f-factors.  

 

 
Figure 10-8: nDkidney values from Chapter 6 in relation to SSDE f-factors from AAPM Report 204 
with shaded areas corresponding to ± 20% and ± 30% of the SSDE f-factors 
 
 
Table 10-6: Summary statistics for liver, spleen, and kidney values relative to the SSDE f-factors 
and the TU for each organ for TCM abdomen/pelvis exams 

 nDliver  nDspleen nDkidney 
ΔDSSDE,organ range (%) -54.0 to 28.7 -44.4 to 35.4 -49.6 to 47.3 

∆DSSDE,organ!!!!!!!!!!!!!!! (%) 13.1 14.1 13.7 
ΔSSSDE,organ (%) 9.2 10.0 10.1 
ΔBSSDE,organ (%) 14.8 17.3 17.1 

TU (%) 30.7 33.2 33.0 
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Table 10-7: Frequency table of nDliver, nDspleen, and nDkidney relative to the SSDE f-factors from 
routine TCM abdominal/pelvis exams 

 nDliver 
(N=107) 

nDspleen 
(N=107) 

nDkidney 
(N=107) 

within ± 20% of SSDE 88 
Cp = 82.2% 

81 
Cp = 75.7% 

83 
Cp = 77.6% 

within ± 30% of SSDE 104 
Cp = 97.2% 

99 
Cp = 92.5% 

100 
Cp = 93.5% 

beyond ± 30% of SSDE 3 
Cp = 2.8% 

8 
Cp = 7.5% 

7 
Cp = 6.5% 

 

 

10.3.D Fetal dose from routine abdominal/pelvis exams relative to SSDE 

The parameterization of TCM nDfetus values with Dw from Chapter 7 as an exponential function 

with Dw is shown in Figure 10-9. As with the plots in the previous sections, the SSDE f-factors 

from AAPM Report 204 are included for comparison. TCM ΔDSSDE,fetus values ranged from -5.8% 

to 37.7%. For TCM, ∆DSSDE,fetus!!!!!!!!!!!!!!	was observed to be 16.9% and ΔSSSDE,fetus was observed to be 

8.2%. For TCM, ΔBSSDE,fetus was observed to be 19.1%. For TCM, of the 24 cases, 15 of the nDfetus 

values were within 20% of the SSDE f-factors (Cp = 62.5%) while 21 of the nDfetus values were 

within 30% of the SSDE f-factors (Cp = 87.5%). Only 3 of the nDfetus cases were beyond 30% of 

SSDE f-factors (Cp = 12.5%). Using N = 24, TU for the SSDE f-factors covering 95% of the 

population for nDfetus from TCM with 95% confidence was observed to be 35.7%. 
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Figure 10-9: TCM nDfetus values from Chapter 7 in relation to SSDE f-factors from AAPM Report 
204 with shaded areas corresponding to ± 20% and ± 30% of the SSDE f-factors 
 
 

The parameterization of FTC nDfetus!!!!!!!! values with Dw from Chapter 7 as an exponential function 

with Dw is shown in Figure 10-10. As with the plots in the previous sections, the SSDE f-factors 

from AAPM Report 204 are included for comparison. FTC ΔDSSDE,fetus values ranged from -29.0% 

to 17.0%. For FTC, ∆DSSDE,fetus!!!!!!!!!!!!!!	was observed to be 8.4% and ΔSSSDE,fetus was observed to be 7.1%. 

For FTC, ΔBSSDE,fetus was observed to be 11.1%. For FTC, of the 24 cases, 20 of the nDfetus values 

were within 20% of the SSDE f-factors (Cp = 83.3%) while 22 of the nDfetus values were within 

30% of the SSDE f-factors (Cp = 91.7%). Only 2 of the nDfetus cases were beyond 30% of SSDE f-

factors (Cp = 8.3%). Again, using N = 24, TU for the SSDE f-factors covering 95% of the population 

for nDfetus from TCM with 95% confidence was observed to be 24.8%. Table 10-8 contains the 

summary statistics for TCM nDfetus and FTC nDfetus!!!!!!!! values relative to the SSDE f-factors and the 

TU for each organ. Table 10-9 contains the frequency table of TCM nDfetus and FTC nDfetus!!!!!!!! values 

relative to 20% and 30% of the SSDE f-factors. 
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Figure 10-10: FTC	nDfetus!!!!!!!! values from Chapter 7 in relation to SSDE f-factors from AAPM Report 
204 with shaded areas corresponding to ± 20% and ± 30% of the SSDE f-factors 
 

Table 10-8: Summary statistics for TCM nDfetus and FTC nDfetus!!!!!!!! relative to the SSDE f-factors 
and the TU for TCM and FTC fetal dose 

 TCM nDfetus  FTC nDfetus!!!!!!!! 
ΔDSSDE,organ range (%) -5.8 to 37.7 -29.0 to 17.0 

∆DSSDE,organ!!!!!!!!!!!!!!! (%) 16.9 8.4 
ΔSSSDE,organ (%) 8.2 7.1 
ΔBSSDE,organ (%) 19.1 11.1 

TU (%) 35.7 24.8 
 

 
Table 10-9: Frequency table of TCM nDfetus and FTC nDfetus!!!!!!!! points within the bounds of ± 20% 
and ± 30% of the SSDE f-factors 

 TCM nDfetus 
(N=24) 

FTC nDfetus!!!!!!!! 
(N=24) 

within ± 20% of SSDE 15 
Cp = 62.5% 

20  
Cp = 83.3% 

within ± 30% of SSDE 21 
Cp = 87.5% 

22 
Cp = 91.7% 

beyond ± 30% of SSDE 3 
Cp = 12.5% 

2 
Cp = 8.3% 
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10.4 Discussion 

In this chapter, the SSDE f-factors were evaluated across patient size against the organ dose 

estimates from validated, direct MC simulation methods for three routine CT examinations. The 

framework for evaluation is outlined in Figures 3-10 and 3-11. Those routine examinations 

included FTC head exams, TCM chest exams, and TCM abdomen/pelvis exams. Additionally, this 

chapter also evaluated the SSDE f-factors against fetal doses for both TCM and FTC 

abdominal/pelvis examinations. Unlike the Moore et al. and Sinclair et al. study mentioned 

previously, this study used Dw estimates taken either from patient topograms or image data to 

calculate the SSDE f-factors as opposed to the geometric size descriptor of ED. Moreover, this 

study directly evaluated the SSDE f-factors on a per-organ basis with the aim providing an upper 

tolerance limit for which the SSDE f-factor will cover 95% of the population (p = 0.95) with 95% 

confidence (α = 0.05) for a particular organ. Lastly, the evaluation of the SSDE f-factors was 

performed to test if the TU ≤ 20% between SSDE and patient dose as noted in AAPM Report 204. 

 

For routine FTC head exams, this study observed that the TU for the difference between nDbrain 

and the SSDE f-factor needed to cover 95% of the population with 95% confidence was observed 

to be 12.5%. Additionally, as can be seen in Figure 10-1, all 15 nDbrain values were within 20% of 

the SSDE f-factors (Cp = 100.0%). These suggests that the TU of 20% between SSDE and patient 

dose noted in AAPM Report 204 may be appropriate for routine head CT examinations employing 

FTC and that SSDE may serve as good estimate for brain parenchyma dose to within 12.5% for at 

least 95% of population. There are two explanations for this observation. The first is that the f-

factors reported in both AAPM Reports 293 and 204 were derived from FTC measurements and 

simulations [54], [75]. The second explanation is related to the fact that, as noted in Chapter 4, the 
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head is composed of homogenous tissue encased in bone, which the f-factors in AAPM Report 293 

taken into consideration [75]. Thus, as can be seen again in Figure 1-10, the nDbrain as a function 

of Dw follows the SSDE f-factor curve, the average difference between them being less than 5% 

(∆DSSDE,brain!!!!!!!!!!!!!! = 4.4%) with ΔSSSDE,brain of only 3.2%. AAPM Report 293 (the basis of comparison 

for nDbrain used in this chapter) does not explicitly note the same ±20% difference between SSDE 

and patient dose (brain parenchyma dose in this case) as in AAPM Report 204 [54], [75]. AAPM 

Report 293 is an extension of AAPM Report 204 [54], [75]. It should be born in mind here, 

however, that there were not enough routine head exam patients based on the power calculation 

using the α and p values stipulated in this dissertation. 

 

For routine TCM chest, this chapter evaluated the SSDE f-factors against both CTDIvol,32-

normalized and CTDIvol, Low Att-normalized lung and breast doses. This study observed that, when 

using CTDIvol,32 as the normalization for lung dose, the TU for the difference between nDlung and 

the SSDE f-factor needed to cover 95% of the population with 95% confidence was observed to 

be 35.6%. This result suggests that 20% difference between SSDE and patient dose noted in 

AAPM Report 204 might not be sufficient for SSDE to cover 95% of nDlung cases from routine 

chest exams employing TCM. Rather, the results of this study suggest that a wider tolerance may 

be needed in order for SSDE to serve as an estimate of lung dose. The reason for this has to do 

with the longitudinal modulation provided by CAREDose4D. In terms of dose reduction, TCM 

has been shown to reduce lung and breast dose relative to FTC in chest exams [89]. Because of 

the lower overall lower normalized dose provided by TCM relative to FTC, the SSDE f-factors, as 

can be seen in Figure 10-2, are a conservative estimate of nDlung, with the vast majority of the data 

points falling within 30% of the f-factors (Cp = 92.5%). Additionally, as can also be seen in Figure 
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10-2, nDlung values and regression fits tend track closer to the SSDE f-factors with increasing Dw, 

most probably due to the response of the AEC system of maxing out tube current output for larger-

sized patients. Figure 10-11 below shows the TCM profile of one bariatric patient administered a 

routine chest exam. This TCM profile has very little longitudinal modulation due to the attenuation 

characteristics of the patient. Although the number of bariatric patients in this study was limited, 

this trend may nevertheless suggest different regimes within the normalized dose curves in relation 

to tube output potential of a scanner and patient size.  

 

 
Figure 10-11: An example of TCM profile from a routine chest exam of a bariatric patient 
showing minimal longitudinal modulation. 
 

On the other hand, in terms of nDlung, Low Att, this study observed that, when using CTDIvol, Low Att as 

the normalization for lung dose instead of CTDIvol,32, the TU for the difference between nDlung and 

the SSDE f-factor needed to cover 95% of the population with 95% confidence was observed to 

increase to 60.1%. This wider tolerance limit is related to the higher ∆DSSDE,organ!!!!!!!!!!!!!!! and ΔSSSDE,organ 

for nDlung, Low Att (24.0% and 18.8%, respectively) vis-à-vis nDlung (15.3% and 10.9%, respectively). 
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On average, CTDIvol, Low Att values are lower than their global CTDIvol,32 counterpart because 

CTDIvol, Low Att captures the incident radiation on the low attenuation region of the aerated lungs. 

Because of this, while normalizing by CTDIvol, Low Att improves the strength of the correlation with 

Dw [74], as can be seen in Figure 10-3, when considering CTDIvol, Low Att as a normalization metric 

for lung dose, this study suggests that the SSDE f-factors would be an underestimate for nDlung, Low 

Att. 

 

Interestingly, the observations of nDlung and nDlung, Low Att in relation to the SSDE f-factors are 

reversed for nDbreast and nDbreast, Low Att. This study observed that, when using CTDIvol,32 as the 

normalization metric for breast dose, the TU for the difference between nDbreast and the SSDE f-

factor needed to cover 95% of the population with 95% confidence was observed to be 68.3%. 

However, when using CTDIvol, Low Att as the normalization for breast dose instead of CTDIvol,32, the 

TU for the difference between nDbreast and the SSDE f-factor needed to cover 95% of the population 

with 95% confidence was observed to decrease to 26.7%. These observations can be seen more 

clearly in Figure 10-4 and Figure 10-5 for nDbreast and nDbreast, Low Att, respectively. nDbreast values, 

as well as the corresponding regression fits between nDbreast and Dw, were systematically below 

the SSDE f-factor with only a few exceptions (nDbreast: ∆DSSDE,breast!!!!!!!!!!!!!!! = 31.8%; ΔSSSDE,breast = 

18.7%). Yet with the nDbreast, Low Att values, while most of the nDbreast, Low Att values, as well as 

corresponding regression fits between nDbreast, Low Att and Dw, were below the SSDE f-factors, the 

nDbreast, Low Att values were more centered about the SSDE f-factors (nDbreast, Low Att: ∆DSSDE,breast!!!!!!!!!!!!!!! = 

11.6%; ΔSSSDE,breast = 7.4%). These trends are due to the same observations made above, namely, 

that normalizing by CTDIvol, Low Att effectively increases the normalized dose. In the case of breast 

dose, using CTDIvol, Low Att as a normalization metric brings the normalized breast dose values 
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closer to the SSDE f-factor. Thus, this study suggests that the SSDE f-factor may be a conservative 

estimate for nDbreast for most of the population, but the SSDE f-factors may provide a more 

reasonable estimate for nDbreast, Low Att. In both cases, however, a tolerance wider than the 20% 

difference between patient dose and SSDE specified in AAPM Report 204 would be needed to 

encompassed 95% with 95% confidence of nDbreast and nDbreast, Low Att (TU: 68.3% and 26.7%, 

respectively). 

 

For TCM abdomen/pelvis exams, this study found that that the TU for the difference between 

nDliver, nDspleen, and nDkidney and the SSDE f-factor needed to cover 95% of the population with 

95% confidence was observed to be 30.7%, 33.2%, and 33.0%, respectively. These results indicate 

that a tolerance wider than a 20% difference between the SSDE f-factors and CTDIvol,32-normalized 

organ dose would be need to capture 95% of nDliver, nDspleen, and nDkidney cases with 95% 

confidence. These results are illustrated in the Figures 10-6, 10-7, and 10-8 for nDliver, nDspleen, and 

nDkidney, respectively, wherein, for all three organs, the vast majority of the nDliver, nDspleen, and 

nDkidney cases within 30% of the SSDE f-factors (Cp = 97.2%,	Cp = 92.5%, and	Cp = 93.5%, 

respectively). Additionally, as can be seen in Table 10-6, all three of these organs had fairly similar 

deviations from the SSDE f-factors as indicated by the proximity of their ∆DSSDE,organ!!!!!!!!!!!!!!! and 

ΔSSSDE,organ values to one another. Given this, an equivalent tolerance for which the SSDE f-factors 

can serve as an estimate for organ dose these three organs of the abdomen/pelvis is a reasonable 

result. 

 

Lastly, this study also investigated the special situation of TCM and FTC routine abdomen/pelvis 

examinations of pregnant patients, wherein the goal was to evaluate the SSDE f-factors as an 
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estimate of normalized fetal dose from these examinations. This investigation found that the TU 

for the difference between TCM nDfetus and FTC nDfetus!!!!!!!! and the SSDE f-factor needed to cover 

95% of the population with 95% confidence was observed to be 35.7% and 24.8%, respectively. 

An implication of these results is that the 20% difference between patient and SSDE might not be 

wide enough for both TCM nDfetus and FTC nDfetus!!!!!!!!. For both TCM nDfetus and FTC nDfetus!!!!!!!!, the 

majority of their normalized dose values were within 30% of the SSDE f-factors (TCM nDfetus: 

Cp = 87.5%; FTC nDfetus!!!!!!!!: Cp = 91.7%). The ∆DSSDE,fetus!!!!!!!!!!!!!! and ΔSSSDE,fetus values of TCM nDfetus for 

the AS64 was observed to be 16.9% and 8.2%, respectively. The differences of TCM nDfetus and 

the SSDE f-factors can be seen in Figure 10-8. As discussed in Chapter 7, the increase in TCM 

nDfetus relative to SSDE f-factors is most probably due to AEC response to pelvic anatomy given 

that the fetal extent included the pelvis for most of the patients [167]. Additionally, the variation 

of normalized fetal dose across scanners in the FTC scenario seen in Chapter 7 suggests that the 

higher normalized fetal dose relative to the SSDE f-factors may also be scanner dependent [167]. 

For FTC nDfetus!!!!!!!!, as can be seen in Figure 10-9, the ∆DSSDE,fetus!!!!!!!!!!!!!! and ΔSSSDE,fetus (8.4% and 7.1%, 

respectively) were much smaller by comparison to TCM. This result is intuitive given that the 

SSDE f-factors were composed of FTC simulation and empirical measurements. However, as with 

the routine head exams, the available sample size was not adequate based on the power calculation 

using the α and p values stipulated in this dissertation. 

 

With the exception of fetal dose from TCM, a general trend was observed that normalized doses 

from TCM protocols were lower than the SSDE f-factors. This observation is intuitive given the 

propensity of TCM to reduce normalized dose relative to FTC [89]. The data in this dissertation 

suggests that another model of normalized dose that takes into consideration the effects of TCM 
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may be needed. A potential candidate for such a dose model that considers TCM is the generalized 

linear model (GLM) developed by Bostani et al. [98]. The GLM is a statistical dose model that 

allows for the inclusion of categorical variables for different radiosensitive organs and scanners 

and was constructed with TCM MC simulations [98]. Given the widespread use of TCM, it is 

possible that normalized dose coefficients derived from GLM may be more appropriate in the 

current context of clinical practice. 

 

This study had a few advantages. This study capitalized on the strengths of the direct MC 

simulation approach to evaluate SSDE in light of organ dose estimates that are reflective of actual 

patient anatomy and actual, clinical TCM schemes. The evaluation of SSDE was performed on a 

per-organ basis using those MC-derived organ dose estimates across a range of patient sizes and 

across several routine protocols. Even given these advantages, however, this study nevertheless 

had a few limitations. For head and pregnant patient abdomen/pelvis exams, the sample sizes were 

insufficient because organ dose data was based on previous work. Future work would involve 

using a large sample size to evaluate SSDE for the doses for those two protocols. For those routine 

examination employing TCM, which was the majority of the protocols investigated herein, only 

one AEC algorithm from one manufacturer, Siemens, was considered due to the lack of 

accessibility of complete TCM information from other scanner manufacturer. Future work would 

involve performing the direct simulation method with TCM information from other manufacturers 

and scanners. Additionally, though this study attempted to evaluate SSDE across a range of patient 

sizes, this study only contained a paucity of bariatric patient. Future work in this avenue would 

involve the incorporation of more bariatric patients in the evaluation of SSDE. 

 



 236 

10.5 Conclusion 

This study evaluated SSDE as an estimate of organ in light of organ dose estimates from direct 

MC simulation methods, using the 20% threshold mentioned in AAPM Report 204 as the point of 

departure for the evaluation. In the case of routine exams, with the exception of brain parenchyma 

doses routine FTC head exams, the null hypothesis of this dissertation was rejected in that TU was 

found to be greater than 20% for the organ doses investigated from routine exams. Results indicate 

that a 20% threshold difference is most likely sufficient for 95% coverage of brain parenchyma 

dose cases from routine FTC head exams. However, more data is needed for verification in the 

case of brain parenchyma dose. For body exams using TCM, when using CTDIvol,32 as a 

normalization metric, a threshold difference of ~30-36% would be wide enough to cover the 

majority (95%) of the organs investigated in this chapter, excluding the breasts, where SSDE 

serves as a conservative estimate. Similarly, this tolerance difference may also be sufficient to 

cover 95% fetal dose with 95% confidence from abdomen/pelvis exams of pregnant patients. 

However, more data is needed for verification in the case of fetal dose. When using CTDIvol, Low 

Att as a normalization metric, this ~30-36% tolerance would include the majority of CTDIvol, Low Att-

normalized breast dose cases, but it would exclude most of CTDIvol, Low Att-normalized lung dose 

cases. 
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CHAPTER 11: ASSESSING SSDE FOR NON-ROUTINE LDCT-LCS AND 
OBTCM CHEST EXAMS 

 
 
11.1 Introduction 

 
As noted in § 1.6, federal recommendations and advancements in dose reduction strategies have 

produced CT protocols that, while not routine, are nevertheless present in the clinical environment. 

The subjects of Chapters 8 and 9, LDCT-LCS and OBTCM chest protocols, are examples of two 

such CT protocols. Both of these CT protocols utilize tube current profiles that vary from the 

typical form of TCM used in the routine clinical scans. As was seen in Chapter 8, the interaction 

between the patient attenuation characteristics and low QRM stipulated for LDCT-LCS can often 

cause the tube current to reach a minimum for much of the duration of the scan, particularly while 

the CT source traverses over the lung. This behavior of the AEC system was seen in a majority of 

the patients, with the exception being the larger patients in the study, particularly the bariatric 

patient in the study (Dw = 40.7 cm). In Chapter 9, OBTCM via XCARE employed a fixed angle of 

anterior tube current reduction with the aim of sparing dose to anteriorly-located radiosensitive 

organs like the glandular breast tissue. However, as described in § 9.4 and seen in Figure 9-9, all 

of the female patients have at least some breast tissue outside the 120° reduction zone. The 

potential for dose reduction from OBTCM depends on number of factors as elucidated in § 9.4. 

Additionally, as seen in § 9.3, the posterior increase in tube current can result in lung dose penalties 

for both female and male patients relative to conventional TCM (referred to as ATCM in Chapter 

9). 
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From § 1.5, AAPM Report 204 notes that SSDE may differ from the actual patient dose by 10% 

to 20% [54]. These unique TCM schemes and their potential effects on organ dose might render 

the SSDE tolerance window inapplicable in terms of patient organ dose. However, to date, SSDE 

has not been assessed in relation to organ doses from these two non-routine protocols. This chapter 

will therefore deal with the assessment of SSDE as an estimate of lung and glandular breast tissue 

resulting from non-routine LDCT-LCS and OBTCM chest exams investigated in this dissertation.  

 

11.2 Materials and Methods 

The CTDIvol,32-normalized lung (nDlung) dose and (nDbreast) breast dose data from the LDCT-LCS 

and OBTCM chest exams examined in Chapters 8 and 9, respectively was assessed relative SSDE 

f-factors from AAPM Report 204 using the same approached outlined Chapter 10. Additionally, 

CTDIvol, Low Att-normalized lung and breast doses (nDlung, Low Att and nDbreast, Low Att, respectively) for 

the LDCT-LCS exams was also investigated relative to the SSDE f-factors. The SSDE f-factors 

based on the 32 cm CTDI phantom from Eq. 3-L were calculated for each LDCT-LCS and 

OBTCM patient. For each organ dose from each protocol, the average difference relative to SSDE 

f-factors (∆DSSDE,organ!!!!!!!!!!!!!!!), standard deviation of the difference relative to SSDE f-factors 

(ΔSSSDE,organ), and bias in relative to SSDE f-factors (ΔBSSDE,organ) was calculated using Eq. 10-A, 

Eq. 10-B, and Eq. 10-C, respectively. Exponential model regression analyses of nDlung and nDbreast 

with Dw were performed for both organs and both protocols. In all cases, the SSDE f-factors were 

included as a point of reference with shaded regions corresponding to ± 20% and ± 30% of the 

SSDE f-factors. The proportion of the data points within these regions (Cp) were given for each 

organ. Lastly, as in Chapter 10, a one-sided tolerance interval was utilized to estimate the tolerance 

needed to cover 95% of the population of nDlung and nDbreast values (p = 0.95) with a confidence 
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level of 95% (α = 0.05). As in Chapter 10, the necessary sample size was approximated to be 77 

patients based on the desired p and α values [166]. For both LDCT-LCS and OBTCM chest exams, 

the required sample size was not available. In these cases, the TU was reported with the caveat that 

more data would be needed for confirmation. 

 

11.3 Results 

11.3.A Normalized lung and breast dose from LDCT-LCS chest exams relative to SSDE f-

factors 

11.3.A.1 Evaluation of nDlung and nDlung, Low Att values relative to SSDE 

Table 11-1 contains the Dw estimates, SSDE f-factors, nDlung and nDlung, Low Att estimates, and 

differences (%) of nDlung and nDlung, Low Att values relative to the SSDE f-factors (ΔDSSDE,lung) for 

the LDCT-LCS patients used in Chapter 8. The CTDIvol,32 values and CTDIvol, Low Att values for the 

LDCT-LCS patients can be found in Table 8-2. For nDlung, ΔDSSDE,lung ranged from -41.8% to 7.8%. 

∆DSSDE,lung!!!!!!!!!!!!!! was observed to be 18.3% and ΔSSSDE,lung was observed to be 10.3%. ΔBSSDE,lung was 

observed was 23.4%. Figure 11-1 below shows nDlung parameterized as an exponential function 

with Dw in relation to the SSDE f-factors. Of the 38 cases, 20 of the nDlung values were within 20% 

of the SSDE f-factors (Cp = 52.6%) while 34 of the nDlung values were within 30% of the SSDE f-

factors (Cp = 89.7%). Only 4 of the nDlung cases were beyond 30% of SSDE f-factors (Cp = 10.5%). 

Using N = 38, TU for the SSDE f-factors covering 95% of the population for nDlung with 95% 

confidence was observed to be 40.0%. 
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Table 11-1: Dw, SSDE f-factors, nDlung, nDlung, Low Att, and ΔDSSDE,lung  values for the patients 
investigated for LDCT-LCS chest exams in Chapter 8 

  
Dw 

(cm) 
SSDE 
f-factor nDlung nDlung, Low Att 

ΔDSSDE,lung  (%) 
nDlung nDlung, Low Att 

LCS1 20.0 1.78 1.41 2.73 -20.5 53.7 
LCS2 20.3 1.76 1.26 2.23 -28.1 26.8 
LCS3 21.2 1.70 1.34 2.61 -21.3 53.2 
LCS4 21.7 1.67 1.38 2.25 -17.5 34.7 
LCS5 22.2 1.64 1.10 2.17 -32.5 32.5 
LCS6 22.7 1.61 1.12 2.29 -30.3 42.0 
LCS7 22.8 1.60 1.12 2.25 -30.1 40.6 
LCS8 23.1 1.59 1.24 1.89 -22.2 19.3 
LCS9 23.3 1.58 1.36 2.13 -13.8 35.2 
LCS10 23.4 1.57 1.41 2.36 -10.2 50.1 
LCS11 24.1 1.53 1.12 2.05 -26.5 34.3 
LCS12 24.4 1.51 1.22 2.28 -19.2 50.6 
LCS13 24.5 1.51 1.11 2.16 -26.1 43.7 
LCS14 24.6 1.50 0.99 1.73 -33.9 15.0 
LCS15 24.7 1.49 1.32 1.81 -11.4 21.4 
LCS16 26.8 1.39 1.22 1.89 -12.3 36.6 
LCS17 27.2 1.37 1.43 2.40 4.7 75.3 
LCS18 28.2 1.32 1.00 1.91 -23.8 45.2 
LCS19 28.9 1.28 1.17 1.52 -9.2 18.0 
LCS20 29.1 1.27 1.18 1.38 -7.0 8.3 
LCS21 29.2 1.27 1.05 1.71 -16.7 34.9 
LCS22 30.8 1.20 0.85 1.74 -28.9 45.6 
LCS23 31.7 1.16 1.25 1.58 7.8 36.0 
LCS24 32.7 1.12 1.02 1.53 -8.5 37.5 
LCS25 32.8 1.11 0.90 1.61 -18.6 44.6 
LCS26 33.4 1.09 1.01 1.51 -7.6 38.7 
LCS27 33.5 1.08 1.15 1.26 6.0 16.3 
LCS28 34.0 1.06 1.09 1.20 2.3 12.6 
LCS29 36.1 0.99 0.84 1.16 -14.3 17.4 
LCS30 40.7 0.83 0.79 0.75 -5.0 -10.2 
Irene 19.5 1.81 1.30 1.91 -28.5 5.1 
Frank 21.3 1.70 1.50 2.40 -11.8 41.2 

Visible Human 22.7 1.61 0.94 2.05 -41.8 27.1 
Golem 22.8 1.61 1.29 2.31 -19.8 43.6 
Regina 23.4 1.57 1.39 2.17 -11.7 37.9 
Donna 24.1 1.53 1.09 2.04 -28.6 33.6 

Rex 24.4 1.51 1.18 1.82 -22.3 20.4 
Helga 26.1 1.42 0.88 1.98 -38.0 39.3 
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Figure 11-1: LDCT-LCS nDlung estimates from Chapter 8 in relation to SSDE f-factors. SSDE f-
factors from AAPM Report 204 are included as a point of reference and shaded areas 
corresponding to ± 20% and ± 30% of the SSDE f-factors. 
 

For nDlung, Low Att, ΔDSSDE,lung ranged from -10.2% to 75.8%. ∆DSSDE,lung!!!!!!!!!!!!!! was observed to be 33.7% 

and ΔSSSDE,lung was observed to be 14.9%. ΔBSSDE,lung was observed was 40.0%. Figure 11-2 shows 

below nDlung, Low Att parameterized as an exponential function with Dw in relation to the SSDE f-

factors. Of the 38 cases, only 11 of the nDlung, Low Att values were within 20% of the SSDE f-factors 

(Cp = 29.0%). 15 of the nDlung, Low Att values were within 30% of the SSDE f-factors (Cp = 39.5%). 

The remaining 23 nDlung, Low Att cases were beyond 30% of SSDE f-factors (Cp = 60.5%). Using N 

= 38, TU for the SSDE f-factors covering 95% of the population for nDlung, Low Att with 95% 

confidence was observed to be 65.5%. Table 11-2 below is a frequency table of nDlung and nDlung, 

Low Att relative to the SSDE f-factors. Table 11-3 summarizes TU for nDlung and nDlung, Low Att. 
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Figure 11-2: LDCT-LCS nDlung, Low Att estimates from Chapter 8 in relation to SSDE f-factors. 
SSDE f-factors from AAPM Report 204 are included as a point of reference and shaded areas 
corresponding to ± 20% and ± 30% of the SSDE f-factors. 
 

Table 11-2: Frequency table of nDlung and nDlung, Low Att relative to the SSDE f-factors for LDCT-
LCS chest exams 

 nDlung 
(N=38) 

nDlung, Low Att 
(N=38) 

within ± 20% of SSDE 20 
Cp = 52.6% 

11 
Cp = 29.0% 

within ± 30% of SSDE 34 
Cp = 89.7% 

15 
Cp = 39.5% 

beyond ± 30% of SSDE 4 
Cp = 10.5% 

23 
Cp = 60.5% 

 

Table 11-3: Summary statistics for nDlung and nDlung, Low Att relative to the SSDE f-factors and the 
TU for LDCT-LCS chest exams 

 nDlung nDlung, Low Att 
ΔDSSDE,organ range (%) -41.8% to 7.8% -10.2% to 75.8% 

∆DSSDE,organ!!!!!!!!!!!!!!! (%) 18.9 33.7 
ΔSSSDE,organ (%) 10.2 14.9 
ΔBSSDE,organ (%) 23.4 40.0 

TU (%) 40.0 65.5 
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11.3.A.2 Evaluation of nDbreast and nDbreast, Low Att values relative to SSDE 

Table 11-4 contains the Dw estimates, SSDE f-factors, nDbreast and nDbreast, Low Att estimates, and 

difference (%) of nDbreast and nDbreast, Low Att values relative to the SSDE f-factors (ΔDSSDE,breast) for 

the female LDCT-LCS patients used in Chapter 8. CTDIvol,32 values and CTDIvol, Low Att values for 

the LDCT-LCS patients can be found in Table 8-2. For nDbreast, ΔDSSDE,breast ranged from -49.3% 

to 54.4%. ∆DSSDE,breast!!!!!!!!!!!!!!! was observed to be 31.9% and ΔSSSDE,breast was observed to be 15.5%. 

ΔBSSDE,breast was observed to be 36.3%. Figure 11-3 shows below nDbreast parameterized as an 

exponential function with Dw in relation to the SSDE f-factors. Of the 17 cases, 5 of the nDbreast 

values were within 20% of the SSDE f-factors (Cp = 29.4%). 7 of the nDbreast values were within 

30% of the SSDE f-factors (Cp = 41.2%). The remaining 10 of the nDbreast cases were beyond 30% 

of SSDE f-factors (Cp = 58.8%). Using N = 17, TU for the SSDE f-factors covering 95% of the 

population for nDbreast with 95% confidence was observed to be 70.1%. 



 244 

Table 11-4: Dw, SSDE f-factors, nDbreast, nDbreast, Low Att, and ΔDSSDE,breast  values for the patients 
investigated for LDCT-LCS chest exams in Chapter 8  

Patient Dw SSDE  
f-factor nDbreast nDbreast, Low Att 

ΔDSSDE,breast  (%) 
(cm) nDbreast nDbreast, Low Att 

LCS4 21.7 1.67 0.99 1.62 -40.4 -2.7 
LCS8 23.1 1.59 1.16 1.79 -26.7 12.4 
LCS9 23.3 1.58 0.98 1.53 -38.1 -2.9 
LCS12 24.4 1.51 0.74 1.38 -51.1 -8.9 
LCS13 24.5 1.51 0.76 1.48 -49.3 -1.5 
LCS15 24.7 1.49 1.03 1.41 -31.0 -5.6 
LCS16 26.8 1.39 1.16 1.81 -16.2 30.6 
LCS19 28.9 1.28 0.86 1.12 -33.0 -12.9 
LCS20 29.1 1.27 1.01 1.17 -20.9 -7.9 
LCS24 32.7 1.12 0.93 1.39 -16.8 25.0 
LCS27 33.5 1.08 1.05 1.15 -3.0 6.4 
LCS28 34.0 1.06 1.22 1.34 14.9 26.4 
LCS30 40.7 0.83 1.29 1.21 54.4 45.9 
Irene 19.5 1.81 0.92 1.35 -49.3 -25.6 

Regina 23.4 1.57 0.94 1.46 -40.3 -6.7 
Donna 24.1 1.53 1.31 2.45 -14.2 60.5 
Helga 26.1 1.42 0.83 1.86 -41.8 30.8 

 

 

 
Figure 11-3: LDCT-LCS nDbreast values from Chapter 8 in relation to SSDE f-factors. SSDE f-
factors from AAPM Report 204 are included as a point of reference and shaded areas 
corresponding to ± 20% and ± 30% of the SSDE f-factors. 
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For nDbreast, Low Att, ΔDSSDE,breast ranged from -25.6% to 60.5%. ∆DSSDE,breast!!!!!!!!!!!!!!! was observed to be 

18.4% and ΔSSSDE,breast was observed to be 16.7%. ΔBSSDE,breast was observed to be 25.3%. Figure 

11-4 shows below nDbreast, Low Att parameterized as an exponential function with Dw in relation to 

the SSDE f-factors. Of the 17 cases, 10 of the nDbreast, Low Att values were within 20% of the SSDE 

f-factors (Cp = 29.4%). 13 of the nDbreast, Low Att values were within 30% of the SSDE f-factors (Cp 

= 76.5%). The remaining 4 of the nDbreast, Low Att cases were beyond 30% of SSDE f-factors (Cp = 

23.5%). Using N = 17, TU for the SSDE f-factors covering 95% of the population for nDbreast, Low 

Att with 95% confidence was observed to be 59.6%. Table 11-5 below is a frequency table of 

nDbreast and nDbreast, Low Att relative to the SSDE f-factors. Table 11-6 summarizes TU for nDbreast 

and nDbreast, Low Att. 

 

 
Figure 11-4: LDCT-LCS nDbreast, Low Att values from Chapter 8 in relation to SSDE f-factors. SSDE 
f-factors from AAPM Report 204 are included as a point of reference and shaded areas 
corresponding to ± 20% and ± 30% of the SSDE f-factors. 
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Table 11-5: Frequency table of nDbreast and nDbreast, Low Att relative to the SSDE f-factors for LDCT-
LCS chest exams 

 nDbreast 
(N=17) 

nDbreast, Low Att 
(N=17) 

within ± 20% of SSDE 5 
Cp = 29.4% 

10 
Cp = 58.8% 

within ± 30% of SSDE 7 
Cp = 41.2% 

13 
Cp = 76.5% 

beyond ± 30% of SSDE 10 
Cp = 58.8% 

4 
Cp = 23.5% 

 
 

Table 11-6: Summary statistics for nDbreast and nDbreast, Low Att relative to the SSDE f-factors and 
the TU for LDCT-LCS chest exams 

 nDbreast nDbreast, Low Att 
ΔDSSDE,organ range (%) 49.3% to 54.4% -25.6% to 60.5% 

∆DSSDE,organ!!!!!!!!!!!!!!! (%) 31.9 18.4 
ΔSSSDE,organ (%) 15.5 16.7 
ΔBSSDE,organ (%) 36.3 25.3 

TU (%) 70.1 59.6 
 

 

11.3.B nDlung and nDbreast from OBTCM chest exams relative to SSDE f-factors 

Table 11-7 contains the Dw estimates, SSDE f-factors, nDlung estimates, and ΔDSSDE,lung  values for 

the OBTCM chest exams patients used in Chapter 9. The CTDIvol,32 values for the OBTCM 

patients can be found in Table 9-3 and Table 9-5. The ΔDSSDE,lung  values ranged from -51.5% to -

3.4% across both scanners used in the original investigation (Siemens Flash and SOMATOM 

Force). ∆DSSDE,lung!!!!!!!!!!!!!! was observed to be 27.8%. ΔSSSDE,lung was observed to be 10.5%. ΔBSSDE,lung 

was observed to be 30.1%. Figure 11-3 below shows nDlung values parameterized as an exponential 

function with Dw in relation to the SSDE f-factors. Of the 34 cases, 9 of the nDlung values were 

within 20% of the SSDE f-factors (Cp = 26.5%). 23 of the nDlung values were within 30% of the 
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SSDE f-factors (Cp = 67.6%). 11 of the nDlung cases were beyond 30% of SSDE f-factors (Cp = 

32.4%). Using N = 34, TU for the SSDE f-factors covering 95% of the population for nDlung from 

OBTCM with 95% confidence was observed to be 50.5%.
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Table 11-7: Dw estimates, SSDE f-factors, nDlung estimates, and ΔDSSDE,lung values for the patients 
investigated in Chapter 9 for OBTCM chest exams 

 Patient Dw 
(cm) 

SSDE 
f-factor nDlung ΔDSSDE,lung 

(%) 

Fl
as

h 

1 19.9 1.78 1.29 -27.6 
2 20.0 1.78 1.14 -36.1 
3 20.7 1.73 1.24 -28.4 
4 20.7 1.73 1.20 -30.7 
5 20.7 1.73 1.03 -40.5 
6 22.2 1.64 1.58 -3.4 
7 22.3 1.63 1.26 -23.1 
8 22.9 1.60 1.17 -26.6 
9 23.6 1.56 1.09 -30.4 
10 24.7 1.50 1.27 -15.1 
11 25.1 1.48 1.20 -18.7 
12 26.6 1.39 0.99 -28.7 
13 30.4 1.21 1.01 -17.0 
14 32.8 1.11 0.96 -14.1 
15 36.2 0.98 0.80 -18.0 

Fo
rc

e 

16 17.8 1.93 1.05 -45.4 
17 18.8 1.86 1.35 -27.3 
18 20.0 1.78 1.25 -29.5 
19 20.3 1.76 1.37 -22.3 
20 20.3 1.76 1.06 -39.7 
21 21.0 1.71 1.12 -34.8 
22 21.7 1.67 1.17 -29.9 
23 22.1 1.65 0.95 -42.4 
24 22.6 1.62 1.15 -28.9 
25 23.6 1.56 1.25 -19.7 
26 23.7 1.55 1.15 -26.2 
27 23.8 1.55 1.03 -33.3 
28 24.1 1.53 1.04 -32.0 
29 25.2 1.47 1.26 -14.1 
30 25.5 1.45 0.70 -51.5 
31 27.0 1.38 0.97 -29.5 
32 27.2 1.36 1.02 -25.2 
33 27.5 1.35 0.78 -42.4 
34 33.2 1.10 0.97 -11.1 
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Figure 11-5: OBTCM nDlung estimates from Chapter 9 in relation to SSDE f-factors. SSDE f-
factors from AAPM Report 204 are included as a point of reference and shaded areas 
corresponding to ± 20% and ± 30% of the SSDE f-factors. 
 

Table 11-6 contains the Dw estimates, SSDE f-factors, nDbreast estimates, and ΔDSSDE,breast  values 

for the female patients used in Chapter 9. ΔDSSDE,breast  values ranged from -54.8% to -28.8% across 

both scanners. 	∆DSSDE,breast!!!!!!!!!!!!!!!was observed to be 44.5%. ΔSSSDE,breast  was observed to be 7.9%. 

ΔBSSDE,breast was observed to be 46.6%. Figure 11-4 below shows nDbreast values parameterized as 

an exponential function with Dw in relation to the SSDE f-factors. Of the 17 cases, none of the 

nDbreast values were within 20% of the SSDE f-factors (Cp = 0.0%). Only 1 of the nDbreast values 

were within 30% of the SSDE f-factors (Cp = 5.9%). The remaining 16 of the nDbreast cases were 

beyond 30% of SSDE f-factors (Cp = 94.1%). Using N = 34, TU for the SSDE f-factors covering 

95% of the population for nDbreast with 95% confidence was observed to be 64.0%. Table 11-9 

shows the regression coefficients for nDlung and nDbreast with respect to Dw for OBTCM chest 

exams. Table 11-10 contains the frequency table of nDlung and nDbreast from OBTCM chest exams 

relative to the SSDE f-factors. Table 11-11 summarizes the tolerance limits for nDlung and nDbreast 

for OBTCM chest exams. 
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Table 11-8: Dw estimates, SSDE f-factors, nDbreast, and ΔDSSDE,breast  values for the female patients 
investigated in Chapter 9 for OBTCM chest exams 

 ID Dw 
(cm) 

SSDE 
f-factor nDbreast ΔDSSDE,breast  

(%)  

Fl
as

h 

2 20.0 1.78 0.84 -52.6 
5 20.7 1.73 0.79 -54.1 
6 22.2 1.64 1.17 -28.8 
8 22.9 1.60 0.96 -39.9 
11 25.1 1.48 0.87 -40.9 

Fo
rc

e 

16 18.8 1.93 1.15 -37.9 
18 20.0 1.78 0.80 -55.1 
19 20.3 1.76 0.94 -46.4 
22 21.7 1.67 0.83 -50.4 
24 22.6 1.62 0.88 -45.6 
25 23.6 1.56 0.95 -39.1 
26 23.7 1.55 0.93 -40.0 
27 23.8 1.55 0.70 -54.8 
31 27.0 1.38 0.88 -36.1 
32 27.2 1.36 0.70 -48.9 
33 27.5 1.35 0.63 -53.2 
34 33.2 1.10 0.73 -33.6 
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Figure 11-6: OBTCM nDbreast estimates from Chapter 9 in relation to SSDE f-factors. SSDE f-
factors from AAPM Report 204 are included as a point of reference and shaded areas 
corresponding to ± 20% and ± 30% of the SSDE f-factors. 
 
 
Table 11-9: Regression coefficients for nDlung and nDbreast from OBTCM chest exams with 
respect to Dw. The SSDE f-factor coefficients are given for comparison. 

   A B R2 
nDlung  1.88 -0.022 0.33 
nDbreast    1.52 -0.024 0.28 

SSDE f-factor  3.70 -0.037 - 
 
 
Table 11-10: Frequency table of nDlung and nDbreast relative to the SSDE f-factors for OBTCM 
chest exams 

 nDlung 
(N=34) 

nDbreast 
(N=17) 

within ± 20% of SSDE 9 
Cp = 26.5% 

0 
Cp = 0.0% 

within ± 30% of SSDE 23 
Cp = 67.6% 

1 
Cp = 5.9% 

beyond ± 30% of SSDE 11 
Cp = 32.4% 

16 
Cp = 94.1% 
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Table 11-11: Summary statistics for nDlung and nDbreast relative to the SSDE f-factors and the TU 
for OBTCM chest exams 

 nDlung nDbreast 
ΔDSSDE,organ range (%) -51.5% to -3.4% -54.8% to -28.8% 

∆DSSDE,organ!!!!!!!!!!!!!!! (%) 27.8 44.5 
ΔSSSDE,organ (%) 10.5 7.9 
ΔBSSDE,organ (%) 30.1 46.6 

TU (%) 50.5 64.0 
 

 

11.4 Discussion 

To date, this study represents the first known attempt to investigate the relation of MC-derived 

lung and breast dose values from non-routine LDCT-LCS and OBTCM chest exams in relation to 

SSDE. As with the previous chapters in this dissertation, the organ dose values used for 

comparison were derived from voxelized patient models based on patient data and from tube 

current information extracted from the raw data or estimated based on the CAREDose4D AEC 

algorithm. The organ dose values from each protocol were parameterized as functions of Dw via 

the methods with AAPM Report 204. In addition, the SSDE f-factors were included with 

parameterized functions of organ to the show the relationship between the two. As in Chapter 10, 

this study directly assessed the SSDE f-factors on a per-organ basis in order to provide an upper 

tolerance limit (TU) for which the SSDE f-factor will cover 95% of the population (p = 0.95) with 

95% confidence (α = 0.05) for a particular organ. The point of departure for the assessment was 

the upper limit of 20% between SSDE and patient dose noted in AAPM Report 204. 

 

For LDCT-LCS, this study observed that, when using CTDIvol,32 as the normalization for lung dose 

(nDlung), the TU for the difference between nDlung and the SSDE f-factor needed to cover 95% of 



 253 

the population with 95% confidence was observed to be 40.0%, meaning that TU of 20% mentioned 

in AAPM Report 204 is not sufficient. The SSDE f-factors were systematically higher than the 

nDlung values for all but four patients. The differences relative to the SSDE f-factors is intuitive 

given the fact that the SSDE coefficients were devised under the FTC scenario, as the FTC chest 

protocols tends to yield higher normalized lung doses with respect to TCM protocols [89]. 

Meanwhile, when using CTDIvol, Low Att as the normalization for lung dose (nDlung, Low Att), the TU 

for the difference between nDlung, Low Att and the SSDE f-factor needed to cover 95% of the 

population with 95% confidence was observed to increase to 65.5%, meaning, again, that TU of 

20% mentioned in AAPM Report 204 is not sufficient. When using CTDIvol, Low Att as a 

normalization metric, the SSDE f-factors were systematically lower than the nDlung, Low Att values 

for all but one patient. This trend is similar to what was observed in the previous chapter for the 

SSDE f-factors relative nDlung and nDlung, Low Att from routine TCM chest exams, namely, that 

normalizing by CTDIvol, Low Att lead to larger deviations from the SSDE f-factors (∆DSSDE,lung!!!!!!!!!!!!!! = 

33.7%; ΔSSSDE,lung = 14.9%) relative to normalizing by CTDIvol,32 (∆DSSDE,lung!!!!!!!!!!!!!! = 18.9%; ΔSSSDE,lung 

= 10.2%). Figure 11-1 and Figure 11-2 depict this trend for nDlung and nDlung, Low Att in relation to 

the SSDE f-factors, respectively, where the proportion of cases beyond 30% of the SSDE f-factors 

increases from 10.5% for nDlung to 60.5% for nDlung, Low Att. In both cases of nDlung and nDlung, Low 

Att, the 20% difference between patient dose and SSDE noted in AAPM may not be wide enough 

for lung dose from LDCT-LCS with TCM. SSDE may serve as a conservative estimate of lung 

dose from LDCT-LCS. 

 

For nDbreast from LDCT-LCS chest exams, this study observed that, when using CTDIvol,32 as the 

normalization metric for breast dose, the TU for the difference between nDbreast and the SSDE f-
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factor needed to cover 95% of the population with 95% confidence was observed to be 70.1%. As 

with nDlung, TU mentioned in AAPM Report 204 for nDbreast is also not sufficient. 15 of the 17 

female patients had nDbreast values that were less than the SSDE f-factors. The two notable 

exceptions were two of the larger patients (LCS28 and LCS30), with one of them being a bariatric 

patient (LCS30, Dw = 40.7 cm). The reduction of normalized breast dose relative to SSDE f-factors 

can again be attributed to the use of TCM, as it has been shown to generally reduce breast dose in 

chest exams [89]. In the case of larger patients, such as with the bariatric patient of the LDCT-

LCS, the higher nDbreast might be due both to the elevated tube current from the patient size and to 

the breast position being closer to the CT x-ray source. On the other hand, when using CTDIvol, Low 

Att as the normalization for breast dose instead of CTDIvol,32 for LDCT-LCS, TU for the difference 

between nDbreast and the SSDE f-factor needed to cover 95% of the population with 95% 

confidence was observed to decrease to 59.6%. In this instance, 7 of the 17 had nDbreast, Low Att 

values above the SSDE f-factors for the same reasons discussed in Chapter 10 regarding nDbreast, 

Low Att from routine TCM chest examinations. As such, the same trend that was observed for nDbreast 

and nDbreast, Low Att in the previous was observed here as well, namely, that normalizing breast dose 

by CTDIvol, Low Att yields normalized dose values closer to the SSDE f-factors (∆DSSDE,breast!!!!!!!!!!!!!!! = 

18.4%; ΔSSSDE,breast = 16.7%)  relative to CTDIvol,32 (∆DSSDE,breast!!!!!!!!!!!!!!! = 33.7%; ΔSSSDE,breast = 14.9%). 

In the case of both nDbreast and nDbreast, Low Att however, the 20% difference between patient dose 

and SSDE noted in AAPM may not be wide enough for breast dose from LDCT-LCS with TCM. 

Here again, SSDE may serve as a conservative estimate of breast dose from LDCT-LCS. 

 

For OBTCM chest exams, the TU for the difference between nDlung and the SSDE f-factor needed 

to cover 95% of the population with 95% confidence was observed to be 50.5%. Here as well, the 
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TU of 20% mentioned in AAPM Report 204 is not sufficient. The SSDE f-factors were also 

systematically higher than the nDlung values for all of the patients, even despite the posterior tube 

current increase utilized by OBTCM. As can be seen in Figure 11-5, the majority of the nDlung 

cases were within ± 30% of SSDE (Cp = 67.6%); however, nearly one-third of the cases are outside 

± 30% (Cp = 32.4%). Again, the differences relative to the SSDE f-factors observed with OBTCM 

exams are reasonable given the SSDE coefficients were devised under the FTC scenario [89]. For 

breast dose from OBTCM chest exams, the TU for the difference between nDbreast and the SSDE f-

factor needed to cover 95% of the population with 95% confidence was observed to be 64.0%. 

This means that TU of 20% mentioned in AAPM Report 204 is not sufficient here as well. As 

shown in Figure 11-6, with one exception, all of the nDbreast values were outside ± 30% of the 

SSDE f-factors (Cp = 96.1%). Additionally, all nDbreast values were systematically below the SSDE 

f-factors. SSDE may serve as a conservative estimate for both lung and breast dose from OBTCM 

chest exams. 

 

As in the previous chapter, this study had the advantage of using the direct MC simulation 

approach to model the special cases of LDCT-LCS and OBTCM using actual clinical data.  This 

study nonetheless had a few limitations. More data is needed for verification in the case of lung 

and breast dose for LDCT-LCS and OBTCM chest exams. Only two non-routine chest exams were 

investigated. This study, however, was not meant to cover in an exhaustive fashion of all the non-

routine CT exams. Secondly, this investigation only looked into the TCM and OBTCM alogirthms 

for one manufacturers, those of Siemens. Future work would entail investigating the the TCM and 

OBTCM algorithms of other manufacturer’s and their effects on organ dose relative to SSDE in 

non-routine cases. Lastly, the sample sizes for each non-routine protocol were based on data 
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collected from previous studies and were hence small. Future work here would entail conducting 

comparisons of organ dose to SSDE using larger sample sizes. 

 

11.5 Conclusion 

This work sought to compare lung and breast doses from two non-routine chest protocols, LDCT-

LCS and OBTCM chest exams, to SSDE. In the case of non-routine exams, the null hypothesis of 

this dissertation was rejected in that TU was found to be greater than 20% for all of the organ doses 

investigated from non-routine exams. The results herein suggest that the 10-20% difference noted 

in AAPM Report 204 may not be to cover 95% of the population of the lung and breast dose values 

with 95% confidence for these two exams. SSDE may serve as a conservative estimate for lung 

and breast dose for these two non-routine protocols.
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CHAPTER 12: DISSERTATION SUMMARY AND CONCLUSION 

 

The purpose of this dissertation was to evaluate SSDE as an estimate of organ dose from a variety 

of routine and non-routine protocols across a range of patient sizes. The contribution of the work 

proffered herein to the field of CT dosimetry is that it provides an evaluation methodology for 

SSDE in relation to patient organ dose estimates derived from direct MC simulation methods 

performed with clinical data. This evaluation framework was performed on a variety of routine 

and non-routine CT protocols and spanned a variety of patient sizes from pediatric to bariatric. 

 

In this dissertation, SSDE was evaluated against organ dose estimates from three routine protocols 

– head, chest, and abdominal/pelvis, including a special case of routine abdominal/pelvis exam 

protocols fetal dose – and two non-routine protocols, LDCT-LCS and OBTCM chest exams. For 

these protocols, voxelized patient models from clinical data were created from patient image data. 

Organ dose estimates were acquired from validated MC simulations method that employed 

scanner-specific detailed descriptions of CT scanner x-ray output and bowtie filtrations, as well as 

clinical scanner parameters such as pitch, scan length (scan start and stop location), nominal and 

measured collimation. Additionally, for those protocols employing TCM, the tube current 

information was incorporated directly into the simulation. Size information either from the patient 

topogram or image data in the form of water equivalent diameter were used in order to evaluate 

SSDE against MC-derived organ dose estimates. The results of this dissertation were presented as 

an upper limit of the tolerance intervals for which SSDE may serve as an estimate for organ doses 

derived MC methods for 95% of the population with 95% confidence. The overall hypothesis of 

this dissertation was that an upper limit threshold of 20% between SSDE and MC-derived organ 
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doses would capture 95% of the population with 95% confidence for both routine head, chest, 

abdomen/pelvis protocols and for LDCT-LCS and OBTCM non-routine chest protocols. 

 

In summary, Chapters 4 through 7 focused primarily on estimating organ doses to select 

radiosensitive organs in routine head, chest, and abdomen/pelvis exams, including fetal dose for 

pregnant patients. Chapters 8 and 9 dealt with estimating lung and breast dose from non-routine 

LDCT-LCS and OBTCM chest exams, respectively. Chapter 10 addressed the evaluation of SSDE 

as estimate of organ dose from the routine exams investigated in Chapters 4 through 7. The upper 

threshold limit of 20% between SSDE and organ dose was found to be insufficient for all of the 

organs and protocols, with the exception of brain parenchyma dose from FTC head exams. For 

head exams, this dissertation observed that SSDE may serve as a good estimate (95% of the 

population with 95% confidence) of brain parenchyma dose to within 12.5%, which is below the 

20% mentioned in AAPM Report 204. However, for routine chest and abdomen/pelvis exams, this 

dissertation observed that SSDE may serve as a good estimate for all of the organ investigated in 

Chapters 5 through 7 to within 30-36%, except for glandular breast dose. In the case of glandular 

breast tissue from routine chest exams, SSDE may serve as a conservative estimate of organ dose. 

As such, for routine exams, the null hypothesis mentioned in Chapter 10 was rejected. Similarly, 

Chapter 11 addressed the evaluation of SSDE as estimate of lung and breast dose from the two 

non-routine exams, LDCT-LCS and OBTCM chest exams, investigated in Chapters 8 and 9. Here, 

the upper threshold limit of 20% between SSDE and organ dose was found to be insufficient for 

the lung and breast dose from those two non-routine exams. This dissertation found that SSDE 

may most likely serve as a conservative estimate in these cases as well. As such, for the non-

routine exams examined in this dissertation, the null hypothesis mentioned in Chapter 10 was 
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rejected here as well. These results are summarized in detail in Table 12-1 and depicted in Figure 

12-1 below. 

 

Table 12-1: Summary of dissertation results 
 Protocol Organ(s) Tolerance to 95% of population with 

95% confidence (TU) 

   
   

   
   

 C
ha

pt
er

 1
0  

Routine FTC Head Brain parenchyma 12.5%* 

Routine TCM Chest Lungs 
Breasts 

35.6% 
68.3% 

Routine TCM Abd/Pel 
Liver 

Spleen 
Kidneys 

30.7% 
33.0% 
33.2% 

Routine TCM/FTC 
Abd/Pel of pregnant 
patients 

Fetus 
(or surrogate organ) 35.7%*/24.8%* 

  C
ha

pt
er

 1
1 LDCT-LCS Lungs 

Breasts 
40.0%* 
70.1%* 

OBTCM Chest Lungs 
Breasts 

50.5%* 
64.0%* 

* represent tentative results due to lack of adequate sample size. 
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Figure 12-1: Figure 1-10 from Chapter 1 of this dissertation with the results from Chapters 10 and 
11 for each protocol and each organ. The asterisks (*) represent tentative results due to lack of 
adequate sample size. 

 

The 20% upper limit used in the hypothesis of the dissertation comes from the AAPM Report 204 

where the SSDE f-factors were initially introduced. Results of this dissertation suggest a tolerance 

limit wider 20% may be more appropriate if SSDE is to be used as estimates for organ dose, 

particularly if AEC strategies are going to remain clinically relevant as a means of dose reduction. 

Additionally, as noted throughout this dissertation, TCM generally reduces normalized organ dose 

relative to the SSDE f-factors. The data in this dissertation suggests that a different model of 

normalized dose that takes TCM into account may be needed. 

 

It should be noted that there are some sources of variability in terms of estimating organ dose using 

MC simulation methods. In terms of CT scanning protocol, differences in table height position 

FTC routine head exams 
Yes*

TCM routine chest exams 
No

LDCT-LCS & OBTCM chest exams 
LDCT-LCS: No* 

OBTCM: No*

TCM routine abd/pel exams 
No

TCM/FTC abd/pel exams of 
pregnant patients 

No*

Routine Exams Non-routine Exams

Does the 20% tolerance mentioned in AAPM 204 
for SSDE work as an estimate of organ dose?

C
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er

 1
0

C
ha

pt
er

 1
1
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relative to isocenter and tube start angle can contribute to the variability of organ dose 

measurements, especially for peripherally-located organs like glandular breast tissue. 

Additionally, as noted throughout this dissertation, Dw only explains some of the observed 

variability with MC-derived normalized organ doses. While Dw maybe more representative of 

patient attenuation characteristics relative to geometric-based size metrics, the data in this 

dissertation nevertheless affirms that there are some limitations with using Dw as the sole descriptor 

of patient size in relation to organ dose. Other factors related to patient-specific anatomy, such as 

organ positioning, are pertinent to organ dose estimations, especially as it relates to the usage of 

TCM. 

 

Future work will most likely include increasing the sample sizes as the sample sizes for some of 

the protocols used in this dissertation were not adequate due to the lack of availability of patient 

data. Specifically, an analysis which includes more head, pregnant, LDCT-LCS, and OBTCM 

patients would be needed. Additionally, this study only possessed a few bariatric patients (as 

defined in this dissertation). The addition of more bariatric patients to investigate the effects of 

tube maximums and normalized patient dose. Additionally, though this dissertation does include 

organ dose estimates from TCM, only one AEC algorithm, that of Siemens, was considered in this 

dissertation. Future work would include organ dose estimates from AEC algorithms of other 

manufacturers. Given the prevalence of TCM, future work should include investigating other 

models of normalized that take TCM into account. Lastly, future work in this area would involve 

investigating some of the sources of the variability such as organ positioning. 
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APPENDIX A: LDCT-LCS TCM SCHEMES FOR ALL THE GSF/ICRP 
MODELS 

 
 
Below are the LCS TCM curves incorporated in the MC simulation for the remaining GSF and 

ICRP phantom models used in this study. The tube current profiles were predicted from the 

attenuation characteristics of each phantom from a simulated CT localizer radiograph according 

the algorithm used by Siemens as described in § 8.2.C and § 8.2.D [70]. Baby and Child phantoms 

were simulated but were not included in the LCS study in Chapter 8 because they experience no 

modulation and their tube current profiles are fixed at the machine lower limit of 20 mA. For these 

two phantoms, the blue line representing the tube current is overlaid over the scanner tube current 

minimum. For this reason, their organ and effective dose estimates were not included in the study. 

They are included in this appendix to illustrate that very small patients scanned with TCM may 

result in scans that effectively revert to a fixed mA protocol. 
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