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Computed tomography has allowed for great advances in the field of diagnostic 

imaging.  However, this progression has not ensued without careful attention to the 

radiation dose associated with its use.  There remains a critical need to accurately 

assess organ doses resulting from these procedures.  The ultimate goals of this 

research study were: first, to develop sets of empirical equations that can be utilized to 

calculate patient-specific organ doses for a group of commonly performed CT exams, 

and second, to investigate the effects of ultra-helical acquisition mode on organ doses.   

Both of the aforementioned goals were accomplished with the use of a 

standardized direct organ dose measurement methodology utilizing optically stimulated 

luminescent dosimeters (OSLDs) and performing the measurements on cadaveric 

subjects in lieu of actual patients. The OSLDs were placed on the skin and lens of the 

eye, and within the following organs: thyroid, brain, lungs, breasts, liver, stomach, small 

intestine, large intestine, uterus, and ovaries.  A variety of clinically-accepted CT 

protocols was examined, including chest (C), abdomen (A), pelvis (P), CAP, 3-phase 

liver, pulmonary embolism, trauma, head, CTA head, and brain perfusion protocols. 
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Average organ doses for all body protocols examined ranged from 2 mGy to 84 

mGy, with the maximum dose resulting from the three-phase liver protocol and largest 

detector configuration, 0.5 mm x 160.  Organ dose measurement for the head protocols 

resulted in a dose range of 16-299 mGy, with the highest dose resulting from the lens 

dose of a brain perfusion protocol.  Generally, organ doses were shown to increase with 

the size of the detector configuration.   

Average organ doses from 8 cadaveric subjects and five primary protocols were 

compiled and normalized by the exam CTDIVol.  Equation sets were derived from 

correlations between these dose conversion coefficients and the central effective 

diameter of each subject. 

These equations present a novel and innovative method for organ dose 

estimation due to their origin in direct organ dose measurements.  With this research, 

the first step has been made in acquiring the ability to calculate patient-specific organ 

doses in computed tomography, and in turn more appropriately estimate the risk from 

CT studies. 
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  CHAPTER 1
INTRODUCTION 

Computed tomography is considered to be one of the most progressive medical 

technologies of the last 50 years.  Since the 1979 Nobel Prize in Medicine was awarded 

to its inventors, CT has emerged as a critical modality in the accurate diagnosis of many 

diseases.  Indeed, a quote by Sir Godfrey Hounsfield in one of the first published 

articles on computerized axial tomography said, “It is possible that this technique may 

open up a new chapter in X-ray diagnosis”, not realizing that CT would revolutionize the 

field of diagnostics for years to come.1   Computed tomography continues to advance in 

technology, making the role of diagnostic medical physicist paramount to the 

optimization of image quality, while minimizing patient dose in CT studies. 

The application of CT imaging becomes more widespread with every new 

development in CT technology.  From cardiovascular studies to the more recent body 

perfusion protocols, the use of CT in varying fields of diagnostic medicine continues to 

expand.  Annual reports on medical imaging marketing trends are published by 

Information Means Value (IMV) Medical Information Division, Inc. (Des Plaines, IL). 

Many have cited a 2006 IMV CT market report, which revealed an increase of over 50 

% in the number of CT procedures from 1999 to 2006.2  The most recent IMV report 

shows an increase of four percent when comparing CT procedures performed in 2011 

to a total of 85.3 million procedures in 2012.3   

One of the foremost advancements in CT technology has been the use of multi-

channel detectors.  The ability to acquire multiple slices of data per rotation drastically 

changed the utility of CT.  Since 1998, facilities have been able to do CT studies 

acquiring 4 simultaneous slices per rotation and have progressed to the current 320 
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slices per rotation in axial mode.  Recently, with the introduction of ultra-helical 

acquisition, it is possible to image up to 160 slices in helical mode, marrying speed with 

clinical usefulness.  

With these new innovations and the increased use of CT, more attention has 

recently been paid to the potential increase in radiation risks associated with CT 

imaging in the public media, the medical community, and among international 

organizations.4,5,6  In order to appropriately estimate the risk of radiation effects from 

diagnostic CT studies and evaluate the possibilities of newer CT technologies and 

protocols, a knowledge of organ doses is needed.   

1.1 Motivation  

The biological effects of radiation can be either stochastic or deterministic.  In the 

case of stochastic effects, the probability of the effect increases with the dose received; 

stochastic biological effects include latent diseases, such as cancer.  On the other hand, 

deterministic effects require that the dose absorbed be above a known threshold to 

occur; they include erythema, cataracts and epilation, among others.   

The currently accepted risk model for stochastic effects is a linear, no-threshold 

(LNT) model, as described by the National Academy of Sciences reports on Biological 

Effects of Ionizing Radiation, referred to as BEIR V and VII.7  The LNT model is based 

on the idea that there is a risk of a biological effect with any amount of radiation dose 

absorbed by an organ or tissue.  At low effective doses (less than 50 mSv), such as the 

ones that result from typical diagnostic imaging procedures, the statistical uncertainty of 

the model remains a topic of serious debate.  This is mainly because such risk models 

can only be extrapolated from atomic bomb survivor data, which involves populations 

exposed to high whole-body doses.8,9  However, numerous epidemiological studies are 
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underway to examine the effects from actual medical exposures.10,11  With the 

increased public and media attention surrounding CT today, it is imperative that 

accurate dose information be generated and become available for such epidemiological 

studies, as well as future endeavors to estimate biological risk from CT exams.    

While it has been stated that stochastic effects have been the main concern with 

doses resulting from diagnostic imaging procedures, the possibility of deterministic 

effects from CT studies still needs to be considered.  Deterministic effects have recently 

been reported in interventional radiology and cardiology cases, as well as some specific 

incidences with CT exams.5, 12  The main organs to be considered for deterministic 

effects are the skin and the lens of the eye.  For interventional radiology, the Joint 

Commission recently issued an alert addressing the need for preventing sentinel 

events, which are those procedures which result in peak skin doses over 15 Gy.12  In 

the case of CT, certain organ doses, such as those to the lens of the eye must be 

consistently monitored, especially for patients undergoing several CT studies in a short 

amount of time, such as the case of a patient with cerebrovascular events, whom may 

undergo several brain perfusion scans over a period of a few weeks.  The ICRP recently 

revised the threshold dose for radiogenic cataracts from 2 Gy to 0.5 Gy.13  With that 

being said, the benefit of these two modalities must always be taken into account when 

discussing the potential effects of radiation.  The IR and CT procedures performed are 

often life-saving.   

Recently, due to the concerns of the possible effects from radiation exposure in 

all radiological studies, as well as its continued expansion and increase in use, the idea 

of including and maintaining accurate dose information in a patient’s electronic medical 
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record (EMR) is being explored.11  This can offer many benefits, including but not limited 

to: 

 Lifetime cumulative dose records.  Dose information will be included in radiology 
study appropriateness criteria for use by doctors ordering diagnostic procedures.  
It will aid the doctors in deciding which is the most appropriate study for a given 
patient condition in terms of patient indications.  This will be useful for all 
patients, but especially advantageous for pediatric patients, whose organs are 
more sensitive to radiation than those in adults. 

 Monitoring and improvement of radiological procedures by monitoring typical 
study doses.   

 Tracking of total skin doses for more accurate assessments of potential sentinel 
events by providing the ability to add skin doses from various procedures to 
those resulting from interventional radiology cases for more accurate skin dose 
estimates. 

 Refinement of current risk models, by providing the tools necessary for updating 
and developing new radiation risk models.  Accurate lifetime dose records will 
simplify the performance of retrospective studies using actual patient data from 
medical exposures and dose estimates that are characteristic of the technology 
at the time of the exam.  

While the benefits are clearly numerous and powerful, in order for these to 

happen, the current approaches to CT dosimetry must be first improved.  The current 

parameters available to all users, namely the Volumetric CT Dose Index (CTDIVol) and 

Dose Length Product (DLP) are not representative of the actual patient dose following a 

CT study, but are rather a measure of a scanner’s radiation output.14  Manufacturers 

and clinicians, other than radiologists, make use of Effective Doses to compare potential 

risks among different scanners and studies.  Effective dose is defined only for a 

reference person, and as such should not be used for individual dose estimates.15  Thus 

the primary question arises as to what is the most appropriate dose quantity for the 

tasks of reducing risks of stochastic effects and minimizing the possibility of 

deterministic effects.  The most viable answer is the dose absorbed by individual 
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organs.  Organ doses offer the most specific information from a patient’s CT scan, in 

order to assess all potential biological effects.  They can also be applied to other 

diagnostic modalities, such as nuclear medicine or interventional radiology. 

In summary, accurate organ dose determination is crucial for the present and 

future of CT dosimetry.  This dissertation serves to explore an accurate method to 

measure and estimate organ doses for adult females undergoing common CT exams.    

1.2 Purpose 

The purpose of this research was to generate empirical sets of equations that 

can be used to calculate patient-specific organ doses resulting from a selected group of 

prominent CT studies and protocols.  The necessary data for the development of these 

sets of equations is comprised of direct dose measurements performed within a human 

body.  In order to make these dose measurements and determinations as state-of-the-

art as possible, the secondary objective of this project was to characterize the newest 

form of image acquisition, ultra-helical scanning mode as this mode is likely to become 

more common in clinical protocols in the next few years. 

1.3 Specific Aims 

In order to accomplish the overall goals of this research, the following specific 

aims were developed. 

 Specific Aim 1: Characterize the ultra-helical mode of acquisition on the Aquilion 
ONE scanner (Toshiba America Medical Systems, Tustin, CA), including 
measurements of beam quality and geometric efficiency. 

 Specific Aim 2: Determine calibration factors for the optically stimulated 
luminescent dosimeters (Nandots, Landauer, Glenwood, IL) used in this research 
under CT geometry conditions.  

 Specific Aim 3: Acquire several cadaveric subjects with body mass indices 
(BMIs) covering a clinically relevant range. 
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 Specific Aim 4: Perform tube placement and conduct a series of organ dose 
measurements for an array of CT protocols.  

 Specific Aim 5: Analyze the results in order to develop equation sets correlating 
patient-specific parameters and organ doses for given CT protocols. 
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   CHAPTER 2
MULTIPLE-DETECTOR COMPUTED TOMOGRAPHY 

As mentioned in Chapter 1, the advent of multiple-row detectors for CT has been 

one of the main contributing factors to the explosive increased use of CT in the past 

twenty years. The evolution of MDCT has been further enhanced by faster gantry 

rotation times, smaller detector widths, and wider anatomical coverage.  These 

advancements have led to better temporal and spatial resolution, and in turn, expanded 

clinical applications of computed tomography.  

2.1 Ongoing Developments on the Increasing Size of Detector Arrays 

Multi-detector computed tomography (MDCT) was introduced in 1992 with a 

dual-slice scanner.  In 1998, 4-slice scanners were presented, followed by 16-slice CTs 

in 2001.16  Several years later, 32 and 64-slice scanners were introduced, which remain 

the “workhorses” of radiology departments today.  In 2008, Philips (Philips Healthcare, 

Andover, MA) and Toshiba (Toshiba America Medical Systems, Tustin, CA) revealed a 

256-slice CT, and Toshiba later introduced the Aquilion ONE, a 320-slice CT. The 

Aquilion ONE (AQ1) is the focus of this research study. 

MDCT is characterized by multiple rows of detectors where each row allows the 

imaging of an individual slice of cross-sectional anatomy to be imaged.  Nominal beam 

width is often referred to as the product of N, the number of rows, or data channels, 

used in acquisition and T, the slice thickness of each channel.  When describing an 

MDCT scanner, the maximum number of slices that can be reconstructed per rotation or 

Nmax is a defining parameter.  These scanners can also acquire data by combining 

multiple channels in thicker slices. This can be done after data acquisition, so that a 

smaller number of slices are reconstructed with thicker widths.   
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Clinically, there is a trade-off between image noise and spatial resolution when 

acquiring thin or thick slices.  If the data is acquired with thin slices, greater spatial 

resolution is achieved, but there is also an increase in noise due to a decreased number 

of photons contributing to each image.  Noise can be decreased with an increase in 

tube current, at the expense of increased patient dose.17   

2.1.1 Clinical Applications 

When MDCT detector arrays increased from 4 to 64 rows, applications for 

cardiac imaging showed the potential for a great expansion.  Visualization of the 

coronary arteries by MDCT imaging permitted high efficacy, non-invasive procedures for 

cardiac patients.  In addition to imaging coronary arterial branches in the sub-millimeter 

size range, such studies allowed for determination of the composition of plaque.18 

With an ever-increasing number of slices acquired per rotation, comes an 

increase in scan speed.  Pediatric and trauma cases benefit the most from faster scan 

times, as in both cases, motion artifacts can become less of a concern with fast 

acquisitions.  In some trauma cases, even a small amount of time savings can affect 

patient outcomes.         

2.1.2 Geometric Efficiency 

As the number of channels used for data acquisition is increased, so is the 

collimated beam width, which substantially improves the geometric efficiency of the 

scanner.  The nominal collimated beam width is quoted at isocenter.  The actual beam 

width at isocenter is in fact slightly larger than the nominal beam width, and it is due to 

the penumbra of the beam.  This is referred to as “over-beaming”.  The sharp intensity 

variation of the penumbra does not make it useful for image formation, thereby adding 

unnecessary dose to the patient.  There is a relationship between beam penumbra and 
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geometric efficiency.  Geometric efficiency is defined as the ratio of nominal beam width 

to the full width at half maximum (FWHM) of the dose profile in the z-direction.  As the 

beam width increases, the contribution of the penumbra to total x-ray beam width 

decreases.  When 4-slice CTs were released, the geometric efficiency was a concern, 

because only half of the beam contributed to image formation.19  The other half was 

made up by the penumbra of the beam.  As CT x-ray beams have grown to 64 or 320 

detector rows, the geometric efficiency has improved greatly.20  This is shown visually 

by Figure 2-1.21 

2.2 Acquisition Modes 

2.2.1 Axial 

The original mode of image acquisition in CT scanners was the axial or 

sequential mode.  The basic scanning configuration of the original third generation 

scanners continues to be used today, involving a single x-ray tube with an arc of 

detectors across from it.  In these scanners, a single tube rotation was completed, 

followed by an increment in the patient table position along the z-axis in order to 

perform the next axial rotation.  As the x-ray tube would rotate once, high-voltage cables 

would have to be unwound by performing the next rotation in opposite direction.  In the 

early days of CT scanners, exams were limited to heads and extremities due to the 

slower acquisition times where motion artifacts could inhibit diagnosis.17  

2.2.2 Helical 

In helical scanning mode, the x-ray tube and detector arc rotate simultaneously 

around the patient, while the patient table constantly translates. The path of radiation 

exposure forms a helix or spiral.   Helical scanning mode was made possible only 

through the invention and implementation of  slip-ring technology.  Slip rings electrically 
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connect the stable power supply of the system with the rotating x-ray tube and detector 

configuration, permitting continuous, uninterrupted rotations. 

In order to distinguish between contiguous and overlapping rotations, the term 

pitch was introduced for the helical scan mode.  Pitch is defined as the table 

displacement per rotation divided by the nominal collimated beam width.  A pitch of less 

than one corresponds to overlapping scans.  If the pitch is greater than one there are 

gaps between the x-ray beam.  A pitch of unity represents contiguous scans.22 

The major benefits of helical scanning were much shorter scan times and new 

options for image reconstruction.  Exams could be viewed in multiple planes (i.e. 

transverse, sagittal, or coronal) without requiring additional exposure to the patient.    

2.2.3 Volumetric 

A milestone in CT technology occurred with the introduction of the 256- and 320-

slice scanners, capable of imaging entire organs with one rotation of the x-ray tube.  

Volumetric imaging is analogous to an axial image acquisition but with a much broader 

beam and different reconstruction techniques.  Cardiac and neuroimaging studies have 

benefited greatly from this increase in anatomical coverage.  These scanners are 

capable of imaging a beating heart without generating motion artifacts and can 

accomplish whole-brain perfusion imaging.   

Another advantage to volumetric scanning is the reduction in the volume of 

iodinated contrast required to be administered for a given exam due to the faster 

acquisition times for extended anatomical coverages.23  Furthermore, patients with a 

cardiovascular condition that may have a contraindication to beta blockers are now able 

to have CT cardiac imaging studies completed without restrictions. 
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2.2.4 Ultra-Helical 

Within a few years of the inception of MDCT, 64-slice scanners were thought to 

be the pinnacle of helical scanning in diagnostic imaging; the complexities of beam 

controlling and reconstruction algorithms appeared to be insurmountable.  Recently, 

however, a new form of image acquisition has been made possible with wide-volume 

scanners.  A new generation of image acquisition termed ultra-helical scanning allows 

the speed of helical acquisition to be combined with wide coverage.  Detector 

configurations for ultra-helical mode consist of 0.5 mm x 80, 0.5 mm x 100, and 0.5 mm 

x 160 with corresponding nominal beam widths of 40, 50, and 80 mm. 

Increases in scan speed can lead to a plethora of clinical applications in a similar 

fashion as the advancements implemented with the advent in scanner technology from 

16 to 64-slice scanners.  While the increase in clinical functions is of great benefit, the 

dose to the patient needs to be considered, and methods of dose reduction thoroughly 

investigated, as it must be the case with all new x-ray imaging technology.  Options for 

dose reduction in ultra-helical scanning mode include tube current modulation and a 

better geometric efficiency of wide beams.  However, the possibility of higher organ 

doses could result from over-ranging effects associated with conventional helical 

scans.24  In order to clinically optimize protocols with ultra-helical acquisitions, organ 

doses for this acquisition mode were measured, as well as, with the standard helical 

acquisition mode.  The balance of dose reduction and clinical optimization was 

examined for ultra-helical acquisitions.         

2.3 Methods of Dose Reduction 

While the use of CT has increased significantly since its inception, the 

corresponding dose per exam has shown a consistent decrease.25  Major contributions 
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to this trend include the use of tube current modulation, improvements in geometric 

efficiency, and the development of protocol optimization. 

2.3.1 Tube Current Modulation (TCM) 

Tube current modulation (TCM) was integrated into CT in 1994.26  It was a major 

step in dose reduction for the modality and that still holds true today.  Tube current 

modulation is based on the premise that x-ray attenuation varies greatly depending on 

the patient thickness and what part of the body is being exposed.  The implementation 

of TCM is done differently by different manufacturers, but tube current values are 

usually adjusted for a pre-determined level of noise.  Some scanners base the 

modulation off of the scout images making use of a preprogrammed algorithm; while 

others modulate real-time by means of a continuous feedback mechanism.  In all cases, 

careful attention must be paid to correctly centering the patient within the gantry.  If this 

is not done, and the patient is not centered on the vertical axis, patient size can be 

misinterpreted by the scanner due to apparent positive or negative magnification.27  

There are several types of tube-current modulation available on current scanners.  The 

most common method is to combine x-y TCM and z-axis TCM to increase effectiveness, 

as shown in Figure 2-2. 

2.3.1.1 X-Y TCM 

X-y tube current modulation is also referred to as angular modulation as the TCM 

algorithm adjusts the mA based on the projection angle of the ray entering the patient.  

The mA is changed throughout a given rotation in order to reduce the dose to areas of 

less attenuation, while maintaining adequate and consistent signal-to-noise (SNR) 

levels (and therefore photon fluence) for the entire rotation.  For example, when the 

tube is positioned over the top of the patient in the AP direction, a lower mA is required 
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than when the tube is going laterally through the patient.  If the tube current is not 

increased for the lateral projection angles, low SNRs and even photon starvation can 

occur through highly attenuating areas, such as the shoulders.    

2.3.1.2 Z-axis TCM 

Another form of tube current modulation is applied along the z-axis, with the tube 

current being modulated along the superior-inferior length of the patient.  The 

modulation alters the mA for different body regions, such as the abdomen and bony 

pelvis, and it is determined from the lateral scout image.  In this case, all manufacturers 

utilize this predetermined form of TCM along the z-axis.   

2.3.1.3 Organ-based TCM 

The purpose of organ-based tube current modulation is to reduce dose to 

specific radiosensitive organs, such as the breast, thyroid, and lens of the eye.  From 

the scout images and the orientation of the patient in the scanner, the organ-based 

TCM algorithm determines the particular z-locations and approximate angular 

projections which will encompass these organs.  Thus, the scanner reduces the tube 

current for a specific angle distribution within each tube rotation.  For the organs listed 

above, the anterior portion of a rotation is completed with a 75-90 percent reduction in 

tube current, while the lateral and posterior angles of projection are associated with an 

adequate increase in tube current.  This kind of modulation therefore requires the use of 

a reconstruction algorithm which preferentially weights the projections done with a 

higher mA in order to maintain image quality.28  

2.3.1.4 Temporal TCM 

Tube current can also be modulated as a function of time as a scan progresses 

in a protocol-specific manner, such as the case of TCM-ECG-gated cardiac studies.  In 
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this type of study using temporal TCM, the cardiac cycle (through the ECG signal) is 

used as a guide to decrease tube current during systole, when the contraction of atria 

and ventricles of the heart prevents generating motion-free images of diagnostic 

quality.29   Likewise, prospective ECG-triggering protocols with volume acquisitions 

have shown the greatest dose reduction for coronary CTA studies.  In this case, t-ECG 

is still used but instead of only modulating the tube current, the x-ray tube essentially 

shuts off during systole, saving patient exposure.30  A similar application is the one 

utilized for helical chest CTA protocols.  Further dose reduction for this exam has been 

studied at institutions with wide-volume scanners. 

2.3.2 Beam Filtration 

The ultimate goal of filtration is to remove soft or less penetrating x-rays from the 

beam in an effort to decrease surface dose.  Computed tomography makes use of 

specific beam filters.  In addition to a standard Cu flat filter which simply removes the 

lower portion of the x-ray spectra which would only contribute to patient skin dose (an 

issue of considerable importance for certain studies, such as brain perfusion), a bow-tie 

filter (named so because of its shape) is also utilized.  While the x-ray tube rotates 

around the patient in CT, the center of the beam consistently encounters the thicker part 

of the anatomy.  In order to compensate for this difference in overall attenuation and 

beam-hardening, the shape of the bow-tie filter starts out thick on the outside and then 

gradually decreases in thickness towards the center.  As a result, the dose to the 

periphery is decreased while maintaining SNR, and therefore image quality, in the 

center.   
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There are three bowtie filters of different sizes available on the 320-slice scanner.  

The scanner selects a bowtie filter corresponding with the scan field of view or FOV 

chosen for a specific patient and study.   

2.3.3 Active Collimation 

For accurate and reliable reconstruction of images from helical acquisitions, 

additional projection data is needed outside of the planned anatomical scan range in 

order to properly reconstruct the first and last images of a scan set.  Thus, it is 

necessary for the beam to perform additional rotations of the CT beam both pre- and 

post- the selected anatomical scan range.  This is referred to as over-ranging.  Over-

ranging results in irradiation of organs outside of the anatomical area being imaged.  

This concept can also be described in terms of the over-ranging length or the extra 

length irradiated outside of the planned scan length.  Over-ranging effects on patient 

dose have been shown to worsen with increasing pitch and beam width.31     

Active collimation is the current solution to the problem of exposure due to over-

ranging.  Dynamic collimators are used at the beginning and end of a helical scan to 

limit the full width of the beam from irradiating the patient.  An illustration of adaptive 

collimation is shown in Figure 2-3.  In a study done at the Mayo Clinic (Rochester, MN), 

dose reduction from active collimation on a 64-MDCT was shown to be anywhere 

between 3-46 %.  The greatest reductions in dose were observed in exams with short 

scan lengths and higher values of pitch.32  The effects of over-ranging and the use of 

active collimation for ultra-helical acquisitions have not yet been investigated.  The 

potential clinical advantages of ultra-helical scanning are clear, as faster and wider 

coverage may allow for faster studies.  Since the dose effects appear to be exacerbated 

with wider collimations, further attention must be paid to this issue.  This project served 
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to examine over-ranging effects with ultra-helical detector configurations, and is 

discussed further in Chapter 5. 

2.3.4 Iterative Reconstruction 

Though not a new concept in CT, the most recent method of dose reduction is 

the use of more efficient iterative reconstruction algorithms, slowly phasing out 

traditional filtered backprojection.  Iterative reconstruction had been used in the early 

days of computed tomography, but the computing power at the time did not allow for it 

to prosper.33  Most reconstruction algorithms currently utilize some combination of 

iterative and filtered back-projection (FBP) methods.  The evaluation of image quality 

still needs to be determined as iterative methods handle noise differently than traditional 

FBP.  The use of these new reconstruction methods will be examined in future studies 

that are beyond the scope of this project. 
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Figure 2-1.  Geometric efficiency comparison for 4-slice v. 64-slice multiple-detector 
computed tomography (MDCT). Adapted from Rogalla P, Kloeters C, Hein 
PA. CT Technology Overview: 64-slice and Beyond. Radiol Clin N Am 2009; 
47:1-11. 

 

Figure 2-2.  Angular and z-axis tube current modulation. Adapted from McCollough CH, 
Bruesewitz MR, Kofler JM. CT Dose Reduction and Dose Management Tools: 
Overview of Available Options. Radiology. March 2006; 26:503-512.34. 
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Figure 2-3.  Illustration of active or adaptive collimation. Adapted from Deak PD, 
Langner O, Lell M, Kalendar WA. Effects of Adaptive Section Collimation on 
Patient Radiation Dose in Multisection Spiral CT. Radiology. July 2009; 252: 
140-147.35. 
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  CHAPTER 3
COMPUTED TOMOGRAPHY DOSIMETRY 

The computed tomography dose index is a dose quantity that is widely known 

and is included in federal regulations. This chapter serves to explore the history of CT 

dosimetry, including the evolution of the CTDI, available patient dose descriptors, and 

how those doses can apply to radiation risk.  

3.1 Dose Indices: Multiple Scan Average Dose (MSAD)/Computed Tomography 
Dose Index (CTDI)/Dose Length Product (DLP) 

3.1.1 CTDI 

The original standardized dose metric for CT was the computed tomography 

dose index, or CTDI, developed in 1981.36  The equation below represents the first 

version of the dose descriptor, where T is the slice width, and the function D(z) 

represents the dose profile as a function of position on the z-axis. 
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CTDI was developed as an estimate of the multiple scan average dose (MSAD).  

The MSAD is measured by placing a dosimeter in the center of a phantom and 

scanning the phantom with contiguous axial slices.  The MSAD is then calculated by 

summing the contributions of each scan to the central slice. The CTDI provided a quick 

and accurate estimation of the MSAD, by measuring the dose profile along some length 

with one axial scan.  The division of the dose profile by the slice thickness, T and later 

the nominal beam width NT, ensures that the CTDI is an appropriate approximation of 

the MSAD in that the scatter tails outside of T are included in the dose.  This holds as 

long as the spacing between slices is equal to the slice thickness.36  The SI units for 

CTDI are milligrays or mGy. 
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3.1.2 CTDIFDA 

The first alteration to CTDI was conducted by the U.S. Food and Drug 

Administration.   The integration limits were changed on the original CTDI from infinity to 

±7T and the total beam width was changed to include N, the number of data channels, 

given that the first CT scanner was actually a dual-slice scanner.37,38, 39 
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At this time, the FDA also standardized the measurement media for CTDI.  They 

approved 2 cylindrical phantoms, which were 14 to 15 cm in length and either 16 or 32 

cm in diameter.  The 16 cm phantom was meant to represent an adult head, while the 

32 cm phantom was representative of an adult torso.  Both phantoms were made out of 

acrylic or polymethylmethacrylate (PMMA), a material chosen for its similar attenuation 

to patient soft tissue. The CT acrylic phantoms used today follow the same 

specifications.   

3.1.3 CTDI100 

The next version of CTDI, CTDI100 is still used today and was an effort to further 

standardize CT dosimetry.  The integration limits of 14T proved to be too narrow as the 

slice width became smaller and the number of data channels increased, not allowing for 

all of the dose profile to be captured.  Changing the integrated length to 100 mm 

allowed for CTDI measurements across manufacturers to be structured. 
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It is measured with a 100 mm pencil ion chamber, consisting of a 3 cm3 active 

volume.40, 41 
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3.1.4 CTDIW 

CTDI100 can be measured at either the center or periphery of the phantom.  The 

value of CTDI100 will vary based on the measurement location due to the differing 

amounts of attenuation experienced.  The weighted CTDI or CTDIW, combines the 

center and peripheral measurements.  Incorporating both positions allows for a better 

estimation of average dose in the x-y plane.42 

        
 

 
           

 

 
          (3-4) 

3.1.5 CTDIVol 

With the advent of helical or spiral scanning an additional factor of pitch was 

added to account for non-contiguous slices, creating the term, CTDIVOL.  Pitch is defined 

as the table increment per rotation (I) divided by the nominal beam collimation.38 
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It is the CTDIVol that is the standard CT dose metric currently required for all 

protocols on existing CT units.42  

3.1.6 DLP 

The CTDIVol, as well as another dose descriptor, the dose length product (DLP) 

accompany protocol selections on scanners.  The equation for DLP is shown below.  

    (      )          (   )   (  ) (3-6) 

In terms of a dose index, the DLP is an improvement on CTDI, due to the 

incorporation of the scan length (L) of an exam.  The scan length can vary from patient 

to patient for the same protocol.  This variation is a result of anatomical differences 

among patients.  Hence, the DLP is in part, a patient-specific indicator.   
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3.1.7 CTDI Measurement with Broad-beam CT 

Since 1994, the number of detector rows in MDCT has steadily increased.  With 

the corresponding increase in beam width, the CTDI concept has been reexamined by 

multiple studies.  Dixon found that the 100 mm pencil ion chamber underestimated the 

CTDI in a body phantom for a 20 mm beam width by twenty percent.43  It has been 

established that the 100 mm pencil ion chamber is no less efficient in measuring the 

dose profile for up to a 40 mm nominal beam width.44  However, at beam widths greater 

than 40 mm, a larger amount of the scatter contribution will be excluded in a CTDI 

measurement.  

When the 256- and 320-slice MDCTs came on the market, it became clear the 

current definition and use of CTDI would no longer be valid for these models.  The 

nominal beam width is wider than the actual phantoms and pencil ion chambers used 

for CTDI measurements.  For the AQ1, the nominal beam width at isocenter is 160 mm 

and is 128 mm for the 256 slice scanner.  There has been several methods proposed to 

resolve this issue including but not limited to longer phantoms, smaller ion chambers 

and new dose metrics.    

One method is to use several phantoms adjacent to one another, essentially 

lengthening the measurement medium to reach the equilibrium dose, in conjunction with 

a small volume ion chamber to measure the dose at the center of the phantom.43 

In a study of dose profiles by Mori et al., it was established that in order to 

encompass more than 90 percent of the dose profile for varying beam widths up to 128 

mm (for a 256-slice scanner), the phantom needed to be larger than 300 mm.45  Mori 

then published conversion factors based on measurements with a 300 mm ion chamber 

and the 350 mm phantom to be applied to the standard CTDI measurement techniques 
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with a 100 mm pencil ion chamber.  The conversion factors are categorized by beam 

width and effective energy so that they can be applied to CTDIW for other scanners.  

The author encourages the use of the conversion factors even for beams smaller than 

100 mm given the inefficiency of CTDI100 as it is measured now.46 

When the 256-slice prototype scanner was updated to a 320-slice scanner for 

Toshiba, another study was done with the same methodology discussed above with the 

addition of new dose metrics.  The study proved with experimental measurements that 

CTDI100 greatly underestimated the dose profile of the 160 mm beam.  The authors 

implemented  ̅ to describe the average dose measured by the 100 mm ion chamber 

from a wide beam acquisition.  Since most clinical uses of the 0.5 x 320 detector 

configuration will be for a single scan, this dose quantity is more appropriate than the 

standard CTDI which measures the average dose from multiple scans.   Finally, while 

the preferred quantity is the average dose, correction factors are given to enable 

calculation of CTDI300,W from  ̅100.  Figure 3-3 shows schematics of this measurement 

methodology.47 

In AAPM Report No. 111, new dose parameters are explored.  It is proposed to 

measure the equilibrium dose within a phantom and conduct free-in-air measurements 

for every set of scan techniques available on a scanner.  These measurements are 

suggested to be completed in a phantom of least 450 mm in length and with a thimble 

ion chamber so as to measure the dose at z=0 on the longitudinal axis.   Figure 3-4 

illustrates the measurement of DL(z=0) from which the equilibrium dose can be 

evaluated.  The report’s primary focus is on having dose data available for every type of 

acquisition used clinically.  For example, solutions are suggested for stationary cone-
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beam CT exams such as perfusion studies, an area that is not covered with current 

CTDI methodology. This method appears promising, however several details about 

specific phantoms and what media the dose values would be reported to still need to be 

worked out.14 

Lastly, the IEC has adopted a method to scale the CTDI by ratios of free-in-air 

measurements.  For nominal beam widths less than or equal to 40 mm, CTDI100 is 

calculated in the same way as it was before, shown in equation 3.  For nominal beam 

widths greater than 40 mm, the CTDI100,NxT is calculated by multiplying a CTDI100,ref by a 

ratio of free-in-air CTDI measurements for the wide beam width being considered, as 

well as the reference beam width.  This is shown in Equation 7.  The reference beam 

width is 20 mm or the next smallest collimation.48 
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Free-in-air measurements for beam widths less than or equal to 60 mm, an 

integration length of at least 100 mm is required.  For beam widths greater than 60 mm, 

an integration length of at least NxT + 40 mm is required.  This can be accomplished by 

two contiguous measurements with the pencil ion chamber or other adequate ion 

chambers, larger or smaller.49  

The purpose of adopting this methodology is to make CTDI efficiency constant 

for all beam widths.  An admitted weakness of this approach is that the CTDI100 still 

substantially underestimates the equilibrium CTDI value, that which would be obtained 

in a phantom of infinite length.  Furthermore, the CTDI concept overestimates the dose 

from single wide beam acquisitions.  Several organizations are currently reviewing 

these inadequacies, including AAPM Task Group No. 200 and the International 
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Commission on Radiation Units and Measurements (ICRU).   These groups are making 

an effort to improve upon CT dosimetry, while still keeping the regularity that comes with 

the concept of CTDI.     

3.1.8 The Limitations of CTDI for Patient Dose Estimates 

CTDIVol as well as its predecessors were intended to be a standard measure of 

radiation output from a CT scanner.  This standardization proved to be a significant 

contribution to the field of CT dosimetry.  It allowed the radiation output of CT to be a 

reproducible, reliable, and accessible measure.  As stated previously, federal 

regulations require CTDI and DLP to be built in to all protocols on a scanner.   A great 

advantage of these metrics is that they allow for comparisons between protocols on one 

scanner or comparison of radiation output on multiple scanners.  Due to its accessibility, 

many have attempted to relate CTDI to patient dose.   

A direct comparison to patient dose is frowned upon in the medical physics 

community.  While the dose-length product accounts for a specific scan range, it is still 

calculated from CTDIVol which can significantly underestimate or overestimate patient 

dose.  For instance, if a fairly slim adult or pediatric patient is being imaged, and the 

scanner calculates CTDIVol for the 32 cm phantom, this can be a great underestimation 

of the patient’s absorbed radiation dose.  This underestimation can be more significant 

for pediatric patients in that they are more radiosensitive than adults.  Conversely, the 

same phantom will be used to estimate the CT dose index for an obese patient.  In this 

case, the dose is overestimated, as more radiation is attenuated by the larger patient 

effectively shielding many of the internal organs.50 

Due to the numerous issues with relating CTDI directly to patient dose, most 

research efforts are dedicated to a more indirect relationship.  These efforts take 
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advantage of the feasibility of obtaining CTDI or DLP, but also make efforts to account 

for patient size and more advanced forms of technology not accounted for in CTDI 

calculation.51,52 

3.2 Effective Dose 

The concept of effective dose was introduced by the ICRP in an effort to 

establish radiation protection quantities from which dose limits could be set for radiation 

workers and members of the general public.53, 54, 15  The primary objective of the 

effective dose is to equate a non-uniform partial body irradiation to a whole-body 

exposure.  In normalizing to whole-body exposures, comparisons of risk can be made.  

Equation 3-7 represents the most recent definition of the effective dose from ICRP 

103.15 

   ∑   ∑      
  

 (3-8) 

In this equation wT is the tissue or organ weighting factor, which takes the 

radiosensitivity of an organ into account.  In the second summation, wR  represents the 

radiation weighting factor.  The purpose of this weighting factor is to account for the 

relative biological effectiveness of a particular radiation type in producing stochastic 

effects at low doses.  

3.2.1 The Most Appropriate Use of Effective Dose 

Effective dose is defined for use in radiation protection to establish regulations 

and reference levels in a prospective manner.  A retrospective analysis of effective dose 

could be required if for instance, a radiation worker surpasses dose limits.  In this case, 

the effective dose calculation is instructed to be used as a broad estimation of risk, but 

specific organ doses are to be used for a more in-depth analysis of risk.   ICRP 103 
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states that “for planning the exposure of patients and risk-benefit assessments, the 

equivalent dose or the absorbed dose to irradiated tissues is the relevant quantity.”15  

Effective dose is not an appropriate measure of medical exposures or risk for any 

individual patient for several reasons.  The tissue weighting factors used in the 

calculation of effective dose are age- and sex-averaged for a reference person.  This 

averaging is an indication that the values are to be used for a reference person and not 

for an individual.  The ICRP advises against using effective dose for individual dose 

calculations as well as for epidemiological studies.  The effective dose can be helpful in 

comparing procedures to some reference quantity, such as background radiation.  It can 

also be used to compare doses across various diagnostic modalities.  For these 

reasons, there have been many attempts to quickly estimate effective dose, however 

organ doses remain the most effective quantity by which medical exposures should be 

characterized. 

3.2.2 Methods to Estimate Effective Dose 

There are two main ways in which effective dose can be calculated.  The first is 

that recommended by the ICRP, in which organ doses are computed from Monte Carlo 

simulations for a reference person and ICRP weighting factors are applied.  The second 

involves a widely known effort of the UK’s DLP to Effective Dose conversion 

coefficients, otherwise known as ‘k-factors’.55  These conversion factors are based on 

DLP data from a wide variety of scanners in the UK, as well as Monte Carlo organ dose 

data from 5 different phantoms, including 4 pediatric phantoms and 1 adult phantom.25, 

56  While the intent of these conversion factors is to provide a broad quick estimate of 

effective dose for region-specific CT exams, many studies inaccurately apply them to 

individual patient dose and risk estimates.57  Reasons why effective dose should not be 
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used for patient dose estimation still apply for the conversion factors.  In addition, the 

weighting factors used to calculate the conversion factors are not based on the most 

recent ICRP report; instead, they are based on the tissue weighting factors from ICRP 

60.15   

3.3 Organ Doses – The Gold Standard 

Organ dose measurements provide a duality for examining the effects of 

radiation.  They can be used to estimate deterministic or stochastic effects of radiation.  

They can also be used to examine individual patient doses, as well as for future 

epidemiological studies.  There exists a wide variety of uses for organ doses.  

While the focus of radiation risk in diagnostic imaging is stochastic in nature, 

recently deterministic effects are being considered.  On April of 2011, the ICRP 

released a statement stating that the threshold for absorbed dose to the lens of the eye 

is now 0.5 Gy, a substantial reduction from the previous value of 2 Gy.13  This 

information presses the need for absorbed dose estimates to the lens from CT scans of 

the head, particularly brain perfusion scans. 

In interventional radiology, lengthy procedures can lead to sentinel events.  For 

these high dose procedures, peak skin dose is calculated and reported.  In order to fully 

encompass the dose accumulated by the patient, CT scans need to be accounted for as 

well.  If a maximum or average skin dose was recorded with an exam and made readily 

available, it could be used in these situations.   

Current methods for measuring organ doses from computed tomography can be 

divided into 2 categories: computer simulations utilizing radiation transport codes and 

computational phantoms, and experimental measurements using physical phantoms 

and a selected dosimetry system.  A few of the most prevalent computer programs for 
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patient dose calculation include the IMPACT CT patient dose calculator58 and CT 

Expo.59  While this software is the most robust and user-friendly out there, the phantoms 

used in these simulations are first generation stylized phantoms.  Current hybrid 

phantoms, that utilize NURBS (non-uniform rational B-spline) surfaces, are more 

anatomically realistic and flexible to specific patient measurements.60, 61 

In one study conducted by Turner et al., CTDIvol was used as a normalization 

factor to achieve scanner-independent organ doses.  For this study 4 MCNP models of 

a 64-slice CT scanner were used, corresponding to 4 different manufacturers.   

Simulations were completed on the GSF adult female voxel phantom.   The purpose 

was to examine the feasibility of developing CTDIVol to organ dose conversion 

coefficients that are scanner independent.  The study states that the work needs to be 

expanded to include a larger number of phantoms and specific CT protocols.62 

Huda et al. promotes the use of in-patient to isocenter kerma ratios to deduce 

organ doses from CT exams.  It should be noted that the ‘in-patient’ terminology refers 

to measurements done in a Rando phantom utilizing thermoluminescent dosimeters on 

2 different scanners.  It is also mentioned that the ratios can only be applied to a patient 

of similar size to the phantom and corrections must be made for exams other than a 

whole body CT. 63 

In summary, estimations of organ doses can be made in a variety of ways.  

Compromises must be made with all the methods utilized in order to replicate current 

CT technology accurately and to create a model of the patient with realistic anatomy.  

This project measured actual organ doses for adult females with a range of BMIs for a 

range of CT protocols. 
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3.4 Size-Specific Dose Estimates (SSDE) 

The idea of size-specific dose estimates was recently introduced by AAPM Task 

Group 204.(AAPM 204)  Data from various sources including Monte Carlo simulations, 

physical measurements with anthropomorphic phantoms, and physical measurements 

with cylindrical acrylic phantoms were pooled together to create a library of conversion 

factors which could be applied directly to a patient’s CT exam of the trunk for a dose 

estimate.  Figure 3-5 shows the various phantoms and simulation methods used for 

these dose estimates.  This report includes a set of conversion factors based on 1 or 2 

manual measurements on a CT image.  The conversion factors are applied to an exam 

CTDIVol, with which a patient-specific dose estimate can be calculated.52  This method 

allows for quick estimation of a patient-specific dose, however, it is based on CTDIVol, 

and represents the peak dose along the z-axis.  Hence, it is not indicative of specific 

organ doses, does not address head exams, and does not account for the shortcomings 

of the CTDI in capturing all of the scatter tails of a beam.64  Although, the SSDE protocol 

does offer an easily-accessible solution while organ dose libraries and programs are 

being developed.  Various studies have recently shown the applicability of this dose 

quantity in the clinic.65  This document includes a comparison between direct organ 

dose measurements and size-specific dose estimates.   
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Figure 3-1.  Graph of computed tomography dose index (CTDI) v. multiple scan average 
dose (MSAD). Adapted from Shope, T., R. Gagne, and G. Johnson. (1981). 
“A method for describing the doses delivered by transmission x-ray computed 
tomography.” Med Phys 8:488–495. 

 

 

Figure 3-2.  Picture of CTDI PMMA phantoms as required by the FDA. 
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Figure 3-3.  Comparison of dose metrics for wide beams. Adapted from J. Geleijns, 
A.M. Salvado, P.W. de Bruin, R. Mather, Y. Muramatsu, and M.F. Nitt-Gray, 
"Computed tomography dose assessment for a 160 mm wide, 320 detector 
row, cone beam CT scanner," Phys. Med. Biol. 54, 3141-3159 (2009). 

 

 

Figure 3-4.  Dose profile measured by a small ionization chamber for a scan length Leq 
corresponding to Deq. Adapted from AMERICAN ASSOCIATION OF 
PHYSICISTS IN MEDICINE, Comprehensive Methodology for the Evaluation 
of Radiation Dose in X-Ray Computed Tomography, AAPM Rep. 111 New 
York (2010). 
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Figure 3-5.  Summary of methods used for size-specific dose estimates. Adapted from 
AAPM 204.52 
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  CHAPTER 4
INSTRUMENTATION AND METHODS OF MEASUREMENT 

A variety of instruments were used in this project to measure air kerma and 

absorbed dose, in conjunction with a variety of phantoms and x-ray attenuating media.  

Point organ doses were measured for this research using optically stimulated 

luminescent Nanodot dosimeters (Landauer Inc., Glenwood, IL).  Air-kerma 

measurements were performed using Radcal 10X6-6 and 10X6-0.6 ion chambers 

(Radcal, Monrovia, CA).  Organ doses were measured directly on cadaveric specimens, 

while a variety of phantoms, such as the CTDI PMMA cylindrical phantoms, were used 

with Nanodots© and ion chambers.  The accurate use of these measurement tools and 

parameters are described in this chapter. 

4.1 Detection Instruments 

4.1.1 0.6 cc Ionization Chamber 

When considering requirements for an ideal radiation detector the following 

aspects must be examined: reproducibility, stability, linearity, angular dependence, 

energy dependence, size, cost, and convenience of use.  Ion chambers have been used 

for decades because they meet most of these ideal conditions.66  Specifically, the 0.6 cc 

small volume ion chamber will be utilized in this project as the gold standard in dose 

measurement.  This approach follows the recommendations of AAPM Report No. 111, 

which indicates that a Farmer chamber is the newly proposed method of physical dose 

measurement for CT dosimetry.  A Farmer chamber is defined as having an active 

volume of 0.6 cc and an active length of 20-35 mm. The small size of the ion chamber 

allows for accurate measurement at a single position (z=0) on the z-axis.14  
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The 0.6cc ion chamber used for this study was calibrated according to the 

National Institute of Standards and Technology (NIST) standard for a M120 beam 

quality.  The M120 beam quality is defined as 120 kVp, 6.79 mm Al half-value layer and 

was therefore selected to be the beam of calibration as it closely matches the typical 

120 kVp beam of the AQ1 320-slice scanner.67  The clinical relevance of such a 

calibration beam comes from the fact that such is the beam of choice for most of the 

clinical protocols used in this study and overall, the most widely used clinically.  The 

appropriate correction factor provided by the calibration lab was applied to all 

measurements made with the ion chamber.  

4.1.2 Optically Stimulated Luminescent Dosimeters (OSLDs) 

The utilization of optically stimulated luminescence for dosimetry purposes began 

in the 1980’s for the dating of archeological materials by measuring their accumulated 

background radiation.66  One major advantage of using OSL dosimetry is the high 

radiation sensitivity associated with Al2O3:C.  Doses on the order of a few micrograys 

can be accurately and reproducibly detected with OSLs.  This makes the material an 

excellent choice to measure background radiation, well below the reliable levels for 

thermoluminescent dosimeters (TLDs).68 

Due to their high sensitivity, OSL dosimeters (OSLDs) can be manufacturered 

into very small form (thus the name Nanodots© given by Landauer (Glenwood, IL) to 

measure doses in diagnostic radiology.  They are often compared to TLDs because of 

their commonality in the materials used for them, processing techniques, and small size.  

The most common OSL dosimeter material, Al2O3 was originally used as a TLD.  While 

TLD’s require extensive heating and annealing processes to use, OSL’s require a 

simple, rapid readout and erasure is completed with exposure to UV light for a certain 
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period of time.  Each readout takes a few hundred milliseconds.  This short processing 

time yields feasibility of large-scale dosimetry operations, like the one explored in this 

project.68   

4.1.2.1 OSL material and mechanism 

Some materials that have been used for their OSL properties include Al2O3:C, 

BeO, quartz and MgO:Tb.69  As mentioned earlier, the most widely known and 

commercially available OSL material is Al2O3:C; which Landauer (Glenwood, IL) uses 

for their Nanodot© dosimeters.  Thus, the discussion of OSLDs from this point forward 

corresponds to aluminum oxide OSLs.  In fact, It is now the main material from which 

personnel dosimeters are constructed (Luxel, Landauer, Glenwood, IL). 

Nanodots© have recently found a role in assessing doses in diagnostic imaging 

via the Microstar© InLight Dosimetry System, made commercially available by Landauer 

(Glenwood, IL).  The Microstar© system consists of Nanodots©, holders for the 

Nanodots©, a laptop and a dosimeter reader.  The Nanodot© dosimeter is a 5 mm 

diameter, 0.2 mm thick disk of Al2O3:C inside a light-tight plastic case with dimensions 

of 10x10x2 mm3.  The Nanodot© is shown in Figure 4-1.  The particular dosimeters 

used for this project are “screened” by Landauer to have a sensitivity of 91% and a 

manufacturer-stated accuracy of + 2%.70  

When the OSL material is irradiated, atoms in the crystal are excited and 

electron/hole pairs are created.  The carbon doping of the crystal lattice results in 

electrons or holes to be trapped in excited energy states following excitation.  Following 

irradiation, the Nanodot© is placed in a holder which is then inserted into the reader.  

Once inside the reader, the actual OSL is removed from its casing and stimulated with 

an LED (light emitting diode) emitting a wavelength of 540 nm.  This light raises the 
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trapped electrons to the luminescence level and the OSL emits light with an emission 

band centered at 415 nm which is collected by a photomultiplier tube (PMT).  The 

luminescence, and thus the output from the PMT is proportional to dose received by the 

Nanodot©.  There are filters in between the stimulating source and dosimeter, as well 

as, in between the transducer (PMT) and dosimeter.  This is to ensure that only the 

luminescence of the wavelengths emitted by the OSL are released and collected.69 The 

configuration of the reader is shown in Figure 4-2. 

4.1.2.2 OSLD characterization 

There have been several studies documenting the characterization of OSL 

dosimeters in the diagnostic and therapeutic energy range.71, 72, 73, 74   The properties 

examined include linearity, reproducibility, angular dependence and the known energy 

dependence associated with Al2O3:C.  This section will highlight the findings of these 

studies for the diagnostic energy range.  

The initial characterization of Nanodot© dosimeters was done in 2007 by Jursinic 

et al., for an energy range primarily within the range of radiation therapy.  The study 

reports a linear response of the dosimeter or doses up to 3 Gy and reports a supra-

linear reponse above 3 Gy.71  In the diagnostic energy range, Lavoie et al. observed a 

linear response from 0 mGy-1000 mGy.72  Another study found linearity over doses for 

three different diagnostic modalities: mammography, general radiography, and 

computed tomography.73 

Regarding reproducibility, Lavoie et al. found a 2.3% coefficient of variation for 

Nanodot© dosimeters, which is very close to the manufacturer-stated accuracy of 2%.72  

The OSLD angular dependence has been shown to become evident and 

increase with lower energies.  In a study done by the University of Texas Health 
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Science Center, the maximum drop in response was at 90 degrees with a 

mammographic beam of 25 kVp.  For general radiography, the drop in response 

observed at 90 degrees at 80 and 120 kVp was 40 and 20 percent, respectively.  For 

similar beams in CT only a 10% drop in response at 90 degrees is reported.  The drop 

in response at the 90 degree angle is due to the geometrical shape of the dosimeter as 

well as to thicker part of the casing encountered by photons from that angle.  The 1mm 

casing is equivalent to water in mass density and could attenuate low energy photons to 

a certain extent.73 In the University of Florida study, the maximum drop in OSL response 

for in-air measurements occurred at 90 degrees as well, with a 22 % drop.  For in-

phantom measurements, a maximum drop of 4% was observed but proven to not be 

statistically significant.72  Angular dependence was considered in this study, however, 

since no measurements were taken solely in air, no corrections for angular dependence 

were made.   

While the OSLDs show angular independence in a phantom and a linear and 

reproducible response, the main caveat to OSLD use at diagnostic energy levels is in 

fact its energy dependence.  The dosimeter material tends to over-respond in tissue due 

in part to an effective Z of 11.28 for Al2O3:C.75 The energy dependence signifies that the 

response of the dosimeters will change with tube potential and other factors that alter 

the spectrum and therefore the effective energy of the beam.  The application of 

correction factors for energy dependence has been shown to be feasible by several 

studies.  Correction factors from 0.81-1.56 have been suggested for effective energies 

ranging from 29-62 keV.73 Lavoie et al. found correction factors for CT energies 

specifically, ranging from 0.99-1.22 in terms of ion chamber to OSLD response.72  In this 
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research, additional work was done in order to appropriately correct for energy-depth 

dependence that can account for both the effects of CT energy spectra and geometry; 

thus, correction factors, CE,S were determined and applied to the measured doses.  This 

is described in 4.2.2. 

4.1.2.3 OSL applications in computed tomography 

The OSL Nanodots© have been used to measure skin doses in CT.  A study on 

head CT protocols was conducted at the Mayo Clinic (Rochester, MN) where an 

anthropomorphic phantom was used to assess differences in the dose to the lens of the 

eye from the application of organ-based TCM, global mA reduction, and the use of 

bismuth eye shields.77 Another study used OSLDs to measure thyroid doses to pediatric 

patients in CT.78 

In addition to Nanodots©, Landauer has begun making strips of OSL material 

within an acrylic rod that can be used to measure dose profiles in CT.  The OSL strips 

must be sent back to the manufacturer for reading and interpretation.76  

4.2 OSLD Measurement Methods 

4.2.1 Nanodot© Reading and Measurement Protocol 

To ensure consistency, reliability, and reproducibility, a reading protocol, as 

established in the previous work done by Tom Griglock and Lindsey Lavoie was 

followed.79,72  The reading protocol establishes the following steps: 

1. First, the background of all dosimeters is read.  All dosimeters that have a 
background reading greater than 1mGy are put aside and are not used for that 
particular measurement session.   

2. Second, the measurement session is performed.  For each CT protocol tested in 
each of the cadaveric subjects, two identical scans were conducted with the 
same set of dosimeters in place.  As shown by Griglock, this results in a percent 
deviation of ±5%, which makes unnecessary further repetitions of each 
measurement.79   
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3. After the dosimeters are exposed, they are read in the Microstar© and doses are 
recorded.  A great advantage of the OSLDs is the ability to perform repeat 
readings on the same dosimeter following a given exposure; however, it has 
been shown previously that when reading a OSLD three times, the increase in 
the accuracy of the measurement is limited to ±1.1%.79  With this in mind and 
due to the high number of dosimeters being read and analyzed in this research, 
each dosimeter is read only once to make the measurement session more 
efficient.  

4. Finally, after doses have been read, the OSL material from each Nanodot© is 
displaced from its plastic casing and exposed to UV light for at least 24 hours.  If 
background doses are found to remain over 1 mGy after 24 hours, longer 
erasure times are utilized to ensure proper erasure.72 

4.2.2 Dosimeter Calibration 

Prior to performing dosimetry, the Microstar© reader was calibrated according to 

the Landauer operations manual (Landauer, Glenwood, IL).  The Microstar© reader 

must be calibrated annually, each year using a new set of calibration dosimeters which 

must be obtained directly from the manufacturer.  This procedure calibrates the reader 

to an 80 kVp beam with a half-value layer of 2.9 mm Al.  Since the x-ray beams used in 

CT are characterized by generally higher energies and half-value layers, additional 

calibration factors must be applied to the raw dosimeter reading. 

In order to calculate dose to tissue from the Microstar© readout, the following 

equations are employed:72 

         
    
    

    (4-1) 

where Draw is the raw dose reading from the Microstar©; 
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The traditional f-factor must be applied to this raw dose in order to convert the 

dose to air to dose to tissue.   The mass attenuation coefficients used to calculate the f-

factor are a function of effective energy.67  The HVLs measured were used to compute 

the f-factors for all energy and filter combinations used in the clinical CT protocols 

investigated.  

As mentioned above, corrections for energy and scatter denoted, CE,S, must be 

applied to the raw dose readings.  Calibration of the OSL dosimeters for the CT beams 

used in this research, were done so using a 0.6 cc ion chamber to obtain dose-in-air 

measurements traceable to NIST standards.  This small volume ion chamber has been 

used in the field of dosimetry for many years and is known for its flat energy response.14     

Previously, Lavoie explored the energy and scatter effects on the OSLD 

response by placing increasing thicknesses of acrylic between the x-ray source and the 

dosimeter or ion chamber.  This procedure was performed both with a general purpose 

x-ray tube, as well as, a stationary CT x-ray tube.72  While Lavoie fully explored the 

energy response of the OSLDs, correction factors were only obtained for the energy 

and filter combinations that corresponded with the protocols measured in that study.  

Because new protocols and corresponding energy filter combinations were used in this 

project, appropriate additional correction factors were obtained.  Correction factors 

obtained for this project can be broken up into two categories, surface correction factors 

and organ correction factors. 
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4.2.2.1 Surface dosimeter calibration 

The surface calibration procedure consisted of placing the small volume ion 

chamber at scanner isocenter on top of one inch of acrylic.   These measurement 

conditions mimic those of the manufacturer calibration (Landauer, Glenwood, IL).  

These measurements were performed with the scanner operating in service mode so 

the x-ray tube could remain stationary at the top position in the gantry. After an 

exposure was recorded with the ion chamber, this was withdrawn and a Nanodot© was 

placed in the exact location of the center of the ion chamber.  Four dosimeters were 

used for each energy/filter combination.  The average of these measurements along 

with the average of the ion chamber measurements, was used to calculate the surface 

correction factor.  Figure 4-3 shows the measurement configuration. 

The most commonly used energy filter combination for all subjects and all body 

protocols investigated in this research was 120 kVp with the large bowtie filter.  

Verification of the surface correction factor for this energy and filter combination was 

completed on the surface of a cadaveric subject using the CT beam rotating geometry.  

The ion chamber was placed on the subject with 4 OSL dosimeters surrounding it, and 

two exposures were made.  The correction factor was applied to each of the four 

dosimeter readings and comparisons were made with the ion chamber air kerma 

reading.  Section 8.3 shows the results of this procedure.     

4.2.2.2 Organ dosimeter calibration 

Organ dose correction factors for CT energies were determined utilizing the 

standard PMMA cylindrical phantoms, used in CTDI measurements (West Physics 

Consulting, Atlanta, GA).  These correction factors therefore account for variations in 

depth within a homogeneous cylindrical phantom in order to maintain reproducibility, as 
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well as, taking into account the geometry characterized by a rotating x-ray tube. In this 

way, the 0.6 cc ion chamber was placed at the central (i.e., midway through the width) 

position along the z-axis in the phantom, and measurements were conducted.  The 

scan parameters and position of the phantom in the gantry remained constant, with only 

the energy and filter being changed.  To ensure geometric consistency in the calibration 

measurements, these were performed with the scanner operating in service mode so 

that its SYNC function could be utilized.  The SYNC function allows the user to 

synchronize the start angle of the x-ray tube in the gantry for every measurement.  After 

all measurements were conducted with the ion chamber, a Nanodot© was placed in the 

center of the phantom and exposed.  This process was repeated for each energy/filter 

combination and each depth in the phantom.  The organ dose correction factors were 

then calculated from these measurements by taking the ratio of the dosimeter 

measurement to that of the ion chamber measurement. 

For organ dose measurements for head CT protocols, the dosimeter response 

was examined utilizing the head PMMA phantom, 16 cm in diameter.  Two different 

measurement positions were examined within the phantom, the periphery and center.  

The mean of the correction factors at the periphery and center was applied to the raw 

doses measured for the brain and thyroid measurements for all adult head protocols.   

In the case of body CT protocols, the larger 32 cm diameter PMMA nested 

phantom was utilized to analyze dosimeter response.  The nested body phantom allows 

measurements to be made at three different depths, i.e., the center, middle, and 

periphery.  The peripheral position corresponds to a depth of 1 cm and the middle 

position corresponds to a depth of 9 cm.  The mean of the results of all three 
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measurement depths was applied to all organ doses measured for all adult body 

protocols.  The measurement setup for the organ dosimeter calibration, specifically 

adult body CT protocols, is shown in Figure 4-4.   

4.3 Measurement Mediums 

Current organ dose estimates are based upon two methodologies.   One is that 

of physical dose measurements with a specific CT scanner and physical phantom.  The 

other methodology for dose estimation involves a Monte Carlo model of the source with 

corresponding simulations performed on various computational phantoms.  These two 

methods are briefly described below, as well as, a new methodology involving the use 

of cadaveric specimens as a measurement medium. 

4.3.1 Physical Phantoms 

A plethora of physical phantoms exist for use with CT dosimetry.  As mentioned 

earlier, two cylindrical PMMA 15 cm long phantoms exist for the measurement of CTDI.  

In addition, physical phantoms have been constructed that serve to mimic real patient 

anatomy and corresponding tissue densities.  Two commercially available types of 

anthropomorphic phantoms include the Rando-Alderson phantom (Radiology Support 

Devices Inc., Long Beach, CA) and the CIRS or Computerized Imaging Reference 

Systems phantoms (Norfolk, VA).  A research group at the University of Florida has also 

developed a set of anthropomorphic phantoms made from actual CT image data sets.80, 

81  Figures 4-5 and 4-6 show examples of the CIRS and UF anthropomorphic phantoms.  

Physical phantoms offer a real advantage in their convenience of use.   A quick 

and meaningful dose comparison for the introduction of a new CT protocol or the 

optimization of an old one can be completed with the use of these phantoms.  However, 

one potential disadvantage associated with the use of these phantoms is that they are 
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generally limited to three tissue-equivalent materials for bone, soft tissue, and lung.  

That being said, physical phantoms can also be used to validate Monte Carlo models 

and can estimate organ doses for more advanced CT technology, like tube current 

modulation, which has proved difficult to model.     

4.3.2 Computational Phantoms 

The first generation of computational phantoms was stylized.  Stylized phantoms 

consist of geometric shapes and mathematical surface equations that are combined to 

resemble a simplified model of human anatomy.  While these models were first 

designed in the 1980’s, they are still used for IMPACT, one of the most widely known 

programs for computing CT doses to patients.82, 58  The next set of computational 

phantoms was termed tomographic, owing to their origin of CT datasets.  These 

phantoms are much more anatomically realistic, but are very difficult to scale or alter.  A 

third generation of computational phantoms called hybrid phantoms has recently been 

developed.  Human anatomy within hybrid phantoms are made up of NURBS (Non-

Uniform Rational B-Spline) and polygon mesh surfaces.  They retain the anatomical 

realism of tomographic phantoms, and can also be easily modified to model different 

patient statures and weights.83, 84, 60, 61  A main contributor to the development of hybrid 

phantoms is the Bone Imaging & Dosimetry research group at the University of Florida.  

They have published hybrid phantoms representing the ICRP89 reference newborn, 1 

year, 5 year, 10 year, 15 year and adult male and female.60, 61 Figure 4-7 shows several 

of these UF hybrid phantoms. 

The evolution of computational phantoms has resulted in many currently 

accurate representations of patient anatomy.  In the application of these phantoms to 

CT dosimetry, two main stipulations exist.  First, as mentioned earlier, most widely used 
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CT software programs available are based on the earlier, less accurate stylized 

phantoms.  Second, because of the complexity of CT acquisitions, including geometry, 

filtration, tube current modulation, and new reconstruction algorithms, it is extremely 

difficult to accurately model CT with Monte Carlo simulations.  Still, new and improved 

CT dosimetry software is currently under development in an effort to improve upon 

Monte Carlo modeling with the use of up to date computational phantoms.   

4.3.3 Cadaveric Subjects 

Cadaveric specimens have only recently been used as a measurement medium 

for CT organ doses.  Dr. Thomas Griglock was the first to make a comprehensive set of 

organ dose measurements with cadaveric subjects for a variety of CT protocols.  His 

methods of tube placement and dose measurement are used with this project.79  Using 

cadavers to closely resemble live patient anatomy requires a review of recent data on 

the postmortem changes that could affect organ doses in computed tomography.   

Applications of MDCT technology have been realized in forensic imaging.   Over 

the last ten years, multiple studies have been performed concerning postmortem effects 

in MDCT for “virtual autopsies”.  The main areas of concern for imaging the deceased 

are livor mortis, rigor mortis, and decomposition.  Livor mortis is the settling of the blood 

after death, rigor mortis is the stiffening of joints and skeletal muscles, and 

decomposition involves the breakdown of matter. 

Livor mortis is mainly found in the lower portion of the lungs and exhibits a 

position dependency.  A position dependent density change can also occur in live 

patient scans when proper inspiration is not achieved.  Postmortem imaging mimics a 

scan with patient expiration and partial collapse of the lungs.85 
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Hyperattenuation can occur in the major arteries and cardiac chambers due to 

hemoconcentration associated with livor mortis.86  However, care must be taken to 

distinguish between a hyperdense aortic wall as a result of arteriosclerosis.87  

Hyperattenuation has also been observed in the posterior portions of the sinuses 

around the cranial fossa.  In contrast, rigor mortis has been shown to not affect 

attenuation or shapes of skeletal muscles.  Decomposition occurs in stages and the 

corresponding imaging effects can be classified as early, moderate, or advanced.86  

Early signs of decomposition include cerebral autolysis and the loss of differentiation of 

gray and white matter of the brain as a result of brain swelling.87  In early to moderate 

stages of decomposition, small amounts of subcutaneous and visceral gas are 

observed within the abdominal cavity.  In the late stages of decomposition, organs begin 

to collapse, the settling of the brain in the posterior portion of the cranium is observed 

and liquefaction begins.  Additionally, there is evidence of insect activity throughout the 

cadaver.86   

From this information, it can be deduced that early stages of decomposition will 

not significantly affect organ dose measurement in MDCT.  Furthermore, Levy et al. 

found that the attenuation of the liver, spleen, kidneys and solid visceral organs has 

been shown to not exhibit changes until the late stages of decomposition.86 

Postmortem imaging was also examined as an additional teaching module for 

gross anatomy courses at Wake Forest University.  A study of 18 embalmed cadavers 

was conducted with an average time between embalming and scanning being 8 

months.  Their findings were extremely similar to those discussed above, such as 
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hyperattenuation of the aortic wall, air-fluid levels in the bowel, loss of differentiation 

between gray and white matter, and fluid in the tracheobronchial tree.88 

To our knowledge, the first time cadaver specimens were used in assessing 

doses from CT exams was in 2001 to examine absorbed dose differences from 

conventional spiral tomography and spiral CT for an orofacial protocol.  The study 

involved measuring thyroid, lens, parotid gland, and submandibular gland organ doses 

in a cadaveric head and phantom head with TLDs.89  In 2008, another study utilized 

cadaver heads to examine a neurology protocol and measured lens doses from 16 and 

64-slice MDCT scanners.  It needs to be noted that this study only utilized cadaveric 

heads that were frozen.  In addition, the brains were previously removed and the head 

cavity was filled with gauze.90 

As part of Tom Griglock’s dissertation, a comparison was made between the 

Hounsfield units and corresponding attenuation differences for the cadavers and 5 

patients.  Table 4-1 shows the percent differences between the cadavers and live 

patients.  In conclusion, due to the small attenuation differences observed, cadavers 

can be used as a representative of a live patient for measuring organ doses in CT.79  

Finally, the changes observed in postmortem anatomy will not likely affect the organs of 

interest in this project. 
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Figure 4-1.  Landauer Nanodot© from the InLight Microstar© Dosimetry System 
(Landauer Glenwood, IL). 

 

Figure 4-2.  Simplified optically stimulated luminescent (OSL) reader schematic. 
Adapted from Yukihara EG, McKeever SWS. Optically Stimulated 
Luminescence (OSL) dosimetry in medicine. Phys. Med. Biol. 2008; 53: 
R351-379. 
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Figure 4-3.  Surface dosimeter calibration setup. A) Ion chamber B) Nanodot 

 

 

Figure 4-4.  Organ dosimeter calibration setup for body protocols. 
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Figure 4-5.  CIRS anthropomorphic phantoms (Norfolk, VA). 

 

 

Figure 4-6.  UF anthropomorphic phantoms.81 



70 

 

Figure 4-7.  UF library of ICRP89 reference hybrid computational phantoms.61 

 

Table 4-1.  Attenuation differences for a patient versus a cadaver79 

Tissue Type 
Hounsfield Units % Difference versus 

Patient Patient Cadaver 

Lung -772 -750 9.6% 

Fat -102 -75 3.0% 

Muscle 50.6 55 0.4% 

Bone 555 550 0.3% 

Kidney 42.6 50 0.7% 

Liver 56 45 1.0% 
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  CHAPTER 5
CHARACTERIZATION OF BEAMS IN ULTRA-HELICAL ACQUISITION MODE 

A full characterization of the Aquilion ONE (Toshiba America Medical Systems, 

Tustin, CA) was done previously by Lavoie for its 64-slice and full 320-slice volumetric 

modes.72   With the introduction of the ultra-helical scan mode, certain beam 

characteristics must be revisited in order to understand the implications of this type of 

acquisition on clinical scanning.  Properties such as beam quality, beam width, and 

over-ranging were examined and are described in the following sections.  

5.1 Half-Value Layer 

An important characteristic of an x-ray beam which determines how radiation is 

absorbed and distributed within a patient is the x-ray beam quality.  As such, the half-

value layer (HVL) is the measurement used to quantify beam quality.  The HVL is the 

thickness of a given material required to reduce the intensity of a photon beam to half of 

its initial value.  For beams in the diagnostic energy range, it is usually described in 

terms of millimeters of aluminum equivalent.  Conceptually, knowledge of the HVL 

provides a qualitative measure of the penetrability or hardness of a photon beam.  The 

HVL also provides a qualitative measure of the effective energy of the beam, a quite 

important parameter in CT because of the dependence of the Hounsfield Unit with beam 

energy.  The HVL also provides a way to compare higher and lower HVL beams in 

terms of increased skin dose.  This is because when a beam is less-penetrating (lower 

HVL), it is characterized by a higher content of lower energy photons.  Lower energy 

photons are more likely to be absorbed by the surface of a patient and less likely to 

contribute to image formation.      
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For this study, the first and second HVLs of the beams were measured.  The 

second HVL is the amount of material needed to reduce the beam to 25 percent of its 

initial intensity.  This concept only has meaning for polyenergetic beams because of 

beam hardening.  Clearly, the second half-value layer of a polyenergetic beam is 

greater than the first half-value layer.  The homogeneity coefficient was also calculated 

for this research, and is the ratio of the first half value layer to the second half-value 

layer.  Because of the higher nominal tube voltages and the use of flat and bow-tie 

filters, HVLs measured for CT beams are generally higher than those from beams used 

in general radiographic or fluoroscopic systems.   

HVLs were measured with a R10X6-6 ion chamber (Radcal, Monrovia, CA) 

placed at isocenter.  In order to maintain good geometry, a lead aperture was placed 

directly over the parked x-ray tube at the bottom of the gantry.  Although devices have 

been developed to measure the HVL of the rotating beam in CT, a simpler method is to 

lock the x-ray tube in a preselected position and conduct a standard good-geometry 

HVL measurement.  By placing the ion chamber at isocenter, the measurement will be 

reproducible and will only measure the primary beam as opposed to scatter from the 

added aluminum.   

5.2 Beam Width 

Beam widths were measured for not only the new ultra-helical detector 

configurations, but for all configurations utilized in this research.  The beam widths for 

the following detector configurations were measured: 0.5 mm x 32, 0.5 mm x 64, 0.5 

mm x 80, 0.5 mm x 100, 0.5 mm x 160, and 0.5 mm x 320.  The nominal beam widths 

for these detector configurations are defined at isocenter as 16, 32, 40, 50, 80, and 160 
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mm.  The actual beam widths are known to be slightly larger due to the effect of over-

beaming, described in Section 2.1.2.14  

Beam widths were measured on the Aquilion ONE (AQ1) with the use of a large 

computed radiography (CR) photoluminescent imaging plate placed at isocenter.  The 

x-ray tube was locked in position with the scanner working in service mode for a 

stationary exposure with the tube placed at the top of the gantry.  A copper filter was 

placed over the x-ray tube in order to mimic the typical radiographic exposures 

(approximately 1 mGy) received by the plate.  Exposures were made at the 

configurations mentioned above and the CR cassette was processed via an Agfa CR-85 

digitizer (AGFA, Teterboro, NJ) using a flat-field algorithm.  An example of the images 

produced is shown in Figure 5-1.  The data was analyzed with iSite software (Philips 

Healthcare, Andover, MA), with which the width of the beam was measured from the CR 

image.  The ratio of the nominal beam width to the actual beam width is a measure of 

geometric efficiency.       

5.3 Over-Ranging 

As mentioned earlier, over-ranging refers to the additional rotations or scanning 

length needed for reconstruction of a helical acquisition.  As more data acquisition rows 

have been added to detector arrays in MDCT systems and the beams continue to get 

wider, geometric efficiency is increased, effectively lowering patient dose.  However, 

because the beam width is increasing, the additional rotations pre- and post-scanning 

will certainly increase the irradiated regions substantially.  A fundamental part of a 

clinical CT protocol is the standardization of the anatomical landmarks where the scan 

begins and ends.  In addition to anatomical and clinical reasons, one of the criteria for 

such is to avoid exposing radiosensitive organs.  Thus, the over-ranging may result in 
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irradiation of radiosensitive organs that otherwise would not be exposed to the primary 

beam.24  

Although the effect is quite evident with 64-slice scanners, it is assumed that the 

effect will worsen with 80, 100, and 160 channels used for data acquisition in ultra-

helical mode.  To address this issue active collimation has been installed on all newer 

models of MDCT scanners including the AQ1.   

The additional length of the scan caused by over-ranging, will be referred to as 

over-ranging length in this document.  There are two methods to calculate over-ranging 

length.  The discrepancy between the two methods is thought to be a result of a 

particular manufacturer’s approach to active collimation.  Since this information is 

proprietary, the reason for the difference can only be investigated though not 

necessarily described; both methods were employed in order to examine the effect.   

The first is a simple estimate, where the total imaging length of the scan is 

calculated by dividing the DLP (mGy*cm) by the CTDIVol (mGy), from the dose report 

from each exam.  The planned scan range is the range selected by the technologist 

prior to image acquisition according to the standardized protocol.  The over-ranging 

length is then calculated by subtracting the planned scan range from the total imaging 

length.     

The second method to calculate over-ranging length is described in detail in 

AAPM Report No. 111.14  The total scanning length, L, is quantified by the following 

equations: 

      (5-1) 

where , 
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 (5-2) 

         (5-3) 

In the equations above, v is the table speed and t is the total beam “on-time”.  

The table speed is the ratio of the table increment per rotation, b, and the rotation 

period,  .  The table increment is calculated by the multiplication of the pitch factor (p) 

and the nominal beam width (n x T).  Once the total scanning length is calculated, the 

over-ranging length is found by subtracting the planned scan range from the total 

scanning length. 

Both methods were utilized to calculate over-ranging length for the specific CT 

protocols studied in this project.  This effect was examined for CT protocols which have 

radiosensitive organs just outside the planned scan range.  In this way, it is possible to 

compare doses with the over-ranging length calculations to determine the clinical 

implications of this issue.  The CT protocols used to examine this effect include the 

standard head protocol, the chest protocol, and the abdomen protocol.  For the 

standard head protocol, the thyroid lies just outside the predetermined scan length and 

hence, was used to quantify the over-ranging effect.  The small intestine and colon are 

organs outside the planned scan range for the chest protocol.  For the abdomen 

protocol, the upper lungs and uterus are the organs that will be examined.   



76 

 

Figure 5-1.  Computed radiography image of 0.5 x 160 mm beam width. 
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  CHAPTER 6
DIRECT ORGAN DOSE MEASUREMENT METHODOLOGY 

The measurement methodology explained here is based on the dissertation of 

Thomas Griglock.79  It will be summarized in this section, as well as, any changes made 

in an effort to broaden the scope of the measurements and increase the accuracy of 

measurements.  The in-situ methodology encompasses two main aspects: the tube 

placement and the dosimeter placement.   

6.1 Tube Placement 

The first step needed to perform actual organ dose measurements within 

cadavers is tube placement.  In order to accurately describe that process, the tube 

placement system must first be explained.  The tube placement system allows for 

consistent and reproducible external access to internal organs.  The tubes consist of 

clear PVC (polyvinyl chloride) material with an outer diameter of 19 mm and an inner 

diameter of 16 mm.  The 16 mm inner diameter allows for the dosimeter to easily slide 

in and out of tube even when slightly compressed by soft tissue.  These ”outer” tubes 

are placed within organs and are not moved until all measurements have been 

completed and the cadaver is ready to be returned.  In an effort to keep the inside of the 

tube uncontaminated, the bottom end is sealed prior to being placed within the body.  

The next aspect of the tube placement system is the dosimeter holders, which consist of 

2 much smaller tubes or straws.  The innermost straw is used to create holders for the 

dosimeters with a sealer, while the outermost straw is simply used as to reinforce the 

inner straw and provide structural stability.   Depending on the organ, more or less 

dosimeter holders will be made with the inner straw.  Figure 6-1 is a depiction of the 

tube placement system.   
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The organs in which dose measurements would be made were determined 

based on their radiosensitivity, considering stochastic and deterministic effects, as well 

as, the feasibility of measurement.  The organs chosen include the brain, lens, thyroid, 

breasts, lungs, liver, stomach, colon, small intestine, ovary, uterus, and the skin.  It must 

be noted that a major radiosensitive organ is not included in this list, the bone marrow.  

Obtaining dose information within the skeletal structure of a cadaveric subject is not 

feasible with the methodology of this project.  This is an instance where computational 

models offer a real advantage.  Figure 6-2 is a schematic of the organ tube placement.  

A board-certified radiologist, Sharatchandra Bidari, MD, performed the tube 

placement for all cadavers.  Prior to the start of tube placement, a full body scan of the 

subject was completed.  This allowed visualization of all of the organs and identification 

of proper access points.  A biopsy grid was placed on the surface of the subject in order 

to accurately identify planned locations of tube insertion.  During tube placement, scans 

were repeated multiple times to ensure the tube was placed correctly inside the organ of 

interest.  After all the tubes were placed, a final verification scan was completed to 

double check the position.  Finally, the tubes were marked so that any deviation in 

position over time could be observed.      

6.2 Organ Dose Measurement 

Once tube placement was completed for each subject, dosimetry could be 

performed.  Before the start of this project, a re-evaluation of dosimeter placement from 

the previous methodology was conducted.79  It was concluded that for larger organs, 

increasing the number of dosimeters could improve the accuracy of the model.  For 

those organs that are paired, it was decided to measure both the left and right side, 

even though Griglock showed they may only differ by 5%.79  The lungs and the breasts 
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are included in this discussion.  Due to these organs being fairly large and 

radiosensitive, it is considered advantageous to have more dose information for them.  

For example, there were 4 tubes placed in the lungs, 1 upper tube and 1 lower tube for 

both the right and left lungs.  Dosimeter placement was planned so that the dosimeters 

were sure to remain in the organ of interest and to cover as much area as possible.  

Hence, 2 dosimeters were placed in each lung tube.   

Figure 6-3 shows tube and dosimeter placement for the right breast, left lobe of 

the liver, and the stomach.  The tube placement coupled with the dosimeter placement 

ensured accuracy, and that a wide area of anatomical coverage was achieved.  Table 6-

1 shows the tube and dosimeter logistics for each organ.  The number of dosimeters 

used for each protocol was determined by which organs could be within the planned 

scan range.  The maximum number of dosimeters used for any single protocol was 59, 

which was for the trauma protocol.     

6.2.1 Surface Measurements 

 The number of surface dosimeters was also increased from the previous 

methodology.79  For every body scan, 15 dosimeters were used to assess skin dose.  

The surface dosimeters were prepared in strips, containing 5 dosimeters per strip 

placed 5 cm apart.  Three strips were used for every scan, and placed 10 cm apart 

along the z-axis of the patient.  It is important to keep the surface measurements in the 

primary beam for all scans in order to maintain consistency.  Hence, for scan ranges 

that were much shorter than a CAP, the z-axis distance between the strips was 

shortened to 5 cm.  Figure 6-4 shows how the surface dosimeter strips were placed for 

every subject.   
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6.2.2 “In Utero” Measurements 

The imaging of pregnant patients is medically necessary in certain clinical 

situations.  When CT exams of pregnant patients are needed, careful attention must be 

paid to the radiation dose absorbed by the fetus.  In order to answer if the benefit 

outweighs the risk, it is necessary to know the risks. The risks to the fetus as a result of 

radiation exposure during the first trimester include prenatal death, congenital 

malformations, mental retardation, cognitive impairment, microcephaly and the 

development of childhood cancer.  These biological effects vary with gestational age 

and by the magnitude of the dose absorbed by the fetus.91  The NCRP, ICRP, ACR 

(American College of Radiology) and the ACOG (American Congress of Obstetricians 

and Gynecologists) are a few organizations that address fetal effects at diagnostic dose 

levels.  There are a few variations, but the general consensus is that with a dose below 

50 mGy, the risks to the fetus are negligible, and that fetal doses below 100-150 mGy, 

warrant no further action.91, 92, 93, 94 

The research presented in this document will serve to answer a two-fold 

question: first, what values of fetal dose can be expected from the CT imaging of 

pregnant patients; and second, whether or not such values fall within the levels of 

negligible risk.  Fetal doses, thus far, have only been quantified using either physical 

anthropomorphic phantoms or computational phantoms, but never have been directly 

measured within a human body due to obvious practical limitations.95, 96, 97, 98  As with 

many studies of this nature, the dose to the uterus has been used as a surrogate for the 

fetal dose.  On that account, a tube was placed “in utero” with four of the cadaveric 

subjects to measure and estimate first trimester fetal doses.  An example of dosimeter 

placement for this measurement is shown in Figure 6-5.  The three main CT protocols of 
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relevancy for imaging pregnant patients, and examined in this research, are the chest 

abdomen pelvis, trauma, and pulmonary embolism protocols.  The doses that result 

from these protocols were examined for the 0.5 mm x 64 detector configuration, as this 

is the most common configuration available currently.  These protocols are described at 

length in Section 6.3.2 below. 

6.2.3 Head Measurements 

Articles within the public media have drawn significant attention to the 

unfortunate cases of radiation burns experienced by several Cedars-Sinai patients in 

June 2009, who were exposed to excess radiation during brain perfusion head CT 

scans.5  Standard head and CTA head protocols have been some of the most common 

procedures performed during the past ten  years, owing to the efficacy of CT scanning 

to diagnose strokes and bleeding within the brain. In addition, CT brain perfusion scans 

are now being performed on both narrow and wide-beam scanners, such as the 

Aquilion ONE (Toshiba America Medical Systems, Tustin, CA), which can image the 

entire brain in a single rotation.  Doses from volumetric acquisitions of the brain have 

been shown to be lower than those from conventional 64-slice scanners.72 The organ 

dose measurements in this work aim to better quantify the dose differences between 

detector configurations on the same scanner for various head CT protocols. 

The fifth cadaver acquired for this study, was selected to be a torso with a 

cephalus in order to include dose measurements for common head CT protocols in the 

project.  The sixth and seventh cadavers were full-body subjects, which also allowed for 

head dose measurements to be conducted.  Based on the relative radiosensitivity of 

organs within the head, it was decided that the only internal organ dose measurements 

required were for the brain.  Thus, two tubes were used for the brain dose 
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measurements.  An international fellow of neurosurgery, Dr. Maria Peris-Celda 

performed a craniotomy to insert the tubes.  The first tube was inserted into the frontal 

lobe and extended to the thalamus.  The second tube was inserted at the parieto-

occipital fissure and extended centrally 8 cm.  This allowed for doses to be measured at 

varying depths within the brain. 

A total of 12 dosimeters were used for each head study.  They consisted of 2 in 

the thyroid, 3 on the surface, 2 placed on the eyes, and 5 dosimeters placed in the brain 

tubes.  There were 2 dosimeters placed in the frontal tube, separated by 4 cm.  Three 

dosimeters were placed in the posterior tube, 3 cm apart. Figure 6-6 shows an example 

of dosimeter placement within the head.   

 
6.3 CT Protocols 

With this research, organ doses were measured for the following CT protocols: 

standard head, computed tomography angiography (CTA) head, brain perfusion, chest 

abdomen pelvis, chest, abdomen, pelvis, three-phase liver, pulmonary embolism (PE), 

and trauma.  All protocols were selected based on how common they were performed 

or if they had the potential to result in higher than average doses, such as the three-

phase liver, trauma, and brain perfusion protocols.  These protocols are further 

distinguished as head or body protocols.  However, the trauma protocol does consist of 

both head and body scans, in order to completely assess the dose to a trauma patient.   

All of the protocols described here have been optimized and approved by the 

RPC or Radiology Practice Committee at SUF.  The main job of this committee is to 

maintain consistency in the way that CT scans are performed in the department.  With 
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the efforts of the RPC, all protocols have been standardized, which ensures uniformity 

across all scanners in this institution. 

When organ doses are reported for these various protocols, it must be 

understood that only those organs which are within the primary range of each protocol 

are reported.  Organs that are completely outside of the primary range are assumed to 

only be exposed to scattered radiation, which results in minimal dose.  This is further 

described in Section 9.3.  Organs that are exposed as a result of over-ranging are 

separately acknowledged in Section 9.1.1. 

Additionally, it must be identified that some of the protocols described here entail 

the use of contrast to enhance pathology. These include the three-phase liver, 

pulmonary embolism, and trauma protocols.  The use of contrast was not able to be 

simulated in these protocols due to the cessation of blood flow within the subjects being 

studied.  Thus, the organ doses reported for these protocols may in fact differ slightly 

from doses absorbed in live patients undergoing these exams.  However, the exposure 

conditions for the protocols mentioned here were able to simulated, i.e. the amount of 

exposure time needed for bolus triggering.  Therefore, the only differences in dose 

between these protocols performed on live patients versus deceased, is the increased 

attenuation caused by the contrast within the vascular system.  In conclusion, the 

assumption is made that the impact of these differences on the reported organ doses 

will be minimal.  The following sections comprehensively describe all protocols 

investigated in this study.   
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6.3.1 Head Protocols 

6.3.1.1 Head without contrast 

A standard head protocol at Shands UF (SUF) includes a helical head scan with 

no use of contrast.  The scan begins at the base of the skull and ends at the skull 

vertex, as displayed in Figure 6-7.  Indications for this exam include: headache, 

intracranial hemorrhage, hyrdocephalus, brain injury, seizure, and head trauma.  

Standard head protocols at SUF are performed at 120 kVp, 270 mA, 0.75 s rotation 

time, a pitch of 0.66, a range of 160 mm, and with a small or medium filter.   

6.3.1.2 CTA head   

A CTA head protocol, as performed at SUF, starts with a standard head scan 

without contrast.  Contrast is then administered and the bolus is triggered at the hyoid.  

Upon bolus triggering, a helical scan is immediately acquired from the level of the C3 

vertebra to the skull vertex.  A pictorial display of this scan acquisition is shown in 

Figure 6-8.  A delayed post-contrast acquisition is the last phase of this protocol.  This 

acquisition is in accordance with the standard head protocol described above.  Clinical 

indications for this protocol include: subarachnoid hemorrhage, vascular bypass 

surgery, aneurysm, vascular abnormality, vertebrobasilar insufficiency, dissection, and 

stenosis. 

Both the standard head and CTA head protocols were evaluated at the following 

detector configurations: 0.5 mm x 32 and 0.5 mm x 64 (helical mode), 0.5 mm x 80, 0.5 

mm x 100, 0.5 mm x 160 (ultra-helical mode), and 0.5 mm x 320 (volumetric mode).  

The 0.5 mm x 320 detector configuration can only be operated in volumetric acquisition 

mode, with a rotating gantry and stationary table.   
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The standard head protocol is currently performed at SUF with a detector 

configuration of 0.5 mm x 32. The optimized CTA head protocol consists of a standard 

head scan without contrast at a detector configuration of 0.5 mm x 32, followed by a 

CTA helical acquisition at a detector configuration of 0.5 mm x 64, ending with a 

delayed scan, which is completed at a detector configuration of 0.5 mm x 32.  This 

exam is denoted as “CTA head Shands protocol” in this document.  When examining 

the CTA head protocol at alternate detector configurations, it must be understood that 

identical detector configurations were used for all helical phases of the protocol 

including, the initial head without contrast, the CTA phase, and the delayed head 

without contrast.   The detector configuration utilized is indicated in the tables in 8.3.1.  

The helical portion of the CTA head protocol is completed with similar scan parameters 

as the standard head scan, with the exception of the tube current, which is increased 

from 270 mA to 400 mA. 

6.3.1.3 Brain perfusion  

The final head protocol examined in this research included the brain perfusion 

CT protocol.  Brain perfusion scans can deliver higher organ doses than the head scan 

protocols mentioned in the section above.  Therefore, high priority was given to the 

measurement of organ doses from this protocol, specifically dose to the lens of the eye.  

In order to assess the dose to the lens from the brain perfusion protocol and to evaluate 

potential dose reduction techniques, the lens dose was measured with and without the 

use of a bismuth shield for 2 of the 3 cephalic subjects.   

The clinical indications for a brain perfusion protocol include vasospasm and 

acute stroke.  The use of CT for the evaluation of these clinical indications can result in 

rapid diagnosis and better treatment options for patients.   By utilizing the full detector 
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array of the Aquilion ONE (Toshiba America Medical Systems, Tustin, CA), the entire 

brain can be imaged in one rotation.  

The brain perfusion protocol begins with a standard head scan without contrast.  

This acquisition is performed in order to determine if brain hemorrhages are present.  It 

is followed by the perfusion acquisition series, which are performed in the dynamic 

volume mode of the 320-slice scanner.  The scan range is 160 mm and is denoted by 

the same anatomical indicators as shown in Figure 6-7.  The dynamic volume mode 

consists of a series of timed-delayed volumetric acquisitions obtained with the table 

remaining stationary; this results in repeated exposures over the same region of 

anatomy.  This exposure sequence is shown in detail in Figure 6-9.  The final scan for 

this protocol is a delayed standard head acquisition.  Both of the head scans performed 

immediately before and immediately following the perfusion acquisition series are 

performed with the Shands default protocol, which is acquired at a detector 

configuration of 0.5 mm x 32, as mentioned above.      

In some cases, such as those when patient motion occurs during the perfusion 

portion of the scan, a CTA head acquisition is performed after the perfusion acquisition 

series and before the delayed head scan.  Because this represents a special case, this 

CTA head acquisition was not included in the measurements conducted for this 

research. 

6.3.2 Body Protocols 

6.3.2.1 Chest abdomen pelvis 

The chest abdomen pelvis (CAP) protocol scans the entire torso, starting at the 

thoracic inlet and ending at the lesser trochanter.  The indications for a CAP protocol 

include, but are not limited to, a fever of unknown etiology, search for primary 
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malignancy, colorectal cancer, lymphoma, and workup of metastatic disease.  All adult 

CAP exams are performed at 120 kVp, a tube rotation time of 0.5 s, with the large filter, 

a pitch range of 0.81-0.87, and tube current modulation activated. 

6.3.2.2 Chest 

The chest protocol calls for images from the thoracic inlet to the top of the 

kidneys.  Due to the asymmetrical nature of the kidneys, the scan is usually ended at 

the top of the right kidney, since it is inferior to the left kidney.  A chest CT can be 

requested if abnormalities are discovered on a chest radiograph or if occult thoracic 

pathology is suspected clinically.  The protocol can also be requested for staging and 

follow-up of lung cancer or other malignancies.  Thoracic vascular abnormalities or 

anomalies can be diagnosed with a chest CT.  Finally, a chest protocol can be used for 

the evaluation and follow-up of pulmonary parenchymal and airway disease.  All adult 

chest protocols are performed at a nominal tube voltage of 120 kVp, a tube rotation time 

of 0.5 s, and with a large filter.  The pitch factor ranges from 0.99 to 1.48, higher than 

most body protocols so that a faster scan time can be accomplished and motion 

artifacts are minimized.   

6.3.2.3 Abdomen 

An abdomen protocol starts at the dome of the diaphragm and ends at the iliac 

crest.  Indications for this exam include the following: abdominal pain, abdominal hernia, 

weight loss, nausea and vomiting, fever, non-complicated pancreatitis, evaluation of 

renal masses, and detection of complications after abdominal surgery.   The scan 

parameters for the abdomen protocol mimic those of the CAP protocol.      
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6.3.2.4 Pelvis 

A pelvis scan begins at the iliac crest and ends at the lesser trochanter.  Clinical 

indications for a pelvic CT include: pelvic pain, ovarian cyst, perirectal abscess, pelvic 

mass, pelvic inflammatory disease, and detection of complications after pelvic surgery.  

Scan parameters for the adult pelvis are identical to those of the CAP protocol.   

6.3.2.5 Three-phase liver 

The three-phase liver protocol has the same scan range as the abdomen 

protocol, starting at the dome of the diaphragm and ending at the iliac crest.  However, 

it entails three different helical acquisitions over the same anatomical area.  This 

protocol requires the use of contrast.  When contrast is injected, the bolus is tracked at 

the superior end of the scan and is triggered on the aorta.  The first helical scan is 

acquired immediately when the bolus is triggered and represents the arterial phase of 

this protocol.  The venous phase is initiated after a 70 second delay.  The third and final 

phase is known as the delayed phase, and is performed 3 minutes following the venous 

acquisition.  The clinical indications for a three-phase liver scan include a possible liver 

mass, pre-transplantation evaluation, cirrhosis, portal vein invasion, neuroendocrine 

tumor, hemangioma, cholangiocarcinoma, and hepatocellular carcinoma.  All three 

phases of this exam are performed at 120 kVp, 0.5 s tube rotation time, a pitch between 

0.81 and 0.87, and with the large body filter.  Tube current modulation is also employed 

for all helical phases.     

6.3.2.6 Pulmonary embolism 

A pulmonary embolism is the one of the most frequent CT protocols used on 

pregnant patients.  This protocol is used for the primary diagnosis of pulmonary 

embolism in patients that have presented with clinical findings suggestive of the 
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pulmonary embolism or when a rapid diagnosis is needed.  The scan range is similar to 

a chest CT, starting at the base of the adrenals and ending just above the apex of the 

lung.  The use of contrast is essential for this exam.  The contrast bolus is tracked and 

triggered on the pulmonary artery, at which time the helical acquisition commences.  

The scan parameters for the helical acquisition are almost identical to those used in a 

chest protocol.  The pitch is the only parameter that differs from the chest protocol, 

ranging from 0.81 to 0.87 similar to the other body protocols examined here.       

6.3.2.7 Trauma 

A trauma protocol is commonly used in emergency situations to evaluate internal 

complications in a timely manner.  A full trauma protocol requires scans of the head, 

neck, and torso.  The protocol begins with a standard head scan, and is followed by a 

scan of the cervical spine.  The head scan is completed at 120 kVp, 290 mA, 0.75 s 

rotation time, and a pitch between 0.64 and 0.87.  With the c-spine portion of the 

protocol, tube current modulation is active and the scan is completed at 135 kVp with 

the same tube rotation time and pitch as the head scan.  The small and medium filters 

are most commonly used for portion of the exam. 

The body portion of the trauma protocol requires the use of contrast, for which 

the contrast bolus is tracked at the level of the aortic arch and triggered on the 

descending aorta.  At the time of triggering, an arterial CAP scan is initiated. A venous 

abdomen pelvis (AP) scan follows after a 70 second delay.  The abdomen pelvis scan 

starts at the dome of the diaphragm and ends at the lesser trochanter of the femur.  In 

some cases, an additional delayed scan will be performed to image the urinary tract.  

The dose measurements reported for this protocol do not include the urinary tract 
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delayed phase.  The scan parameters for the CAP and AP scans are identical to those 

listed in 6.3.2.1.     

This exam is another protocol that is used as an important triage tool for 

pregnant patients that have experienced trauma, such as a car accident.  In some 

trauma situations where a patient is known to be pregnant, steps can be taken to 

reduce the fetal exposure. Hence, the fetal dose estimate reported for this protocol is a 

conservative estimate of dose.  It must also be noted that the fourth subject was a torso 

with no cephalus.  In order to simulate the exposure from this protocol a head phantom 

was aligned with the subject.  However, due to the obvious differences in media, the 

head and neck organ doses were not reported for the phantom.  
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Figure 6-1.  Tube placement system. 

 

Figure 6-2.  Tube placement schematic. 
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Figure 6-3.  Dosimeter placement in the right breast, left lobe of the liver, and stomach. 

 

 

Figure 6-4.  Placement of skin dosimeter strips for a chest protocol. 
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Figure 6-5.  “In Utero” dosimeter placement and left ovary tube placement. 

 

Table 6-1.  Tube and dosimeter locations. 

Organ Location # of Tubes # of Dosimeters 

Brain 2 5 

Lens 0 2 

Head Surface 0 3 

Thyroid 0 2 

Breast- triple R 1 3 

Breast- double R 1 2 

Breast- triple L 1 3 

Breast- double L 1 2 

Upper Lung- double R 1 2 

Lower Lung- double R 1 2 

Upper Lung- double L 1 2 

Lower Lung- double L 1 2 
Upper Right Lobe of Liver- double and single 
left lobe 1 3 

Lower Right Lobe of Liver- single 1 2 

Stomach 1 2 

Small Intestine 1 2 

Ascending Colon-R 1 1 

Descending Colon-L 1 1 

Ovary 1 2 

Uterus 1 1 

Surface Strips 0 15 

   

TOTAL 16 59 
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Figure 6-6.  Dosimeter placement for organ dose measurements in the head. 

  

 

Figure 6-7. Scan range for standard head protocol and brain perfusion protocol. 

 

 

Figure 6-8. Scan range for CTA head protocol. 
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Figure 6-9. Acquisition sequence for brain perfusion protocol. 
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  CHAPTER 7
SIZE PARAMETER MEASUREMENT 

7.1 Investigation of Size Parameters 

An ideal size parameter to characterize body habitus in relation to computed 

tomography scans should be one that is easy to acquire, can be obtained at the time of 

scanning, and accurately describes the distribution of size along the body.  Height and 

weight were excluded from this study as they offer only basic information on the body 

build of a patient. In addition, obtaining an accurate weight of a patient at the time of the 

scan can prove to be challenging.  Body mass index or BMI was used solely as a 

descriptor of the subjects in this study.  Patient perimeter is a parameter that is both 

relevant to size and has been shown to correlate with dose.62  However, patient 

perimeter cannot be easily measured at the scanner console or with standard image 

processing software used in radiologist reading rooms.  For this reason, patient 

perimeter was excluded as a size parameter in this research.     

The main size parameter explored in this research is the diameter of a circle that 

has an identical area as the patient cross-section.  This size parameter has been called 

various names in the literature, such as mean body diameter, equivalent diameter and 

effective diameter.99, 100  The term used in this research is the effective diameter, a 

quantity that is commensurate with that described in AAPM Report No. 204.52   

7.2 Methods of Measuring Size Parameters 

The effective diameter is based on measurements which can be completed on 

CT images.  From a geometric relationship, the effective diameter can be calculated 

with the measurement of the anteroposterior and lateral dimensions, as shown in 

Equation 7-1. 
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                    √        (7-1) 

The effective diameter offers many advantages in being an easily obtained size 

parameter.  However, the quantity also has some ambiguousness surrounding its 

measurement.  AP and lateral dimensions could be measured for any slice within an 

image set and can also be measured at different locations within a single image.  In 

order to examine the relationship between organ doses and the effective diameter, the 

effective diameter was measured in two different ways.  First, it was measured at the 

central slice of every scan for all protocols and subjects, as shown in Figure 7-1. 

Second, it was measured at the central slice of every organ within the image set for all 

protocols and subjects.  Figure 7-2 shows an example of the AP and lateral dimension 

measurements for the liver, colon, and lungs.  For both methods, the AP and lateral 

dimensions were measured at the most central location on the patient cross-section.  

An example of the measurement of these two dimensions is shown in Figure 7-1.  The 

CAP protocol was used to evaluate which method provided the best correlation with 

organ dose, due to the inclusion of almost all organs of interest and its clinical 

relevance.  The results of these two methods are compared in Section 8.6.   
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Figure 7-1. Measurement of the antero-posterior (AP) and lateral dimensions within the 
central image for calculation of effective diameter. 

 

Figure 7-2. Measurement of the AP and lateral dimensions within the central slice of the 
following organs: A) Liver B) Colon C) Lungs. 
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  CHAPTER 8
RESULTS 

8.1 Acquisition of Subjects 

One of the most influential parameters of dose to a patient in CT is body size.  

For this reason, organ dose measurements were performed on subjects with a range of 

BMIs or body habitus.  In total, 8 adult female cadaveric subjects were obtained for this 

research.  According to the World Health Organization (WHO), BMI classifications are 

as follows:101   

 Underweight: < 18.5 

 Normal: 18.5 > 24.99 

 Overweight:  25 > 29.99 

 Obese: 30 > 39.99 

 Extreme Obesity: > 40 
 
The distribution of BMIs of the subjects spanned a wide range, from 16.6 to 43.9, 

as shown in Table 8-1.  BMIs in the overweight or obese classification represent 80.4 % 

of adult American females of the ages 30-100.101  Hence, organ dose measurements in 

the overweight or obese classification will represent a large majority of the population.   

Throughout the rest of this document, the subjects will be described by the 

numbers listed in Table 8-1.  The number refers to order of acquisition of the subjects.  

For all 8 subjects, organ doses were measured for five of the body CT protocols 

described in Section 6.3 including a CAP, individual chest, abdomen, and pelvis 

protocols and a three-phase liver protocol.  Helical and ultra-helical acquisitions were 

studied with subjects 4, 5, 6, and 7 for 7 protocols total.  Those 7 protocols were 

inclusive of the five just mentioned, as well as the pulmonary embolism and trauma 

protocols.  Organ dose measurements for the head protocols were able to be completed 

with subjects 5, 6, and 7.  
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8.2 Characterization of Beams in Ultra-Helical Acquisition Mode 

8.2.1 Half-Value Layer 

The results of the first and second HVL measurements, along with the 

corresponding homogeneity coefficients are listed in table 8-2.  The measurement 

details are described in Section 5.2.  The values shown are commensurate with those 

reported elsewhere in the literature.  Geleijns et al. measured HVLs of 6.4 and 7.1 mm 

Al for 120 kVp beams with the small and large bowtie filters in place.47   

8.2.2 Beam Width 

The measured beam widths and geometric efficiencies for all detector 

configurations utilized in this project are listed in Table 8-3.  For the 0.5 x 320 detector 

configuration, a beam width of 176 mm was measured, as described in Section 5.3.  

Lavoie also measured the actual beam width for this detector configuration, and the 

same result was reported.72  As expected, the dose efficiency or geometric efficiency 

increases with beam width.  The geometric efficiency ranged from 64 to 91 percent for 

all the detector configurations studied. 

8.2.3 Over-Ranging 

The calculation of over-ranging lengths and rotations are shown in Tables 8-4, 8-

5, and 8-6 for the head, chest, and abdomen protocols, respectively.  These values 

were calculated by the methods discussed in Section 5.3.  The method utilizing AAPM 

Report No. 111, is denoted TG-111 and refers to the first set of over-ranging values.14  

The over-ranging lengths calculated utilizing the CTDIVol and DLP values are listed 

second.   

The same scan parameters were used for all subjects for the head protocol, 

which is the case for all adult heads performed clinically.  For the TG-111 method, the 
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over-ranging lengths are 2.62 cm, 4.77 cm, 5.42 cm, 8.36 cm, and 13.65 cm when the 

number of detector channels used is 32, 64, 80, 100, and 160, respectively.  When the 

DLP is utilized to calculate the over-ranging length, the results are 1.78 cm, 2.92 cm, 

4.56 cm, 7.11 cm, and 11.09 cm for 32, 64, 80, 100, and 160 active detector channels, 

respectively.  The CTDI/DLP method results in smaller values for all over-ranging 

lengths.  The doses corresponding to these over-ranging lengths are shown in Figures 

8-1, 8-2, and 8-3.  

8.3 OSLD Correction Factors 

The methodology for measuring and computing organ doses is described in 

detail in Section 4.1.2.4.  Equations 4-1, 4-2, and 4-3 are utilized to calculate the organ 

doses measured in this research.  Table 8-7 presents the f-factors calculated for all 

energy and filter combinations utilized on the CT scanner investigated in this project.  

The f-factors used for this project are 1.06 and 1.07, in accordance with those reported 

by Lavoie and AAPM Report 96.72  

Tables 8-8, 8-9, and 8-10 compile the energy and scatter correction factors to be 

used for dosimeters utilized to measure surface doses, as well as those used for 

internal organ dose measurements, both for head and body CT protocols.  The energy 

and scatter correction factors are presented as the ratios of the dosimeter readings to 

the ion chamber readings.  The last row in each of the tables is the mean correction 

factor for all depths measured within the CTDI phantoms.  This is the value that is used 

as CE,S in equation 4-1, following the same methodology as Lavoie and Griglock.72, 79 

The energy correction factors ranged from 0.83 to 0.92, with the higher energies 

requiring a greater correction to be made.  This result is expected as the reader is 

initially calibrated to an 80 kVp beam, thus greater departures from this energy will 
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command a greater correction.  For body protocols, the only energy and filter 

combination utilized for scanning is 120 kVp, large filter.  To correct the skin 

measurements for body protocols, a correction factor of 0.85 must be applied.  This 

factor very closely matches the manufacturer’s recommendation to use a correction 

factor of 0.84 for use of the dosimeters with a 120 kVp beam.  Verification of this 

correction factor was conducted on the surface of a cadaveric subject with a rotating x-

ray tube.  The results of this verification are displayed in Table 8-11.  Once the 

correction factor was applied to the dosimeter readings, each dosimeter’s dose was 

found to be within 5 % of that measured with the ion chamber.  The average of the 

corrected dosimeter doses was within 1 % of the dose obtained by using the ion 

chamber.     

The mean values of CE,S for the head and body phantoms are comparable.  

Again, the largest correction is required for the 135 kVp beams.  The values shown in 

the tables below are also commensurate with those measured by Lavoie et al.74  In the 

body phantom, when the 120 kVp and the small filter are selected, Lavoie et al. reports 

a correction factor of 0.93, while the correction factor reported here is 0.92.74  The same 

difference is observed for the 135 kVp beam, when compared with that of Lavoie et al.74    

Correction factors for all energy and filter combinations utilized in the adult CT 

protocols investigated in this project were obtained with this method.  All organ and 

surface doses reported in this dissertation were appropriately corrected based on the 

energy response of the dosimeters and measurement conditions. 

8.4 Organ Doses  

The organ dose results for the methods described in Chapter 6 are presented in 

this chapter.  For all organ doses measured, the maximum dose, average dose, and 
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standard deviation are reported.   The majority of the organ doses measured and 

reported here are those that are in the primary scan range of the protocols examined.  

Although for some subjects, the same organs are not always exposed due to 

anatomical variations.  In order to account for this variability, some organs were divided 

into superior and inferior sections.  When this division in enabled, it is noted in the dose 

tables.  In addition, for some organs, such as the uterus, only one dosimeter was used 

to measure dose.  In these instances, two dashes are used in place of a number for 

standard deviation in all dose tables. 

The head protocol organ doses are present first, and body protocol doses 

second.  Organ doses that result from body scans are broken up into two different 

sections.   

The first section is devoted entirely to examining differences in primary organ 

doses with increasing beam width size.  Organ doses are presented in 8.4.1 for four 

different detector configurations, which utilize both helical and ultra-helical acquisition 

modes.  Four subjects of varying body habitus, were used to determine the effect of 

varying the scanner detector configuration on organ doses in the primary scan range. 

The second section displays results for 8 subjects and 5 CT protocols, all at a 

detector configuration of 0.5 mm x 64.  It is with the doses presented in this section, that 

size parameter correlations were analyzed. 

8.4.1 Head Protocol Doses 

Organ doses measured for the head CT protocols described in Sections 6.2.3 

and 6.3.1 above are shown in Tables 8-12, 8-13, and 8-14 for the standard head 

protocol, CTA head protocol, and the brain perfusion protocol, respectively.    
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For the standard head protocol, the average dose to the brain ranged from 23 

mGy to 40 mGy for all detector configurations and all three subjects.  The average dose 

to the lens from this protocol fell within the 34-57 mGy range for all detector 

configurations.  Finally, the overall average dose to the skin for all detector 

configurations was between 33 mGy and 58 mGy.  These doses are shown illustratively 

in Figure 8-4.   

In regards to the CTA head protocol, the average organ doses were found to be 

within the 70-121 mGy range, 11-56 mGy range, 100-163 mGy range, and 102-164 

mGy range for the brain, thyroid, lens, and skin, respectively.  For the brain perfusion 

protocol, the average organ doses fell within the following ranges: 150-192 mGy, 13-28 

mGy, 272-330 mGy, and 272-319 mGy for the brain, thyroid, lens, and skin respectively.   

Table 8-15 shows the lens dose reduction which can be achieved with the use of 

a bismuth shield.  It must be noted that the lens dose from the brain perfusion protocol 

with a shield in place for cadaver 6 is only a result of one dose measurement, as 

opposed to two for all other doses listed.  After that exam was completed, it was 

discovered that one of the dosimeters had fallen off of the eye of the subject and could 

not be used to accurately estimate dose.  The use of a bismuth shield reduced the lens 

dose of both subjects from 272 mGy and 297 mGy to 206 mGy and 237 mGy. 

8.4.2 Body Protocol Organ Doses 

8.4.2.1 Organ doses for 4 subjects from helical and ultra-helical acquisitions 

As described in Chapter 6, organ doses for 7 body CT protocols were measured 

for four different detector configurations, one of which was helical (0.5 mm x 64) and 

three of which were ultra-helical (0.5 mm x 80, 0.5 mm x 100, 0.5 mm x 160).  The 

resulting organ doses from these modes of acquisition are displayed in Tables 8-16–8-
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22 for the CAP, chest, abdomen, pelvis, three-phase liver, pulmonary embolism, and 

trauma protocols, respectively. 

Scanning from the thoracic inlet to the lesser trochanter, the CAP protocol 

irradiates most of the radiosensitive organs for which doses were measured.  For all 

four subjects, the average organ dose ranged from 8.5 mGy to 33.1 mGy.  The 

maximum organ dose measured was a skin dose of 36.6 mGy, which resulted from one 

of the largest subjects (cadaver 7) and the 0.5 mm x 160 nominal beam width.  Across 

the board, the lowest average organ doses were measured for the smallest subject 

(cadaver 4) and the smallest nominal beam width, 0.5 mm x 64. 

  The chest protocol required doses to be measured for the thyroid, breasts, 

lungs, liver, stomach, and skin.  Average organ doses for this protocol ranged from 8.2 

mGy to 29.5 mGy.  The minimum average organ dose of 8.2 mGy was measured for the 

stomach of the smallest subject (cadaver 4) with the 0.5 mm x 64 detector configuration.  

The highest dose measured was 30.6 mGy on the surface of cadaver 5 for the largest 

detector configuration. 

The organs examined for the abdomen protocol include the breasts, lungs, liver, 

stomach, small intestine, and colon.  Due to the anatomical positioning of this scan, the 

lungs are not fully located in the primary beam; therefore, average doses are reported 

for the entire organ and for just the lower portion of the lungs.  For this protocol, the 

breasts are also subject to these conditions, but were not able to be divided in a similar 

manner.  Thus, the breast dose reported does include all dosimeters that measured 

breast dose.  Average organ doses ranged from 4.7 mGy to 30.0 mGy for the abdomen 

protocol.  The minimum average organ dose of 4.7 mGy was measured for breast of 
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cadaver 7 and the nominal beam width of 0.5mm x 64.  This is one example of organ 

variability among subjects.  The maximum measured dose for this protocol was 35.5 

mGy, which was a skin dose from cadaver 6 and the largest detector configuration. 

The scan range of the pelvis protocol is the shortest of all protocols examined.  

Doses were measured for the small intestine, colon, ovaries, uterus, and skin for the 

pelvis protocol.  Average organ doses fell between 5.0 mGy and 28.7 mGy.  The 

minimum average organ dose of 5.0 mGy was measured for the small intestine of 

cadaver 7 for the 0.5 mm x 64 detector configuration.  The tube for this organ was 

located just outside the scan range selected by the technologist.  The average dose to 

the small intestine of this subject does increase with increasing beam widths, 

representing the effect of over-ranging.  The maximum measured dose was observed 

with skin of cadaver 7 for the largest detector configuration.    

The helical portion of the three-phase liver exam is identical in scan range to that 

of the abdomen protocol.  Hence, dose measurements were conducted for the same 

organs.  The average organ doses for the three-phase liver protocol ranged from 15.3 

mGy to 84.3 mGy, a wide range which encompasses organs in the primary beam and 

those just outside the selected scan range for some subjects.  The maximum dose 

measured was a 100.5 mGy dose to the skin of cadaver 7 for the 0.5 mm x 100 detector 

configuration.      

The pulmonary embolism protocol measured doses for the same organs as the 

chest protocol.  For this protocol, average organ doses fell within the 12.0-37.7 mGy 

range.  The minimum average organ dose was measured for the breasts of cadaver 4 
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and the 64-slice scan.  The maximum dose measured was 41.6 mGy, a dose to the skin 

of cadaver 5 with the 0.5 mm x 160 configuration.   

The maximum amount of dosimeters was used for the trauma protocol, which 

encompasses the head, cervical spine, and the entire torso.  For the head portion of the 

scan, the minimum average organ dose measured was 29.0 mGy to the brain of 

cadaver 5 and the 160-slice scan.  The maximum measured dose to the head was a 

lens dose of 81.0 mGy for cadaver 7 and the 64-slice scan.  The cervical spine and 

torso scans resulted in an average organ dose range of 22.4-107.8 mGy.  The 

maximum organ dose was a 115.8 mGy dose to the thyroid of cadaver 6 and the 0.5 

mmx 160 detector configuration.  The minimum average organ dose of 22.4 mGy was a 

dose measured to the stomach of the smallest subject (cadaver 4) and with the smallest 

nominal beam width (0.5 mm x 64).  

In order to more clearly determine the effects of increasing beam width on organ 

doses, percent differences were calculated for each protocol relative to the 0.5mm x 64 

average organ doses.  Table 8-23 presents the percent differences for overall average 

organ doses for each subject.   

Tube current modulation was used for all body protocols examined.  The tube 

current modulation algorithm responds differently to various body habitus and beam 

widths.  Figures 8-5, 8-6, and 8-7 display tube current modulation plots for various 

protocols and detector configurations with all four subjects.  

8.4.2.2 Organ doses for 8 subjects from 0.5 mm x 64 acquisitions 

The direct measurement of organ doses for five common CT protocols has been 

accomplished with 8 cadaveric subjects for the 0.5 mm x 64 detector configuration, the 

current clinical standard.  The organ doses for these 8 subjects are presented in Tables 
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8-24-8-28 for the CAP, chest, abdomen, pelvis, and three-phase liver protocols, 

respectively.  The organ doses for the 0.5 mm x 64 detector configuration for subjects 4-

7 were presented in 8.4.1 first and are replicated in the tables presented in this section.  

The organ doses presented in these tables for subjects 1-3 as defined in Table 8-1, are 

from the dissertation of Thomas Griglock.79  It must be noted that dose to the uterus 

was not measured for these subjects, and this is indicated in the tables by the use of 

dashed lines. 

The CAP protocol resulted in average organ doses within the 8.5-41.2 mGy 

range for all 8 subjects.  The maximum organ dose of 41.2 mGy was a dose received by 

the small intestine of cadaver 1.  Initially, it was expected that the maximum organ dose 

would go to the skin due to its proximity to x-ray tube.  However, upon further evaluation 

of the tube and dosimeter placement in this subject it was observed that the small 

intestine tube was placed more inferior than most others, which resulted in closer 

proximity to pelvic region where tube current is often at a maximum.  In addition, skin 

dosimeters were placed in slightly different positions for the first three subjects, as 

described in 6.2.1.  Only one surface dosimeter was placed over the pelvic region for 

this subject, which could have resulted in the discrepancy between the small intestine 

and skin doses observed for this subject.   

Average organ doses for the chest protocol fell between 4.7 mGy and 29.7 mGy.  

The minimum average organ dose was observed for the thyroid of subject 3.  Due to 

anatomical variations among subjects, organ doses can vary by a substantial amount 

for organs at the edge of the scan range.  The thyroid of subject 3 was just outside the 
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selected scan range for this protocol.  The maximum dose was a surface dosimeter 

which measured 36.6 mGy on subject 1. 

The abdomen protocol resulted in average organ doses ranging from 1.8 mGy to 

30.5 mGy for all 8 subjects.  The smallest average organ dose of 1.8 mGy was 

measured for the lungs of subject 2, which proved to be outside of the scan range due 

to the location of organ and dosimeters within that subject.  The maximum measured 

dose was 34.2 mGy, to the skin of cadaver 7.   

The range of average organ doses for the pelvis protocol was between 5.0 mGy 

and 29.9 mGy.  The smallest organ dose was again, due to the organ’s location outside 

of the scan range, as selected by the technologist.  The highest dose measured for the 

pelvis protocol was a dose to the skin of 35.8 mGy for cadaver 7. 

The organ doses measured for the three-phase liver protocol were 

characteristically higher than the doses measured for the other single phase studies 

examined.  The average organ doses ranged from 4.6 mGy to 82.5 mGy.  As with the 

abdomen protocol, the minimum average organ dose was measured for the lungs of 

subject 2.  The maximum dose measured for the three-phase liver protocol was 99.7 

mGy, from the skin of cadaver 1. 

8.4.3 Fetal Dose Estimates 

The results for each of the three pregnant patient protocols examined and the 

four cadaveric subjects are shown in Figure 8-8.  The average dose to the uterus from a 

pulmonary embolism CT examination was under 1 mGy for all subects.  In this case, the 

uterus is outside of the primary beam.  For the CAP and trauma protocols, the fetus is in 

the primary beam; the fetal dose estimates ranged from 14.1 mGy to 22.5 mGy for a 

CAP protocol, and from 25.7 mGy to 40.6 mGy for a trauma protocol.   
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8.5 Size-Specific Dose Estimates 

In order to compare size-specific dose estimates with direct dose measurements, 

the anterior-posterior and lateral dimensions were measured at various locations within 

the CAP scans for each subject.  The effective diameter for each representative AP and 

lateral dimension was calculated, and the corresponding correction factor was obtained 

from AAPM 204.  The correction factor was applied to the exam CTDIVol, which was 

then compared with the measured organ doses for each cadaver.  The first SSDE was 

calculated based on the dimension measurements at the central slice of the study.  In 

order to perform a more detailed comparison between the SSDEs and organ doses, the 

second set of SSDEs were calculated based on the central slice of each organ within 

the CAP scan.  Tables 8-29 through 8-36 display the SSDE comparisons with the 

measured organ doses for all 8 subjects.  The SSDE calculated for the skin dose 

comparison was the same as the central slice SSDE.  The central slice SSDE is located 

in the last row of each table.  The average organ dose listed in that row of each table is 

the overall average of all organ doses listed. 

8.6 Size Parameter Correlations 

Chapter 7 explored the methods utilized to determine the size parameter of 

interest in this research, the effective diameter.  Table 8-37 displays the effective 

diameters calculated from the measurement of the AP and Lateral dimensions for the 

central slice of a CAP scan and the central slice of each organ within a CAP scan for all 

8 subjects.   

Correlations were first explored between the average organ doses listed in Table 

8-24 and the effective diameters in Table 8-37.  A second order polynomial was 

determined through regression methods as the best overall fit to the data.  Figure 8-9 



111 

illustrates the relationship between the central slice effective diameter and 

corresponding organ doses.  Pearson correlation coefficients (R2) for Figure 8-9 ranged 

from 0.595 to 0.924.  Figure 8-10 displays the relationship between the central effective 

diameter of each organ and the corresponding organ doses. R2 values for Figure 8-10 

ranged from 0.578 to 0.893, indicating that overall, using the effective diameter of the 

central slice results in slightly better correlations than using the central effective 

diameter of each individual organ.  The equations for the correlations observed in 

Figure 8-9 are displayed in Table 8-38, with the corresponding R2 values. 

In addition to investigating correlations between organ doses and size 

parameters, scan parameters were also included in the analysis.  This was done so that 

patient-specific correlations could be established that not only take into account the size 

of the patient, but also the scan parameters associated with each individual’s exam.  To 

that effect, organ dose conversion factors were calculated by taking the ratio of each 

average organ dose to the exam CTDIVol.  Correlations for these dose conversion 

factors and the two effective diameters were studied for each organ and are shown in 

Figures 8-11 and 8-12.   

By analyzing the overall fit of the data, it was determined that using the effective 

diameter of the central slice of a scan resulted in the strongest correlation with the dose 

conversion coefficient.  For that reason, further correlations between organ doses and 

the central effective diameter of each organ were excluded.  The R2 values from the use 

of CTDIVol as the normalization factor for organ dose ranged from 0.301 to 0.989 for the 

CAP protocol.  Table 8-39 presents the polynomial fit equations correlating organ dose-

to-CTDIVol conversion coefficients with the central slice effective diameter for the CAP 
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protocol.  While most organs show a strong correlation between the dose coefficients 

and effective diameter, a weak correlation is observed for the thyroid, stomach and 

ovary.  The correlation coefficents (R2) and corresponding p-values for these three 

organs do not represent a statistically significant correlation.       

Tables 8-40 through 8-43 present the best fit equations (second-order 

polynomials) for the chest, abdomen, pelvis and three-phase liver protocols.  For the 

chest protocol, all organ dose conversion coefficients correlated fairly well with effective 

diameter, except the thyroid, which showed no real correlation at all.  The abdomen 

protocol did not show strong correlations for the lungs and the small intestine.  The 

pelvis protocol had weak correlations for the ovary and the colon.  Finally, the three-

phase liver protocol showed weak correlations for the lungs and small intestine, the 

same as the abdomen. 

With the incorporation of CTDIVol as a dose normalization factor, there lies a 

possibility to expand beyond just the protocols for which doses were directly measured.  

In order to determine if the application of these equations could be broadened to include 

additional protocols, a trauma protocol was utilized as a test case.  Measured organ 

doses for this protocol were compared to the calculated values obtained with the 

equations from Table 8-39.  Since the body portion of a trauma protocol consists of a 

CAP and AP scan, the CTDIVol for both of the individual helical scans was extracted 

from the dose report.  Then, the AP and lateral dimensions were measured at the 

central slice of both scans, and two values of effective diameter were calculated.  Organ 

doses for each helical scan were calculated separately, by obtaining the organ dose 

conversion factors and multiplying by each scan’s CTDIVol.  The sum of the calculated 
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organ doses from the CAP and AP scans was compared with the directly measured 

organ doses.  This was done for an overweight and obese patient and the results are 

presented in Tables 8-44 and 8-45.  

Another possible application of these organ dose equations is the use of only the 

CAP protocol equations to estimate organ doses for all protocols.  If additional subjects 

are utilized for organ dose measurements, the measurement time would become much 

more efficient if only a CAP protocol had to be studied.  For this reason, comparisons 

between measured organ doses and those calculated from just the CAP equations were 

explored.  This comparison was done for three subjects of varying size and for the 

chest, abdomen, and pelvis protocol individually.  The results are presented in Tables 8-

46, 8-47, and 8-48.      
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Table 8-1.  Cadaver body mass index (BMI) classification. 

Subject Height (in) Weight (lbs) BMI Classification 

Cadaver 1 67 170.0 26.6 Overweight 

Cadaver 2 68 143.0 21.7 Normal 

Cadaver 3 65 100.0 16.6 Underweight 

Cadaver 4 59 86.0 17.4 Underweight 

Cadaver 5 65 163.0 27.1 Overweight 

Cadaver 6 64 255.6 43.9 Extreme Obesity 

Cadaver 7 62 192.4 35.2 Obese 

Cadaver 8 62 162.8 29.8 Overweight 

 
 
Table 8-2.  Half-value layer (HVL) measurements (mm Al) for the AquilionONE. 

  Energy/Bowtie Filter 

  80 kVp  100 kVp 120 kVp 135 kVp 

Bowtie Filter: S M/L S M/L S M/L S M/L 

HVL1 4.13 4.85 4.97 5.89 6.23 7.19 7.04 8.05 

HVL2 5.76 6.76 7.37 8.01 8.87 9.38 9.55 10.23 

Homogeneity 
Coefficient 0.72 0.72 0.67 0.74 0.70 0.77 0.74 0.79 

 
 
Table 8-3.  Beam width and geometric efficiency. 

Detector 
Configuration 

Nominal 
Width (mm) 

Measured 
Width (mm) 

Penumbra 
(mm) 

Geometric 
Efficiency 

0.5 mm x 32 16 25 9 0.64 
0.5 mm x 64 32 42.6 10.6 0.75 
0.5 mm x 80 40 48.6 8.6 0.82 

0.5 mm x 100 50 58.8 8.8 0.85 
0.5 mm x 160 80 88 8 0.91 
0.5 mm x 320 160 176.4 16.4 0.91 
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Table 8-4.  Scan parameters and over-ranging lengths for the head protocol at various 
detector configurations 

Scan Parameters 
0.5 mm x 

32 
0.5 mm x 

64 
0.5 mm x 

80 
0.5 mm x 

100 
0.5 mm x 

160 

kVp 120 120 120 120 120 

mA 270 270 270 270 270 

Rotation Time (s) 0.75 0.75 0.75 0.75 0.75 

Range (mm) 160 160 160 160 160 

D-FOV 220 S 220 S 220 S 220 S 220 S 

Eff mAs 309 317 318 233 234 

Total Scan Time (s) 13.3 7.6 6.3 4.2 3.2 

Focal Spot Small Small Small Small Small 

Helical Pitch 21 41 51 87 139 

CTDIVol (mGy) 70.8 65.1 64.7 46.3 43.0 

DLP (mGy*cm) 1258.7 1231.8 1330.3 1069.8 1164.7 

Pitch Factor (p) 0.66 0.64 0.64 0.87 0.87 
Nominal Beam Width 
(n x T) 16 32 40 50 80 

TG111: 
     Total Length (mm) 186.20 207.73 214.20 243.60 296.53 

OR Length (mm) 26.20 47.73 54.20 83.60 136.53 

OR Length (cm) 2.62 4.77 5.42 8.36 13.65 

# of OR Rotations 2.50 2.33 2.13 1.92 1.96 

DLP/CTDI: 
     Total Range (cm) 17.78 18.92 20.56 23.11 27.09 

OR Range (cm) 1.78 2.92 4.56 7.11 11.09 

# of OR Rotations 1.69 1.43 1.79 1.63 1.60 

Diff b/t 2 methods (cm) 0.84 1.85 0.86 1.25 2.57 
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Table 8-5.  Scan parameters and over-ranging lengths for the chest protocol at various detector configurations. 

  Cadaver 4  Cadaver 5 Cadaver 6 Cadaver 7 

Scan Parameters 64 80 100 160  64 80 100 160  64 80 100 160  64 80 100 160 

kVp 120 120 120 120  120 120 120 120  120 120 120 120  120 120 120 120 
mA R210 R195 R225 R210  R425 R415 R380 R405  R500 R500 R500 R500  R500 R500 R500 R500 
Rotation Time (s) 0.5 0.5 0.5 0.5  0.5 0.5 0.5 0.5  0.5 0.5 0.5 0.5  0.5 0.5 0.5 0.5 
Range (mm) 360 360 360 360  360 360 360 360  360 360 360 360  360 360 360 360 

Filter L L L L  LL LL LL LL  LL LL LL LL  LL LL LL LL 
Eff mAs 95 123 146 141  169 181 181 252  169 181 180 252  169 181 180 252 
Total Scan Time (s) 4.3 3.9 3.3 2.8  4.3 3.9 3.3 3.1  4.3 3.9 3.3 3.1  4.3 3.9 3.3 3.1 
Helical Pitch 95 111 139 159  95 111 139 159  95 111 139 159  95 111 139 159 
CTDIVol (mGy) 5.6 7 7.2 6.9  12.4 12.4 12.1 15.3  15.2 16.2 14.9 20.1  15.8 16.7 15.6 19.8 

DLP (mGy*cm) 218.9 278.3 295.9 300.2  486.2 522.4 526.5 720.8  598.6 681.1 650.4 947.4  620.7 673.2 680.3 934.3 
Pitch Factor (p) 1.48 1.39 1.39 0.99  1.48 1.39 1.39 0.99  1.48 1.39 1.39 0.99  1.48 1.39 1.39 0.99 
n x T 32 40 50 80  32 40 50 80  32 40 50 80  32 40 50 80 
TG111: 

    
 

    
 

    
 

    Total Length (mm) 408.5 432.9 458.7 445.2  408.5 432.9 458.7 492.9  408.5 432.9 458.7 492.9  408.5 432.9 458.7 492.9 
OR Length (mm) 48.5 72.9 98.7 85.2  48.5 72.9 98.7 132.9  48.5 72.9 98.7 132.9  48.5 72.9 98.7 132.9 
OR Length (cm) 4.9 7.3 9.9 8.5  4.9 7.3 9.9 13.3  4.9 7.3 9.9 13.3  4.9 7.3 9.9 13.3 
# of OR Rotations 1.0 1.3 1.4 1.1  1.0 1.3 1.4 1.7  1.0 1.3 1.4 1.7  1.0 1.3 1.4 1.7 
DLP/CTDI: 

    
 

    
 

    
 

    Total Range (cm) 39.1 39.8 41.1 43.5  39.2 42.1 43.5 47.1  39.4 42.0 43.7 47.1  39.3 40.3 43.6 47.2 
OR Range (cm) 3.1 3.8 5.1 7.5  3.2 6.1 7.5 11.1  3.4 6.0 7.7 11.1  3.3 4.3 7.6 11.2 
# of OR Rotations 0.7 0.7 0.7 0.9  0.7 1.1 1.1 1.4  0.7 1.1 1.1 1.4  0.7 0.8 1.1 1.4 
Diff b/t 2 methods (cm) 1.8 3.5 4.8 1.0  1.6 1.2 2.4 2.2  1.5 1.2 2.2 2.2  1.6 3.0 2.3 2.1 

 
  



117 

Table 8-6.  Scan parameters and over-ranging lengths for the abdomen protocol at various detector configurations. 

  Cadaver 4  Cadaver 5  Cadaver 6  Cadaver 7 

Scan Parameters 64 80 100 160  64 80 100 160  64 80 100 160  64 80 100 160 

kVp 120 120 120 120  120 120 120 120  120 120 120 120  120 120 120 120 

mA R165 R203 R218 R218  R380 R380 R395 R395  R485 R445 R500 R500  R470 R465 R500 R500 

Rotation Time (s) 0.5 0.5 0.5 0.5  0.5 0.5 0.5 0.5  0.5 0.5 0.5 0.5  0.5 0.5 0.5 0.5 

Range (mm) 250 250 250 250  300 300 300 300  300 300 300 300  300 300 300 300 

Filter L L L L  LL LL LL LL  LL LL LL LL  LL LL LL LL 

Eff mAs 133 157 167 167  302 308 288 288  302 308 288 288  302 308 288 288 

Total Scan Time (s) 5.51 4.28 3.51 2.41  6.6 5.5 4.5 3.1  6.6 5.5 4.5 3.1  6.6 5.5 4.5 3.1 

Helical Pitch 53 69 87 139  53 65 87 139  53 65 87 139  53 65 87 139 

CTDIVol (mGy) 7.4 8.4 8.6 8.4  19.6 18.4 21.0 19.7  24.8 24.1 25.6 24.1  25.9 25.1 26.8 25.0 

DLP (mGy*cm) 206.5 244.7 257.3 273.5  649.9 639.2 781.6 809.6  819.1 839.2 950.6 991.2  855.4 871.8 997.0 1028.8 

Pitch Factor (p) 0.83 0.86 0.87 0.87  0.83 0.81 0.87 0.87  0.83 0.81 0.87 0.87  0.83 0.81 0.87 0.87 

n x T 32 40 50 80  32 40 50 80  32 40 50 80  32 40 50 80 

TG111: 
    

 

    

 

    

 

    Total Length (mm) 292.0 295.3 305.4 335.0  349.8 357.5 391.5 430.9  349.8 357.5 391.5 430.9  349.8 357.5 391.5 430.9 

OR Length (mm) 42.0 45.3 55.4 85.0  49.8 57.5 91.5 130.9  49.8 57.5 91.5 130.9  49.8 57.5 91.5 130.9 

OR Length (cm) 4.2 4.5 5.5 8.5  5.0 5.8 9.2 13.1  5.0 5.8 9.2 13.1  5.0 5.8 9.2 13.1 

# of OR Rotations 1.6 1.3 1.3 1.2  1.9 1.8 2.1 1.9  1.9 1.8 2.1 1.9  1.9 1.8 2.1 1.9 

DLP/CTDI: 
    

 

    

 

    

 

    Total Range (cm) 27.9 29.1 29.9 32.6  33.2 34.7 37.2 41.1  33.0 34.8 37.1 41.1  33.0 34.7 37.2 41.2 

OR Range (cm) 2.9 4.1 4.9 7.6  3.2 4.7 7.2 11.1  3.0 4.8 7.1 11.1  3.0 4.7 7.2 11.2 

# of OR Rotations 1.1 1.2 1.1 1.1  1.2 1.5 1.7 1.6  1.1 1.5 1.6 1.6  1.1 1.5 1.7 1.6 

Diff b/t 2 methods (cm) 1.3 0.4 0.6 0.9  1.8 1.0 1.9 2.0  2.0 0.9 2.0 2.0  2.0 1.0 1.9 1.9 
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Figure 8-1.  Thyroid doses for a standard head protocol at different detector 
configurations. 

  

 

Figure 8-2.  Small intestine and colon doses for a chest protocol at different detector 
configurations. 
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Figure 8-3.  Upper lung and uterus doses for an abdomen protocol at various detector 
configurations. 

Table 8-7.  Calculated f-factors as a function of HVLs for each energy and filter 
combination used in clinical protocols. 

Energy/ Filter HVL (mm Al) 
Effective 

energy (keV) 
(µen/ρ)tissue 

(cm2/g) 
(µen/ρ)air 
(cm2/g) 

f-factor 

80 S 4.13 39.05 0.0806 0.0764 1.06 

80 M/L 4.85 41.96 0.0666 0.0630 1.06 

100 S 4.97 42.60 0.0647 0.0612 1.06 

100 M/L 5.89 46.62 0.0532 0.0502 1.06 

120 S 6.23 47.81 0.0499 0.0470 1.06 

120 M/L 7.19 51.23 0.0423 0.0397 1.06 

135 S 7.04 50.39 0.0432 0.0406 1.06 

135 M/L 8.05 55.46 0.0376 0.0352 1.07 

 
Table 8-8.  Optically stimulated luminescent dosimeter (OSLD) surface correction 

factors for each energy and filter combination utilized for adult head and body 
computed tomography (CT) protocols. 

Surface 

  120 S 120 M 120 L 135 S 135 M 

Dosimeter dose (mGy) 26.13 21.70 21.47 30.96 26.95 
Ion Chamber air kerma 

(mGy) 29.34 24.97 25.20 37.00 32.31 
Ratio of dosimeter dose 
to ion chamber air kerma 0.89 0.87 0.85 0.84 0.83 
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Table 8-9.  OSLD organ correction factors for each energy and filter combination utilized 
for adult head CT protocols. 

Head Phantom 

  120 S 120 M 120 L 135 S 135 M 

Center 0.91 0.92 0.94 0.92 0.90 

Periphery 0.93 0.89 0.87 0.82 0.85 

CE,S 0.92 0.91 0.91 0.87 0.87 

 
 
Table 8-10.  OSLD organ correction factors for each energy and filter combination 

utilized for adult body CT protocols. 

Body Phantom 

  120 S 120 M 120 L 

Center 0.93 0.87 0.92 

Middle 0.90 0.91 0.92 

Periphery 0.92 0.86 0.84 

CE,S 0.92 0.88 0.90 

 
 
Table 8-11.  Validation of surface energy correction factors for body CT protocols. 

Energy/Filter 
Measured 

Dose 
Corrected 

Dose 
Ion Chamber 

Dose % Difference 

120 L 

24.47 28.79 30.14 -4.48 

26.00 30.59 30.14 1.50 

26.17 30.79 30.14 2.17 

26.89 31.64 30.14 4.98 

Average 25.88 30.45 30.14 1.03 
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Table 8-12.  Organ doses for a standard head protocol at various detector 
configurations. 

    Organ Dose (mGy) 

  
Brain Lens Skin 

    Avg Max SD Avg Max SD Avg Max SD 

Cadaver 5 
          

 
0.5 x 32 34.7 37.5 2.0 57.1 60.5 4.9 58.2 61.7 3.1 

 
0.5 x 64 32.7 34.3 1.1 54.7 54.7 0.0 53.2 53.8 0.6 

 
0.5 x 80 30.7 34.9 3.8 48.0 52.4 6.2 55.0 57.2 3.2 

 
0.5 x 100 25.1 26.7 1.4 37.1 38.2 1.5 35.7 37.9 1.9 

 
0.5 x 160 23.4 25.3 3.0 36.3 38.5 3.1 40.2 43.9 4.6 

 
0.5 x 320 26.7 30.2 4.0 43.4 44.3 1.2 43.6 44.8 1.0 

Cadaver 6 
          

 
0.5 x 32 34.3 38.1 2.6 56.4 56.5 0.1 54.9 58.7 4.7 

 
0.5 x 64 32.1 34.1 2.0 49.9 55.0 7.3 50.6 51.4 0.7 

 
0.5 x 80 33.3 35.1 1.6 49.5 50.9 2.0 53.5 56.8 3.7 

 
0.5 x 100 27.0 28.9 1.6 34.5 35.1 0.9 35.8 36.0 0.3 

 
0.5 x 160 25.6 28.5 2.1 34.2 35.2 1.4 40.0 44.9 6.2 

 
0.5 x 320 29.3 32.7 4.3 40.9 42.1 1.7 39.4 43.5 4.5 

Cadaver 7 
          

 
0.5 x 32 39.6 41.6 1.4 53.3 55.9 3.7 55.0 60.0 4.4 

 
0.5 x 64 37.1 42.8 3.6 46.3 49.0 3.8 50.0 53.6 3.2 

 
0.5 x 80 39.3 44.8 3.6 39.7 42.1 3.5 51.8 59.2 6.5 

 
0.5 x 100 26.9 32.2 4.9 35.6 37.4 2.6 32.8 36.9 3.6 

 
0.5 x 160 26.6 28.4 1.3 38.9 39.4 0.6 36.0 41.0 4.4 

  0.5 x 320 37.0 42.9 7.0 45.7 46.5 1.2 37.0 42.9 7.0 
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Table 8-13.  Organ doses for a CT angiography head protocol with a delay scan at various detector configurations. 

    Organ Dose (mGy) 

  
Brain Thyroid Lens Skin 

 Subject   Avg Max SD Avg Max SD Avg Max SD Avg Max SD 

Cadaver 5 
             

 
Shands 101.0 108.8 5.2 11.3 11.8 0.7 161.5 170.0 12.0 162.5 167.6 4.8 

 
0.5 x 64 97.0 100.2 2.9 11.0 11.1 0.2 156.8 158.4 2.3 152.4 154.0 1.7 

 
0.5 x 80 90.1 104.9 12.0 12.4 12.5 0.1 137.5 142.6 7.2 156.3 160.2 6.2 

 
0.5 x 100 73.7 79.3 4.4 10.7 10.9 0.2 110.9 116.0 7.1 103.5 108.7 4.6 

 
0.5 x 160 69.5 76.7 7.7 14.4 14.9 0.6 105.0 105.3 0.4 114.4 122.4 9.0 

Cadaver 6 
             

 
Shands 100.5 109.9 6.6 21.0 21.2 0.3 149.4 156.6 10.2 153.4 167.1 11.9 

 
0.5 x 64 96.2 101.7 4.0 18.8 19.5 1.0 136.3 153.7 24.6 144.7 149.9 8.8 

 
0.5 x 80 98.7 104.2 3.9 22.1 24.2 2.9 140.2 141.5 1.8 149.8 153.6 3.7 

 
0.5 x 100 79.3 82.1 2.1 24.8 25.4 0.8 103.6 104.1 0.7 107.1 110.9 3.5 

 
0.5 x 160 75.1 81.4 5.3 48.8 50.3 2.1 99.9 101.2 1.7 109.9 120.6 11.0 

Cadaver 7 
             

 
Shands 120.6 125.4 3.4 22.4 24.8 3.4 163.0 166.9 5.5 164.4 169.5 4.5 

 
0.5 x 64 115.6 129.8 8.7 22.6 23.7 1.4 149.1 155.9 9.6 154.5 163.8 9.3 

 
0.5 x 80 118.9 136.4 11.7 24.9 24.9 0.0 130.9 135.9 7.1 156.3 176.9 18.1 

 
0.5 x 100 84.0 95.0 10.0 28.4 28.8 0.4 113.5 116.8 4.7 102.1 107.8 7.0 

  0.5 x 160 82.1 87.0 4.7 55.6 58.0 3.4 114.2 117.4 4.4 109.3 123.7 13.4 
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Table 8-14.  Brain perfusion protocol organ doses. 

  Organ Dose (mGy) 

 
Brain Lens Skin 

  Avg Max SD Avg Max SD Avg Max SD 

Cadaver 5 149.9 173.7 17.6 330.3 331.5 1.7 319.3 340.2 20.4 

Cadaver 6 166.7 182.1 10.5 296.7 317.2 29.0 304.0 330.1 24.8 

Cadaver 7 191.6 210.0 13.2 272.0 290.0 25.4 271.9 336.0 60.7 

 
 

 

Figure 8-4.  Average organ doses for various detector configurations with a standard 
head protocol. 

 
 
Table 8-15.  Brain perfusion protocol lens doses with and without a bismuth shield. 

 
Lens Dose (mGy) 

% Reduction Subject Avg Max SD 

Cadaver 6 296.7 317.2 29.0 
20.2 

Cadaver 6 w/Shield 236.9 236.9      0.0* 

Cadaver 7 272.0 290.0 25.4 
24.2 

Cadaver 7 w/Shield 206.1 209.4  4.6 
* Only one dosimeter was used to measure dose for the lens of cadaver 6 with the shield. 
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Table 8-16.  Organ doses from the chest abdomen pelvis (CAP) protocol for various detector configurations. 

Subject 
# of 

Detector 
Channels 

Dose 
(mGy) 

Thyroid Breast Lung Liver Stomach SI Colon Ovary Uterus Skin 

CAD 4 

64 

Avg -- 10.3 11.4 12.2 11.0 14.6 13.5 8.5 14.1 17.0 

Max -- 12.8 14.5 13.3 11.1 14.6 15.0 8.5 14.1 21.6 

SD -- 1.8 2.1 0.8 0.2 -- 2.2 -- -- 2.5 

80 

Avg -- 13.1 12.2 14.0 13.6 16.5 15.8 15.6 15.4 18.4 

Max -- 15.8 15.2 14.4 13.8 16.5 15.8 15.6 15.4 22.2 

SD -- 1.4 2.2 0.5 0.3 -- 0.1 -- -- 2.3 

100 

Avg -- 12.2 12.1 14.5 13.8 18.1 14.2 11.0 16.5 18.4 

Max -- 15.2 15.0 15.0 14.2 18.1 15.6 11.0 16.5 23.7 

SD -- 2.3 2.0 0.4 0.5 -- 2.0 -- -- 2.9 

160 

Avg -- 12.8 11.9 14.1 13.1 18.8 15.9 13.8 15.8 17.8 

Max -- 16.0 15.5 15.2 13.5 18.8 18.0 13.8 15.8 27.5 

SD -- 1.9 1.9 0.7 0.5 -- 2.9 -- -- 4.6 

CAD 5 

64 

Avg 19.7 24.8 18.8 20.3 24.6 28.6 27.5 26.5 22.5 28.1 

Max 19.9 27.1 21.2 23.6 25.4 28.6 33.2 26.5 22.5 33.0 

SD 0.4 1.8 1.7 3.2 1.0 -- 8.0 -- -- 2.6 

80 

Avg 17.5 22.6 16.5 19.1 24.4 26.9 28.3 24.5 23.2 25.4 

Max 17.5 25.8 20.7 22.0 25.9 26.9 29.3 24.5 23.2 29.3 

SD 0.0 3.0 3.4 2.7 2.1 -- 1.5 -- -- 3.0 

100 

Avg 25.1 24.5 21.2 21.2 25.5 17.6 28.0 23.5 22.8 27.9 

Max 26.8 26.0 23.3 24.5 26.6 17.6 28.3 23.5 22.8 32.2 

SD 2.4 0.9 1.3 1.9 1.5 -- 0.4 -- -- 2.5 

160 

Avg 25.2 24.0 19.8 21.3 26.2 22.8 28.2 23.9 23.1 27.4 

Max 25.3 25.7 22.5 22.5 27.4 22.8 29.3 23.9 23.1 31.7 

SD 0.2 1.2 3.3 0.7 1.8 -- 1.6 -- -- 2.8 
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Table 8-16.  Continued 

Subject 
# of 

Detector 
Channels 

Dose 
(mGy) 

Thyroid Breast Lung Liver Stomach SI Colon Ovary Uterus Skin 

 
64 

Avg 31.0 25.0 21.9 22.8 26.4 29.4 26.4 21.9 22.1 28.4 

Max 31.5 27.0 25.0 27.3 28.6 30.9 26.9 24.8 22.1 32.9 

SD 0.7 1.7 2.0 2.8 3.1 2.1 0.7 4.1 -- 3.3 

CAD 6 

80 

Avg 28.6 24.8 20.9 22.3 25.8 26.8 24.7 27.3 23.0 27.4 

Max 29.0 29.3 22.4 24.3 27.7 28.1 25.4 27.7 23.0 35.2 

SD 0.5 2.2 1.4 1.8 2.7 1.7 1.1 0.5 -- 3.7 

100 

Avg 33.1 25.4 22.9 23.4 27.1 27.4 26.1 23.3 23.2 29.4 

Max 34.3 27.7 27.5 27.6 28.1 29.5 26.8 27.3 23.2 34.1 

SD 1.7 1.1 2.3 4.6 1.4 2.9 1.0 5.6 -- 3.4 

160 

Avg 31.6 24.4 22.4 24.1 24.3 29.7 26.0 25.0 21.8 27.7 

Max 32.2 29.0 25.3 27.3 28.7 30.7 27.3 26.5 21.8 31.9 

SD 0.8 2.2 1.9 2.4 6.1 1.4 1.8 2.1 -- 3.6 

CAD 7 

64 

Avg 28.4 23.7 18.8 19.3 24.4 22.6 22.9 22.0 19.0 28.8 

Max 29.6 28.1 20.9 21.7 25.2 26.7 24.5 24.0 19.0 34.3 

SD 1.7 2.2 1.9 1.8 1.1 5.8 2.2 2.8 -- 4.1 

80 

Avg 26.0 22.3 18.4 18.8 22.2 21.8 21.2 20.3 18.3 28.7 

Max 26.8 24.3 21.2 22.3 24.0 22.3 23.8 20.7 18.3 33.8 

SD 1.0 1.5 2.4 3.4 2.6 0.6 3.7 0.7 -- 3.1 

100 

Avg 31.3 24.9 21.0 23.3 27.9 22.5 23.8 20.2 21.0 31.1 

Max 33.1 28.6 25.9 26.3 28.8 24.2 27.4 20.4 21.0 36.4 

SD 2.6 2.2 2.6 2.5 1.2 2.5 5.2 0.2 -- 3.0 

160 

Avg 30.4 23.7 19.8 23.2 26.7 23.9 23.3 21.4 19.4 31.4 

Max 31.9 28.6 26.7 26.1 29.0 24.8 26.5 23.3 19.4 36.6 

SD 2.1 2.3 3.9 2.1 3.2 1.3 4.4 2.6 -- 3.0 
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Table 8-17.  Organ doses from the chest protocol for various detector configurations. 

Subject 
# of 

Detector 
Channels 

Dose 
(mGy) 

Thyroid Breast Lung Liver Stomach Skin 

CAD 4 

64 

Avg -- 8.5  8.7  9.9  8.2  9.9  

Max -- 10.3  10.3  10.2  9.6  15.0  

SD -- 1.3  1.1  0.3  1.9  2.0  

80 

Avg -- 10.9  10.8  12.1  12.3  11.3  

Max -- 11.9  13.1  12.9  12.3  15.7  

SD -- 1.0  1.3  0.7  0.0  3.7  

100 

Avg -- 11.2  11.1  12.3  12.4  12.9  

Max -- 12.3  13.4  13.3  13.0  16.2  

SD -- 1.5  1.2  0.6  0.9  2.2  

160 

Avg -- 10.7  10.6  11.2  11.7  12.3  

Max -- 11.6  12.3  11.8  12.2  15.9  

SD -- 0.6  1.1  0.5  0.7  2.0  

CAD 5 

64 

Avg 22.1  15.1  14.9  12.5  13.4  18.9  

Max 23.2  18.7  16.3  13.9  14.3  25.2  

SD 1.5  2.9  1.0  1.4  1.2  3.6  

80 

Avg 18.9  16.7  14.8  15.3  14.6  20.3  

Max 19.2  20.2  16.7  16.9  14.8  24.5  

SD 0.5  2.5  1.8  0.9  0.3  2.9  

100 

Avg 17.0  17.3  14.4  14.9  16.8  18.9  

Max 18.1  20.0  15.5  15.7  17.1  24.3  

SD 1.5  1.5  0.9  0.7  0.4  2.5  

160 

Avg 24.4  22.0  16.1  19.0  20.9  22.9  

Max 24.8  23.8  20.6  20.5  21.5  30.6  

SD 0.6  1.3  6.5  1.2  0.8  3.5  

CAD 6 

64 

Avg 22.3  16.8  15.0  16.0  12.3  20.7  

Max 23.5  20.3  19.3  17.7  12.5  27.2  

SD 1.7  3.2  3.0  1.7  0.2  4.4  

80 

Avg 25.6  15.2  14.7  15.7  12.9  20.4  

Max 26.4  20.7  20.0  18.0  13.8  29.5  

SD 1.0  3.4  2.3  1.7  1.3  5.1  

100 

Avg 25.9  16.2  14.5  14.9  13.2  15.6  

Max 27.5  19.7  17.5  16.3  13.3  19.5  

SD 2.2  2.3  1.6  1.2  0.2  2.5  

160 

Avg 29.5  21.2  18.8  20.2  16.7  24.0  

Max 30.4  24.2  23.4  22.6  20.2  28.2  

SD 1.3  3.2  3.0  1.7  4.9  3.3  
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Table 8-17.  Continued 

Subject 
# of 

Detector 
Channels 

Dose 
(mGy) 

Thyroid Breast Lung Liver Stomach Skin 

 
64 

Avg 21.2  16.6  14.5  15.1  15.8  20.6  

Max 21.5  21.0  18.1  18.4  16.0  28.9  

SD 0.3  3.0  2.2  3.0  0.2  4.3  

CAD 7 

80 

Avg 19.6  17.0  14.4  15.1  16.1  21.6  

Max 21.7  20.8  17.6  16.1  16.8  28.2  

SD 2.9  2.8  1.9  1.1  1.1  5.5  

100 

Avg 23.2  16.4  13.8  14.6  18.5  19.2  

Max 24.5  20.8  18.7  17.8  19.2  24.7  

SD 1.9  3.0  3.0  2.9  1.0  2.7  

160 

Avg 26.3  21.7  18.0  19.3  23.5  24.9  

Max 27.6  24.9  24.4  21.6  23.5  28.7  

SD 1.9  2.9  3.5  2.4  0.0  2.7  
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Table 8-18.  Organ doses from the abdomen protocol for various detector configurations. 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

Breast Lung 
Upper 
Lung 

Liver Stomach SI Colon Skin 

CAD 4 

64 

Avg 9.5 5.6 8.7 9.2 9.7 13.9 8.4 13.4 

Max 11.5 10.3 10.3 11.2 9.7 13.9 9.2 16.2 

SD 1.3 3.5 1.5 1.8 0.0 -- 1.1 2.2 

80 

Avg 11.4 7.3 9.9 12.2 10.6 14.0 10.0 15.5 

Max 13.3 13.2 13.2 12.9 11.7 14.0 10.7 18.1 

SD 2.0 3.6 3.2 0.5 1.5 -- 1.1 2.0 

100 

Avg 11.4 8.5 11.0 12.5 10.4 14.5 9.7 15.6 

Max 14.1 13.2 13.2 12.9 11.1 14.5 10.7 18.5 

SD 1.8 3.4 2.1 0.4 1.0 -- 1.4 1.8 

160 

Avg 10.5 8.2 10.8 12.2 8.9 15.0 10.4 15.2 

Max 14.0 13.6 13.6 12.7 10.0 15.0 12.1 18.8 

SD 2.6 3.3 2.3 0.5 1.4 -- 2.4 2.1 

CAD 5 

64 

Avg 20.8 10.3 16.8 19.7 22.1 7.8 21.9 26.0 

Max 25.3 17.0 17.0 20.6 22.1 7.8 25.6 32.0 

SD 4.1 5.0 0.3 0.7 0.1 -- 5.2 3.0 

80 

Avg 20.5 11.2 17.0 19.1 21.3 9.0 23.5 24.1 

Max 24.9 17.5 17.5 20.0 23.6 9.0 26.5 29.8 

SD 3.0 5.0 0.6 1.2 3.2 -- 4.2 3.6 

100 

Avg 22.5 15.1 19.2 21.9 26.1 10.7 27.0 28.7 

Max 26.9 20.5 20.5 22.7 27.8 10.7 27.9 34.4 

SD 3.6 4.7 1.8 0.5 2.5 -- 1.3 2.7 

160 

Avg 23.2 17.1 18.7 20.5 21.5 11.6 26.7 26.8 

Max 27.0 19.4 19.2 21.5 26.0 11.6 30.0 31.6 

SD 2.7 2.1 0.6 1.4 6.4 -- 4.6 3.0 
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Table 8-18.  Continued 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

Breast Lung 
Upper 
Lung 

Liver Stomach SI Colon Skin 

CAD 6 

64 

Avg 12.6 8.2 11.9 20.1 22.4 25.6 20.4 27.8 

Max 19.6 15.1 15.1 25.2 23.0 25.6 21.9 32.8 

SD 6.0 4.3 2.6 3.5 0.8 0.1 2.1 4.2 

80 

Avg 13.6 8.7 12.3 21.7 22.1 25.1 18.1 28.4 

Max 21.6 13.4 13.4 24.6 22.9 25.3 22.7 35.1 

SD 6.6 4.0 1.1 2.8 1.1 0.2 6.5 2.9 

100 

Avg 15.8 10.6 15.1 22.9 25.5 29.9 21.8 29.2 

Max 22.8 17.6 17.6 27.7 26.6 30.0 23.5 34.6 

SD 5.3 5.0 1.9 3.1 1.5 0.2 2.4 4.2 

160 

Avg 18.6 13.5 16.0 22.8 21.0 29.6 23.6 29.0 

Max 23.6 18.1 18.1 26.1 24.4 30.1 24.8 35.5 

SD 3.4 4.6 1.9 2.5 4.8 0.7 1.8 5.6 

CAD 7 

64 

Avg 4.7 6.5 14.5 18.2 19.2 22.7 19.4 28.1 

Max 8.9 15.5 15.5 20.7 20.7 25.1 20.6 34.2 

SD 2.1 5.3 1.4 1.9 2.1 3.4 1.6 2.6 

80 

Avg 6.5 7.5 15.5 18.0 19.9 22.6 19.5 27.2 

Max 13.3 17.3 17.3 19.7 20.3 26.2 21.7 32.8 

SD 3.5 5.6 2.6 1.2 0.6 5.2 3.0 3.1 

100 

Avg 9.7 9.9 18.1 20.2 26.7 26.3 20.8 30.0 

Max 17.1 18.3 18.3 22.4 26.9 28.2 21.6 33.7 

SD 5.1 6.4 0.3 1.3 0.2 2.8 1.1 2.8 

160 

Avg 13.6 11.5 18.6 19.5 24.5 24.7 20.3 29.4 

Max 19.7 20.2 20.2 21.4 24.9 25.0 22.8 34.6 

SD 5.4 6.8 2.3 1.5 0.7 0.4 3.4 4.5 
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Table 8-19. Organ doses from the pelvis protocol for various detector configurations. 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

SI Colon Ovary Uterus Skin 

CAD 4 

64 

Avg 9.3 11.2 11.8 12.9 16.6 

Max 9.3 12.2 11.8 12.9 20.0 

SD -- 1.4 -- -- 1.7 

80 

Avg 12.7 14.9 14.4 15.4 20.0 

Max 12.7 16.6 14.4 15.4 25.7 

SD -- 2.4 -- -- 2.8 

100 

Avg 13.4 14.1 14.9 15.7 20.1 

Max 13.4 15.8 14.9 15.7 24.7 

SD -- 2.4 -- -- 2.4 

160 

Avg 13.8 14.0 14.2 11.0 19.8 

Max 13.8 14.9 14.2 11.0 23.6 

SD -- 1.3 -- -- 1.7 

CAD 5 

64 

Avg 26.4 13.8 22.1 24.4 27.6 

Max 26.4 19.3 22.1 24.4 32.5 

SD -- 7.8 -- -- 3.4 

80 

Avg 26.2 17.1 22.0 17.6 26.8 

Max 26.2 19.9 22.0 17.6 33.0 

SD -- 4.0 -- -- 4.1 

100 

Avg 24.8 23.2 24.3 22.5 27.0 

Max 24.8 24.9 24.3 22.5 31.3 

SD -- 2.4 -- -- 3.1 

160 

Avg 25.8 23.1 16.1 24.0 28.4 

Max 25.8 26.6 16.1 24.0 32.0 

SD -- 4.9 -- -- 2.6 

CAD 6 

64 

Avg 5.8 14.0 24.3 19.3 26.6 

Max 7.5 17.1 24.5 19.3 32.4 

SD 2.4 4.3 0.2 -- 3.6 

80 

Avg 6.3 15.8 22.3 20.6 27.4 

Max 7.2 17.7 24.6 20.6 34.7 

SD 1.3 2.7 3.3 -- 3.6 

100 

Avg 7.4 18.1 25.7 22.1 28.7 

Max 9.5 19.0 26.8 22.1 38.5 

SD 3.0 1.3 1.5 -- 5.0 

160 

Avg 10.8 19.7 22.1 21.0 28.3 

Max 12.1 20.5 25.0 21.0 34.8 

SD 1.9 1.2 4.0 -- 3.9 
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Table 8-19. Continued 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

SI Colon Ovary Uterus Skin 

CAD 7 

64 

Avg 5.0 14.6 23.8 18.0 27.9 

Max 5.6 15.2 25.5 18.0 35.7 

SD 1.0 0.9 2.3 -- 5.2 

80 

Avg 8.7 18.6 18.5 25.6 27.6 

Max 10.2 19.1 19.9 25.6 37.4 

SD 2.1 0.8 2.0 -- 5.0 

100 

Avg 10.4 18.8 25.5 20.3 26.3 

Max 12.4 21.0 26.7 20.3 36.0 

SD 2.8 3.1 1.7 -- 4.9 

160 

Avg 18.4 21.7 22.5 19.0 27.5 

Max 20.9 22.5 23.9 19.0 39.1 

SD 3.5 1.2 2.1 -- 6.4 
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Table 8-20.  Organ doses from the three-phase liver protocol for various detector configurations. 

Subject 

# of 
Detector 
Channels  

Dose 
(mGy) Breast Lung 

Lower 
Lung Liver Stomach SI Colon Skin 

CAD 4 

64 

Avg 32.1 24.8 35.7 34.2 35.3 39.4 33.8 37.9 

Max 34.2 43.4 43.4 35.3 36.3 39.4 33.9 42.6 

SD 1.3 12.0 6.9 0.7 1.4 
 

0.2 4.8 

80 

Avg 30.4 21.3 33.5 33.2 30.7 37.4 29.6 38.2 

Max 34.2 35.4 35.4 34.3 33.9 37.4 30.1 44.3 

SD 4.0 11.9 2.4 1.2 4.5 -- 0.7 2.8 

100 

Avg 30.7 21.3 33.9 32.5 38.1 35.4 31.5 36.5 

Max 33.7 34.5 34.5 34.8 40.1 35.4 33.3 44.9 

SD 3.2 12.5 0.8 1.5 2.8 -- 2.5 3.8 

160 

Avg 28.2 17.6 28.7 29.7 31.3 32.1 25.4 31.6 

Max 32.2 29.7 29.7 30.7 32.1 32.1 26.1 35.6 

SD 2.2 10.7 1.2 1.0 1.1 -- 1.0 3.8 

CAD 5 

64 

Avg 59.7 28.2 51.2 49.8 60.9 25.7 68.9 69.5 

Max 66.6 52.4 52.4 54.8 66.6 25.7 71.3 90.2 

SD 6.6 16.2 1.6 7.0 8.0 -- 3.4 7.3 

80 

Avg 54.6 33.7 50.1 51.6 59.0 22.3 68.3 66.4 

Max 66.6 53.8 53.8 53.0 62.4 22.3 71.5 74.9 

SD 8.9 14.2 5.3 1.0 4.8 -- 4.6 8.5 

100 

Avg 62.3 40.7 55.6 59.0 71.0 27.7 78.1 73.4 

Max 68.8 57.2 57.2 64.8 73.6 27.7 83.1 86.5 

SD 6.0 13.4 2.2 3.6 3.6 -- 7.0 6.6 

160 

Avg 59.6 48.4 56.9 55.9 69.1 43.5 70.7 74.8 

Max 69.3 59.9 59.9 59.3 70.2 43.5 74.2 87.4 

SD 6.8 9.2 4.3 2.4 1.5 -- 4.9 7.5 
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Table 8-20.  Continued 

Subject 

# of 
Detector 
Channels  

Dose 
(mGy) Breast Lung 

Lower 
Lung Liver Stomach SI Colon Skin 

CAD 6 

64 

Avg 36.0 23.9 34.3 53.6 60.6 64.1 65.1 82.5 

Max 57.0 39.2 39.2 62.1 63.6 77.0 71.4 97.4 

SD 17.0 11.5 3.4 5.7 4.2 18.3 8.9 7.8 

80 

Avg 36.2 24.9 37.4 50.1 49.6 72.3 59.8 72.0 

Max 56.1 41.0 41.0 57.8 55.2 73.3 66.7 84.6 

SD 15.7 13.8 3.4 4.5 7.9 1.5 9.8 10.2 

100 

Avg 38.3 26.9 38.7 61.5 68.5 81.0 56.3 82.4 

Max 59.5 43.5 43.5 74.6 70.8 83.8 66.7 89.9 

SD 16.6 13.0 4.1 8.9 3.3 3.8 14.7 7.0 

160 

Avg 51.0 34.8 46.5 58.9 69.3 80.3 66.5 78.4 

Max 66.7 54.4 54.4 65.5 71.0 81.2 69.1 90.5 

SD 13.4 13.2 5.5 4.2 2.4 1.3 3.7 11.3 

CAD 7 

64 

Avg 15.3 19.3 30.5 48.3 56.1 68.3 56.1 78.5 

Max 27.2 41.5 41.5 56.3 62.0 75.5 59.7 85.2 

SD 6.4 14.6 12.8 5.6 8.3 10.2 5.2 5.4 

80 

Avg 18.8 21.4 34.0 47.5 58.8 61.2 47.3 74.6 

Max 34.3 44.4 44.4 50.3 62.8 63.5 56.7 84.0 

SD 8.3 15.4 11.5 1.6 5.7 3.2 13.3 5.5 

100 

Avg 39.5 33.3 51.1 57.2 76.5 72.8 51.8 80.2 

Max 59.7 65.1 65.1 60.6 77.5 74.9 68.7 100.5 

SD 16.7 20.7 12.2 3.1 1.4 3.0 23.9 8.5 

160 

Avg 48.4 36.1 51.2 62.0 69.2 65.4 57.8 84.3 

Max 72.8 55.6 55.6 70.1 71.8 65.9 64.9 93.1 

SD 15.3 16.5 3.2 7.1 3.7 0.7 10.0 5.7 
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Table 8-21.  Organ doses from the pulmonary embolism protocol for various detector 
configurations. 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

Thyroid Breast Lung Liver Stomach Skin 

CAD 4 

64 

Avg -- 12.0 14.0 13.7 15.2 14.7 

Max -- 12.9 15.6 14.6 16.1 18.2 

SD -- 1.3 1.5 1.8 1.4 2.1 

80 

Avg -- 14.8 17.9 17.1 18.9 17.3 

Max -- 15.3 19.0 17.9 20.1 21.2 

SD -- 0.5 1.2 0.7 1.7 1.9 

100 

Avg -- 14.0 17.0 17.1 17.6 17.7 

Max -- 15.8 22.4 18.8 19.4 24.3 

SD -- 1.7 3.0 1.4 2.6 3.5 

160 

Avg -- 16.1 20.2 16.5 18.7 19.7 

Max -- 19.5 29.0 20.8 19.1 23.8 

SD -- 1.7 3.9 4.0 0.6 2.6 

CAD 5 

64 

Avg 18.4 22.8 16.1 21.5 18.6 23.6 

Max 18.9 27.8 18.2 22.0 21.0 33.0 

SD 0.7 3.3 1.9 0.5 3.5 5.6 

80 

Avg 16.9 20.9 16.2 20.1 18.5 22.7 

Max 17.1 25.8 18.2 21.0 20.2 31.2 

SD 0.3 3.7 2.0 0.8 2.3 5.2 

100 

Avg 23.5 23.9 20.7 23.6 22.7 27.5 

Max 24.9 27.8 23.8 25.5 23.7 39.3 

SD 2.0 2.5 2.9 1.2 1.3 5.7 

160 

Avg 21.8 22.8 20.7 22.2 22.5 28.0 

Max 22.0 27.8 23.2 23.8 23.0 41.6 

SD 0.3 3.9 2.3 1.2 0.7 5.3 

CAD 6 

64 

Avg 12.7 24.5 21.7 20.7 16.7 25.2 

Max 13.4 31.1 27.3 25.4 17.1 34.2 

SD 0.9 4.0 2.8 2.8 0.7 7.7 

80 

Avg 31.1 23.5 21.2 18.7 14.3 23.8 

Max 31.1 27.3 23.4 20.9 14.4 29.0 

SD 0.1 2.1 1.7 1.3 0.1 3.6 

100 

Avg 32.4 24.2 23.6 21.3 19.9 28.8 

Max 33.2 27.0 28.0 24.2 20.1 38.7 

SD 1.0 2.8 2.5 3.5 0.4 4.6 

160 

Avg 30.4 21.9 22.6 22.0 18.3 27.3 

Max 32.0 26.1 28.1 24.3 19.4 33.8 

SD 2.2 2.8 3.3 1.6 1.5 3.4 
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Table 8-21.  Continued 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

Thyroid Breast Lung Liver Stomach Skin 

CAD 7 

64 

Avg 25.8 24.2 18.5 16.8 21.5 27.5 

Max 26.1 28.0 20.5 19.0 22.1 33.4 

SD 0.4 3.6 1.5 1.4 0.9 3.2 

80 

Avg 28.1 24.0 18.1 18.5 23.5 28.5 

Max 29.4 27.4 21.2 20.7 24.8 33.5 

SD 1.8 2.4 2.1 1.5 1.7 3.0 

100 

Avg 28.4 27.5 20.8 20.2 26.0 28.5 

Max 30.1 33.7 25.7 22.4 27.5 37.7 

SD 2.4 3.2 3.2 2.2 2.2 4.2 

160 

Avg 30.6 25.1 20.4 21.2 23.4 26.6 

Max 31.1 31.4 23.8 24.4 25.5 32.8 

SD 0.7 3.1 2.9 2.7 3.0 3.0 
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Table 8-22.  Organ doses from the trauma protocol for various detector configurations. 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

Brain Lens Thyroid Breast Lung Liver Stomach SI Colon Ovary Uterus Skin 

CAD 4 

64 

Avg -- -- -- 22.6 22.6 22.8 22.4 27.2 24.1 23.5 25.7 26.8 

Max -- -- -- 25.9 31.4 24.9 22.4 27.2 24.5 23.5 25.7 35.3 

SD -- -- -- 2.4 4.7 2.3 0.1 -- 0.6 -- -- 5.3 

80 

Avg -- -- -- 24.0 24.2 23.1 24.0 32.8 28.5 27.9 29.9 30.2 

Max -- -- -- 26.2 32.4 25.4 25.3 32.8 28.9 27.9 29.9 38.1 

SD -- -- -- 1.8 6.0 2.1 1.8 -- 0.5 -- -- 4.8 

100 

Avg -- -- -- 25.4 24.7 24.6 25.5 32.2 31.1 26.9 27.5 33.0 

Max -- -- -- 29.6 32.1 27.4 26.2 32.2 31.2 26.9 27.5 40.3 

SD -- -- -- 2.7 4.3 2.8 0.9 -- 0.1 -- -- 5.4 

160 

Avg -- -- -- 25.1 29.5 24.2 26.5 30.8 27.6 27.9 29.1 32.1 

Max -- -- -- 30.3 39.7 29.7 27.1 30.8 28.7 27.9 29.1 46.1 

SD -- -- -- 3.0 5.9 3.7 0.8 -- 1.6 -- -- 5.6 

CAD 5 

64 

Avg 37.2 54.8 29.6 38.7 29.4 35.4 40.5 47.8 49.6 40.8 40.6 51.4 

Max 42.6 62.6 33.1 48.5 32.3 36.2 43.4 47.8 56.1 40.8 40.6 66.1 

SD 3.4 10.9 5.0 6.6 2.3 1.0 4.1 -- 9.2 -- -- 7.3 

80 

Avg 37.9 67.2 55.0 38.9 28.9 34.3 40.0 45.7 40.8 37.5 40.1 47.9 

Max 42.0 71.8 57.2 46.0 31.2 35.9 42.5 45.7 51.3 37.5 40.1 61.4 

SD 2.9 6.6 3.1 5.4 1.8 1.0 3.5 -- 14.9 -- -- 7.8 

100 

Avg 29.4 44.9 58.4 48.8 37.6 38.8 49.2 54.4 54.8 32.2 46.3 54.7 

Max 32.7 46.8 61.0 52.8 40.6 44.9 53.7 54.4 60.5 32.2 46.3 68.1 

SD 2.1 2.6 3.7 3.0 2.8 4.7 6.5 -- 8.0 -- -- 9.0 

160 

Avg 29.0 50.9 63.7 49.6 42.3 46.5 50.4 51.6 51.5 41.9 41.4 53.7 

Max 34.1 53.8 65.0 59.4 48.9 52.3 52.5 51.6 57.2 41.9 41.4 67.8 

SD 5.4 4.0 1.7 4.1 5.5 3.4 3.0 -- 8.1 -- -- 7.9 

 
 
 



137 

Table 8-22.  Continued 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

Brain Lens Thyroid Breast Lung Liver Stomach SI Colon Ovary Uterus Skin 

CAD 6 

64 

Avg 38.1 59.8 81.4 34.5 31.9 42.1 43.0 50.1 43.5 40.4 37.2 51.7 

Max 39.9 60.6 88.2 42.9 36.4 52.1 43.7 50.5 47.4 41.3 37.2 66.4 

SD 1.4 1.0 9.7 4.9 3.4 7.8 1.0 0.6 5.5 1.3 -- 8.7 

80 

Avg 38.6 66.7 74.4 36.9 33.5 40.2 42.4 49.0 42.0 42.7 37.7 54.5 

Max 43.8 69.3 76.1 46.1 37.9 44.0 45.5 50.2 43.9 46.5 37.7 74.0 

SD 3.0 3.7 2.3 4.2 2.2 2.8 4.3 1.6 2.7 5.3 -- 8.1 

100 

Avg 30.9 41.2 101.4 33.1 33.7 32.3 35.9 42.5 34.5 35.1 29.5 41.4 

Max 32.1 45.2 108.2 37.1 41.2 34.9 37.2 42.8 35.2 35.5 29.5 49.4 

SD 1.4 5.7 9.6 2.1 3.5 2.4 1.9 0.4 1.0 0.6 -- 4.5 

160 

Avg 32.7 49.5 107.8 37.2 41.9 43.2 44.5 52.6 44.7 44.4 39.4 49.1 

Max 34.4 50.7 115.8 45.6 49.8 48.3 45.7 53.1 49.2 45.0 39.4 62.4 

SD 1.8 1.8 11.4 4.3 6.4 5.0 1.7 0.8 6.3 0.9 -- 6.8 

CAD 7 

64 

Avg 39.7 79.4 72.9 47.0 38.3 38.8 50.6 44.5 40.3 40.8 34.8 52.1 

Max 45.2 81.0 74.7 65.3 46.9 41.9 53.6 44.5 44.3 41.4 34.8 60.3 

SD 5.4 2.3 2.5 10.5 5.8 2.7 4.2 0.1 5.6 0.9 -- 5.1 

80 

Avg 40.9 54.6 78.4 54.4 43.4 38.6 54.6 44.3 42.1 40.0 39.3 54.2 

Max 48.8 65.5 85.5 67.2 47.8 42.5 57.0 49.7 45.4 43.6 39.3 65.1 

SD 6.2 15.4 10.1 9.1 3.6 2.7 3.3 7.6 4.6 5.2 -- 6.5 

100 

Avg 31.6 49.7 92.2 59.2 45.2 43.3 59.1 56.8 44.4 44.0 40.2 52.8 

Max 38.9 54.5 97.6 74.1 58.0 47.2 63.6 61.4 50.3 45.2 40.2 70.4 

SD 5.1 6.8 7.6 6.7 6.2 3.4 6.2 6.6 8.3 1.8 -- 8.3 

160 

Avg 31.6 48.6 104.9 60.9 48.7 43.5 58.7 48.7 39.5 39.9 41.4 52.5 

Max 36.0 48.7 106.8 67.4 56.0 44.8 60.2 51.6 42.3 40.6 41.4 74.9 

SD 3.3 0.2 2.7 5.9 4.6 1.4 2.2 4.1 4.0 0.9 -- 9.7 
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Table 8-23.  Percent difference in dose for various detector configurations relative to 0.5 
mm x 64 average doses. 

    
% Dose Difference Relative to 0.5 x 64 Average 

Organ Doses 

Protocol 
Detector 

Configuration 
CAD 

4 
CAD 

5 
CAD 

6 
CAD 

7 
Average for all 

subjects 

CAP 

0.5 x 80 22.6 6.8 6.5 4.5 9.8 

0.5 x 100 17.0 10.3 4.1 8.0 9.7 

0.5 x 160 19.0 8.5 4.0 5.9 9.6 

Chest 

0.5 x 80 27.2 10.7 5.8 2.8 10.9 

0.5 x 100 32.5 14.2 10.4 7.1 15.3 

0.5 x 160 25.2 32.0 26.9 29.2 28.5 

Abdomen 

0.5 x 80 17.4 6.2 4.6 2.6 9.3 

0.5 x 100 22.2 18.9 13.8 17.7 23.4 

0.5 x 160 20.8 15.2 14.9 13.7 27.7 

Pelvis 

0.5 x 80 26.7 11.2 7.9 33.5 19.8 

0.5 x 100 28.0 18.8 16.7 32.8 24.1 

0.5 x 160 25.8 20.4 29.9 66.6 35.7 

3PL 

0.5 x 80 7.4 4.6 11.2 8.1 8.4 

0.5 x 100 7.1 11.8 13.4 23.2 20.2 

0.5 x 160 18.1 19.4 15.3 22.4 29.7 

PE 

0.5 x 80 23.8 4.7 29.9 5.9 15.7 

0.5 x 100 19.9 18.2 33.5 13.5 21.3 

0.5 x 160 31.4 15.0 29.7 11.9 21.6 

Trauma 

0.5 x 80 12.2 12.9 4.8 8.6 9.4 

0.5 x 100 15.1 24.0 17.8 18.3 19.0 

0.5 x 160 16.2 24.5 11.5 18.5 17.8 

 

 

Figure 8-5.  Tube current modulation plots of various detector configurations for the 
chest protocol or pulmonary embolism protocol for cadaver 5. 
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Figure 8-6.  Tube current modulation plots of various detector configurations for the 

abdomen protocol or three-phase liver protocol for cadaver 6. 

 

 
Figure 8-7.  Tube current modulation plots of the 0.5 mm x 64 and 0.5 mm x 160 

detector configurations for the chest abdomen pelvis (CAP) protocol for a 
small (cadaver 4) and large subject (cadaver 7).
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Table 8-24.  Organ doses from a CAP protocol for 8 subjects at a detector configuration of 0.5 mm x 64. 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

Thyroid Breast Lung Liver Stomach SI Colon Ovary Uterus Skin 

CAD 1 64 

Avg 28.2 25.2 20.5 28.7 28.4 41.2 31.4 23.3 -- 28.4 

Max 28.2 26.5 21.7 31.5 28.4 41.2 34.7 23.3 -- 33.5 

SD -- 1.6 1.0 1.9 -- -- 4.7 -- -- 3.4 

CAD 2 64 

Avg 13.9 17.4 11.8 17.6 14.4 17.5 15.8 14.7 -- 18.2 

Max 13.9 18.5 12.6 19.0 14.4 17.5 16.5 14.7 -- 26.4 

SD -- 1.0 0.6 1.1 -- -- 1.0 -- -- 3.7 

CAD 3 64 

Avg 10.0 23.1 15.5 23.8 29.3 27.2 22.1 15.7 -- 30.3 

Max 10.0 25.1 22.3 30.1 29.3 27.2 24.8 15.7 -- 35.5 

SD -- 1.8 5.2 4.6 -- -- 3.8 -- -- 3.9 

CAD 4 64 

Avg -- 10.3 11.4 12.2 11.0 14.6 13.5 8.5 14.1 17.0 

Max -- 12.8 14.5 13.3 11.1 14.6 15.0 8.5 14.1 21.6 

SD -- 1.8 2.1 0.8 0.2 -- 2.2 -- -- 2.5 

CAD 5 64 

Avg 19.7 24.8 18.8 20.3 24.6 28.6 27.5 26.5 22.5 28.1 

Max 19.9 27.1 21.2 23.6 25.4 28.6 33.2 26.5 22.5 33.0 

SD 0.4 1.8 1.7 3.2 1.0 -- 8.0 -- -- 2.6 

CAD 6 64 

Avg 31.0 25.0 21.9 22.8 26.4 29.4 26.4 21.9 22.1 28.4 

Max 31.5 27.0 25.0 27.3 28.6 30.9 26.9 24.8 22.1 32.9 

SD 0.7 1.7 2.0 2.8 3.1 2.1 0.7 4.1 -- 3.3 

CAD 7 64 

Avg 28.4 23.7 18.8 19.3 24.4 22.6 22.9 22.0 19.0 28.8 

Max 29.6 28.1 20.9 21.7 25.2 26.7 24.5 24.0 19.0 34.3 

SD 1.7 2.2 1.9 1.8 1.1 5.8 2.2 2.8 -- 4.1 

CAD 8 64 

Avg 22.0 20.0 17.9 18.8 19.4 23.8 23.3 21.6 22.0 23.9 

Max 22.1 23.4 21.7 20.5 19.5 24.2 25.6 26.9 22.0 28.7 

SD 0.2 2.5 2.2 1.8 0.2 0.6 3.3 7.5 -- 3.5 
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Table 8-25.  Organ doses from a chest protocol for 8 subjects at a detector 
configuration of 0.5 mm x 64. 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

Thyroid Breast Lung Liver Stomach Skin 

CAD 1 64 

Avg 21.2 26.9 22.1 23.8 24.3 29.7 

Max 21.2 28.2 25.1 26.7 24.3 36.6 

SD -- 1.6 2.2 2.7 -- 4.0 

CAD 2 64 

Avg 8.3 14.7 10.2 11.7 10.3 13.6 

Max 8.3 15.3 10.9 13.7 10.3 17.4 

SD -- 0.7 0.9 2.1 -- 3.2 

CAD 3 64 

Avg 4.7 17.3 13.9 15.3 15.0 18.7 

Max 4.7 20.0 16.0 19.3 15.0 22.5 

SD -- 3.4 2.0 3.7 -- 3.0 

CAD 4 64 

Avg -- 8.5 8.7 9.9 8.2 9.9 

Max -- 10.3 10.3 10.2 9.6 15.0 

SD -- 1.3 1.1 0.3 1.9 2.0 

CAD 5 64 

Avg 22.1 15.1 14.9 12.5 13.4 18.9 

Max 23.2 18.7 16.3 13.9 14.3 25.2 

SD 1.5 2.9 1.0 1.4 1.2 3.6 

CAD 6 64 

Avg 22.3 16.8 15.0 16.0 12.3 20.7 

Max 23.5 20.3 19.3 17.7 12.5 27.2 

SD 1.7 3.2 3.0 1.7 0.2 4.4 

CAD 7 64 

Avg 21.2 16.6 14.5 15.1 15.8 20.6 

Max 21.5 21.0 18.1 18.4 16.0 28.9 

SD 0.3 3.0 2.2 3.0 0.2 4.3 

CAD 8 64 

Avg 18.8 17.8 13.0 15.5 11.1 19.6 

Max 18.8 20.9 17.3 19.5 11.7 25.2 

SD 0.0 2.2 3.2 4.0 0.8 3.1 
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Table 8-26.  Organ doses from an abdomen protocol for 8 subjects at a detector configuration of 0.5 mm x 64. 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

Breast Lung 
Lower 
Lung 

Liver Stomach SI Colon Skin 

CAD 1 64 

Avg 17.5 13.4 20.7 24.9 30.0 30.5 28.8 30.1 

Max 23.4 22.0 22.0 27.7 30.0 30.5 29.5 33.7 

SD 5.3 8.5 1.8 2.7 -- -- 1.0 3.1 

CAD 2 64 

Avg 13.2 1.8 3.1 12.2 12.0 4.6 13.2 15.4 

Max 15.1 3.2 3.2 13.2 12.0 4.6 13.7 19.5 

SD 1.8 1.4 0.3 1.6 -- -- 0.8 2.8 

CAD 3 64 

Avg 19.4 10.9 18.6 24.3 26.9 18.3 27.5 24.4 

Max 22.6 19.3 19.3 26.9 26.9 18.3 29.4 30.9 

SD 3.0 9.0 0.9 1.7 -- -- 2.7 5.8 

CAD 4 64 

Avg 9.5 5.6 8.7 9.2 9.7 13.9 8.4 13.4 

Max 11.5 10.3 10.3 11.2 9.7 13.9 9.2 16.2 

SD 1.3 3.5 1.5 1.8 0.0 -- 1.1 2.2 

CAD 5 64 

Avg 20.8 10.3 16.8 19.7 22.1 7.8 21.9 26.0 

Max 25.3 17.0 17.0 20.6 22.1 7.8 25.6 32.0 

SD 4.1 5.0 0.3 0.7 0.1 -- 5.2 3.0 

CAD 6 64 

Avg 12.6 8.2 11.9 20.1 22.4 25.6 20.4 27.8 

Max 19.6 15.1 15.1 25.2 23.0 25.6 21.9 32.8 

SD 6.0 4.3 2.6 3.5 0.8 0.1 2.1 4.2 

CAD 7 64 

Avg 4.7 6.5 14.5 18.2 19.2 22.7 19.4 28.1 

Max 8.9 15.5 15.5 20.7 20.7 25.1 20.6 34.2 

SD 2.1 5.3 1.4 1.9 2.1 3.4 1.6 2.6 

CAD 8 64 

Avg 15.5 9.9 16.1 17.5 16.9 5.7 15.7 20.9 

Max 20.2 17.2 17.2 20.4 17.7 5.8 19.0 26.0 

SD 5.3 6.7 0.9 2.5 1.1 0.2 4.6 2.5 
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Table 8-27.  Organ doses from a pelvis protocol for 8 subjects at a detector 
configuration of 0.5 mm x 64. 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

SI Colon Ovary Uterus Skin 

CAD 1 64 

Avg 22.2 23.2 25.4 -- 29.9 

Max 22.2 23.2 25.4 -- 35.3 

SD -- 0.0 -- -- 6.2 

CAD 2 64 

Avg 13.0 10.0 12.1 -- 17.8 

Max 13.0 13.2 12.1 -- 24.2 

SD -- 4.5 -- -- 5.0 

CAD 3 64 

Avg 24.9 10.5 19.8 -- 29.2 

Max 24.9 10.7 19.8 -- 31.9 

SD -- 0.3 -- -- 2.1 

CAD 4 64 

Avg 9.3 11.2 11.8 12.9 16.6 

Max 9.3 12.2 11.8 12.9 20.0 

SD -- 1.4 -- -- 1.7 

CAD 5 64 

Avg 26.4 13.8 22.1 24.4 27.6 

Max 26.4 19.3 22.1 24.4 32.5 

SD -- 7.8 -- -- 3.4 

CAD 6 64 

Avg 5.8 14.0 24.3 19.3 26.6 

Max 7.5 17.1 24.5 19.3 32.4 

SD 2.4 4.3 0.2 -- 3.6 

CAD 7 64 

Avg 5.0 14.6 23.8 18.0 27.9 

Max 5.6 15.2 25.5 18.0 35.7 

SD 1.0 0.9 2.3 -- 5.2 

CAD 8 64 

Avg 23.5 16.4 22.5 19.2 27.0 

Max 25.1 17.1 24.0 19.2 33.1 

SD 2.3 1.0 2.1 -- 3.4 
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Table 8-28.  Organ doses from a three-phase liver protocol for 8 subjects at a detector configuration of 0.5 mm x 64. 

Subject 
# of 

Detector 
Channels  

Dose 
(mGy) 

Breast Lung 
Lower 
Lung 

Liver Stomach SI Colon Skin 

CAD 1 64 

Avg 47.4 40.3 63.2 75.8 74.9 57.4 64.6 56.7 

Max 58.2 67.4 67.4 84.1 74.9 57.4 71.6 99.7 

SD 13.7 26.7 5.9 6.2 -- -- 9.9 27.8 

CAD 2 64 

Avg 29.7 4.6 7.6 37.5 37.1 11.8 36.3 34.5 

Max 34.8 7.7 7.7 42.4 37.1 11.8 36.8 42.2 

SD 6.6 3.5 0.1 3.8 -- -- 0.6 6.3 

CAD 3 64 

Avg 34.1 31.0 53.5 54.8 66.7 22.0 67.8 67.8 

Max 61.6 55.8 55.8 65.1 66.7 22.0 70.3 85.9 

SD 23.8 26.0 3.4 8.1 -- -- 3.6 11.2 

CAD 4 64 

Avg 32.1 24.8 35.7 34.2 35.3 39.4 33.8 37.9 

Max 34.2 43.4 43.4 35.3 36.3 39.4 33.9 42.6 

SD 1.3 12.0 6.9 0.7 1.4 -- 0.2 4.8 

CAD 5 64 

Avg 59.7 28.2 51.2 49.8 60.9 25.7 68.9 69.5 

Max 66.6 52.4 52.4 54.8 66.6 25.7 71.3 90.2 

SD 6.6 16.2 1.6 7.0 8.0 -- 3.4 7.3 

CAD 6 64 

Avg 36.0 23.9 34.3 53.6 60.6 64.1 65.1 82.5 

Max 57.0 39.2 39.2 62.1 63.6 77.0 71.4 97.4 

SD 17.0 11.5 3.4 5.7 4.2 18.3 8.9 7.8 

CAD 7 64 

Avg 15.3 19.3 30.5 48.3 56.1 68.3 56.1 78.5 

Max 27.2 41.5 41.5 56.3 62.0 75.5 59.7 85.2 

SD 6.4 14.6 12.8 5.6 8.3 10.2 5.2 5.4 

CAD 8 64 

Avg 18.6 17.2 30.7 42.4 42.2 13.0 36.2 52.4 

Max 40.7 34.6 34.6 47.5 43.4 14.3 42.4 58.1 

SD 13.3 14.7 3.9 5.0 1.7 1.7 8.7 4.4 
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Figure 8-8.  Fetal dose estimates for a pulmonary embolism, chest abdomen pelvis, and 

trauma protocol for four cadaveric subjects. 

 
Table 8-29.  Size-specific dose estimate comparison with measured organ doses for 

cadaver 1. 

Organ AP (mm) LAT (mm) ED (cm) 
SSDE 
(mGy) 

Avg Organ 
Dose 
(mGy) 

% 
Difference 

Thyroid 157.2 411.3 25.4 39 28.2 38.5 

Breast 201.8 364.4 27.1 36 25.2 42.6 

Lung 197.1 362.8 26.7 37 20.5 80.4 

Liver 243.2 361.3 29.6 33 28.7 15.2 

Stomach 243.2 361.3 29.6 33 28.4 16.0 

SI 238.5 401.2 30.9 32 41.2 -22.3 

Colon 247.9 382.4 30.8 32 31.4 1.9 

Ovary 216.6 404.3 29.6 33 23.3 41.4 

Skin 241.6 366.8 29.8 33 28.4 16.2 

Central  241.6 366.8 29.8 33 28.4 16.3 

 
 
 
 
 
 
 
 
 

0

5

10

15

20

25

30

35

40

45

PE CAP TRAUMA

U
te

ru
s 

D
o

se
 (

m
G

y)
 

Protocol 

CAD 4 CAD 5 CAD 6 CAD 7



146 

Table 8-30.  Size-specific dose estimate comparison with measured organ doses for 
cadaver 2. 

Organ AP (mm) LAT (mm) ED (cm) 
SSDE 
(mGy) 

Avg 
Organ 
Dose 
(mGy) 

% 
Difference 

Thyroid 113.7 313.5 18.9 18 13.9 29.2 

Breast 191.7 304.7 24.2 15 17.4 -15.0 

Lung 196.8 296 24.1 15 11.8 25.4 

Liver 193.9 293.8 23.9 15 17.6 -15.2 

Stomach 201.2 294.5 24.3 15 14.4 2.2 

SI 187.4 301.8 23.8 15 17.5 -14.5 

Colon 187.4 301.8 23.8 15 15.8 -5.3 

Ovary 180.1 325.1 24.2 15 14.7 0.2 

Skin 193.9 295.3 23.9 15 18.2 -18.3 

Central  193.9 295.3 23.9 15 15.7 -5.2 

 
Table 8-31.  Size-specific dose estimate comparison with measured organ doses for 

cadaver 3. 

Organ AP (mm) LAT (mm) ED (cm) 
SSDE 
(mGy) 

Avg 
Organ 
Dose 
(mGy) 

% 
Difference 

Thyroid 104.7 318.7 18.3 29 10.0 189.4 

Breast 219.5 358.5 28.1 20 23.1 -13.3 

Lung 197.6 339 25.9 22 15.5 41.6 

Liver 226.5 330.4 27.4 21 23.8 -11.8 

Stomach 229.6 324.1 27.3 21 29.3 -28.2 

SI 210.9 356 27.4 21 27.2 -22.9 

Colon 209.3 346 26.9 21 22.1 -5.1 

Ovary 198.4 342.9 26.1 22 15.7 39.9 

Skin 213.2 331.1 26.6 21 30.3 -30.7 

Central  213.2 331.1 26.6 21 21.9 -4.1 
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Table 8-32.  Size-specific dose estimate comparison with measured organ doses for 
cadaver 4. 

Organ AP (mm) LAT (mm) ED (cm) 
SSDE 
(mGy) 

Avg 
Organ 
Dose 
(mGy) 

% 
Difference 

Breast 173.4 295.2 22.6 12 10.3 16.3 

Lung 167.9 325.7 23.4 12 11.4 5.7 

Liver 173.4 268.7 21.6 13 12.2 6.2 

Stomach 181.2 285.1 22.7 12 11.0 9.3 

SI 182.8 303.0 23.5 12 14.6 -17.8 

Colon 182.0 303.8 23.5 12 13.5 -11.0 

Ovary 178.1 353.0 25.1 11 8.5 29.9 

Uterus 178.1 353.0 25.1 11 14.1 -22.2 

Skin 184.3 292.1 23.2 12 17.0 -29.4 

Central  184.3 292.1 23.2 12 11.9 0.4 

 
Table 8-33.  Size-specific dose estimate comparison with measured organ doses for 

cadaver 5. 

Organ AP (mm) LAT (mm) ED (cm) 
SSDE 
(mGy) 

Avg 
Organ 
Dose 
(mGy) 

% 
Difference 

Thyroid 154.6 374.9 24.1 28 19.7 42.5 

Breast 206.2 390.5 28.4 24 24.8 -3.2 

Lung 196.8 356.1 26.5 26 18.8 38.1 

Liver 212.4 390.5 28.8 24 20.3 18.1 

Stomach 218.7 386.6 29.1 23 24.6 -6.6 

SI 236.7 383.5 30.1 23 28.6 -19.6 

Colon 228.8 378.8 29.4 23 27.5 -16.5 

Ovary 222.6 395.2 29.7 23 26.5 -13.3 

Uterus 215.6 397.5 29.3 23 22.5 2.1 

Skin 229.6 336.6 27.8 24 28.1 -14.6 

Central  229.6 336.6 27.8 24 24.2 -0.6 
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Table 8-34.  Size-specific dose estimate comparison with measured organ doses for 
cadaver 6. 

Organ AP (mm) LAT (mm) ED (cm) 
SSDE 
(mGy) 

Avg Organ 
Dose 
(mGy) 

% 
Difference 

Thyroid 192.3 497.9 30.9 30 31.0 -3.2 

Breast 227.4 446.2 31.9 29 25.0 16.1 

Lung 219.6 447.1 31.3 29 21.9 32.3 

Liver 267.4 382.6 32.0 29 22.8 27.2 

Stomach 270.4 387.5 32.4 28 26.4 6.0 

SI 279.2 435.3 34.9 26 29.4 -11.6 

Colon 284.0 442.1 35.4 25 26.4 -5.3 

Ovary 266.4 494.8 36.3 25 21.9 14.0 

Uterus 260.6 497.8 36.0 25 22.1 13.1 

Skin 272.3 393.3 32.7 28 28.4 -1.3 

Central  272.3 393.3 32.7 28 25.5 9.7 

 
Table 8-35.  Size-specific dose estimate comparison with measured organ doses for 

cadaver 7. 

Organ AP (mm) LAT (mm) ED (cm) 
SSDE 
(mGy) 

Avg 
Organ 
Dose 
(mGy) 

% 
Difference 

Thyroid 152.3 481.2 27.1 35 28.4 23.1 

Breast 223.5 434.3 31.2 30 23.7 26.7 

Lung 232.3 435.3 31.8 30 18.8 59.8 

Liver 254.7 423.6 32.8 28 19.3 44.8 

Stomach 249.9 397.2 31.5 30 24.4 23.1 

SI 253.8 455.8 34.0 27 22.6 19.5 

Colon 253.8 455.8 34.0 27 22.9 17.9 

Ovary 244.0 490.0 34.6 26 22.0 18.1 

Uterus 247.9 490.0 34.9 26 19.0 36.8 

Skin 252.8 427.5 32.9 28 28.8 -2.8 

Central  252.8 427.5 32.9 28 23.0 21.8 
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Table 8-36.  Size-specific dose estimate comparison with measured organ doses for 
cadaver 8. 

Organ AP (mm) LAT (mm) ED (cm) 
SSDE 
(mGy) 

Avg 
Organ 
Dose 
(mGy) 

% 
Difference 

Thyroid 164.7 417.0 26.2 26 22.0 18.4 

Breast 204.2 358.6 27.1 25 20.0 25.2 

Lung 196.5 366.4 26.8 25 17.9 39.3 

Liver 214.5 353.5 27.5 24 18.8 27.9 

Stomach 216.2 360.4 27.9 24 19.4 23.7 

SI 211.9 419.6 29.8 23 23.8 -3.3 

Colon 211.9 419.6 29.8 23 23.3 -1.1 

Ovary 199.9 429.0 29.3 23 21.6 6.7 

Uterus 199.1 431.6 29.3 23 22.0 4.5 

Skin 215.4 366.4 28.1 24 23.9 0.5 

Central  215.4 366.4 28.1 24 21.3 12.9 

 
Table 8-37.  Effective diameters for all subjects from a CAP protocol. 

Organ 
Effective Diameters by Subject (cm) 

CAD 1 CAD 2 CAD 3 CAD 4 CAD 5 CAD 6 CAD 7 CAD 8 

Thyroid 28.16 13.93 10.02 -- 19.65 30.99 28.43 21.97 

Breast 25.25 17.36 23.06 10.32 24.81 24.98 23.68 19.97 

Lung 20.51 11.78 15.54 11.35 18.83 21.91 18.77 17.94 

Liver 28.65 17.59 23.81 12.25 20.33 22.81 19.34 18.76 

Stomach 28.44 14.36 29.26 10.98 24.63 26.42 24.37 19.39 

SI 41.18 17.51 27.23 14.60 28.59 29.42 22.60 23.79 

Colon 31.40 15.80 22.12 13.48 27.54 26.39 22.90 23.26 

Ovary 23.33 14.72 15.72 8.47 26.51 21.92 22.02 21.56 

Uterus -- -- -- 14.14 22.52 22.11 19.00 22.02 

Skin 28.41 18.21 30.31 17.00 28.12 28.37 28.81 23.89 

Center 29.77 23.93 26.57 23.20 27.80 32.73 32.87 28.09 
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Figure 8-9.  Organ dose vs. effective diameter of the central slice for a CAP protocol. 

 

 
Figure 8-10.  Organ dose vs. central effective diameter of each organ for a CAP 

protocol. 
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Table 8-38.  Polynomial fit equations for correlations between the effective diameter of 
the central slice and organ doses for a CAP protocol. 

Organ Polynomial Fit Equation R2 

Thyroid y = 0.0119x2 + 1.464x - 30.346 0.782 

Breast y = -0.2291x2 + 14.034x - 189.74 0.837 

Lung y = -0.1171x2 + 7.576x - 102 0.924 

Liver y = -0.2422x2 + 14.385x - 189.83 0.595 

Stomach y = -0.3067x2 + 18.576x - 254.13 0.730 

SI y = -0.438x2 + 25.949x - 352.75 0.647 

Colon y = -0.3217x2 + 19.305x - 261.98 0.854 

Ovary y = -0.283x2 + 17.141x - 235.71 0.811 

Uterus y = -0.2184x2 + 12.897x - 167.53 0.911 

Skin y = -0.2185x2 + 13.396x - 176.09 0.784 

 

 
Figure 8-11.  Organ dose-to-computed tomography dose index (CTDIVol) conversion 

coefficients vs. effective diameter of the central slice of a CAP protocol. 
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Figure 8-12.  Organ dose-to-CTDIVol conversion coefficients vs. the central effective 

diameter of each organ for a CAP protocol. 

 
Table 8-39.  Polynomial fit equations for correlations between the effective diameter of 

the central slice and organ dose-to-computed tomography dose index 
(CTDIVol) conversion coefficients for a CAP protocol. 

Organ Polynomial Fit Equation R2 
Standard 

Error 
P-value 

Thyroid y = 0.0139x2 - 0.8029x + 12.578 0.301 0.245 0.489 

Breast y = 0.0006x2 - 0.1023x + 3.6733 0.686 0.203 0.055 

Lung y = 0.0072x2 - 0.4665x + 8.3695 0.902 0.091 0.003 

Liver y = 0.0041x2 - 0.3256x + 7.1282 0.861 0.167 0.007 

Stomach y = -0.0045x2 + 0.1936x - 0.5255 0.502 0.267 0.175 

SI y = -0.0012x2 - 0.0279x + 3.1905 0.889 0.164 0.009 

Colon y = -3E-05x2 - 0.0779x + 3.5609 0.941 0.085 0.001 

Ovary y = -0.0044x2 + 0.2028x - 1.0242 0.491 0.216 0.185 

Uterus y = 0.0053x2 - 0.4071x + 8.439 0.989 0.064 0.011 

Skin y = 0.008x2 - 0.5648x + 10.968 0.843 0.210 0.010 
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Table 8-40.  Polynomial fit equations for correlations between the effective diameter of 
the central slice and organ dose-to-CTDI conversion coefficients for a chest 
protocol. 

Organ Polynomial Fit Equation R2 
Standard 

Error 
P-value 

Thyroid y = 0.003x2 - 0.1231x + 2.2618 0.089 0.553 0.830 

Breast y = 0.0113x2 - 0.7084x + 12.205 0.776 0.174 0.024 

Lung y = 0.0106x2 - 0.6475x + 10.862 0.811 0.120 0.016 

Liver y = 0.0165x2 - 0.9966x + 15.983 0.875 0.126 0.006 

Stomach y = 0.0103x2 - 0.6358x + 10.676 0.807 0.122 0.016 

Skin y = 0.0086x2 - 0.5363x + 9.662 0.742 0.135 0.034 

 
 
Table 8-41.  Polynomial fit equations for correlations between the effective diameter of 

the central slice and organ dose-to-CTDI conversion coefficients for an 
abdomen protocol. 

Organ Polynomial Fit Equation R2 
Standard 

Error 
P-value 

Breast y = -0.0027x2 + 0.0461x + 1.7383 0.879 0.168 0.005 

Lung y = -0.0034x2 + 0.1702x - 1.5646 0.264 0.194 0.465 

Lower Lung y = -0.0055x2 + 0.2785x - 2.6463 0.238 0.295 0.508 

Liver y = -0.0012x2 + 0.0119x + 1.6736 0.929 0.066 0.001 

Stomach y = -0.0032x2 + 0.1335x - 0.0417 0.853 0.091 0.008 

SI y = 0.0293x2 - 1.6879x + 24.857 0.398 0.462 0.281 

Colon y = -0.0054x2 + 0.2564x - 1.7872 0.729 0.139 0.038 

Skin y = 0.0101x2 - 0.6357x + 11.147 0.848 0.125 0.009 

 
 
Table 8-42.  Polynomial fit equations for correlations between the effective diameter of 

the central slice and organ dose-to-CTDI conversion coefficients for a pelvis 
protocol. 

Organ Polynomial Fit Equation R2 
Standard 

Error 
P-value 

SI y = -0.019x2 + 1.0105x - 12.152 0.935 0.134 0.001 

Colon y = 0.0029x2 - 0.2084x + 4.4031 0.351 0.261 0.339 

Ovary y = 0.003x2 - 0.2x + 4.3086 0.430 0.133 0.246 

Uterus y = 0.0037x2 - 0.3002x + 6.6774 0.949 0.100 0.051 

Skin y = 0.0073x2 - 0.4943x + 9.5125 0.833 0.147 0.011 
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Table 8-43.  Polynomial fit equations for correlations between the effective diameter of 
the central slice and organ dose-to-CTDI conversion coefficients for a three-
phase liver protocol.  

Organ Polynomial Fit Equation R2 
Standard 

Error 
P-value 

Breast y = 0.0324x2 - 2.1117x + 35.47 0.729 0.764 0.038 

Lung y = 0.0187x2 - 1.1908x + 19.849 0.371 0.802 0.314 

Lower Lung y = 0.0142x2 - 0.9945x + 18.75 0.345 1.173 0.347 

Liver y = 0.0248x2 - 1.6439x + 29.132 0.900 0.353 0.003 

Stomach y = 0.0224x2 - 1.4931x + 27.06 0.958 0.212 0.000 

SI y = 0.0757x2 - 4.4089x + 65.224 0.540 1.130 0.143 

Colon y = 0.0244x2 - 1.5902x + 28.107 0.833 0.416 0.011 

Skin y = 0.0356x2 - 2.1848x + 36.19 0.791 0.435 0.020 

 
 
Table 8-44.  Calculated organ doses vs. measured organ doses for a trauma protocol 

and an overweight subject. 

CADAVER 5 

Organ CAP_CTDI 
Dose (mGy) 

AP_CTDI 
Dose (mGy) 

Calculated 
Dose (mGy) 

Measured 
Dose (mGy) 

% Difference 

Breast 19.3 20.5 39.8 38.7 2.9 

Lung 14.4 15.2 29.6 29.4 0.8 

Liver 18.6 19.0 37.6 35.4 6.0 

Stomach 20.6 22.1 42.7 40.5 5.5 

SI 22.2 23.0 45.2 47.8 -5.3 

Colon 20.5 21.5 42.0 49.6 -15.2 

Ovary 18.2 19.6 37.8 40.8 -7.3 

Uterus 18.2 18.1 36.3 40.6 -10.6 

Skin 21.6 22.0 43.7 51.4 -14.9 

 
 
 
 
 
 
 
 
 
 
 
 



155 

Table 8-45.  Calculated organ doses vs. measured organ doses for a trauma protocol 
and an obese subject. 

CADAVER 7 

Organ CAP_CTDI 
Dose (mGy) 

AP_CTDI 
Dose (mGy) 

Calculated 
Dose (mGy) 

Measured 
Dose (mGy) 

% Difference 

Breast 22.5 21.4 43.9 47.0 -6.6 

Lung 18.9 20.2 39.1 38.3 1.9 

Liver 20.1 19.2 39.3 38.8 1.3 

Stomach 23.0 20.5 43.5 50.6 -14.1 

SI 23.1 20.5 43.5 44.5 -2.1 

Colon 22.8 21.1 43.8 40.3 8.6 

Ovary 20.9 18.8 39.7 40.8 -2.6 

Uterus 18.4 17.4 35.8 34.8 3.1 

Skin 24.4 24.5 48.9 52.1 -6.2 

 
 
Table 8-46.  Calculated organ doses from CAP equations vs. measured organ doses for 

a chest protocol and a small, medium, and large subject. 

  Organ 
Measured 

Dose (mGy) 
Calculated 

Dose (mGy) 
Dose Diff 

(mGy) 
% Diff 

CAD 4 

Breast 8.5 8.9 0.4 4.4 

Lung 8.7 7.7 -1.1 -12.4 

Liver 9.9 9.7 -0.2 -2.4 

Stomach 8.2 8.6 0.4 4.4 

Skin 9.9 11.7 1.8 18.2 

CAD 5 

Thyroid 22.1 12.7 -9.5 -42.7 

Breast 15.1 16.5 1.4 9.4 

Lung 14.9 12.5 -2.4 -16.3 

Liver 12.5 16.1 3.6 28.9 

Stomach 13.4 17.5 4.1 30.3 

Skin 18.9 18.9 -0.1 -0.4 

CAD 6 

Thyroid 22.3 16.4 -5.9 -26.6 

Breast 16.8 15.9 -0.9 -5.4 

Lung 15.0 12.5 -2.5 -16.9 

Liver 16.0 14.3 -1.7 -10.8 

Stomach 12.3 16.9 4.6 37.3 

Skin 20.7 17.0 -3.7 -17.8 
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Table 8-47.  Calculated organ doses from CAP equations vs. measured organ doses for 
an abdomen protocol and a small, medium, and large subject. 

  Organ 
Measured 

Dose (mGy) 
Calculated 

Dose (mGy) 
Dose Diff 

(mGy) 
% Diff 

CAD 4 

Breast 9.5 12.0 2.5 26.7 

Lung 5.6 10.5 4.8 86.4 

Lower Lung 8.7 10.5 1.7 19.9 

Liver 9.2 13.1 3.9 42.6 

Stomach 9.7 11.4 1.7 17.8 

SI 13.9 14.0 0.1 0.7 

Colon 8.4 12.8 4.4 52.9 

Skin 13.4 16.0 2.5 18.8 

CAD 5 

Breast 20.8 25.4 4.6 22.1 

Lung 10.3 18.9 8.6 84.0 

Lower Lung 16.8 18.9 2.1 12.6 

Liver 19.7 24.4 4.7 24.1 

Stomach 22.1 27.0 5.0 22.4 

SI 7.8 29.2 21.3 272.6 

Colon 21.9 26.9 5.0 22.8 

Skin 26.0 28.4 2.4 9.2 

CAD 6 

Breast 12.6 23.7 11.2 88.8 

Lung 8.2 20.2 12.0 146.6 

Lower Lung 11.9 20.2 8.3 69.5 

Liver 20.1 21.2 1.1 5.3 

Stomach 22.4 24.1 1.7 7.4 

SI 25.6 24.1 -1.4 -5.6 

Colon 20.4 23.9 3.5 17.1 

Skin 27.8 25.9 -1.9 -6.9 
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Table 8-48.  Calculated organ doses from CAP equations vs. measured organ doses for 
a pelvis protocol and a small, medium, and large subject. 

  Organ 
Measured 

Dose 
(mGy) 

Calculated 
Dose (mGy) 

Dose Diff 
(mGy) 

% Diff 

CAD 4 

SI 9.3 14.9 5.7 61.5 

Colon 11.2 13.7 2.5 22.1 

Ovary 11.8 11.0 -0.8 -6.6 

Uterus 12.9 13.6 0.7 5.7 

Skin 16.6 16.0 -0.6 -3.6 

CAD 5 

SI 26.4 28.0 1.6 6.0 

Colon 13.8 26.2 12.4 90.0 

Ovary 22.1 23.9 1.8 8.0 

Uterus 24.4 22.0 -2.4 -9.8 

Skin 27.6 26.8 -0.8 -2.9 

CAD 6 

SI 5.8 23.0 17.2 294.8 

Colon 14.0 23.3 9.3 66.5 

Ovary 24.3 21.1 -3.2 -13.3 

Uterus 19.3 19.1 -0.2 -1.1 

Skin 26.6 26.3 -0.3 -1.3 
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  CHAPTER 9
DISCUSSION 

9.1 Organ Doses from Helical vs. Ultra-Helical Acquisitions 

9.1.1 Over-Ranging Effects on Organ Dose 

For every out-of-field organ analyzed, the most dramatic increase in dose was 

observed for the widest ultra-helical detector configuration, 0.5 mm x 160.  The dose 

increase is due to the increase in scanning length.  This concept is illustrated in Figures 

8-1 through 8-3 for the anatomical ranges of interest that were scanned in this study.  

When the widest detector configuration is used, the irradiated length encompasses 

some organs that may have otherwise only been exposed to scatter radiation.  

However, for some organs the variation in dose is more subtle.  This result is owed to 

anatomical variations between subjects.  For instance, with the abdomen protocol, 

shown in Figure 8-3, the dose to the uterus of cadaver 4 appears almost as a horizontal 

line with minimal deviation.  This organ was located farther away from the primary beam 

than the other organs shown.  Hence, the wider beam widths did not result in a large 

difference in dose.  The opposite effect is observed with the small intestine doses of 

subjects 6 and 7 for the chest protocol.  The effect of over-ranging is more dramatically 

displayed in Figure 8-2, where differences of almost 10 mGy are observed from the 0.5 

mm x 64 detector configuration to the 0.5 mm x 160 configuration.    

With the head protocol, Figure 8-1 illustrates a large discrepancy in dose for 

cadavers 6 and 7 when utilizing the 0.5 mm x 160 detector configuration as compared 

to the 0.5 mm x 32 detector configuration.  The thyroid gland on both of these subjects 

was located 3-4 cm from the end of the planned scan range, i.e., the base of the skull.  

In examining the over-ranging lengths, it is realized that for the 0.5 mm x 160 beam 
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width, the additional length of the scan is between 5 to 7 cm at both the start and end of 

the scan.  Thus, the increase in dose for the largest detector configuration is attributed 

to the effect of over-ranging.  Conversely, the same dose effect is not detected with 

cadaver 5, even though the calculation of over-ranging length results in the same exact 

values as with cadavers 6 and 7.  The source of this discrepancy is the use of a tilt for 

this head protocol.  When gantry tilt is used with head exams, the gantry angle is 

aligned with the infraorbital margin, and for this exam that alignment resulted in a 9 

degree tilt.  Thus, the tilt resulted in an increase in distance between the primary beam 

and the thyroid, and counteracted the effect of over-ranging.          

When optimizing or designing CT scanning protocols, the effect of over-ranging 

needs to be taken into account in the dose analysis.  For instance, for trauma protocols 

it might be advantageous to use the largest ultra-helical acquisition in order to achieve 

the fastest possible scan.  In addition, for trauma protocols all radiosensitive organs are 

likely to be within the range of the primary beam and no consideration to radiosensitive 

organs just outside the scan range needs to be given.  However, for pediatric protocols, 

careful attention is often paid to the scan range in order to reduce doses to 

radiosensitive organs.  In these cases, a standard helical detector configuration, such 

as 0.5 x 64 mm might be the most adequate mode of acquisition.  This would still allow 

for a fast scan, in order to prevent motion artifacts, while minimizing the dose to 

radiosensitive organs outside of the scan field-of-view.   

9.1.2 Primary Beam Organ Dose Differences between Helical and Ultra-Helical 
Acquisitions 

In Section 8.4.2.1, organ dose results were presented for four different detector 

configurations and four different cadaveric subjects.  The minimum average organ dose 
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for all 7 protocols was observed with the smallest detector configuration, 0.5mm x 64.  

The maximum doses measured for all 7 protocols were a result of scans performed at 

0.5 mm x 100 and 0.5 mm x 160 detector configurations.  Figures 9-1 through 9-3 

reaffirm the observed trend of increasing organ doses with increasing beam widths.   

While the geometric efficiency is improved with increasing beam widths, the 

utilization of tube current modulation with all body protocols proves to be the dominant 

factor when determining organ doses.  When the tube current modulation algorithm, 

Sure Exposure 3D (Toshiba America Medical Systems, Tustin, CA), plans out the tube 

current for each rotation or half-rotation, an optimal mA is chosen based on the area 

covered by that rotation on the patient.  When wider beam widths are employed, the 

area the algorithm is averaging over is increased.  For example, with a chest protocol 

when the beam width changes from 32 mm to 80 mm, a rotation that would have only 

included lungs in the mA calculation might now include part of the liver, a higher 

attenuating organ, which would require the mA for that entire rotation to be higher.  

Essentially, as the beam width increases, the effectiveness of the tube current 

modulation algorithm decreases, and allows for less variation in mA for each rotation.  

This concept is illustrated in Figures 8-5 through 8-7 for the anatomical ranges of 

interest that were scanned in this study.   

The 0.5 mm x 80 configuration is closest in size to that of the 0.5 mm x 64 

configuration.  It is also the closest in average organ dose values to that of the 64-slice 

configuration.  The 0.5 mm x 160 configuration presents the largest deviation in size 

and average organ doses from the 0.5 mm x 64 configuration.  From Table 8-22 
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average organ doses from the chest protocol increase by 29 percent for the 0.5 mm x 

160 detector configuration. 

While the organ dose results presented in 8.4.2.1 were intended to only include 

organs that remained in the primary scan range, due to anatomical variations among 

subjects, some organs remained outside the selected scan range for only 1 or 2 

subjects.  The effect of over-ranging is again observed for the breast dose when the 

abdomen and three-phase liver protocols were used with cadaver 7.  For example, the 

smallest average organ dose of 15.3 mGy was measured for the breast of cadaver 7 

and 64-slice selection, where over-ranging has a minimal effect.  When the 160-slice 

configuration is used, the same breast dose increases to 48.4 mGy, now within the 

primary beam due to over-ranging.  This is shown in Figure 9-3.  These conclusions are 

in accordance with those discussed in 9.1.1. 

9.2 Organ Doses- Head Protocols 

As described in Sections 6.2 and 6.3 for the head and CTA head protocols, the 

detector configurations that are currently used in clinical practice only include 0.5 mm x 

32 and 0.5 mm x 64.  For the brain perfusion protocol, volumetric acquisitions (i.e. 0.5 

mm x 320) are also clinically relevant.  The average organ doses for a standard head 

protocol at SUF for the brain, lens and skin were 36.2 mGy, 55.6 mGy and 56 mGy, 

respectively.  Tan et al. used 3 different cadaveric heads filled with gauze to measure 

lens dose from a helical head protocol on a Siemens 64-slice MDCT (Siemens Medical 

Solutions, Forchheim, Germany).90  The average dose observed in that study was 47.2 

mGy, which is very close to the average lens dose of 50.3 mGy measured in this 

research for the 0.5 mm x 64 detector configuration.90  For the standard CTA head 
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protocol at Shands, the average organ doses were 107.4 mGy, 16.1 mGy, 158 mGy, 

and 160.1 mGy for the brain, thyroid, lens, and skin, respectively.   

The highest head organ doses were observed with the brain perfusion protocol, 

and the average organ doses for the brain, lens, and skin were 169 mGy, 299 mGy, and 

298 mGy, respectively.  Employing a bismuth shield over the eyes can reduce the lens 

dose by 20-24 %.  Alternate studies have shown a similar percent dose reduction with 

the use of a lens bismuth shield.  Perisinakis et al. studied eye lens dose reduction with 

the use of a bismuth shield for pediatric multi-phase head studies.  The study reports 

that with the use of an anthropomorphic phantom and thermo-luminescent dosimeters, 

a dose reduction of 34 % was observed when the bismuth shield was utilized.102  In an 

alternate study conducted at the Mayo Clinic (Rochester, MN), lens dose reduction 

techniques were examined on a Siemens Definition Flash with an anthropomorphic 

phantom and OSLDs.  A dose reduction of 26.4 % was observed.103        

Figure 8-1 shows all organ doses measured for a standard head protocol at 

various detector configurations for organs that are both in the primary scan range and 

those that are just outside of the scan range and subject to the effects of over-ranging.  

When the beam width increases, the two sets of organs have opposite responses.   

For organs that are included in the primary scan range, a decrease in dose is 

observed with an increase in beam width or detector configuration.  This decrease in 

dose can be attributed to the increased geometric efficiency described in 8.2.2.  In 

addition, all head scans are performed with a fixed tube current and no use of tube 

current modulation.  This contributes to the clear relationship observed between dose 
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and geometric efficiency.  Furthermore, a similar trend occurs with the CTDIVol of each 

scan, shown as the black line in Figure 8-1.  

The opposite trend is observed for organs just outside of the primary scan range.  

The thyroid dose increases with increasing beam width.  As discussed in Section 8.2.3, 

this dose increase is accredited to the increase in scan length caused by over-ranging.     

The head organ doses that are presented with this research are all in accordance 

with those observed in the literature and remain under current thresholds for 

deterministic effects.15  However, the use of these protocols should adhere to 

appropriateness criteria, and should always be optimized for the diagnostic task at 

hand.     

9.3 Fetal Dose Estimates 

Direct measurement of in utero doses has been accomplished with this research.  

This methodology can be used to estimate 1st trimester fetal doses from three different 

clinically relevant protocols, including pulmonary embolism, chest abdomen pelvis, and 

trauma protocols. 

The dose to the uterus from the pulmonary embolism protocol is only a result of 

scattered radiation.  It was observed for all subjects that the fetal dose estimate for this 

protocol was under 1 mGy.  All additional organs located completely outside of the 

scanning length, which includes the contribution from over-ranging, are also only 

exposed to scatter and their corresponding doses remain under 1-2 mGy. 

The chest abdomen pelvis and trauma protocols do result in primary radiation 

covering the pelvis. The average dose to the uterus from a chest abdomen pelvis 

protocol is 19.4 mGy.  For a trauma protocol, the average uterus dose is 34.6 mGy.  

The body portion of the trauma protocol does result in higher doses when compared to 
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just a CAP because this protocol consists of a CAP and an AP scan or 2 passes over 

the pelvic region, compared to only one in the standard CAP protocol. 

These directly measured values can be compared with existing fetal dose 

estimates published elsewhere.  In a study by Hurwitz et al., an adult female CIRS 

phantom and thermoluminescent dosimeters were used to measure doses to the uterus 

for a pulmonary embolism protocol with a resulting fetal dose of 0.32 mGy.97  This value 

matches the uterus dose measured for 2 of the subjects in this study.  Angel et al. 

created 24 voxel models of pregnant patients and simulated an abdomen pelvis scan 

MCNPX, a radiation transport code.  The resulting fetal dose estimates ranged from 16 

mGy to 31 mGy.98  Comparatively, these estimates were slightly higher than results of 

this study for a CAP protocol. However, the voxel phantoms developed by Angel et al. 

were at an average gestational age of 20 weeks, while the estimates of the study 

presented here are only valid for the first trimester.  In a study by Jaffe et al., MOSFETS 

(metal-oxide semiconductor field effect transistors) were used to measure uterine doses 

in an adult female CIRS phantom.95  These methods resulted in a dose of 14.3 mGy for 

CAP protocol, very close to the dose this study measured of 14.1 mGy for the smallest 

cadaveric subject and a CAP protocol. 

When located in the primary scan range, as with the CAP and trauma protocols, 

fetal doses remain under 50 mGy.  Hence, this research proves that these doses will 

result in a negligible increased risk to the fetus as a result of the radiation exposure from 

such CT examinations.  Finally, when the clinical indications for these exams are met, 

they should be performed on pregnant patients with a full understanding of the benefits 

and risks, or rather, minimal risks to the fetus.  Additionally, this data can serve to 
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validate past and future studies of fetal doses that result from CT exams, as this is an 

ongoing clinical issue. 

9.4 Size-Specific Dose Estimate Comparison 

It is observed with this data that the SSDE does accurately describe the average 

dose absorbed in the body.  Across the board, comparisons with the average of all 

organ doses and the central slice SSDE yielded the most similar results.  The percent 

difference between those two values ranges from 0.4 to 21.8 percent.  The farthest 

deviations between measured organ doses and the SSDE calculated for each organ 

location existed for the thyroid, breasts, lungs, ovaries, and skin.  Most of these organs 

were located on the periphery of the patient where deviations would be expected due to 

the quantity’s basis on CTDI.  AAPM Report No. 204 states that the SSDE is not meant 

to be an estimate of organ dose but rather an estimate of the average dose distributed 

in a patient.52  Therefore, it makes sense that the SSDE would most accurately compare 

to the average of all organ doses as opposed to individual organ dose values for each 

subject.  In conclusion, the SSDE can effectively be used as a patient dose descriptor in 

the clinic, while organ dose libraries and software that allow for organ dose calculation 

are still being developed. 

9.5 Size Parameter Correlations 

The first relationship examined for the size parameter organ dose correlations 

was that between the effective diameter and organ doses for a CAP protocol.  From 

Figure 8-9 it can be discerned that as the effective diameter of a subject increases, so 

do the organ doses, but this relation is only true for effective diameters under 30 cm.  

When the effective diameter increases past 30 cm, the curve exhibits a downward 

tendency, indicating that any further increase in effective diameter results in a decrease 
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in organ dose.  This change in trend can be attributed to the “shielding” effect from 

subcutaneous soft tissue surrounding the internal organs, which can result in lower 

organ doses.  This effect is only realized in larger patients where the tube current 

modulation effectively reaches its upper limit and is no longer useful.  

A set of equations to calculate organ doses from the knowledge of the scan 

CTDIVol and central effective diameter of the patient are presented in Tables 8-39 

through 8-43 for a CAP, chest, abdomen, pelvis, and three-phase liver protocols.  To 

evaluate the use of the organ dose equations in a clinical setting, a trauma protocol was 

used as a test case.  The comparison between calculated organ doses from the 

equations of Table 8-39 and those measured in Table 8-22 for a trauma protocol were 

shown in Tables 8-44 and 8-45.  For the two subjects, a maximum of 15 % difference 

was observed.  The average percent difference for the large subject was 7.6 %, while 

the average percent difference for the obese subject was 5.2 %.  Hence, these 

equations can reliably be utilized to estimate organ doses for additional protocols as 

long as the measurement protocol is followed properly. 

The second application explored with the protocol equation sets was if the CAP 

equations could be used for all protocols.  The results for the comparisons of measured 

organ doses and calculated organ doses from the CAP equations are shown in Tables 

8-46, 8-47, and 8-48 for the chest, abdomen, and pelvis protocols, respectively.  The 

use of the CAP equations for the individual protocols relies on the assumption that all 

organs of concern are completely located within the scan range and hence are fully 

irradiated.  This assumption may or may not be true depending upon a patient’s 

anatomical organ distribution.  The use of just the CAP protocol might be an overly 
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conservative approach to estimating organ doses.  Hence, all protocol equation sets will 

continue to be used for organ dose estimates.    

For some organs and protocols, doses cannot be accurately calculated with 

these equations.  Most organs with weak correlations are those that may or may not be 

included in the primary scan range depending upon anatomical variations among 

subjects.  Correlations for those such organs prove to be extremely difficult to generate.  

That being said, a substantial amount of useful organ dose data can originate from the 

equations presented with this research, these correlations will only strengthen with the 

addition of more subjects to this project.  With the knowledge of a patient’s scan CTDIVol 

and the measurement of 2 dimensions on that scan, patient-specific organ doses can 

be calculated for an array of CT protocols.    
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Figure 9-1.  Average organ doses in the primary scan range for the chest protocol at 
various detector configurations. 

 

 

Figure 9-2.  Average organ doses in the primary scan range for the abdomen protocol at 
various detector configurations. 
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Figure 9-3.  Average organ doses in the primary scan range for the three-phase liver 
protocol at various detector configurations. 
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  CHAPTER 10
CONCLUSIONS 

10.1 Summary 

The ultimate goals of this research project were: first, to develop sets of empirical 

equations that can be utilized to calculate patient-specific organ doses for a group of 

commonly performed CT exams, and second, to investigate the effects of the ultra-

helical acquisition mode on organ doses.  Both of these goals were accomplished with 

the use of a standardized and reproducible direct organ dose measurement 

methodology utilizing commercially-available optically stimulated luminescent 

dosimeters and performing the measurements on cadaveric subjects in lieu of actual 

human patients.  

The organ dose equations put forth in this document were developed by utilizing 

data obtained from direct organ dose measurements performed with a series of 

cadaveric subjects and correlating the organ dose data with patient-specific parameters 

for a group of clinically relevant CT protocols.  The origin of these equations from the 

direct measurement of organ doses sets them apart from other methods of organ dose 

estimation that currently exist.  The patient dose determination protocol presented in 

this document has immediate clinical implementation and is the first of its kind in the 

field.  Physicists at SUF Radiology will have now the means to accurately determine 

individual patient doses from CT studies upon request in a matter of minutes.  This 

information will be available to clinicians and patients and will be of great value in the 

clinical assessment of specific cases, such as the management of pregnant patients 

(based on fetal doses), IR patients at risk of high skin dose and sentinel events, and 

others.  The ability to generate patient doses from individual CT scans will be used to 
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initiate the collection, maintenance, and tracking of realistic lifetime organ doses in the 

EMR for all patients. 

For the second major goal, a total of four cadaveric subjects were utilized for the 

evaluation of the ultra-helical acquisition mode.  The analysis of organ dose variation for 

ultra-helical acquisitions was divided into two categories: the first examined organ doses 

outside of the prescribed scanning range (PSR) of an exam, and the second examined 

organ doses within the PSR.  The exposure to organs outside of the PSR is solely the 

result of beam over-ranging.  Beam over-ranging increases doses to organs outside of 

the prescribed scan range, and becomes more prominent with wider beam widths.  For 

body scans, organ doses within the PSR show an overall increase in dose with an 

increase in the size of the detector configuration.    Currently, all body scan protocols 

utilize tube current modulation, which becomes less effective as the beam width 

increases.  The opposite effect was observed for head protocols, as most head exams 

are performed using fixed tube current, allowing for the geometric efficiency of wider 

beams to result in a decrease in organ doses.  Because ultra-helical mode provides 

shorter scanning times which are critical in many clinical indications, it is likely to be 

used in an expanded role in CT studies.   Knowledge of the corresponding organ doses 

will be of significant clinical value as current protocols shift from 64-slice helical 

acquisitions to ultra-helical acquisitions, aiding the SUF radiology practice committee in 

the decision process of protocol optimization.   

10.2 Future Work 

Although, these equations do represent a great stride in the ability to determine 

patient-specific organ doses, there are some limitations associated with their use.  First, 

the work presented here is only associated with scanner from one manufacturer.  The 
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use of CTDIVol as a normalization factor may overcome this limitation and could lead to 

scanner-independent estimates of organ dose, but the validity of this must be 

independently and thoroughly investigated.  Second, while a great deal of time and 

effort went into the measurement of organ doses for 8 different subjects, it is still a 

relatively small sample size in terms of the actual patient population.  Stronger 

correlations and smaller values of standard error could result from the inclusion of 

additional subjects.  Thus, future work to include additional subjects and various 

scanners would prove to be beneficial. 

While the organ doses measured in this research are representative of 

technology that is the current clinical standard, new technological advances in CT 

continue to occur at a rapid pace.  The use of iterative reconstruction algorithms instead 

of traditional filtered backprojection is the newest technological advancement in CT for 

which an evaluation of dose is needed.  Many manufacturers quote significant dose 

reductions with the use of iterative reconstruction.  These claims need to be supported 

with actual organ dose measurements.   

10.3 Final Words 

In conclusion, the organ doses and organ dose equations presented in this 

document span a wide range of practical applications.  The organ doses included are 

the first directly measured doses in CT and account for new advancements in 

technology, such as the evaluation of the new ultra-helical acquisition mode.   In 

addition, the range of patient sizes for which these organ doses are applicable, was 

expanded to include obese subjects, making the organ doses more representative of 

the changing patient population in the U.S..  The organ dose equations developed from 

these direct organ dose measurements are also both novel and widely applicable.  In 
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utilizing CTDIVol as a dose normalization factor, the equations developed can be used 

for a broad array of protocols, and potentially, other scanners.  In utilizing the effective 

diameter as a patient-specific size parameter, the equations can be used for an 

extended range of patient sizes.  These equations represent the first step in acquiring 

the ability to calculate patient-specific organ doses in CT, which will in turn, result in 

accurate estimates of risk for this life-saving diagnostic modality. 
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