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The use of medical diagnostic imaging involving ionizing radiation has
drastically increased in recent years causing concern about possible long term
consequences such as the induction of cancer. Recognizing this recent trend, the
Institutional Review Board (IRB) at the Nebraska Medical Center commissioned
this study in order to determine effective doses and corresponding lifetime
attributable risk of cancer for all diagnostic scans involving ionizing radiation at its
facility. The eventual product will be an on-line dose calculator specific only to
the Nebraska Medical Center’s scanning protocols to be utilized by its physicians,
researchers, and patients for education and informed consent policies.
In all, 32 conventional X-ray scans, 39 nuclear medicine scans, and over
100 individual Computed Tomography scans were analyzed to determine effective
doses using the most current dosimetry data and computer software available at the
time of this study.

The Biological Effects of Ionizing Radiation (BEIR) VII methodology was then
applied for each nuclear medicine and CT scan’s effective dose to estimate the
Lifetime Attributable Risk (LAR) of developing cancer based on age and gender.
Comparisons of effective doses were also made between similar diagnostic scans
from Duke University, Radiation Dose Assessment Resource (RADAR), and
www.xrayrisk.com.
Conventional X-ray effective dose outcomes showed that there was no
definitively higher rate of radiation dose between institutions. Nuclear medicine
effective doses varied considerably depending on the amount of
radiopharmaceutical administered and source of dosimetry information acquired.
The computed tomography effective doses from the Nebraska Medical Center had
higher values for scan regions that included the torso region with all other scans
yielding similar effective doses.
Determining medical diagnostic radiation doses can be an intricate,
complex method. It is pertinent that each institution wanting an accurate effective
dose from their diagnostic scans base their calculations on individual scanning
parameters and the most current radiation dosimetry information.
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Chapter 1
Introduction
The purpose of this thesis is to determine effective doses of radiation to the
patient population from medical diagnostic modalities involving ionizing radiation
based on individual scanning protocols at the Nebraska Medical Center. A
comparison of effective doses is then compared to another institution of similar size
and scope, as well as other on-line dose calculators available to the general public. In
addition to comparing these results, the calculated effective radiation doses are
translated into a cancer incidence rate that patients may incur from the diagnostic
scan. Patients participating in clinical research will also be given their cancer
incidence rate as part of the Nebraska Medical Center’s informed consent policy.
The diagnostic modalities included in this study are computed tomography
(CT), nuclear medicine, and conventional radiographic (x-ray) procedures. Data
derived from these scans is used to create an on-line “Dose Calculator” for the
Institutional Review Board (IRB) which is specific only to the Nebraska Medical
Center’s individual scanning protocols. By inputting variables such as the patient’s
gender, age, scan type, and number of scans undergone, the dose calculator will be
able to provide: 1) the effective dose for all diagnostic procedures involved, 2) a
stochastic risk of developing cancer, and 3) suggested consent language to be given to
the human subject / patient.
Due to the current increase in medical imaging over the last two decades,
there has been recent discussion in the medical community as to the beneficial use of
recording and tracking cumulative radiation doses.
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Effective doses calculated from this research maybe utilized in tracking Nebraska
Medical Center’s patient radiation exposures throughout their lifetime. Currently,
this option is only used at the National Institute of Health (National Institute of Health
, 1) but, is also being considered in other major institutions around the nation
including the Nebraska Medical Center.
It is pertinent that both the physician and the patient undergoing medical
imaging procedures involving ionizing radiation be cognizant of radiation exposure
and possible health risks involved. In order to provide this information, radiation
doses must be explained and then a clearly communicated to a risk that can be easily
understood by the general public. These risks can then be weighed with the tangible
medical benefits the patient will gain from undergoing that procedure. By comparing
the risk versus the benefit of the procedure, physicians can make the necessary
judgment as to whether the scan is viable for the patient’s progression of treatment.

1.1 Health Professional’s Training on the Effects of Medical Radiation
One of the main focuses for this research is to better educate referring
physicians as to the radiation exposures for which they are subjecting to their patients.
Numerous studies recently performed in Europe have discovered an increasing
concern that the knowledge of referring physicians who prescribe medical diagnostic
procedures involving radiation is inadequate (McCusker et al. 2009).
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This is of particular concern because CT parameters are not always adjusted to take
into account the age and varying sizes of pediatric patients, with children frequently
being imaged using adult CT protocols, thus exposing them to an unnecessarily high
radiation dose as a consequence(Soye and Paterson 2008, 725-729).
According to one study completed at a Northern Ireland hospital in 2008
(Soye and Paterson 2008, 725-729), 153 physicians were sent questionnaires
regarding what types of radiation doses were administered during diagnostic scanning
with scans ranging from typical chest x-rays to CT angiography. Of the 153
physicians, 52 had received some kind of formal training regarding ionizing radiation.
Of these, 22 (42%) achieved a score of 50% or more. Of the remaining 101
physicians with no formal training on ionizing radiation, 18 (18%) achieved a score
of 50% or above (Soye and Paterson 2008, 725-729). This survey confirms that
clinical awareness of radiation dose administered to patients during common
radiological procedures and their consequent risks is poor. However, this survey did
indicate that radiation safety training does increase the awareness of radiation dose.
In a separate study completed in 2009, researchers investigated how well
medical students and junior doctors in Ireland correlated the effects of radiation doses
to their patients. Of the 269 participants, 99% of subjects underestimated the dose of
radiation involved in a barium enema, plain film abdomen, lumbar spine x-ray, and a
PET scan (McCusker et al. 2009). Almost 90% underestimated the dose of a CT
abdomen/pelvis scan. There was however, a documented increase in radiation dose
knowledge of medical students after entry into their clinical rotations (McCusker et
al. 2009)(McCusker et al. 2009).
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Although these surveys were taken from physicians trained in European
medical schools, there is a similar correlation to medical students in the United States.
Currently, there is no formal radiation safety training included with current U.S.
medical school curriculum. These studies are an obvious indication that more needs
to be done to educate current and existing physicians about ionizing radiation relevant
to medical imaging. The purpose of this research is not to pronounce medical
radiation as being completely harmful, but that it be respected and used appropriately
with the correct training and knowledge. One goal of this dose calculator is to
enhance the knowledge of physicians and researchers on radiation doses currently
being administered at the Nebraska Medical Center, so they may make a more
comprehensive decision on their patient’s treatment process.

1.2 Effectively Communicating Effective Whole Body dose
The calculation of a radiation dose administered to a patient during a medical
scan can be a complicated and complex task. There are several variables that must be
accounted for when determining an estimated radiation dose which can be understood
by radiation safety specialists, physicians, and patients. In order to arrive at a
simplified, universal term used to describe a radiation dose, the International
Committee of Radiation Protection (ICRP) created a term called Effective Dose (ED)
(Hall and Giaccia 2006). The effective dose allows non-uniform internal and external
radiation doses to be expressed as a single value, representing an equivalent whole
body dose.
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Or, in other terms, the effective dose is the whole body dose of x-rays that would
have to be delivered to produce the same stochastic risk as the partial-body dose that
was actually delivered (Hall and Giaccia 2006). The effective dose values are
thought to be more meaningful than “total body dose” and facilitate comparisons of
radiation doses administered from different medical modalities involving radiation
such as computed tomography (CT), nuclear medicine, and conventional radiography.
To first determine the effective dose, the dose equivalent must first be
calculated. The dose equivalent is simply the mean energy imparted by the ionizing
radiation multiplied by the radiation’s quality factor (Q value) (Sorenson and Phelps
1987). Once the dose equivalent has been determined, this value is then multiplied by
a tissue weighting factor which relates to the tissues/organs that are directly affected
by the particular radiation particles. Some organs or tissues will be more susceptible
to radiation induced stochastic effects than others. For example, according to the
ICRP report 60, bone marrow has a tissue weighting factor (WT) of 0.12, is more
susceptible to radiation than bone or skin (WT = 0.01) (ICRP (International
Commission on Radiological Protection) 1990). The result of the dose equivalent and
tissue weighting factors is the effective dose which has standard units of millisieverts
(mSv). Common units still utilized in the medical community are measured in
millirem (mrem) and will be used in this thesis to depict radiation exposure from each
medical modality.
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1.3 Linear No Threshold Model and how it’s Utilized
Because medical diagnostic scanning typically involves low doses of radiation
(<10,000 mrem) at staggered time periods we must rely upon extrapolated
epidemiological data on cancer incidence from higher doses (>10,000 mrem) of acute
exposures. Extrapolation of this data is used to form the linear non-threshold (LNT)
model which is used as the basis for radiation protection with an emphasis on
protecting public health. The LNT model is based on the relationship between cancer
incidence and radiation dose over lower dose ranges. Recently, the BEIR VII
Committee (NRC 2006) and the ICRP (2007) recommendations took into account the
most current biological and physical information in order to develop, “the best
possible risk estimate for exposure to low-dose, low linear-energy-transfer (LET)
radiation in human subjects”(Preston 2008, 541-546). This new information
incorporated low dose rates studied from radiation workers in the nuclear industry
and compared it to the most current data from the Japanese bomb survivor’s registry.
Information from these reports is utilized in this research to more accurately correlate
a range of low dose radiation scenarios for groups within the population to their
lifetime attributable risks of cancer. These risk estimates may also be used in the
future to establish radiation protection standards for patients undergoing multiple
medical scans involving ionizing radiation.
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1.4 BIER VII report and how it differs from the BEIR V report
In order to determine the health risk factors from low levels of ionizing
radiation incurred from medical diagnostic imaging at the Nebraska Medical Center,
the most current and up to date epidemiological data of radiological effects on
humans was utilized. The Biological Effects of Ionizing report VII; phase 2 (BEIR
VII) is the seventh report in a series of reports compiled by the National Research
Council (NRC) to advise the United States government on the relationship between
human health and exposure to ionizing radiation. The BEIR VII report is an update
of the previously published material from the BEIR V report which was released in
1990. Newly released experimental research and epidemiological information
stemming from 1990 to 2004 was included in the most recent BEIR report to better
aide regulatory bodies on how to best characterize risk at the doses and dose rates
experienced by radiation workers and members of the general public. The primary
purpose of the BEIR VII report is to construct the best possible risk estimates for
individuals who were exposed to low-dose, low linear energy transfer (LET) radiation
such as ones found in medical diagnostic imaging.
Since the publication of BEIR V report in 1990, there has been a considerable
amount of information released regarding the health effects of ionizing radiation.
One area that has seen a substantial increase in information has been radiationinduced cancers from the Hiroshima and Nagasaki survivors.
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Since the BEIR V report, the Life Span Study (LSS) cohort from the Hiroshima
Tumor Registry has become available allowing the committee to use both incidence
and mortality data to develop its models. By incorporating data from both the
Hiroshima and Nagasaki tumor registries the committee was able to evaluate
approximately 13,000 incidences of cancer and about 10,000 cancer deaths compared
to the 6,000 cancer deaths that were only available to the BEIR V committee(BEIR
VII Committee 2006). Due to this increase in epidemiologic and biological data there
has been an increase confidence in the cancer risk estimates. Additionally, there is
evidence stemming from the A-bomb survivor group that suggests radiation exposure
could also be the cause of other health effects such as cardiovascular disease and
stroke.
Radiation dosimetry at Hiroshima and Nagasaki were also recently
reevaluated in order to give more credibility to dose estimates and the relationships
between radiation exposure and health effects observed in these A-bomb survivors.
In an attempt to go beyond the previous scope of the BEIR V report, the BEIR VII
committee was also able to incorporate information from radiation worker studies,
medical radiation exposures, and populations with environmental exposures.
Advancements in science which relate to estimation of genetic (hereditary)
effects from radiation have also increased since the 1990 report. Genetic risk
estimation has been aided by advances in human molecular biology, making it
possible to project risks for all types of genetic diseases.
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There have also been advancements in cell and molecular biology which has
contributed additional information on how cells respond to radiation induced damage,
as well as, the association between DNA damage response and cancer development.
Genetic effects will not be covered in this research because it was deemed
unnecessary at this time by the Nebraska Medical Center personnel, but may be
utilized as a future study.
Dosimetry software programs used to calculate effective doses for all
diagnostic modalities included in this research were also able to determine cancer
incidence rates based on BEIR VII methodology. The STUK medical x-ray software
program also had the capability of determining cancer incidence rates, but radiation
exposures were deemed too low to effectively report a concise incidence rate of
cancer. These cancer rates may be further explored at a future time.

1.5 Stochastic Effects and their Risks of Occurring
There are two types of radiation effects which occur in medicine,
deterministic effects and stochastic effects. A deterministic effect has a practical
threshold in dose, the severity of effects increase with dose, and results from damage
to many cells from a typical one time, high dose exposure. Typically, this type of
effect is seen from acute exposures from radiotherapy devices used in radiation
oncology treatments. The other type of effect is called stochastic, is most closely
related with diagnostic radiology. The stochastic effect occurs when an irradiated
human cell is modified instead of killed.
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The modified cell may undergo an uncontrolled replication process, which may lead
to malignant cell proliferation (Hall and Giaccia 2006). Stochastic effects are based
on the probability of inducing the effect, not the severity of the effect, which is
increased with increasing radiation doses. Because stochastic effects are random, it
implies that in a population of patients undergoing diagnostic scanning, there will
only be detrimental effects seen in some individuals. But, as the dose to the
population is increased, so to is the probability that more patients will develop some
type of malignant proliferation. Therefore, we are unable to exactly predict who in
the population of patients will be afflicted.
By calculating medical radiation risk from a calculated effective dose, medical
professionals can more accurately gauge the uncertain risks of developing cancer. To
estimate the risk associated with a particular procedure, such as CT scan, the
preferred method is to measure, or calculate, the dose to each organ as a function of
age, gender, and type of CT examination, apply cancer risk estimates specific for that
organ, age and gender, available from the BEIR VII report, but ultimately from the Abomb survivor data and then to sum these risks for all organs exposed (Hall 2009,
A171-84). In order to estimate the risk associated with a diagnostic scan, for example
a CT scan, the preferred method is to calculate individual organ doses as a function of
age, gender, and type of scanning procedure, then apply cancer risk estimates specific
for the exam. These individual organ risks are then summed to give a risk for all
exposed organs or a cumulative whole body risk estimate. This whole body risk
estimate will then be used to gauge the “Risk versus Benefit” of undergoing the
diagnostic scan.
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1.6 Relative Risk and Informed Consent
Although medical diagnostic scans are not considered high rates of radiation,
they can potentially result in a dose close to the lower limit for which there is credible
epidemiological evidence for an excess cancer incidence. For this reason we want to
determine the “relative risk” or the risk of developing cancer relative to the exposure
of radiation. The relative risk is the ratio of the probability of the event occurring in
the exposed group versus the non-exposed group. By determining the risks involved
with medical modalities using low-level ionizing radiation we can better understand
the likely hood of cancer occurring in our population. Without low-dose calculations
for incidence rates of cancer, the risk-benefit ratio of diagnostic scanning cannot be
assessed by the general public or their prescribing physicians. As a patient of this
population, the most important question to ask is: “What are the risks of developing
cancer from undergoing this scan?” With data from this research health professionals
can more accurately answer this question in terms that patients can better understand.
If risk were put into perspective, assume that a typical CT scan of the
abdomen resulted in roughly 10 mSv or 1 rem of radiation exposure. And according
to the BEIR VII methodology, the estimated lifetime risk of this patient developing
some form of cancer in their life is increased by approximately 0.05% or 5 in 10,000.
This increase would be added to say a 21% lifetime chance of developing cancer from
some other type of carcinogen (i.e., asbestos, smoking, chemicals, etc.) therefore,
changing the risk of developing cancer from 21% to 21.05%.

12

If the lifetime risk of cancer from that one CT scan were put into perspective with
other events such as dying from drowning (0.09%) or being involved in a pedestrian
accident (0.16%) the results of developing cancer from one CT scan would be
considerably smaller (Anonymous2009, 4-5). The cause for concern comes when
these diagnostic scans accumulate over the course of a lifetime, resulting in higher
cumulative risk of developing cancer.
Because there is risk involved with undergoing medical diagnostic scanning,
hospitals and medical research facilities have considered incorporating informed
consent before a patient decides to undergo scanning. Informed consent is based on
moral and legal premise of patient autonomy where the patient has the right to make
their own decisions when it comes to their healthcare choices. Physicians give
informed consent to patients in order to make them aware of the risks that they may
incur as a result of the procedures for which they are about to undergo. For many
physician-patient interactions, implied consent is given for such things as physical
exams or routine blood tests. But, for more invasive tests with more significant risks
or alternatives, a written consent would be required of the patient. More hospitals are
favoring a written consent when it comes to diagnostic scanning in order to alleviate
any future liability and also to better inform the patient of the type of risk involved.
The Nebraska Medical Center has informed consent for all of their medical
research subjects currently undergoing investigative studies for Federal Drug
Administration (FDA) approval.
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According to Title 21 of the Code of Federal Regulations 50.20, “No investigator
may involve a human being as a subject in research covered by these FDA regulations
unless the investigator has obtained the legally effective informed consent of the
subject or the subject's legally authorized representative. An investigator shall seek
such consent only under circumstances that provide the prospective subject or the
representative sufficient opportunity to consider whether or not to participate and that
minimize the possibility of coercion or undue influence. The information that is given
to the subject or the representative shall be in language understandable to the subject
or the representative. No informed consent, whether oral or written, may include any
exculpatory language through which the subject or the representative is made to
waive or appear to waive any of the subject's legal rights, or releases or appears to
release the investigator, the sponsor, the institution, or its agents from liability for
negligence.” It is the goal of this research and the Nebraska Medical Center to
incorporate a means to communicate an easily understood risk language for patients
to effectively comprehend. The dose calculator compiled as a result of this work will
provide the required informed consent language needed to necessitate the FDA
regulations laid out in 21 CFR 50.20 for diagnostic imaging incurred during medical
research studies.

1.7 Uncertainty in Tissue Weighting Factors and Lifetime Risks of Cancer
It is important to indicate that the tissue weighting factors used to compile
effective doses in this study have a considerable amount of uncertainty in their
representative values.

14

According to the ICRP 60 report, when considering these relative contributions and
recognizing that the process of deriving them, let alone the uncertainties in the
original data themselves, has large uncertainties the ICRP decided that the values
could be rounded and grouped into a simple system of weights of adequate accuracy
for calculations of effective dose (ICRP (International Commission on Radiological
Protection) 1990). For example, the following grouped tissue weighting factors were
presented in ICRP report 60:
Group

Organ

Tissue Weighting Factor (WT)

1)

Gonads

0.20

2)

Bone Marrow
Colon
Lung
Stomach

0.12
0.12
0.12
0.12

3)

Bladder
Breast
Liver
Esophagus
Thyroid
Remainder

0.05
0.05
0.05
0.05
0.05
0.05

4)

Skin
Bone Surface

0.01
0.01
Total 1.00

Because there is so much uncertainty with tissue weighting factors it should
be understood that these values are only rough estimates and should not be considered
concise or accurate when determining effective dose. It is important to note that these
values are only utilized to give an estimate of radiation dose administered during a
medical scan.
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The Life Span Study (LSS) cohort used in determining the BEIR VII risk
calculations consists of about 120,000 survivors of the Hiroshima and Nagasaki
atomic bombings in 1945. Because of its large size, there are several key features
that make the LSS cohort important when determining quantitative estimates of risk
from exposure of low LET radiation. These key features include a large population
that is not selected due to disease or occupation, its long follow-up period (1950 to
2000), and the fact that it includes both sexes and all ages at exposure.
Although the Life Span Study has some beneficial attributes, it is also
important to understand that it also has some limitations to consider when interpreting
risk estimates. For example, the subjects were of Japanese decent, exposed under
wartime conditions (e.g. men away at war, predominately women in exposed
population), and differ from various populations from which risk estimates are
desired.
Because of such uncertainties, it is important to regard estimates of LAR with
skepticism, placing more confidence in the range of possible values. Even though a
confidence interval is the typical statistical method for doing so, the approach here
also accounts for uncertainties external to the data, treating subjective probability
distributions for these uncertainties as if they resulted from real data. The resulting
range of plausible values for lifetime risk is therefore labeled a “subjective confidence
interval” to emphasize its dependence on opinions in addition to direct numerical
observation (BEIR VII Committee 2006).
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Lifetime risk estimates are accompanied by subjective confidence intervals
that quantify the three most significant uncertainty sources: 1) sampling variability in
risk model parameter estimates from the Life Span Study (LSS) data, 2) the
uncertainty about transport of risk from Japanese (LSS) to a U.S. population, and 3)
the uncertainty in the appropriate value of a dose and dose rate effectiveness factor
(DDREF) for adjusting low-dose risks based on linear-in-dose risk models estimated
from Life Span Study data.
The cancer risk values, which form the basis of the repercussion of radiation
exposure, are not to be regarded as precise or absolute. They are, however, still
subject to many uncertainties and to many assumptions involving factors which may
be subject to change. There seems to be even greater uncertainties regarding the total
risk to individual organs. As more studies transpire and more data is collected it is
hoped that these uncertainties will diminish as the Japanese survivor data increase and
as more information develops from a broader variety of human experiences (ICRP
(International Commission on Radiological Protection) 1990).
It is very difficult to arrive, in any precise way at a satisfactory measure of
overall uncertainty in the nominal values of risk used by the commission for low dose
exposure. The many factors mean that uncertainty can be large both for the nominal
total risk and especially for individual organ risks (ICRP (International Commission
on Radiological Protection) 1990).
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1.8 Conventional Radiographic X-ray
X-rays are generated by an x-ray tube, under a low pressure vacuum that uses
high voltage to accelerate electrons which are eventually released by a hot cathode at
a high velocity. These high velocity electrons are attracted towards a positively
charged metal target called the anode, creating x-rays. The incident electron’s energy
controls the maximum energy of the x-ray photon. Therefore, if the voltage on the
tube is set at 100 kV, it cannot create an x-ray with energy greater than 100 keV. It is
both the tube current and voltage, along with the organs and tissues located within the
scan region, which dictates the radiation dose to the patient.
Conventional x-ray procedures have become essential in the detection of
pathology of the skeletal system and can also be utilized to detect some disease
processes in soft tissues. One of the most popular forms of x-ray in use today is the
chest x-ray. The chest x-ray is used to identify lung diseases such as pneumonia, lung
cancer, and pulmonary edema. Other x-ray regions such as the abdominal x-rays can
detect free fluid or free air (from visceral perforations), as well as, intestinal
obstructions. Gallbladder and kidney stones can also be reveled with the use of
conventional x-rays. The conventional x-ray has become the cornerstone of medical
diagnostic imaging and is commonly used to diagnosis many diseases. Although
radiation doses are considered extremely small when compared to other modalities
such as CT, it maybe beneficial to record accumulated effective doses from x-ray
procedures for any future epidemiological studies regarding conventional x-ray.
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The hypothesis for effective doses resulting from conventional diagnostic xray procedures will be concurrent with standard dose estimates due to the lack of
variation in protocols from a national standard of x-ray parameters. Parameters for xray scanning were based primarily on the 7th edition of Bontrager’s “Handbook of
Radiographic Positioning and Techniques” where radiographic positioning and
exposure factors are standardized along with proper patient shielding. The only
variation from the Nebraska Medical Center’s scanning protocols versus other
institutions will be the peak kilovoltage (kVp) and current of the x-ray tube (mAs) of
the x-ray machine. These variables are predicted to have small variations on radiation
exposure resulting from x-ray scans involving organs or tissues of interest.
Effective doses calculated using Nebraska Medical Center’s protocol list will
be compared with four main x-ray scans (chest, abdomen, pelvis, and skull) from
Duke University, and a current on-line dose calculator called xrayrisk.com. These
results will gauge how the Nebraska Medical Center’s results compare with other
current data on radiation doses currently available to the public. The main focus for
calculating effective doses from the Nebraska Medical Center’s conventional x-ray
protocol list is to provide a “tailor-made” radiation dose website for researchers and
clinicians utilizing diagnostic x-rays at the Nebraska Medical Center. This
information will help them determine what type of radiation doses they will be
administering to their research subjects or patients. Lifetime attributable risks of
cancer will not be determined for x-rays due to their lower rates of cancer incidence,
but may possibly be calculated in a future studies.
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1.9 Nuclear Medicine
The calculation of radiation dose is essential to the safe use of
radiopharmaceuticals. Internal dose calculations are of basic scientific interest to
clinicians in order to determine what doses will occur to individual organs of the
body. These calculations also play a role in safety and regulatory standpoints.
Physicians may want to know what scans have the highest radiation dose in order to
make an accurate decision about patient safety. There may also be a situation where a
misadministration occurs where the dosimetry must be evaluated in order to comply
with regulatory guidelines. Internal doses may also be used for historical interest or
for future epidemiological purposes, population studies, or litigation purposes.
There are three means to calculating dose in a medical setting. Some
clinicians believe that calculating the “critical organ” (organ receiving the highest
dose) is most important especially those organs that are extremely radiosensitive such
as red bone marrow. Others believe that the “total body” dose (which takes the total
energy absorbed by all tissues of the body and divide by the total mass of the body) is
the most feasible means in determining dose. However, the “total body” is not a
useful means in determining risk because radiopharmaceuticals involve a nonuniform localization in the body, translating into a non-uniform dose. These methods
are different than the effective dose calculation we found to be the most accurate for
our nuclear medicine radiation dose studies at the Nebraska Medical Center.
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1.9.1 Assumed standard patient size (Standard Man)
Due to the complexities of determining internal doses from nuclear medicine
procedures it is important to estimate as many biological variables in order have a
consistent outcome. The most common means of estimating internal doses is by
using the “Standard Man” or “Reference Man” model. The “Standard Man” model is
commonly used for radiation protection purposes. It is a standard set of biological
characteristics that are used in order to calculate patient dose. Anatomical values used
in the calculations of internal dosimetry are usually taken from Publication 23 of the
International Commission on Radiological Protection, ICRP, which is an exhaustive
compilation of masses, sizes and compositions of human organs and bodies from
prenatal to adult (Gollnick 2000). In ICRP report 23, the “reference adult male” and
the “reference adult female” are considered to possess the “average” characteristics of
all North American men and women. The reference man is defined as being between
20-30 years of age, weighing 154 pounds (70 kg), is 5 feet 7 inches (170 cm), and
lives in an average climate of 10˚ to 20˚C. Although most patients do not fall within
this category, the “Standard Man” model is currently the most logical means at
arriving at internal dose estimates for the Nebraska Medical Center’s dose calculator.

1.9.2 Radiation Dose Determination in Nuclear Medicine
When determining radiation doses administered in nuclear medicine studies
the principle quantity of interest is the absorbed dose.
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The absorbed dose is the mean energy imparted by ionizing radiation to a particular
mass and has units in rad or gray. This absorbed dose can then be multiplied by a
quality factor (Q) which accounts for the different types of radiation causing
biological effects (i.e. alpha particles, beta particles, gamma rays, and x-rays) giving
the dose equivalent. In order to estimate an absorbed dose for all significant tissues,
the quantity of energy absorbed per unit mass must be determined for each tissue. If
we were to take two objects, one was designated as the target tissue and the other
object contained a uniformly contaminated area with radioactive material. Depending
on the identity of the radionuclide contained within the object, radiation particles of a
specific energy and abundance will be dispersed at a rate dependent on the amount of
activity present. The only other factor needed in determining dose within the target is
a term referred to as the “fraction of emitted energy.” This quantity is most often
referred to as the “absorbed fraction” which represents the fraction of energy
absorbed from the source to the target organ.
When determining internal doses involved with nuclear medicine studies a
mathematical simulation program called Monte Carlo is used. Monte Carlo methods
are a class of computational algorithms that rely on repeated random sampling to
compute their results. They are often used in simulating physical and mathematical
systems. The Monte Carlo program incorporates the physics of radiation transport
within the body to determine internal radiation dose.
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The input parameters used in modeling Monte Carlo simulations involve: 1) how the
type of radiation travels through and interacts with matter, 2) the different physical
properties of photons, electrons, and sometimes neutrons, and 3) the geometrical
formulas that describe shapes.
For example, if we wanted to simulate radiation transport through the body
and had two simple spheres which represented different soft tissues. One sphere
would contain radioactivity and the other would represent the target tissue. As the
Monte Carlo program progresses through its simulation it would mimic the emission
of photons/electrons from the source sphere and record the history of interactions of
those emissions in the sphere which represented the target tissue. Each emission
deposited into the target tissue would then be recorded. From the information
gathered from the Monte Carlo simulation, the absorbed fraction can be determined
by dividing the energy absorbed in the target tissue by the total energy emitted by the
source.

1.10 Computed Tomography
One of the most common and highly developed forms of diagnostic imaging
today in the United States is the CT scan. CT scans provide the medical community
with high quality diagnostic images with very short scan times (seconds). Because of
these two qualities, CT procedures have become an essential means in aiding the
diagnosis of patients.
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Since its inception in 1972, the number of CT scans in the U.S. has risen from an
estimated 18.3 million scans in 1993 to over 62 million scans in 2006 ((National
Council on Radiation Protection and Measurements 2009). Technological advances
in CT and the ease of use of this technology have also led to additional clinical
applications that have increased the use of CT scanners at a rate of 8% to 15% per
year for the last 7 to 10 years (National Council on Radiation Protection and
Measurements 2009). Because of the increased use of this medical diagnostic
modality, there is increased concern over the long term health effects resulting from
cumulative CT exposures to patients over the course of their lifetime.
A journal article recently published in the Archives of Internal Medicine
called “Projected Cancer Risks from Computed Tomographic Scans Performed in the
United States in 2007” indicated some important factors when studying risks
associated with CT scans. It also indicated some important scanning trends in the
U.S. that may be valuable for future studies associated with CT scanners. Some of
these risk factors will be addressed in our research and also help guide our knowledge
on the Nebraska Medical Center’s current scanning protocols. They include:
1. Approximately 30% of all CT scans were estimated to be performed in adults aged
35 to 54 years, 13% in those aged 18 to 34 years, and 7% in persons younger than 18
years.

2. Approximately 60% of the CT scans were estimated to be performed in females.
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3. Projected number of incident cancers per 10,000 scans generally decreased with
increasing age at exposure.

4. Risks were higher for females due to additional risk of breast cancer / higher lung
cancer risk coefficients.

5. Largest contributions of radiation dose were from scan types performed most
frequently: abdomen/pelvis, chest, head, and chest CT angiography.

6. Two thirds of projected cancers were estimated to occur in women primarily
because of higher frequency of use (60% of scans) and higher breast / lung cancer
risks from scans that expose the chest.

7. Approximately one-third of the projected cancers (35%) were from scans
performed between the ages of 35 and 54 years, whereas 15% were from scans
performed before the age of 18 years.

8. Lung cancer was the most common projected radiation-related cancer followed by
colon cancer and leukemia.

9. Cancer sites with the highest risks were common cancers with a high frequency of
exposure to that organ (e.g., colon from CT of abdomen / pelvis, and lung from CT of
the chest) or higher radiosensitive tissues such as red bone marrow and leukemia.
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The basis for this research is to calculate effective doses from each CT scan
currently being administered at the Nebraska Medical Center by using a CT
dosimetry software program called IMPACTS. IMPACTS will use the current
Nebraska Medical Center’s CT scanning protocols and the ICRP 60 tissue weighting
factors to determine effective doses. A comparison of the Nebraska Medical Center’s
results will then be compared to a similar medical institution (Duke University), a
reputable organization providing the most current and up to date dose calculations
(RADAR website), and an on-line dose calculator developed by radiologists
(xrayrisk.com) which is easily available for patient use. This comparison will gauge
how the Nebraska Medical Center’s CT scanning parameters and their corresponding
effective doses relate with other institutions and other forms of CT dose information.

1.10.1 Variations in CT Scanning
Each institution will most likely have different scanning parameters,
depending on the type of image needed for the radiologist to interpret. For example,
the following scanning parameters can directly affect the radiation dose to the patient:
exposure technique factors, x-ray beam collimation, pitch, patient centering, number
of detectors, and over-ranging which is also referred to as z-overscanning. A
majority of these variables for CT scans stay roughly the same throughout the scan.
But, the tube current (measured in milliamperage), exposure time (measured in
seconds), the tube potential or voltage (measured in kilovolts), and the pitch are the
four main factors in determining radiation dose of a CT scan.
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The product of the tube current and the rotation time is called milliamperage
per second or mAs. The mAs determines the quantity of photons (dose) incident on
the patient for the duration of the exposure and is directly proportional to the dose
given to the patient. Some CT scanners are equipped with Automatic Exposure
Controls (AEC) which use a technique referred to as automatic tube current
modulation (ATCM) to optimize the dose to the patient while maintaining constant
imaging quality regardless of the size of the patient in the z-axis or the attenuation
changes in the x-y axis. Today, AEC devices are installed on all currently
manufactured CT scanners on the market. Both CT scanners at the Nebraska Medical
Center are equipped with AEC devices to limit patient exposures.
The peak kilovoltage (kVp) determines the penetrating power of the photons
emanating from the x-ray tube. The higher the kVp value means that photons have
higher energies and can penetrate thicker objects compared to lower kVp values.
Adults typically have a thicker body mass and require a kVp of around 120. If for
example, all other factors remain constant, and the kilovoltage peak was increased
from 120 kVp to 140 kVp on a single-detector, the CT dose index (CTDI) for a body
phantom would increase approximately 39% ((McNitt-Gray 2002, 1541-1553).
The last scanning parameter which has an integral role in patient dose is the
pitch and/or spacing. For helical scans, the pitch parameter (defined as table distance
travelled in one 360˚ rotation / total collimated width of the x-ray beam) has an
inverse effect on dose. As pitch increases, the time that any one point in space spends
in the x-ray beam is decreased, therefore decreasing the dose.
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The IMPACTS CT dosimetry program used in this research incorporates all four of
these parameters along with the scan region and tissue weighting factors from the
ICRP 60 report to determine the eventual effective dose.
In theory, if all scanning parameters are kept uniform, the resulting dose
calculator should be able to determine with a slim margin of error the correct whole
body effective dose given to the patient undergoing diagnostic procedures. We
predict that our results will closely correlate to other institutions of similar size and
scanning equipment. There will however, be some variations in results.

Chapter 2
Materials and Methods
Data collected for this research was obtained at the Nebraska Medical Center
(NMC). The Nebraska Medical Center is a not-for-profit hospital located in Omaha,
Nebraska and serves the healthcare needs of both Omaha and surrounding rural
communities. It is the largest healthcare facility in the state with more than 4,900
employees and more than 1,000 physicians on staff. The tertiary care medical center
collectively houses approximately 689 licensed beds. It serves as a designated trauma
facility for Eastern Nebraska/Western Iowa and provides highly specialized care in a
number of areas including its internationally renowned solid organ and bone marrow
transplantation services. In 2007, NMC treated more than 26,000 inpatients and had
more than 445,000 encounters in outpatient settings including diagnostic testing,
radiology, and specialty clinics.
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2.1 Capacity of medical imaging modalities
In 2005, the radiology department moved into the Hixson-Lied Center for
Clinical Excellence. This building is home to one of the largest Emergency
Departments in the Midwest and also houses four CT scanners, two MRI scanners,
and two x-ray rooms located in close proximity to emergency trauma bays. The
nuclear medicine department was recently renovated to accommodate five gamma
cameras, as well as one PET/CT scanner. The two CT scanners which perform a
majority of the scanning in the radiology department are the GE Lightspeed Pro 16
slice and a GE VCT 64 slice. The diagnostic modalities which will be included in the
Nebraska Medical Center’s Institutional Review Board (IRB) research includes both
the GE Lightspeed Pro 16 slice and a GE VCT 64 slice CT scanners, a complete list
of current nuclear medicine studies and all x-ray procedures utilizing scan regions
with critical organs of interest.
Currently, the radiology department has increased the number of CT scans
completed for both in-house and outpatient settings to approximately 4,000 per
month. The nuclear medicine department completes approximately 250 scans per
month and the x-ray department has seen its number of scans increased to
approximately 4,500 per month. The current number of diagnostic scans at the
Nebraska Medical Center correlates with the increase tread commonly found
throughout the nation’s hospitals of similar size and capacity.
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2.2 X-ray Dose Calculations
Upon review of the most current x-ray procedures being performed at the
Nebraska Medical Center ~29 procedures were selected based on their frequency and
ability to directly affect critical organ dose. Extremities such as wrists, elbows,
ankles, and feet were absent from our calculations due to their lack or insignificant
whole body effective dose exposure. We included scans which encompassed areas in
the head, thorax, abdomen, and pelvic regions due to their ability to correlate to a
greater affect on dose to critical organs and therefore increase the effective dose.
In order to arrive at the effective dose for patients undergoing x-ray
procedures, there were three tools which aided in the process. First, was a computer
software program called STUK (PCXMC 2.0.1) which is able to calculate patient
dose with parameters that are set by the user. The next tool is the Nebraska Medical
Center’s technique chart which lists all current x-ray scanning protocols such as tube
current and voltage settings. The last item of interest was an x-ray procedure
handbook called “Bontrager’s Handbook of Diagnostic X-ray Imaging.” This
handbook gave the other necessary input variables for the PCXMC software program.

2.2.1 Description of STUK (PCXMC 2.0.1)
The PCXMC software version 2.0.1 (manufactured by STUK, the Radiation
and Nuclear Safety Authority in Finland), is a Monte Carlo program designed to
calculate patients’ individual organ doses and effective doses from medical x-ray
examinations.
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The organs and tissues taken into account include: active bone marrow, adrenals,
brain, breasts, colon (upper and lower large intestine), extrathoracic airways, gall
bladder, heart, kidneys, liver, lungs, lymph nodes, muscle, esophagus, oral mucosa,
ovaries, pancreas, prostate, salivary glands, skeleton, skin, small intestine, spleen,
stomach, testicles, thymus, thyroid, urinary bladder, and uterus.
Effective doses are calculated through this program by utilizing both the
present tissue weighting factors of ICRP Publication 103 (2007) and the old tissue
weighting factors of ICRP 60 (1991). Hermaphrodite phantom models from Christy
and Eckerman (1987) were used in order to achieve the anatomical data, which
describes patients of six different ages: new-born, 1, 5, 10, 15 and adult. Due to a
majority of adult patients undergoing scans at the Nebraska Medical Center facility,
only the adult phantom will be used for our dose modeling. The PCXMC program
can change phantoms in order to make them more realistic for external irradiation
conditions, therefore making it more suitable to calculate effective doses according to
the new ICRP Publication 103 (2007) for tissue weighting factors.
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Table 2.1 – The Nebraska Medical Center’s Technique Chart. This Technique Chart
was used for each diagnostic x-ray protocol. The column which denotes the “CR
system” was utilized.
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The PCXMC program has a home screen which can be seen in Figure 2.1
below. From this main screen data can be entered, run through a Monte Carlo
simulation and then compute into dose estimates. Risk assessments may also be
calculated for lifetime attributable risks of cancer, but due to low effective doses
received from x-ray examinations, it was deemed unnecessary to complete the risk
assessment portion of x-ray output data for this study.

Figure 2.1 – The PCXMC 2.0.1 home screen
In order to properly calculate a patient’s whole body effective dose from an xray procedure, the first step is entering specific patient imaging parameters. The
“examination data” section is selected and the user is given the following screen as
seen in Figure 2.2. The first three parameters needed to run the code for dose
calculations include: 1) Field Size, calculated by entering the x-ray beam size at the
image receptor plane (i.e. the width and height of the actual x-ray image) measured in
centimeters. 2) Field to Image Distance (F.I.D.) or Source to Image Distance (S.I.D.),
the distance between the x-ray tube focal spot and the image receptor (cm).
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3) The Object to Image Distance (O.I.D.) which is the distance between the patient’s
exit surface and the image receptor (i.e. chest bucky). These three parameters were
depicted from “Bontrager’s Handbook of Radiographic Positioning and Techniques,
7th edition” a standard protocol for all x-ray technicians at the Nebraska Medical
Center. Once these values have been entered, the PCXMC software will calculate the
Focus Skin Distance (FSD), beam width, and the beam height. The last two variables
that are necessary for this examination data screen include the projection angle (i.e.,
AP, PA, lateral right, or lateral left) and the scan region which can be manipulated by
using the cursor to adjust the field to the correct location. The scan region is
automatically set once the field size calculator information has been entered. Once all
input parameters have been added, the file can then be saved according to the scan
type (i.e., Chest PA, Abdomen, etc.).
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Figure 2.2 – The main PCXMC 2.0.1 input window. This input window used for the
calculation of range and effective doses from conventional radiography. The user
supplies all the technique parameters used for the patient exam, with the exception of
input dose quality.
The second step to calculating effective dose is to run each scan’s saved
parameters through the Monte Carlo calculations. This Monte Carlo program is a
calculation of photon transport based on stochastic mathematical simulation of the
interactions between photons and matter. Photons are emitted from an isotropic point
source into the solid angle specified by the focus skin distance (FSD) and the x-ray
field dimensions, and followed while they randomly interact with the phantom
according to the probability distributions of the physical processes that they may
undergo: photo-electric absorption, coherent (Rayleigh) scattering or incoherent
(Compton) scattering. At each interaction point the energy disposition to the organ at
that position is calculated and stored for dose calculation.
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A large number of independent random photon histories are generated and estimates
of the mean values of the energy depositions in the various organs of the phantom are
used for calculating the dose in these organs (Tapiovaara and Siiskonen 2008). Once
the Monte Carlo modeling is run for a particular scan type, it is then automatically
saved by the PCXMC and ready to be utilized for dose assessment.
The final step in determining the dose to a patient undergoing an x-ray
procedure is to open the “Compute Dose” file from the main home screen (Figure
2.1). This window will then give two options to choose from: “Change X-ray
Spectrum” and “Open Monte Carlo data for dose calculation.” The “Change X-ray
spectrum option will allow the user to input variables for the x-ray tube such as
chemical element of the filter material, filter thickness, x-ray tube potential (kV), and
x-ray tube anode angle.
All variables stayed consistent except the x-ray tube potential which was
adjusted to account for hospital’s current technique chart (Table 2.1). After the x-ray
spectrum was corrected for the pertinent scan, the “Open Monte Carlo data for dose
calculation” option is opened. The program will then prompt the user to select the
correct scan which has already been run through the Monte Carlo mathematical
simulation. Upon selecting the correct scan, the user will then be asked to input the
“patient input dose” as seen in Figure 2.3.
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Figure 2.3 – PCXMC 2.0 Patient Input Dose window. The input dose
quality used for x-ray protocols was tube current – time product (mAs).
The x-ray beam projection can be freely adjusted to suit various examination
conditions for both radiography and fluoroscopy. The main factor in determining
organ dose calculation is the incident air kerma. This determinant represents the air
kerma at the point where the central axis of the x-ray beam enters the patient and
must be provided by the user. The user can also enter the amount of radiation
through three other means such as the entrance exposure (mR, free-in-air, without
backscatter), air kerma-area product or dose-area product (mGy•cm2), or exposurearea product (R•cm2). Since we are using x-ray radiation measurements, the PCXMC
program is able to estimate the incident air kerma from our input of the x-ray tube
current-time product or mAs. This will be the chosen variable for the amount of
radiation being administered for each x-ray scan. Since the Nebraska Medical
Center’s techniques chart lists ranges of current-time products (mAs), the average of
these ranges was entered into the STUK program. Also averaged were the ranges of
the tube potential’s peak kilovoltage (kVp) as seen in Table 2.1.
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Results from our Monte Carlo dose calculations can then be utilized to
determine whole body effective doses according to ICRP reports 60 and 103. Both of
these whole body effective doses can be seen in the results section of this thesis. The
PCXMC 2.0.1 software is also able to calculate risk estimates based on the absolute
and relative risk models of the BEIR VII committee, but risk was not determined for
x-ray scans due to small percentages.

2.3 Nuclear Medicine Dose Calculations
Approximately 60 different diagnostic nuclear medicine procedures are
currently performed at the Nebraska Medical Center. Only diagnostic scans were
included in this research. Therapeutic radiopharmaceuticals such as I-131 thyroid
ablations, Yttrium-90 radiolabelled monoclonal antibodies, etc. were not included. A
list of current nuclear medicine procedures were obtained from the Nebraska Medical
Center which listed the radionuclide, its chemical form, the type of procedure being
performed, a range of typical adult doses, and the normal administered dose to the
average adult. The typical dose is obtained from each package insert and can be
adjusted by an authorized physician due to personalized imaging requirements. These
prescribed dose charts have been reviewed and approved by authorized physicians
trained in nuclear medicine procedures. The normal dose for each procedure was
used in figuring the resulting effective dose for adult patients only. Please see Tables
2.2 and 2.3, which include all nuclear medicine procedures at the Nebraska Medical
Center.
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Table 2.2 – The Nebraska Medical Center’s Prescribed Dose Limit Chart.
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Table 2.3 – The Nebraska Medical Center’s Prescribed Dose Limit Chart Cont’d.
2.3.1Calculating Nuclear Medicine Dose
Because internal dosimetry has a different means in calculating effective dose
than external exposure such as CT and x-ray procedures, a different approach must be
taken. For this reason, the CDE, Inc. Dosimetry Services website was utilized.

40
The CDE, Inc. Dosimetry Services partnered with the Radiation Internal Dose
Information Center (RIDIC) to provide a site of reference which contains all
radionuclide information. The RIDIC provides physicians, nuclear medicine
professionals, regulators, manufacturers, and nuclear pharmacy workers with the most
up-to-date information on internal dose estimates and internal dosimetry techniques
applied to the practice of nuclear medicine (CDE 2001). The contents of the RIDIC’s
website contains effective dose information for all nuclear medicine procedures
currently used at the Nebraska Medical Center. Estimated radiation dose is given in
Roentgen Equivalent Man (REM) received per millicurie (mCi) of dose administered
to the patient. Once the typical dose to an adult patient has been determined in units
of mCi, the estimated radiation dose for the whole body can be looked up on the
CDE’s website. The website will give the units in REM per mCi. Therefore, the
typical administered dose is multiplied by the estimated radiation dose variable to
give the total body effective dose equivalent in REM. This calculation was made for
each diagnostic nuclear medicine procedure and listed in the results section.
A second radiation dosimetry software program was also utilized in order to
compare other current dose estimates. This program, called Orgdose, is a newly
released dose calculator which is user friendly and can calculate nuclear medicine
effective doses with simple input values. One benefit to using the Orgdose program
was the addition of calculating the cancer incidence risk according to the BEIR VII
report.
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Because this software program can calculate risk, data from nuclear medicine studies
will correlate with information gathered from the computed tomography studies to
gain a more consistent output of risk for the eventual NMC dose calculator. The
input screen for the Orgdose nuclear medicine procedures can be seen in Figure 2.4.
On this input screen the examination type, administered activity (in MBq), and the
radiopharmaceutical are entered. Pull down menus are available for the examination
type and the radiopharmaceutical used. However, not all of the scans performed at
the Nebraska Medical Center were included in the Orgdose dosimetry program.
Therefore, we were unable to calculate the incidence rate of cancer for those scans.
Once the nuclear medicine parameters are entered into the Orgdose program, it will
automatically calculate the “Average Effective Dose” in millisieverts (mSv). This
effective dose was then converted to mrem and recorded on the master “Nuclear
Medicine” spreadsheet found in the “Results” section. Comparisons of the Orgdose
whole body output doses will be compared with the CDE Inc. Internal Dosimetry
results in “Discussion” section.
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Figure 2.4 – Orgdose Input Screen for Nuclear Medicine Procedures.
From the input screen above, cancer risk calculations can be made once all
procedure data has been entered. Orgdose is then able to calculate the lifetime
attributable risk of cancer by choosing the age and gender of the patient from pull
down menus. The age of the patients are given as 0, 1, 5, 10, 15, 20, 25, 30, 35, 40,
45, 50, 55, 60, 65, 70, and 80. Once the gender and age is entered, Orgdose will
automatically run the risk calculation according to the BEIR VII data. Each nuclear
medicine scan will have a CDE Inc. Internal Dosimetry whole body effective dose, an
Orgdose effective whole body dose, and an incidence rate of cancer for each age of
the patient at the time of the nuclear medicine procedure. This data will then be
added to the master nuclear medicine spreadsheet found in the “Results” section.

43

A comparison will be drawn between the CDE Inc. Internal Dosimetry website
(2000) and the newer version of Orgdose (2008) in the “Discussion” section.

2.4 Computed Tomography Dose Calculations
The Nebraska Medical Center utilizes two types of Computed Tomography
(CT) scanners on a daily basis to meet the diagnostic needs of inpatient, outpatient,
and emergency department patients. The two main CT scanners utilized in the
Radiology Department at the time of this research were the General Electric (GE)
“Lightspeed Pro 16” a 16 slice unit and the General Electric “VCT Discovery,” a 64
slice scanner.
Because CT scanning input variables can vary from scan to scan, written
protocols regarding typical scan parameters were acquired from the Nebraska
Medical Center’s radiology department. These protocols were reviewed by the
medical diagnostic physicist and pertinent changes were made according to current
imaging parameters. Each of these scans’ individual parameters can be found in for
the Lightspeed Pro 16 slice scanner in Appendix A.

2.4.1 Description of IMPACTS Dosimetry Program
In order to correlate the CT parameters into an effective dose equivalent, a
computer program called “IMPACT: CT Patient Dosimetry Calculator,” version
0.99x (2006) was used.
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This software was compiled by a group called IMPACT which stands for Imaging
Performance Assessment of CT Scanners and is part of the Imaging Physics section
of the Medical Physics Department at St. George’s Hospital in Tooting, London.
IMPACTS main focus is to accurately and consistently evaluate the imaging and dose
performance of CT scanners while still maintaining an objective, independent, and
comparative role. Their test procedures are well established and widely accepted
throughout the world for CT dosimetry.
IMPACTS version 0.99x, is compiled as a spreadsheet tool for calculating
patient organ and effective doses from CT examinations. It utilizes the NRPB Monte
Carlo dose data sheets produced in report SR250. The NRPB report permits the
estimation of the mean absorbed dose to approximately 25 organs and tissues in
reference adult patients from common radiographic, CT, and fluoroscopic
examinations. The Monte Carlo simulations of calculated x-ray spectra in an adult,
hermaphrodite, mathematical phantom can be seen in Figure 2.6. The free-in-air, onaxis dose was measured for each scanner and, with knowledge of kV, focus-to-axis
distance and details of the x-ray beam filter, the Monte Carlo techniques modeled the
dose distribution within the mathematical phantom. There were 23 data sets
produced for all the surveyed contiguous, 5 mm thick transverse slabs, covering the
mathematical phantom. Therefore, a data set consists of 208 normalized dose values
for each of the 27 organs represented in the phantom. Tissue Weighting Factors (WT)
from ICRP 60 is used in calculating effective doses for version 0.99x.
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The latest version of IMPACTS Version 1.0.2 (2009) has the most recent Tissue
Weighting Factors listed from ICRP 103 (2007), but was not available at the time of
data collection for this research.

2.4.2 CT Input Assumptions
IMPACTS version 0.99x spreadsheet must have eight key input parameters
entered in order to most accurately calculate the whole body effective dose for our
reference man/woman phantom. In Figure 2.5, is the input spreadsheet for IMPACTS
version 0.99x. The first key input parameter is the camera make and model. The
IMPACTS system pulls data sets from referenced material previously recorded from
the NRPB studies regarding our two scanners of interest, the General Electric (GE)
Lightspeed Pro 16 and GE VCT 64. The remaining input parameters are taken from
the Nebraska Medical Center’s Department of Radiology protocol list. This protocol
list includes tube potential (kV), scan region of interest, tube current over time (mAs),
rotation time, collimation of the x-ray beam, and pitch. An example of the protocol
list for the GE Lightspeed Pro 16 can be seen in Appendix A.
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Figure 2.5 - Input spreadsheet for IMPACTS version 0.99x.
After each parameter is entered into the IMPACTS input spreadsheet, the scan
region of interest must be set on the adult, hermaphrodite, mathematical phantom as
seen in Figure 2.6. In order to adjust the region of scanning interest, the tab named
“Phantom” must be selected. The beginning and end regions of this phantom are then
imported to the main calculation in order to properly weigh all sensitive biological
organs and tissues located within the region of interest.
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Figure 2.6 - Adult, hermaphrodite, mathematical phantom. This
phantom is used in the Monte Carlo simulations of the PCXMC 2.0
software with highlighted area of scanning.
Once all parameters are verified, the “Update Data Set” button is clicked to
calculate the Total Effective Dose for all combined weighted tissues in millisieverts
(mSv). It is important to note that each sex has different tissues and organs that are
more radiosensitive than others. Therefore, each sex may have a different value for
their Total Whole Body Effective Dose. For example, reproductive structures or
gonads in females have a greater tissue weighting factor and therefore, have a greater
effect on the total effective dose. The effective dose data was then recorded on the
master spreadsheet for both the Lightspeed Pro 16 and VCT 64 according to the
individual scan.
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An additional feature that can be utilized from the IMPACTS software is the
determination of incidence rate of developing cancer as a result of undergoing a
particular CT scan. On the main IMPACTS spreadsheet there is a tab indicated as
“LAR%” which stands for Lifetime Attributable Risk Percentage. This LAR
spreadsheet page references the gender of the patient and the effective dose from the
main input screen. These variables are used along with LAR values referenced from
Table 12D-1 in the BEIR VII report 7, which will calculate the increase in lifetime
attributable risks of cancer as seen in Figure 2.7. On Table 12D-1 of the BEIR VII
report, the LAR is given by the number of cases per 100,000 persons exposed to a
single dose of 0.1 Gy given at several age groups. This lifetime attributable risk is
then multiplied by both the equivalent organ dose (EOD) and a conversion factor to
get the percent increase of cancer risk for each specified organ. These organ
percentages are then added to give the whole body percent increase of developing
cancer over the remaining course of a lifetime.
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Figure 2.7 – PCXMC 2.0 version 0.99x Lifetime Attributable Risk Calculation
Spreadsheet.
Each major CT scan performed at the Nebraska Medical Center has both a
whole body effective dose according to available protocols, as well as, increased
incidence rates of developing cancer for ages ranging from 0 to 80. This information
is compiled on a master spreadsheet containing the GE Lightspeed Pro 16 and GE
VCT 64 parameters. The most common CT scan’s effective doses will be compared
with other institutions of similar size and presented in the discussion section of this
thesis.
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Chapter 3
Results
3.1 Conventional X-Ray Procedure Results
Table 3.1 lists the 32 currently performed x-ray examinations at the Nebraska
Medical Center. For each exam is a list of all input data entered into the STUK
PCXMC 2.0.1 software program for calculating medical x-ray examinations. The
input data was gathered from the technique chart (Table 2.1) and general x-ray
techniques which were referenced from the “Bontrager’s: Handbook of Radiologic
Positioning and Techniques.” After all input values were run with the STUK
PCXMC 2.0.1 software program, resulting whole body effective doses were recorded
according to the ICRP 60 and 103 tissue weighting factors. The last two columns

re data. This table lists all current protocols and techniques.

reflect the whole body effective doses for each scan.

51

52

Table 3.2 – Duke University’s X-ray protocol list with corresponding effective doses
according to gender.
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For a comparison between the Nebraska Medical Center and Duke University,
two institutions of similar size, the effective doses were used for comparison. Table
3.2 lists all x-ray protocols available on the Duke University’s Radiation Safety
website according to scan type and gender of the patient. Similar studies between
Duke and the Nebraska Medical Center will be compared in Table 3.3.

Table 3.3 – Conventional X-ray Comparison. A comparison of effective doses
between the Nebraska Medical Center, Duke University, and an on-line calculator
“xrayrisk.com” according to individual procedures.
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A complete list of the Nebraska Medical Center’s protocols are listed on the left hand
side of the column with corresponding effective doses according to ICRP 60 and 103
tissue weighting factors. Duke University’s effective doses are given for only those
procedures similar to the Nebraska Medical Center’s which include doses according
to gender. The final column of Table 3.3 is a list of effective doses given for the
xrayrisk.com website that were similar to the Nebraska Medical Center’s procedure
list.

Figure 3.1 – Four of the most common x-ray procedures performed and their
effective doses. The Nebraska Medical Center’s procedures were compared between
the ICRP reports 60 and 103 for tissue weighting factors. Duke University’s scans
were separated according to gender and xrayrisk.com’s were single outputs with no
correlation to either gender or ICRP tissue weighting factors.
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3.2 Nuclear Medicine Procedure Results

Table 3.4 – A list of Nebraska Medical Center’s nuclear medicine procedures and
their pertinent effective doses. Two different dose calculating methods (RADAR /
RIDIC and Orgdose) were used for NMC protocols. These effective doses are then
compared to Duke University and xrayrisk.com’s.
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Table 3.5 – A list of Nebraska Medical Center’s nuclear medicine procedures and
their pertinent effective doses cont’d. Two different dose calculating methods
(RADAR / RIDIC and Orgdose) were used for NMC protocols. These effective
doses are then compared to Duke University and xrayrisk.com’s.
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The Nebraska Medical Center’s Dose Limit Chart, which encompassed all current
nuclear medicine procedures and normal dose administrations, found in the two tables
above, were used in conjunction with individual radiopharmaceutical given on the
RADAR / RIDIC website to determine the whole body effective doses. The
Nebraska Medical Center’s normal doses were also entered into the “Orgdose”
computer software to give a comparison of whole body effective doses. These two
dose outcomes were then compared to Duke University and xrayrisk.com’s whole
body effective doses for similar nuclear medicine scans in Figure 3.2.

lifetime

Figure 3.2 – Comparison of Nuclear Medicine Procedures. A comparison of nuclear
medicine procedures to include the following nuclear procedures: Technitium-99m
liver/spleen scan, Technitium-99m myocardial stress test, Thallium-201 myocardial
imaging, F-18 FDG tumor localization, and Technitium-99m MDP bone scan. The
Nebraska Medical Center’s protocols were calculated using two different methods
and compared against Duke University and xrayrisk.coms’ websites.
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Figure 3.3 – Nebraska Medical Center F-18 FDG LAR of Cancer. The Lifetime
Attributable Risk of Cancer for a patient administered 12 mCi of F-18 FDG according
to the age at exposure. This data was calculated using the Orgdose computer
software.
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Figure 3.4 – The Lifetime Attributable Risk of Cancer of a patient administered 25
mCi of Tc-99m Sestamibi (Cardiolite) Stress Test according to the age at exposure.
This data was calculated using the Orgdose computer software.
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3.3 Computed Tomography Examination Results
3.3.1 Computed Tomography Results, 16 Slice CT Scanner

Table 3.10 – The 18 most common Computed Tomography (CT) procedures
performed on the GE Lightspeed Pro 16 at the Nebraska Medical Center and the
pertinent effective doses for each scan according to gender. A comparison between
the RADAR, Duke University and x-rayrisk.com’s on-line dose calculators is also
shown in Table 3.10 above.
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Figure 3.5 – 16 Slice CT Procedure Comparison . Comparison of 16 slice CT
effective doses of various scan regions to include: Routine Head (Axial), Routine
Chest (Helical), Chest / Abdomen / Pelvis (Helical), and Pelvis (Helical) from the
Nebraska Medical Center (NMC), Duke University, and xrayrisk.com
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Individual 16 Slice CT Scans and the Lifetime Attributable Risk of Cancer
according to the Nebraska Medical Center’s Scanning Protocols

Figure 3.6 – Nebraska Medical Center 16 Slice CT Routine Chest Scan’s LAR of
Cancer.

Figure 3.7 – Nebraska Medical Center 16 Slice CT Chest / Abdomen / Pelvis Scan’s
LAR of Cancer.
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Figure 3.8 – Nebraska Medical Center 16 Slice CT Cervical Spine Scan’s LAR of
Cancer

Figure 3.9 – Nebraska Medical Center 16 Slice CT Thoracic Spine Scan’s LAR of
Cancer
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Figure 3.10 – Nebraska Medical Center 16 Slice CT Lumbar Spine Scan’s LAR of
Cancer

Figure 3.11 – Nebraska Medical Center 16 Slice CT Colonography Scan’s LAR of
Cancer
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3.3.2 Computed Tomography Results, 64 Slice CT Scanner

Table 3.11 - The 21 most common Computed Tomography (CT) procedures
performed on the GE VCT 64 slice CT at the Nebraska Medical Center and their
pertinent effective doses for each scan. A comparison between the Nebraska Medical
Center, RADAR, Duke University and x-rayrisk.com’s on-line dose calculators is
also shown above.
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Figure 3.12 – 64 Slice CT Procedure Comparison. Comparison of 64 slice CT
effective doses of various scan regions to include: Routine Head (Axial), Routine
Chest (Helical), Chest / Abdomen / Pelvis (Helical), and Pelvis (Helical) from the
Nebraska Medical Center (NMC), Duke University, and xrayrisk.com
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Figure 3.13 – Nebraska Medical Center 64 Slice CT Cervical Spine Scan’s LAR of
Cancer

Figure 3.14 – Nebraska Medical Center 64 Slice CT Routine Chest Scan’s LAR of
Cancer
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Figure 3.15 – Nebraska Medical Center 64 Slice CT Chest / Abdomen / Pelvis Scan’s
LAR of Cancer.

Figure 3.16 – Nebraska Medical Center 64 Slice CT Neck / Chest / Abdomen / Pelvis
Scan’s LAR of Cancer.

s and lifetime attributable risk of caner for males according to the Nebraska
er. Effective doses and incidence rates of cancer were calculated from
0.99x (2006).
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Figure 3.17 – Nebraska Medical Center 64 Slice CT PET Whole Body Scan’s LAR
of Cancer
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Chapter 4
Discussion
The main purpose of this research is to determine effective doses of radiation
from medical diagnostic modalities involving radiation based solely on individual
scanning protocols at the Nebraska Medical Center (NMC). From input values
acquired from NMC protocols, these effective doses were calculated using various
computer software programs specifically designed for determining effective dose
output. Each NMC medical modality has individual results for each of scans listed on
current protocols. Since the NMC had a greater number of specific individual scans,
only the most common scans from each modality were used in a comparison to other
current data available from Duke University and other commonly utilized on-line
dose calculators. For the nuclear medicine and computed tomography incidence rates
of cancer were also determined using the effective doses calculated from the
“Orgdose” and “IMPACTS” computer software programs, respectively. These
lifetime attributable risks (LAR) of cancer were determined for their eventual use in
the Nebraska Medical Center’s dose calculator and to calculate cumulative exposures
experienced by patients over the course of their lifetime.

4.1 Conventional X-ray Procedures
The hypothesis for all x-ray procedures performed at the Nebraska Medical
Center versus other institutions was that all effective doses would all be
predominately similar due to universal positioning technique.
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The only variations from one institution to the other would most likely be the tube
current (mAs) and slight variation on tube voltage (kVp) settings. In Table 3.1, all
input parameters for the STUK medical x-ray program were listed along with output
effective doses according to ICRP reports 60 and 103. Because each ICRP report has
varying tissue weighting factors, there was special interest in procedures with fields
of view (FOV) in the breast and reproductive organ regions of the body. For
example, the most distinct difference for the change in breast tissue weighting factor
in ICRP 103 can be seen for the “Chest Lateral 72” SID with grid for an adult.” The
effective dose was increased from 40 mrem using ICRP 60 tissue values to 51 mrem
or a 27.5% increase by using the ICRP 103 tissues values. For the three other chest
x-ray procedures (PA 72” SID without grid adult, AP 48” SID with grid adult, and
48” SID without grid adult) there was only a slight increase of 3 to 5 mrem from
ICRP 60 to 103. In contrast, the reproductive organ areas have a reduced tissue
weighting factor in ICRP 103 than in ICRP 60. This variation of tissue weighting
factors is evident for the x-ray scan of the pelvic region. According to NMC
protocols and the STUK x-ray program, an x-ray of the pelvic area would yield an
effective dose of 77 mrem according to the ICRP 60 weighting factors, but would be
reduced approximately 41% to 45 mrem with ICRP 103 weighting factors. The same
outcome can also be seen in x-rays of the lumbar spine region. These two areas are
the only variations in effective doses from tissue weighting factors seen from ICRP
60 versus 103 in Table 3.1. The remaining x-ray procedures completed at the
Nebraska Medical Center did not have any considerable variations from the two ICRP
reports.
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For a comparison to another medical institution of similar scope, as well as, a
general “on-line” publicly accessible dose calculator, Table 3.3 shows the variations
in effective dose. In this table, there is evidence in protocol variations from each
institution. Input values that are most likely the reason for institution variations
include x-ray tube voltage (kVp) and tube current (mAs). If Duke University’s
protocol and technique lists were available, a detailed analysis could be drawn
between the differences of the two medical institutions. However, this comparison
would be out of the scope of this research, only comparisons of effective doses will
be discussed.
The only major variation in effective x-ray doses from the two institutions is
the Hip AP scan. From this scan, Duke has a male effective dose of 117 mrem and a
female dose of 47 mrem, where NMC has an effective dose around 6 mrem for both
genders. Because the hip scan region includes the reproductive organs of a female,
Duke most likely used ICRP 60 for its tissue weighting factors due to the higher male
to female effective dose output. Duke also may have increased their x-ray tube
current to a substantially higher value than NMC’s tube current setting of 30 mAs.
With the exception of a few x-ray scans, there seems to be similar effective doses for
major scans such as chest, pelvis, spine series, and extremities.
In Figure 3.1, four of the most common x-ray procedures are listed with each
institution’s effective doses. For the typical Chest AP x-ray all effective doses are
around 20 mrem. This is primarily due to typically low tube current (6-9 mAs).
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Chest x-rays are typically administered to patients with lung ailments and therefore,
do not need to penetrate dense tissue in order to produce a satisfactory image. Thus,
the chest x-ray administers a relatively low dose of ionizing radiation.
A good example of a scan which would need to increase tube current in order
to penetrate a more dense body region would be of the abdominal area. In Figure 4.1,
the NMC protocol is greater than both Duke and xrayrisk.coms’ most likely due to an
increase in tube current to 83 mAs. This verifies that tube current and scan region are
intricate values when determining x-ray procedure effective doses. It is also
interesting to note that the Duke University’s abdomen effective dose for females (94
mrem) is almost double that of the males (49 mrem). This most likely is a greater
weighting of the female reproductive structures located within this scan region where
as, the males reproductive structures are most vulnerable in x-ray scans of the hip
region, as evident in Table 3.3. The last effective dose to discuss for the abdomen is
the one found on xrayrisk.com’s (70 mrem), which seems to be half of the two Duke
output effective dose values for male/female and approximately one third of the
Nebraska Medical Center’s effective dose.
The last scan region of comparison in Figure 3.1 is the skull. The output
effective doses for this scan region vary considerably between NMC (~3 mrem) to
Duke’s (~42 mrem). Since the brain and the surrounding skull have small tissue
weighting factors, the increase in dose is most likely an increase in the tube current
which is needed in order to penetrate the dense bone matter of the skull.
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According to the NMC skull protocols listed, the tube current is only 30 mAs.
Therefore, the Duke University must have a tube current in the magnitude of 10 times
larger than the Nebraska Medical Center’s. The xrayrisk.com’s effective dose is
similar to NMC’s with a dose of 10 mrem.

4.2 Nuclear Medicine Procedures
The Nebraska Medical Center’s complete list of nuclear medicine procedures,
on Tables 3.4 and 3.5, lists each radionuclide and its pertinent nuclear medicine
study. Each nuclear medicine study’s effective dose was then determined by two
current dose calculation methods called RADAR / RIDIC and Orgdose. The basis for
using two methods to determine effective doses was to compare effective doses
between an organization specializing in up to date information on internal dose
estimates which draws information from accurate sources called RADAR and a new
“user friendly” internal dose calculator which will be used to determine both effective
dose and the lifetime attributable risk of cancer called Orgdose. Orgdose was utilized
in this research due to its ability to easily calculate cancer incidence rates according to
the BEIR VII report. It was necessary for the Orgdose and RADAR effective doses
to be in close proximity in order to verify that the LAR were also similar due to the
fact that RADAR is unable to calculate risk of cancer.
Out of the 40 nuclear studies that RADAR and Orgdose had in common, 25 of
those studies had higher effective doses using RADAR data.
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There seemed to be a trend regarding the type of radiopharmaceutical used. In studies
involving Tc-99m Sulfur Colloid, there was 15 to 98 mrem higher for RADAR
effective doses than those calculated using the Orgdose software. In contrast,
Orgdose’s effective doses for Tc-99m Pertechnetate were between 91 mrem to 270
mrem greater than those calculated using RADAR. The greatest nuclear study
variation between these two dose calculating methods occurred between the three
most prescribed studies such as Tc-99m Sestamibi (Cardiolite) used in myocardial
imaging, Tl-201 (Thallous Chloride) also used in myocardial imaging, and F-18 FDG
tumor localization studies. For the myocardial imaging procedures involving Tc-99m
Sestamibi, Orgdose had an effective dose double that of RADAR’s with
approximately 540 mrem more, totaling 944 mrem. For the Tl-201 myocardial
imaging, Orgdose once again had an effective dose 1,000 mrem greater than that of
RADAR’s calculated effective dose. In contrast however, Orgdose had an effective
dose 476 mrem lower for F-18 FDG tumor localization than RADAR. These
variations are concerning because they can greatly effect the cumulative cancer
incidence rates a patient may incur from undergoing these particular scans. In this
case, the Nebraska Medical Center will accept conservative and reliable values for
effective dose estimates and use the RADAR dose information.
Also listed in Tables 3.4 and 3.5 are the effective doses for Duke University
and xrayrisk.com.
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By including these two sources of effective doses we can compare the Nebraska
Medical Center’s data with an institution of similar nuclear medicine procedures, as
well as, an on-line dose calculator that may be used by patients interested in knowing
their radiation dose from a nuclear medicine study.
In Figure 3.2, a bar graph is used to compare the five most popular nuclear
medicine studies and their effective doses from the Nebraska Medical Center, Duke
University, and xrayrisk.com. The first study to be compared is the Tc-99m Sulfur
Colloid Liver/Spleen scan where all four effective doses have similar doses of 250,
174, 200, and 310 mrem. These effective doses can be explained by approximately
80% to 90% of the injected radioactive particles being sequestered in the liver and 5%
to 10% localizing in the spleen (Mettler and Guiberteau 2006). Because a majority of
this radiation is contained within these two organs the whole body effective dose is
lowered because no other organs retain radioactive particles thus reducing the
exposure to other vital organs and lowering the effective dose.
The second comparison of this figure is one of the most widely used nuclear
studies performed in the United States. Here, the Tc-99m Sestamibi (Cardiolite)
myocardial stress test is compared. Although the typical administered dose of Tc99m Sestamibi is larger than other myocardial imaging agents such as Tl-201, it
offers better counting statistics, with reduced radiation dose to patients and also has
advantageous photon energies, producing higher-resolution SPECT images (Mettler
and Guiberteau 2006). In comparing the results in Figure 3.2, we see that Duke has
the highest effective dose with 1,440 mrem followed by the Nebraska Medical Center
and xrayrisk.com with approximately 940 mrem each.
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It is also interesting to note that by using the Nebraska Medical Center’s protocol
with the RADAR calculation, the effective dose for a Tc-99m Sestamibi stress test
was only 399 mrem or 72% less than Duke University’s reported effective dose.
The third nuclear medicine study to be compared is the Tl-201 (Thallous
Chloride) myocardial imaging agent. The difference between Tl-201 and other
radiopharmaceuticals listed is the increased biological half life of Tl-201. Thallium
clearance from the body occurs mostly by urinary excretion, with only 4% to 8%
cleared in 24 hours. About 3% of the thallium localizes in the kidneys, which are
considered critical organs. The slow biological clearance and long physical half life
result in an effective half-life in the body of 55 hours (Mettler and Guiberteau 2006).
Because Tl-201 remains in the body for an extended period of time, it increases the
absorbed dose to the patient and limits the amount that can be administered. This
increased effective dose can be seen in Figure 3.2. Here we see that the effective
dose for Tl-201 for the Nebraska Medical Center and Duke University are
approximately 3,000 to 3,400 mrem when compared to xrayrisk.com’s effective dose
of 4,070 mrem. Effective doses incurred from Tl-201 radiopharmaceuticals have a
dose four times that of Tc-99m myocardial imaging agents translating to an increased
cancer incidence rate as seen in Table 3.7.
The fourth radiopharmaceutical compared in Figure 3.2 is a popular imaging
agent for tumor localization called Fluorine-18 FDG. Fluorine-18 FDG is a position
emitter with an energy of 511 keV and an extremely short half life of approximately
109 minutes.
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Because F-18 has a high energy, but a short half life, its effective dose is roughly
higher than a Tc-99m myocardial rest/stress test at 1,320 mrem. A majority of the
organ exposure takes place in the bladder and depends greatly on the hydration and
voiding of the patient. According to the reported F-18 effective dose for Duke
University (2,200 mrem), it is 67% higher than the Nebraska Medical Center’s
protocol which had an effective dose of 1,320 mrem. This increase in dose maybe
due to an increase in administered prescribed dose of F-18 utilized by Duke
University’s protocols. Currently, there is a standing physician order of 10-12 mCi of
F-18 at the Nebraska Medical Center. According to RADAR, for every mCi of F-18
administered, there is an effective dose of 110 mrem. So, if Duke’s dose estimates
correlated with RADAR they would most likely have an administered dose around 20
mCi. The Nebraska Medical Center and xrayrisk.com have comparable effective
doses with 1,320 mrem and 1,410 mrem, respectively. Orgdose has an effective dose
36% lower than the Nebraska Medical Center, which most likely means that it
utilized a lower dose per activity ratio than the one used for NMC.
The last radiopharmaceutical examined was a Tc-99m MDP (Medronate)
bone dose, which yields a common effective dose around 500 mrem for all
institutions. The similarity in dose is a result of 50 to 60% of the radiopharmaceutical
being taken up by the bone while the remainder of the activity is excreted via the
kidneys. Because a majority of Tc-99m MDP resides in the bone and away from
critical organs the effective dose is lower.
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It also has a 24 hour biological half life which limits its exposure period to other vital
organs.
Tables 3.6 to 3.9 list each individual nuclear medicine procedure provided by
the Nebraska Medical Center along with the effective dose according to gender. Also
included in these tables are the incidence rates of cancer which may occur as a result
of undergoing a particular scan at a given age from 0 to 80 years according to the
BEIR VII data. The LAR of cancer were produced using the Orgdose computer
software program and will eventually be entered into the database used for the
Nebraska Medical Center’s on-line dose calculator if approved by the Nebraska
Medical Center’s certified health physicist.
Figure 3.3 represents the cancer incidence rates of a patient undergoing a 12
mCi F-18 tumor localization study according to the age at which the scan occurred.
Although ages zero to 10 are included in this study, it is highly unlikely that a
pediatric patient would receive a dose of this magnitude. An F-18 FDG dose of 12
mCi is reserved for adult patients in the age range of 20 to 80 years. Pediatric ages
were included in this figure in order to give the reader an idea of how cancer
incidence rates change over the course of a life time. In this figure we can see that
the greatest risk of cancer occurs at young ages where a female patient in the age
group of 20 years would have a 15 in 10,000 chance in developing some form of solid
type cancer over the course of her lifetime. As age increases, the risk of cancer
slowly decreases due to an extended latent period for a malignancy to occur.
Typically, latent periods can last from 10 to 60 years.
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This figure also shows the increased radiosensitivity that females have versus males.
This trend will be seen throughout this study and is verified from previous research
on this topic.
In Figure 3.4, a similar trend can be seen with a 25 mCi dose of Tc-99m
Sestamibi, a myocardial imaging agent. According to this data, females again have
the highest initial cancer risk exponentially decreasing over the course of a lifetime to
become concurrent with males around the age of 65. Again, pediatric patients would
never be administered a radiopharmaceutical dose of this magnitude, but an
interesting trend can be seen in this figure for males at the age of 1 year old. Here the
risk of cancer jumps from 0.25% to almost 0.30%, then follows the exponential
decrease as seen in the previous decreasing trend. This spike in risk may be due to
the increased number of human cells undergoing the mitotic cell stage of replication.
During this point in the cells replication process it is highly sensitive to radiation
induced abnormalities which can eventually lead to future cell malignancies later in
life.

4.3 Computed Tomography Procedures
The CT scanners most readily utilized at the Nebraska Medical Center are the
GE Lightspeed Pro 16 and the GE VCT 64 slice. In this discussion section, the
effective doses for the most common scans of each scanner at the Nebraska Medical
Center are compared with Duke University, RADAR, and xrayrisk.com.
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Although the main purpose of this thesis is to determine the effective doses specific
only to the Nebraska Medical Center’s current imaging protocol lists, a comparison
was made in order to see how results related to a similar medical institutions and
other accessible medical dose information currently found in websites such as
RADAR and xrayrisk.com. This section will also compare the differences in cancer
incidence rates between males and females undergoing some common CT scans with
either the GE Lightspeed Pro 16 or the GE VCT 64 slice.

4.3.1 GE Lightspeed Pro 16 Comparisons
In Table 3.10, is a list of the 18 most common CT scans performed on the GE
Lightspeed Pro 16 scanner at the Nebraska Medical Center. Included with each scan
are calculated effective doses as determined by current protocols run through the
IMPACTS version 0.99x dose calculating computer software. Each scan type has an
effective dose according to the gender of the patient. The scanning parameters for the
GE Lightspeed Pro 16 CT scanner used in determining each scan’s effective dose can
be found in Appendix A. The results of these scans reveal that there is no variation in
dose to the head or upper torso for both genders with effective doses remaining the
same. The major variation in gender doses occurs when the scan region includes
female breast tissue and reproductive structures. This is evident in the following
scans: routine chest, chest/abdomen/pelvis, abdomen/pelvis, kidney mass, dual
pancreas, CT colonography, appendicitis, and L-spine helical.
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The differences in effective dose range from 30 mrem for a dual pancreas scan to as
much as 800 mrem for an L-spine exam or from 3% to approximately 66% difference
from female to male effective doses in the mid to lower torso region. The only
instance where the male effective dose exceeded the female effective dose was the
pelvis (helical) scan where the male had a 540 mrem greater dose or an 81% increase
to 1,200 mrem from 660 mrem. This variation in dose can be explained by the pelvic
scan region including the male reproductive structures.
When we compare the Nebraska Medical Center’s 16 slice data with other
institutions, it is important to note that there is no designation between 16 or 64 slice
CT scanners with Duke University, RADAR, or xrayrisk.com. These references only
give data for a typical scan type and do not designate which type of CT scanner is
used. Therefore, their information only gives a general effective dose. The
differences in effective doses resulting from the two types of CT scanners can be seen
later in this discussion section.
In Table 3.10, it is apparent that a majority of the scans at the Nebraska
Medical Center yield a higher effective dose than other sources listed. Out of the 18
CT scans listed, only 4 scans from either Duke University or xrayrisk.com had a
higher recorded effective dose. The soft tissue neck scan for xrayrisk.com (600
mrem) was three times higher than that of the NMC (190 mrem) and Duke
University’s routine head (axial) (500 mrem) was more than double that of NMC and
the RADAR site. Xrayrisk.com also had higher effective doses for the dual liver and
CT colonography at 1,500 and 1,000 mrem, respectively.
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Table 3.10 clearly shows that there is a drastic variation in effective doses being
administered to patients which is most likely due to individual scanning parameter
protocols. The Nebraska Medical Center clearly has a number of scans with higher
effective doses than other institutions.
In Figure 3.5, a comparison is drawn between the four most common 16 slice
CT procedures to include: routine head (axial), routine chest (helical), chest /
abdomen / pelvis (helical), and pelvis (helical). For the routine head (axial) all
effective doses from NMC, RADAR, and xrayrisk.com are around 200 mrem, while
the Duke University reports an effective dose more than double that exposure at 500
mrem. There are two possible reasons for this outcome. First, the tube current is
most likely higher than the other institutions translating in a higher dose and two, the
Duke University effective dose maybe the product of a 64 slice CT scanner which
yields a higher dose as seen in Table 3.11.
The 16 slice CT procedures for the routine chest (helical) reveal an interesting
trend that can be seen in the following two most common CT scans listed in this
figure. The Nebraska Medical Center’s average effective dose for males and females
is higher than all other institutions. This fact is clearly evident in the routine chest
(helical) scan which yields an effective dose of 2,000 mrem for women and 1,800
mrem for men. These NMC doses are double that on the RADAR website (930
mrem), four times greater than Duke University (540 mrem), and three times greater
than xrayrisk.com’s (700 mrem).
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Since the ICRP 60 tissue weighting factors for breast tissue were used in determining
the NMC results, it would be presumably lower than the newly released ICRP 103
breast tissue weighting factors. The most likely increase in dose is due to the average
tube current setting of 469 mAs. The tube voltage and scan region could be two
possibilities of an increased dose but, all 16 slice protocols have a constant tube
voltage setting of 120 kVp and the scan region is most likely similar to other
institutions.
Another NMC CT scan recording a higher effective dose than other
institutions is the chest/abdomen/pelvis with 2,700 mrem for females and 2,400 mrem
for males. The RADAR and xrayrisk.com had reported values for this scan at 1,800
mrem, while Duke reported 1,314 mrem. Once again, this could be primarily due to
the average tube current administered during this procedure which was 494 mAs.
The last 16 slice CT scan examined in this figure was the pelvic (helical) scan.
The pelvic scan was the only CT scan where the male effective dose exceeded the
female effective dose by approximately 540 mrem. The reason for this increase in
effective dose for males is that the pelvic scan region includes a portion of the male
reproductive structures meaning a higher tissue weighting factor and therefore a
higher effective dose. The pelvic scan did not indicate an extreme variation from
other institutions. Duke University had a comparable effective dose of 1,000 mrem
which was similar to the NMC males at 1,200 mrem. The women’s NMC effective
dose of 660 mrem was comparable to both the RADAR and xrayrisk.com’s published
doses of 620 and 600 mrem, respectively.
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Although the Nebraska Medical Center’s scans used ICRP 60 tissue weighting factors
to calculate the effective dose, this does not explain the higher effective dose value.
The average tube current setting for this scan was approximately 494 mAs, with all
other parameters held the same.

4.3.2 GE Lightspeed Pro 16 Incidence Rates of Cancer
To get an idea of how the effective dose affected the lifetime attributable risk
of cancer, six of the Nebraska Medical Center’s individual CT scans incidence rates
of cancer were plotted on Figures 3.6 to 3.11. These scans included routine chest,
chest/abdomen/pelvis, cervical spine, thoracic spine, lumbar spine, and CT
colonography. The trends represented in these figures correspond with published
literature which state that the projected number of incident cancers per 10,000 scans
generally decreased with increasing age at exposure(Berrington de Gonzalez et al.
2009, 2071-2077). In all six figures there is a definitive decrease in cancer risk as age
is increased. At around the age range of 30 to 80 years of age, incidence rates slowed
considerably. The reason for the decrease in cancer risk is most likely due to the
slowing of the human body’s growth cycle. At these increased ages, cells also have
less mitotic cell cycles which tend to be more vulnerable to radiation exposure. There
is also less time for cancerous cells to manifest in the age groups from 30 to 80 years,
with some latent periods lasting as long as 60 years.
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Current literature also points out that female patient’s are at higher risks of
developing cancer as a result of a CT scan than males due to their additional risk of
breast and lung cancer risk coefficients(Berrington de Gonzalez et al. 2009, 20712077). This is definitively seen throughout all figures completed for this research. In
all cases, females are more radiosensitive than males from ages zero to 30 years of
age. In some cases however, the incidence rates of females and males are the same at
ages 50 and above in the cervical spine (Figure 3.8), lumbar spine (Figure 3.10), and
CT colonography (Figure 3.11). This correlation may be due to the absence of any
reproductive structures which are highly radiosensitive and can greatly increase
cancer risk.
It is important to note on these figures that scanning parameters used in
determining these incidence rates of cancer were calculated using adult protocols.
Therefore, the reasons for such high cancer incidence rates from ages zero to 15 years
are higher than incidence rates of using pediatric scanning protocols. However, there
has been some documentation of adult scanning parameters used in pediatric cases.
For this reason, this information has been included in cases where a pediatric patient
might accidently be administered radiation doses using adult protocols at the
Nebraska Medical Center. Pediatric protocols were not used in this study, but maybe
utilized in further studies.
Although the scanning protocols used in these studies were solely meant for
adult patients, an interesting trend was noted on the following CT scans:
chest/abdomen/pelvis (Figure 3.7), lumbar spine (Figure 3.10), and CT colonography
(Figure 3.11).
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In these figures, there is a considerable spike in LAR at the age of 10 years for
females only. For the chest/abdomen/pelvis scan, the rate jumps from 0.75% at age 5
to 0.92% at age 10 then declines to 0.45% for age 15. In the lumbar spine scan the
risk increases dramatically from 0.22% at age 5 to 0.50% at age 10, then decreases
drastically back to 0.13% at age 15. And for the CT colonography CT scan the risk
increases from 0.1% at age 5 to 0.19% at age 10 then decreases to 0.05% at age 15.
The only conclusion that can be determined of this skew in data is the highly
radiosensitive reproductive structures of females that are in a pubescent stage have a
greater vulnerability to radiation than at any other stage in their lifetime. Cells in the
female body during this period of life are experiencing numerous mitotic cell cycles
and therefore have the greatest influence from ionizing radiation and a greater chance
of becoming malignant in the future. This maybe a topic of interest in future CT
studies calculated with the newly released ICRP 103 tissue weighting factors and how
they relate to the BEIR VII data.

4.3.3 GE VCT 64 slice Comparisons
In Table 3.11, 21 of the most common CT procedures performed on the GE
VCT 64 slice CT scanner at the Nebraska Medical Center were listed with their
pertinent effective doses according to the gender of the patient. Trends found on the
64 slice data reflect those consistent with previous data on the 16 slice CT scanner.
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Of the 21 listed scans, female effective doses were higher on 10 scans which involved
scan regions of the chest (breast) and female reproductive structures. The only two
scans where the male’s effective doses exceeded the females were the
chest/abdomen/pelvis (helical) and the PET whole body. In contrast to the 16 slice
data, the male 64 slice pelvis scan (2,200 mrem) was less than the females (2,900
mrem). Overall, the gender’s effective dose trends are consistent with published
literature as well as that found for the NMC 16 slice CT data.
In comparison with the Nebraska Medical Center’s 64 slice effective doses
with other institutions, the trend was similar to our findings with the 16 slice data. Of
the 21 CT scans listed, only 3 scans (soft tissue neck, dual phase liver, and dual
pancreas) from either RADAR or orayrisk.com had higher effective doses. Once
again, it is important to note that the published effective doses from RADAR, Duke
University, or xrayrisk.com do not indicate whether their doses are derived from a CT
scanner with 16 slice or 64 slice capabilities. Therefore, the same doses used to
compare the 16 slice CT data were also used to compare the 64 slice data from the
Nebraska Medical Center to other institutions.
In Figure 3.12, five of the most common 64 slice CT procedures (routine head
(axial), routine chest (helical), chest/abdomen/pelvis (helical), pelvis (helical), and
PET whole body) were compared between the NMC, RADAR, Duke University, and
xrayrisk.com. For the routine head (axial) there is a consistent dose of approximately
500 mrem for the two medical institutions NMC and Duke, while RADAR and
xrayrisk.com have less than half that value at 200 mrem.
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For the next four scans included in Figure 3.12, there is a consistent trend
which indicates that the NMC effective doses exceed those reported from other
institutions. The NMC routine chest had an average effective dose of ~2,100 mrem
compared to RADAR (930 mrem), Duke (540 mrem), and xrayrisk.com (700 mrem).
Upon review of the NMC routine chest protocol it was found that the pitch was
lowered to 0.516 from 1.375 and the average tube current was around 515 mAs, both
variables would increase the radiation dose. However, it is important to note that the
average tube current used in calculating this dose was not the tube current which was
used for the duration of the scan. On these General Electric (GE) CT scanners there
are automatic exposure controls (AEC) installed which adjust the tube current setting
throughout the scan in order to achieve an optimal scan without exposing the patient
to excessive radiation. The AEC raises and lowers tube current throughout the scan
varying on the density of the scanning region of the patient. During a scan, the tube
current can range any where from 100 mAs to 700 mAs, so our best estimate for
radiation doses is by using the average tube current used for the duration of the scan.
For the NMC chest/abdomen/pelvis (helical) there was an average dose of
approximately 2,800 mrem to the 1,800 mrem reported for both RADAR and
xrayrisk.com. We estimated that the female effective dose for the female would be
higher than that of the males due to the radiosensitive scan regions of the chest and
female reproductive organs, but the male surpassed the female with a dose 200 mrem
greater with 2,900 mrem.
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Perhaps the largest variation in radiation dose occurred for the 64 slice pelvis
scan. For this scan, the Nebraska Medical Center protocols yielded a dose of 2,200
mrem for the male and 2,900 mrem for the female, while Duke recorded 1,000 mrem.
Again, it is important to note that this dose estimate only takes into account the
average tube current over the course of a scan, as well as, the uncertainty of what type
of CT scanner / protocols other institutions are using in determining their radiation
exposures.
The last comparison on Figure 3.12 is the whole body PET scan. Only the
Nebraska Medical Center and Duke University had reported doses for this scan. The
Nebraska Medical Center reported an average dose of 1,450 mrem, while Duke had
an exposure of 864 mrem. Due to the current popularity of the whole body PET scan
it was surprising to note that RADAR did have any information regarding this scan.
Whole body PET scans typically have a lower tube current setting around 200 mAs
resulting in a lower overall dose. However, the scan region encompasses a larger
portion of the human body keeping the effective dose higher.

4.3.4 GE VCT 64 slice Incidence Rates of Cancer
Five CT scans were chosen from the list of 64 slice protocols from the
Nebraska Medical Center to see how effective doses related to age and gender of
cancer incidence rates. These five scans included the cervical spine, routine chest,
chest/abdomen/pelvis, neck/chest/abdomen/pelvis, and whole body PET scan found
on Figures 3.13 to 3.17.
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All five figures indicate a trend similar to published information as well as 16 slice
data previously discussed in this section. The LAR of cancer per 10,000 scans again
decreased with increasing age at exposure. At age ranges from 30 to 80 years,
incidence rates slowed considerably and were nearly identical for both males and
females. The 64 slice data also indicates that female patients are at higher risks of
developing cancer as a result of undergoing a CT scan than males due to their
additional risk of breast and lung cancer risk coefficients. This is most evident from
ages 0 to 30 years of age for females. Once the age of the patient reaches the age of
40 and above, their risks of cancer are almost identical between the two genders.
It is again important to note that the LAR of cancer calculated using 64 slice
scanning parameters, as with the 16 slice scanning parameters, were adult parameters.
Therefore, the reasons for such high incidence rates from ages zero to 15 years are
higher than scanning protocols typically used for pediatric patients. There has been
some documentation of adult scanning parameters being used in pediatric cases. For
this reason, this 64 slice information has been included in cases where a pediatric
patient might be accidently administered radiation doses using adult protocols at the
Nebraska Medical Center. Pediatric protocols were not used in this study, but maybe
utilized in further studies.
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Although the scanning protocols used in these studies were solely meant for
adult patients, an interesting trend was again noted for the following 64 slice CT
scans: chest/abdomen/pelvis (Figure 3.15) and the neck/chest/abdomen/pelvis (Figure
3.16). In these figures, there is a considerable spike in cancer risk at the age of 10
years for females only. The only conclusion that can be determined from this
continued skew in data is that the highly radiosensitive reproductive structures of
females are in a pubescent stage. Cells in the female body during this period of life
are experiencing numerous mitotic cell cycles, therefore have the greatest influence
from ionizing radiation and a greater chance of becoming malignant in the future. In
Figure 3.14, the 64 slice routine chest CT revealed a slight increase in 10 year old
female’s cancer risk, but did not have a spike like previous scans which included the
female reproductive structures. Therefore, we can conclude that scanning regions
which encompass the female reproductive structures at a pubescent age will yield the
highest cancer risk than any other times in a female’s lifetime.

4.3.5 Incidence Rates of Cancer, 16 Slice CT scans vs. 64 Slice CT Scans
For a comparison of the LAR of cancer between the two different CT scanners
the following CT scans were investigated: routine chest, cervical spine, and
chest/abdomen/pelvis. The routine chest 64 slice scanner had roughly a 0.1% higher
cancer risk than the 16 slice for males from ages 0 to 30, but had the identical rates
from ages 30 to 80. The female routine chest had approximately the same rate for
females from ages zero to 80 for both 16 and 64 slice CT scans.
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The cervical spine scan yielded a different result with the 64 slice CT scan
having a cancer risk for females that was approximately twice as high as the 16 slice
CT from ages 0 to 30. Once the age of females reached the age of 40 and over, there
was an identical cancer risk to males of the same ages. For the same scan done for
males the result was similar to the females from ages 0 to 30. There was a LAR of
cancer that was twice as high in the 64 slice CT then there were for the 16 slice CT
for the same cervical spine scan. Once the male reached the age of 40 and above,
there were identical incidence rates of cancer between the 64 and 16 slice CT cervical
scans. The variation in dose is most likely due to the lower pitch setting of the 64
slice scanner at 0.531, while the 16 slice had a pitch of 0.938. The 64 slice scanner
also had a higher tube current at 481 mAs to the 16 slice’s tube current setting of 324
mAs. Both of these factors would greatly affect the dose administered to the patient,
therefore correlating to their resulting cancer risk.
The next LAR of cancer to compare between the 64 and 16 slice CT scanners
is the chest/abdomen/pelvis. Interestingly enough, these two CT scanners yielded the
same cancer risk throughout ages 0 to 80. A review of the scanning protocols
revealed that these two scanners had very similar settings. For example, the average
tube current for the 64 slice scanner was 457 mAs, while the 16 slice scanner had an
average tube current setting of 494 mAs. Both scanners had identical scan regions,
pitch, and rotations per second. Although both scanners revealed the same cancer
risk they did not have the same effective dose. The 16 slice CT administered an
average effective dose of 2,550 mrem and the 64 slice CT administered an average
effective dose of 2,800 mrem.

108

Chapter 5
Conclusion
5.1 Conventional X-ray
In reviewing the differences in x-ray procedures completed at the Nebraska
Medical Center between ICRP reports 60 and 103 we determined that there is a
difference between the two sources of tissue weighting factors. It is evident that the
ICRP 103 weighting factors are more heavily weighted for female breast tissue, but
the results showed that there was only a slight increase in dose from 17-22 mrem.
The ICRP 103 report also had a reduced weighting factor for reproductive structures.
Again, this was evident in the pelvic and lumbar spine scans where the differences
resulted in a 41% decrease in effective dose for the pelvic scan and a 20% decrease
for the lumbar scan. All other organs and tissues did not show any variation in dose
between the two reports such as the skull or cervical spine areas. It was determined
by radiation safety personnel at the Nebraska Medical Center that the ICRP 103 tissue
weighting factors will be used in the final dose calculator due to its updated radiation
dose information.
To conclude our results regarding x-ray effective dose outcomes from
different institutions we found there to be variations between the Nebraska Medical
Center, Duke University, and xrayrisk.com with no definitive institution having a
higher rate of radiation dose than another.
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In Figure 3.1, four major x-ray scans were compared and showed that Duke
University had the highest effective doses for the pelvis and skull areas, but the
Nebraska Medical Center had the highest dose for the abdomen. All institutions had
similar chest x-ray doses. The true determinant of effective dose is determined based
on each institutions individual protocol and technique settings. Because the Nebraska
Medical Center is constructing a dose calculator specifically designed according to its
protocols, only the generated effective doses from the STUK program using these
NMC input variables and ICRP 103 tissue weighting factors will be used to generate
a patients true effective dose. As more information on x-ray effective dose
calculations becomes available either through updated tissue weighting factors or
scanning protocols, the Nebraska Medical Center will adapt its dose calculator to
correspond with pertinent changes in x-ray exposures.

5.2 Nuclear Medicine
There were two individual effective dose calculation methods used in
determining our results from the Nebraska Medical Center protocols. The basis for
using two methods to determine effective doses was to compare effective doses
between a source called RADAR which is an organization specializing in up to date
and reliable information on internal dose estimates and a new “user friendly” internal
dose calculator called Orgdose, which will be used to determine both effective dose
and cancer incidence rates. From our results, it was apparent that there was a
discrepancy between the two dose calculating methods. Each program calculated a
particular radiopharmaceutical in different way.
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For example, when we calculated the effective doses for scans which incorporated
Tc-99m sulfur colloid, the RADAR estimates were anywhere from 15 to 98 mrem
higher than Orgdose. On the contrary, nuclear medicine scans which incorporated
Tc-99m pertechnetate were 91 to 270 mrem higher when using the Orgdose program
versus the RADAR / RIDIC dose estimates. The most drastic difference between the
two programs was seen in the scans which incorporated Tc-99m Sestamibi
(Cardiolite) and Tl-201 both used in myocardial imaging. Orgdose revealed a dose
twice as high for Tc-99m Sestamibi (Cardiolite) and 1,000 mrem higher for the Tl201 than the referenced dose estimates provided from RADAR / RIDIC. Because the
Nebraska Medical Center is more concerned with arriving at a reliable, accurate
effective dose, the RADAR / RIDIC data offered effective dose information for all
nuclear medicine studies, where Orgdose was missing effective doses for 22 of the 64
listed nuclear medicine scans.
When comparing the Nebraska Medical Center with other effective dose data
for nuclear medicine studies (Tables 3.4 and 3.5) we found that there was again no
trend where one institution had typically higher or lower effective dose based on the
type of scan. There are major factors that need to be determined from these
institutions before NMC effective doses can be accurately compared. One important
factor is the typical prescribed amount of radiopharmaceutical administered.
Effective doses are directly related with the amount of radiopharmaceutical
administered to the patient; therefore we cannot accurately gauge an accurate
comparison until this information is revealed.
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In conclusion, when determining effective doses for all nuclear medicine
studies, it is evident that each nuclear scan must be individually examined for the
typical administered radiopharmaceutical dose and the accuracy of the source where
the effective dose information was derived. Radiopharmaceutical package inserts
offer the best means of determining the effective dose because they contain calculated
doses studied during clinical trials for FDA approval. In some cases however, there
may be a drastic difference between effective doses found in on-line dose calculators
and a package insert. Care should be taken not to base radiation dose estimates on
one on-line calculator because there are no reliable sources referenced. The Nebraska
Medical Center found that the best means in determining internal doses resulting from
nuclear medicine studies is a combination between the radiopharmaceutical insert
information and the RADAR website which utilizes the Radiation Internal Dose
Information Center (RIDIC) located at the Oak Ridge Institute for Science and
Education (ORISE). This organization has over 27 years of experience in
determining internal dose estimates gathered from numerous reliable sources from
around the world. Each scan will be compared between the radiopharmaceutical
insert and the RADAR information to determine the most likely radiation effective
dose administered to the patient.
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5.3 CT Procedures
After a cross comparison from the Nebraska Medical Center’s GE Lightspeed
Pro 16 slice CT procedures with other CT exposure references, it is clear that the
Nebraska Medical Center’s radiation exposures are higher in a majority of the 18
scans provided in Table 3.10. This trend can also be seen with the GE VCT 64 slice
CT scanner where a majority of scans which involve the torso area revealed higher
effective doses than other institutions. It is important to note that information
provided by Duke University, RADAR, and xrayrisk.com did not indicate the type of
multi-detector CT scanners used in their findings. They also did not have information
available regarding scanning protocols used in arriving at their reported effective dose
values. This is an indicator of how important it is for medical institutions to research
all parameters involved with their scanning protocols before arriving at a true
effective radiation dose administered to a patient and not to base their information on
an on-line calculator. This study is a good example of how estimating radiation doses
can be an intricate process which must take into account specific scanning parameters
and type of CT scanner used.
The Nebraska Medical Center’s specific dose information calculated from the
IMPACT CT dosimetry program version 0.99x will be added to the on-line dose
calculator once all scanning protocols are again reviewed by the diagnostic medical
physicist at the Nebraska Medical Center. Currently, we are reviewing the possibility
of utilizing a newly released version of the IMPACTS software which now
determines tissue weighting factors based on ICRP report 103.
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5.4 Closing Statement
With the drastic increase of ionizing medical diagnostic imaging over the past
25 years and its current increasing trend, it is important to effectively communicate
radiation dose information in an easily understood method so that patients and
physicians are well informed of all risks involved. It is our hope that this specially
designed on-line dose calculator for the Nebraska Medical Center will better educate
clinicians and researchers when determining radiation exposure to their patients and
research subjects and to possibly aide future epidemiological studies on radiation
induced from medical diagnostic imaging.
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APPENDIX A
Nebraska Medical Center
GE Lightspeed Pro 16
CT Protocols
Routine Head
Group 1
Scan Region:
Base of Skull – Petrous Ridge
mA: 300
KV: 140
Collimation: Open 20 cm
Mode: Full @ 1.0 sec
Pitch: 1

Group 2
Scan Region:
Petrous Ridge – Top of Skull
mA: 300
KV: 120
Collimation: Open 20 cm
Mode: Full @ 1.0 sec
Pitch: 1

Trauma Head / 1.0 sec scan
Group 1
Scan Region:
Base of Skull – Petrous Ridge
mA: 320
KV: 140
Collimation: Open 20 cm
Mode: Full @ 1.0 sec
Pitch: 1

Group 2
Scan Region:
Petrous Ridge – Top of Skull
mA: 320
KV: 120
Collimation: Open 20 cm
Mode: Full @ 1.0 sec
Pitch: 1
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Helical Head
Scan Region: Base of Skull – Top of Skull
mA: SMART MA 440 MAX
KV: 120
Collimation: 10 cm
Mode: Full @ 0.8 sec
Pitch: 0.625:1

Circle of Willis
Scan Region: Bottom of C1 – Mid Vents.
mA: 550
KV: 120
Collimation: 20 cm
Mode: Full @ 0.6 sec
Pitch: 0.938:1

Brain Lab
Group 1
Scan Region:
Base of Skull – Petrous Ridge
mA: SMART MA = 350
KV: 140
Collimation: Open 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.562

Group 2
Scan Region:
Btm of Max teeth – Tp of Frontal Sinuses
mA: SMART MA = 350
KV: 140
Collimation: Open 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.562
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Stryker Protocol Dr. Greene
Scan Region: Base of Skull – Top of Skull
mA: AUTO 400 MAX
KV: 140
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.562:1

CT Brain Perfusion
Scan Region: Basal Ganglia
mA: 400
KV: 80
Collimation: 10 cm
Mode: Full @ 1.0 sec
Pitch: 1

IAC (Spine)
Scan Region: Base of Skull – Top of Petrous Ridge
mA: SMART MA 440
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 0.562
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IAC (Spine) (AVG. mA Setting)
Scan Region: Base of Skull – Top of Petrous Ridge
mA: 350
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 0.562

Facial Bones
Scan Region: Mandible – Top of Orbit
mA: 520
KV: 120
Collimation: 20 cm
Mode: Full @ 0.5 sec
Pitch: 0.562

Sinus Prone
Scan Region: Behind sphenoid – Through Frontal Sinus
mA: 335 SMART MA
KV: 120
Collimation: 20 cm
Mode: Full @ 0.5 sec
Pitch: 0.562
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Sinus Supine
Scan Region: Below Maxillary Sinus – Above Frontal Sinus
mA: 440 SMART MA
KV: 120
Collimation: 20 cm
Mode: Full @ 0.5 sec
Pitch: 0.562

Orbits
Scan Region: Inferior Orbital – Superior Orbital
mA: 440 SMART MA
KV: 120
Collimation: 20 cm
Mode: Full @ 0.5 sec
Pitch: 0.562

Orbits (AVG. mA Setting)
Scan Region: Inferior Orbital – Superior Orbital
mA: 350
KV: 120
Collimation: 20 cm
Mode: Full @ 0.5 sec
Pitch: 0.562

121
C-Spine, Neuro, and Bone Trauma
Scan Region: Base of Skull – Mid T1
mA: AUTO MA = 500 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.938

C-Spine, Neuro, and Bone Trauma (AVG. mA Setting)
Scan Region: Base of Skull – Mid T1
mA: 324
KV: 120
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.938

122
C Spine with Metal
Scan Region: Base of Skull – Mid T1
mA: AUTO MA = 600 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.937

Soft Tissue Neck
Top of Sella Turcica (Bone behind eye) – Top of Sternum
mA: AUTO MA = 600 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.6 sec
Pitch: 1.375

123
Soft Tissue Neck (AVG. mA Setting)
Top of Sella Turcica (Bone behind eye) – Top of Sternum
mA: 361
KV: 120
Collimation: 20 cm
Mode: Full @ 0.6 sec
Pitch: 1.375

Carotid ONLY
Scan Region: Aortic Arch – Mid Ventricles
mA: 600
KV: 120
Collimation: 20 cm
Mode: Full @ 0.6 sec
Pitch: 1.375

124
C-Spine Post - Myelogram
Scan Region: Base of Skull – T1
mA: 600 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.938

Carotid / Circle of Willis (COW)
Scan Region: Aortic Arch – Top of Ventricles
mA: 650
KV: 120
Collimation: 20 cm
Mode: Full @ 0.6 sec
Pitch: 1.375

125
Shoulder – Upper Extremity
Scan Region: Top of Shoulder – Bottom of Scapula
mA: 650
KV: 120
Collimation: 20 cm
Mode: Full @ 0.8 sec
Pitch: 0.562

Routine Chest
Scan Region: Lung Apex - Adrenals
mA: AUTO 350
KV: 120
Collimation: 20 cm
Mode: Full @ 0.8 sec
Pitch: 1.375

126
Routine Chest (Avg. mA Setting)
Scan Region: Lung Apex - Adrenals
mA: 469
KV: 120
Collimation: 20 cm
Mode: Full @ 0.8 sec
Pitch: 1.375

Pulmonary Vein Segment
Scan Region: Arch – Base of Heart
mA: 325
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 0.562

127
CHEST / ABDOMEN / PELVIS
Scan Region: Lung Apex - Symphysis
mA: AUTO 650 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

128
CHEST / ABDOMEN / PELVIS (Avg. mA Setting)
Scan Region: Lung Apex - Symphysis
mA: 494
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

Pulmonary Vein Burst 66-92 BPM
Scan Region: Top of Arch – Base of Heart
mA: ECG AUTO 300
KV: 120
Collimation: 20 cm
Mode: Full @ 0.4 sec
Pitch: 0.24

129
Pulmonary Embolus (PE)
Scan Region: Lung Apex – Base of Lungs
mA: AUTO 670 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.5sec
Pitch: 0.938

Dissection or Aneurysm - Chest
Scan Region: Lung Apex – Below Diaphragm
mA: AUTO 300
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7ec
Pitch: 1.375

130
HI Resolution Chest (HRCT)
2 Scans (Inspiration & Expiration)
Scan Region: Lung Apex – Base of Lung
mA: 250
KV: 120
Collimation: 20 cm
Mode: Full @ 0.8ec
Pitch: 0.983

Neck / Chest / Abdomen / Pelvis
Group 1
Top of Sella – Top of Sternum
mA: 300
KV: 120
Collimation: 20 cm
Mode: Full @ 0.6 sec
Pitch: 1.375

Group 2
Lung Apex - Symphysis
mA: 600
KV: 120
Collimation: 20 cm
Mode: Full @ 0.6 sec
Pitch: 1.375

131
Thoracic Spine, Neuro, and Bone Trauma
Scan Region: Mid C7 – Mid L1
mA: AUTO 600 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.562

Thoracic Spine, Neuro, and Bone Trauma (Avg. mA Setting)
Scan Region: Mid C7 – Mid L1
mA: 325
KV: 120
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.562

132
Marfans Segment (40-65 BPM)
Group 1
Scan Region:
Top of Arch – Base of Heart
mA: ECG AUTO 300
KV: 120
Collimation: 20 cm
Mode: Full @ 0.4 sec
Pitch: 1.375

Group 2
Scan Region:
Base of Heart – Bifurcation of
Aorta
mA: ECG AUTO 300
KV: 120
Collimation: 20 cm
Mode: Full @ 0.4 sec
Pitch: 1.375

133
Marfans Segment (66-92 BPM)
Group 1
Scan Region:
Top of Arch – Base of Heart
mA: ECG AUTO 350
KV: 120
Collimation: 20 cm
Mode: 0.4 sec
Pitch: 0.26

Group 2
Scan Region:
Base of Heart – Bifurcation of
Aorta
mA: ECG AUTO 350
KV: 120
Collimation: 20 cm
Mode: Full @ 0.4 sec
Pitch: 1.375

134
Pulmonary Vein Burst (92+ BPM)
Scan Region: Top of Arch – Base of Heart
mA: AUTO 300
KV: 120
Collimation: 20 cm
Mode: Full @ 0.4 sec
Pitch: 0.26

Chest for Lung Cancer Screening
Scan Region: Top of Lung – Base of Lung
mA: 80
KV: 120
Collimation: 10 cm
Mode: Full @ 0.80ec
Pitch: 1.35

135
Smart Score - Gated
Scan Region: Top of Heart – Base of Heart
mA: 400
KV: 120
Collimation: 20 cm
Mode: Full @ 0.5 sec
Pitch: 1.0

T-Spine Post Myelogram
Scan Region: Mid C7 – Mid L1
mA: AUTO MA 600 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.562

136
Abdomen-Pelvis
Scan Region: Diaphragm - Symphysis
mA: AUTO MA 670 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

137
Abdomen-Pelvis (Avg. mA Setting)
Scan Region: Diaphragm - Symphysis
mA: 388
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

138
Trauma CTA
Group 1
Scan Region: Top of Chest - Symphysis
mA: 670 AUTO MA
KV: 140
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

Group 2
Scan Region: Top of Liver Symphysis
mA: 670 AUTO MA
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

139
Renal Stone
Scan Region: Top of Kidney – Bottom of Bladder
mA: AUTO MA 600 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.6 sec
Pitch: 1.375

140
Urogram
Scan Region: Top of Kidney – Bottom of Bladder
mA: AUTO MA 650 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

141
Dual Liver
Group 1
Scan Region: Diaphragm – Btm. of Liver
mA: AUTO MA 670 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

Group 2
Scan Region: Diaphragm –
Crest of Sym
mA: AUTO MA 670 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

142
Dual Liver cont’d
Group 3
Scan Region: Diaphragm – Bottom of Liver
mA: AUTO MA 670 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

143
Kidney Mass
Group 1
Scan Region: Top Liver – Top Kidneys
mA: AUTO MA 650 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

Group 2
Scan Region: Tp. Kidneys –
Btm. Kidneys
mA: AUTO MA 650 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

144
Kidney Mass Cont’d
Group 3
Scan Region: Tp. Kidneys – Btm. Kidneys
mA: AUTO MA 650 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

Group 4
Scan Region: Btm. Kidneys Symphysis
mA: AUTO MA 650 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

145
Dual Pancreas
Group 1
Scan Region: Top Liver – Btm. Liver
mA: AUTO MA 600 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

Group 2
Scan Region: Tp. Liver – Crest or
Symphysis
mA: AUTO MA 600 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

146
Adrenal Mass
Scan Region: Top of Liver - Symphysis
mA: AUTO MA 600 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

147
Run Off
Scan Region: Diaphragm – Through Toes
mA: AUTO MA 350
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

148
CT Colonography
Series 2 (SUPINE)
Scan Region: Diaphragm - Symphysis
mA: 120
KV: 120
Collimation: 20 cm
Mode: Full @ 0.5 sec
Pitch: 1.375

Series 3 (Prone)
Scan Region: Diaphragm Symphysis
mA: 120
KV: 120
Collimation: 20 cm
Mode: Full @ 0.5 sec
Pitch: 1.375

149
Endograft Study
Group 1
Scan Region: Top of Liver - Symphysis
mA: AUTO MA 670 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

Group 2
Scan Region: Top of Graft –
Btm. Graft
mA: AUTO MA 670 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

150
Appendicitis
Series 2
Scan Region: Diaphragm - Symphysis
mA: AUTO MA 350
KV: 120
Collimation: 20 cm
Mode: Full @ 0.5 sec
Pitch: 1.375

151
L-spine Survey – Helical, Bone and Neuro
Series 2
Scan Region: Mid T12 – S1
mA: AUTO MA 600 MAX
KV: 120
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.938

152
L-spine Survey – Helical, Bone and Neuro (Avg. mA Setting)
Series 2
Scan Region: Mid T12 – S1
mA: 403
KV: 120
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.938

153
L-spine Survey with metal
Series 2
Scan Region: Mid T12 – S1
mA: 600
KV: 120
Collimation: 20 cm
Mode: Full @ 1.0 sec
Pitch: 0.9387

154
Pelvis for Fracture
Series 2
Scan Region: Top of Crest – Lesser Trochanter
mA: 650
KV: 120
Collimation: 20 cm
Mode: Full @ 0.6 sec
Pitch: 1.375

155

Enterography
Series 2
Scan Region: Top of Liver – Symphysis
mA: Smart MA – Auto MA 350
KV: 120
Collimation: 20 cm
Mode: Full @ 0.7 sec
Pitch: 1.375

