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Series Preface

Since their inception over a century ago, advances in the science and technology of medical imaging and 
radiation therapy are more profound and rapid than ever before. Further, the disciplines are increasingly 
cross-linked as imaging methods become more widely used to plan, guide, monitor, and assess treatments 
in radiation therapy. Today, the technologies of medical imaging and radiation therapy are so complex 
and computer-driven that it is difficult for the people (physicians and technologists) responsible for their 
clinical use to know exactly what is happening at the point of care, when a patient is being examined 
or treated. The people best equipped to understand the technologies and their applications are medical 
physicists, and these individuals are assuming greater responsibilities in the clinical arena to ensure that 
what is intended for the patient is actually delivered in a safe and effective manner.

The growing responsibilities of medical physicists in the clinical arenas of medical imaging and radi-
ation therapy are not without their challenges, however. Most medical physicists are knowledgeable 
in either radiation therapy or medical imaging, and expert in one or a small number of areas within 
their disciplines. They sustain their expertise in these areas by reading scientific articles and attending 
scientific talks at meetings. In contrast, their responsibilities increasingly extend beyond their specific 
areas of expertise. To meet these responsibilities, medical physicists periodically must refresh their 
knowledge of advances in medical imaging or radiation therapy, and they must be pre- pared to func-
tion at the intersection of these two fields. How to accomplish these objectives is a challenge.

At the 2007 annual meeting of the American Association of Physicists in Medicine in Minneapolis, 
this challenge was the topic of conversation during a lunch hosted by Taylor & Francis Publishers and 
involving a group of senior medical physicists (Arthur L. Boyer, Joseph O. Deasy, C.-M. Charlie Ma, 
Todd A. Pawlicki, Ervin B. Podgorsak, Elke Reitzel, Anthony B. Wolbarst, and Ellen D. Yorke). The 
conclusion of this discussion was that a book series should be launched under the Taylor & Francis ban-
ner, with each volume in the series addressing a rapidly advancing area of medical imaging or radiation 
therapy of importance to medical physicists. The aim would be for each volume to provide medical 
physicists with the information needed to understand technologies driving a rapid advance and their 
applications to safe and effective delivery of patient care.

Each volume in the series is edited by one or more individuals with recognized expertise in the techno-
logical area encompassed by the book. The editors are responsible for selecting the authors of individual 
chapters and ensuring that the chapters are comprehensive and intelligible to someone without such 
expertise. The enthusiasm of volume editors and chapter authors has been gratifying and reinforces the con-
clusion of the Minneapolis luncheon that this series of books addresses a major need of medical physicists.

The series Imaging in Medical Diagnosis and Therapy would not have been possible without the 
encouragement and support of the series manager, Lou Chosen, Executive Editor at Taylor & Francis. 
The editors and authors, and most of all I, are indebted to his steady guidance of the entire project.

William R. Hendee 
Founding Series Editor
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Preface

The application of ionizing radiation and radioactive substances in diagnostic, interventional, and 
therapeutic procedures in medicine is clearly beneficial for hundreds of millions of people each year 
worldwide. However, often just mentioning the word “radiation” often evokes fear in patients, families, 
and health-care professionals alike. Radiation is perceived as a unique hazard and at times the resultant 
“radiophobia” needs to be recognized and properly managed, especially with regard to medical radia-
tion decision-making.

As public awareness of medical radiation exposure has increased, there has been heightened aware-
ness among patients, physicians, and regulatory agencies of the importance and need for holistic benefit-
and-risk evaluations and discussions. Shared decision-making implies a need for patient-provider 
discussions about the benefits and risks of medical procedures that involve the use of radiation. Such 
discussions may be challenging. This book provides an overview, by imaging modality, of the current 
aspects of radiation doses, benefits, and risks to provide information essential for such dialogue.

The radiation protection principles of justification and optimization drive the overall safe use of 
radiation and radioactive substances in medicine. Selecting the appropriate test and then optimizing 
the protocols and procedures for appropriate image quality while maintaining low radiation doses are 
important aims. Such optimization needs to be performed while considering the underlying reasons for 
the procedures as well as the age, gender, and size of the patient.

This work first lays out essential inquiries related to dose, benefit, and risks. It then spans the topics of 
radiation dose index monitoring systems (and associated “big data”) at national and international lev-
els, diagnostic reference levels (and achievable dose concepts), dental, mammography, fluoroscopically 
guided interventions, computed tomography applications, nuclear medicine imaging, hybrid imaging 
platforms, pediatric, and pregnant patient considerations. In addition, this volume addresses the cur-
rent fundamental radiobiological and radiation epidemiology information, public concerns, and com-
munication strategies.

The target audience includes medical physicists, clinicians, radiation technologists, other related 
fields, and medical radiation workers. This book benefits from the contributions of nationally and inter-
nationally recognized authors who have researched and published in these areas of inquiry and have 
pursued their integration into the clinical environment. Their extensive knowledge is evident from their 
comprehensive treatment of the topics, practical examples, suggestions, and references for deeper devel-
opment. The editors are sincerely thankful for their excellent contributions.
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1
Essential Inquiries: 

Dose, Benefit, and Risk 
in Medical Imaging

Pat B. Zanzonico, 
Bae P. Chu, and 
Lawrence T. Dauer

1.1 Introduction

The introduction of ionizing radiation in medicine revolutionized the diagnosis and treatment of 
disease. It has also dramatically improved the quality of health care. The United Nations Scientific 
Committee on the Effects of Atomic Radiation (UNSCEAR) and the National Council on Radiation 
Protection and Measurements (NCRP) have identified that medical exposures represent the largest 
human-made source of radiation exposure (NCRP 2009, 2001; UNSCEAR 2008). The use of nuclear 
medicine, particularly positron emission tomography (PET), as well as computed tomography (CT) 
has grown dramatically over the last several decades. For example, as tabulated in a American College 
of Radiology (ACR) “white paper” published in 2007 (Amis et al. 2007), the annual number of nuclear 
medicine procedures in the United States increased threefold (from 7 to 20 million), and the annual 
number of CT procedures increased twentyfold (from 3 to 60 million) between 1985 and 2005. In 2005, 
more than 1700 PET and PET-CT scanners were in use in the United States, and another 500 essentially 
all PET-CT units were sold, with more than 1.3 million patients undergoing PET and PET-CT stud-
ies (IMV 2004; Czernin et al. 2007; Kincade 2007). Along with broader usage and larger numbers of 
procedures comes an increasing responsibility for ensuring the many beneficial uses of radiation while 
preventing or minimizing detrimental radiation effects. The aim is to achieve the clinical objective of 
medical imaging and therapy with constant vigilance on overall safety.

Accompanying this dramatic growth, concern over the radiogenic risks associated with medical 
imaging has intensified dramatically, largely due to reports of such risks, some alarmist in tone, in both 
the scientific and lay media. Reasonable concern is beneficial in terms of promoting critical evalua-
tion of imaging procedures, with technical optimization, elimination of truly unnecessary procedures, 
and minimization of imaging doses, without compromising the diagnostic information being sought. 
However, the excessive emphasis on radiogenic cancer risk can create the misconceptions that not only 
is radiation the only risk to be considered in medical imaging, but also that the benefit of imaging pro-
cedures may actually be outweighed by the risk (Hendee 2013).

1.1 Introduction ..........................................................................................3
1.2 Radiation Quantities and Units ..........................................................4
1.3 Medical Imaging Background ............................................................5
1.4 Assessing the Risks of Medical Imaging ......................................... 10
1.5 Assessing the Benefits of Medical Imaging .................................... 14
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Patients as well as practitioners should, of course, become well-informed about the risks and 
 benefits of all aspects of medical care, radiation-related and otherwise. However, when advis-
ing patients about these risks, only a perfunctory statement is generally offered to the effect that 
any theoretical risks of radiation exposures are far smaller than the direct benefits of the study. 
Importantly, the word “theoretical” should be used because virtually all risk information is predi-
cated on the “linear no-threshold” (LNT) theory of radiation carcinogenesis. This theory posits that 
stochastic, or statistical, risks (primarily of cancer) observed in populations exposed to high doses 
of radiation can be linearly extrapolated to the much lower doses that are encountered in diagnostic 
medical procedures and certain other circumstances (NRC/NAS 2006). Although the LNT model 
may be  a  defensible (i.e., appropriately prudent) basis of radiation protection (e.g., for formulat-
ing  population-based radiation dose limits), its application to individual patients and their medical 
management is unjustified (ICRP 2007). For example, the LNT-derived risk of a radiogenic cancer 
associated with a specific diagnostic procedure for an individual patient may conceivably lead the 
patient and/or the patient’s physician to forego the procedure, favoring a sub-optimal procedure 
with its own, non-radiogenic risks, which may exceed the theoretical radiogenic risk of the original 
procedure. Dose-response models for radiogenic cancer induction are addressed in further detail 
below and in subsequent chapters.

This volume is intended to provide a comprehensive review and analysis of the dosimetry and 
risks of essentially all current radiation-based diagnostic imaging procedures, including plain 
radiography, dental radiography, mammography, fluoroscopy, computed tomography, planar and 
tomographic scintigraphy (including PET) and single-photon emission computed tomography 
(SPECT), and hybrid, or multi-modality, imaging. A point of emphasis will be the optimization of 
these  procedures in terms of minimizing patient dose without compromising the specific diagnostic 
information being sought. An additional point of emphasis will be the special considerations for 
diagnostic imaging of the pregnant patient. Importantly, quantification of risk, with critical review 
of the dose-response models used for such quantification, and of the oft-neglected clinical benefit, 
will also be considered.

1.2 Radiation Quantities and Units

The lexicon of radiation dosimetry and radiobiology can be confusing, and, in fact, can complicate 
an understanding of radiobiological effects. Definitions of various quantities used to specify radia-
tion “dose,” and of selected related quantities, are therefore presented. A compilation of System 
Internationale (SI) and conventional quantities and their symbols, units, and conversion factors is pre-
sented in International Commission on Radiation Units & Measurements (ICRU) Report No 33 (ICRU 
1980) and NCRP Report No 82 (NCRP 1977).  

Exposure: Exposure, X, is perhaps the oldest quantity used to express the amount of radiation 
and is basically the electrical charge produced by radiation per unit mass of air. The SI unit of 
exposure is the C/kg and the conventional unit, the roentgen (R); 1 R equals 2.58 × 10−4 C/kg 
and 1 C/kg equals 3,876 R. Strictly speaking, exposure is defined only for XX- and gamma rays 
in air, but, it may often be convenient to refer to a value of exposure at a point inside a material 
other than air.

Absorbed dose: Absorbed dose, Dm refers to the amount of energy imparted by ionizing radiation to 
a material divided by the mass of that material. It is perhaps the most widely used and biologically 
meaningful quantity for expressing radiation dose. The international unit for absorbed dose is the 
Gray (1 Gy), which is equal to one joule of energy per kilogram or material (J/kg). In the United 
States, the rad is also commonly used, with 100 rads equaling one gray (1 rad = 0.01 Gy). The bio-
logical effects from radiation exposure depend heavily on the amount of dose delivered, and can 
be separated into stochastic and deterministic effects.
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Stochastic and deterministic effects: The biological effects resulting from radiation exposure are often 
divided into two general categories: stochastic and deterministic. Stochastic effects refer to those 
that are probabilistic in nature such that the likelihood of the effect increases with the total radia-
tion dose absorbed by the various organs and tissues of the severity of the effect, however, is inde-
pendent of the absorbed dose. Deterministic effects are those for which a radiation dose threshold 
(subject to biological variation) usually exists, with the severity as well as the probability of the 
effect increasing with the radiation dose (Balter et al. 2010).

Exposure of the body to radiation may cause cell injury or cell death. In the context of diagnostic and 
other low-level exposures, cancer induction is the stochastic injury of greatest interest for radiation 
exposure. Deterministic tissue injuries, however, arise when the radiation dose is sufficient to damage a 
critical number of cells, effectively overwhelming repair and repopulation mechanisms. 

Linear energy transfer: The quality as well as the quantity of radiation are important determinants 
of the frequency and/or severity of radiogenic biological effects. Sparsely ionizing radiations, 
such as X- and gamma rays intermediate to high-energy electrons (i.e., electrons with energies 
of the order of 1 keV or greater), and beta particles are characterized as “low-quality” radiations 
whereas, densely ionizing radiations, such as low-energy electrons (e.g., Auger electrons), pro-
tons, neutrons, and alpha particles, are typically characterized as “high-quality” radiations. For 
the same absorbed dose, the frequency and/or severity of biological effects are generally less for 
sparsely, than for densely ionizing radiations. The quality of radiation is characterized by the 
“linear energy transfer, L or LET,” which is the energy deposited by radiation per unit path length. 
The SI unit of LET is J/m, and the conventional unit is keV/μm; 1 J/m equals 6.25 × 109 keV/μm, and 
1 keV/μm equals 1.60 × 10−10 J/m.

Relative biological effectiveness: The influence of LET on the frequency and/or severity of biologi-
cal effects is quantified by the “relative biological effectiveness (RBE),” the ratio of the absorbed 
dose of a reference radiation (typically a widely available sparsely ionizing radiation such as 
cobalt-60 gamma rays) to that of the radiation whose RBE is being evaluated to produce the same 
biological effect. The RBE is a ratio of absorbed doses and thus is a dimensionless quantity.

Radiation weighting factors and equivalent dose: A simplified version of the RBE, the “radiation 
weighting factor, WR,” was devised for purposes of radiation protection. The so-called “equivalent 
dose, HT, in tissue or organ T,” is related to the radiation weighting factors, WR, and the mean 
absorbed doses, DT,R, to tissue or organ T due to radiations R: 

 H W DT R T,R≡  (1.1)

The equivalent dose is thus essentially a “scaled” absorbed dose where the scaling factor WR reflects the 
biological effective of radiation R.

1.3 Medical Imaging Background1

Historically, imaging modalities have often been divided into two general categories, structural (or 
anatomical) and functional (or physiological). Anatomical modalities, depicting primarily morphol-
ogy with excellent spatial resolution, include X-rays (plain radiography), magnetic resonance imag-
ing (MRI), CT, and ultrasound (US). Functional modalities, depicting primarily information related to 
underlying metabolism and biochemistry, include magnetic resonance spectroscopic imaging (MRSI), 
functional magnetic resonance imaging (fMRI), and (planar) scintigraphy, SPECT, and PET. This tra-
ditional distinction between anatomical and functional imaging modalities is increasingly arbitrary 

1 Imaging modalities which do not employ ionizing radiation—MRI, US, and optical—are beyond the scope of this book.
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and inaccurate because dynamic and/or static MRI, CT, and U.S. imaging may be performed following 
administration of a blood-flow or molecularly targeted contrast agent and functional images obtained. 
The functional modalities form the basis of the rapidly advancing field of “molecular imaging,” defined 
as the direct, or indirect, non-invasive monitoring and recording of the spatial and temporal distribution 
of in vivo molecular, genetic, and/or cellular processes for biochemical, biological, diagnostic, or thera-
peutic applications (Mankoff  2007). In addition to the foregoing “established” imaging modalities, new 
modalities, primarily based on optical (i.e., fluorescence) imaging (in intra-operative and laparoscopic 
settings), are emerging.

Imaging modalities may be further characterized as planar and tomographic. In planar imaging (also 
known as projection or two-dimensional imaging), structures or imaging signal foci through the full 
thickness of the patients are effectively summed (i.e., superimposed upon one another) in the image. In 
tomographic (or three-dimensional [3D]) imaging, relatively thin sections of tissue (typically about 1 to 
several millimeters in thickness) are mathematically reconstructed from the acquired raw data so that 
the superposition of structures, or signal foci, is eliminated and their 3D distribution is visualized. The 
principal advantage of tomography lies in its improved image contrast and greater quantitative accu-
racy: by eliminating the signal contribution in tissues above and below the section of interest, the target 
(e.g., tumor)-to-background ratio and the accuracy of image-derived signal levels improve.

Radiography, including plain radiography (X-rays), mammography, fluoroscopy, and CT, is based on 
the differential transmission of X-rays (typically with energies of the order of 100 keV) among differ-
ent tissues. In addition, non-tomographic (i.e., planar) imaging, differences in thickness and therefore 
in the path length of the X-rays through the body also impact overall X-ray transmission and radio-
graphic image contrast. The X-ray stopping power of a medium (expressed, e.g., as the linear attenu-
ation coefficient μ), such as tissue, is determined by its electron density (i.e., the number of electrons 
per cubic centimeter). This in turn is determined by the effective atomic number and the mass density 
of the medium. As a result, bone (with a relatively high effective atomic number and electron density 
due to its calcium content), lung (with a low mass density and electron density due to its air content), 
and soft tissue can be readily distinguished from one another on planar X-rays as well as CT scans. 
However, soft tissues are difficult to impossible to resolve due to small differences in electron density 
among soft tissues. The differential attenuation of X-rays among tissues (particularly among soft tissues) 
is generally enhanced as the X-ray energy is decreased—primarily as a result of increasing probability of 
photoelectric versus Compton-scatter interactions with decreasing X-ray energy. For example, utilizing 
a combination of specialized X-ray tube targetry, low tube voltage, and minimal filtration, mammogra-
phy is generally performed with relatively low-energy X-rays (with average energies well under 30 keV) 
to take advantage of the enhanced image contrast at such low energies. Of course, the penetrability of 
X-rays through tissue decreases as well with decreasing energy, meaning that higher energy X-rays must 
be used, and some contrast sacrificed, for imaging of the abdomen, pelvis, and other body parts that 
are thicker than the breast. In fluoroscopy, CT, and certain other radiographic studies, contrast agents 
(e.g., intravenously administered iodinated agents or orally administered barium-containing solutions) 
are used to temporarily increase the electron density of different tissues, with the resulting radiographic 
enhancement of different tissues related to their differential contrast agent content.

In modern CT scanners, slip-ring gantry technology is used, and the X-ray tube rotates at very high 
speeds emitting a fan beam of X-rays while the patient is translated through the X-ray tube/detector 
gantry. The X-ray beam thus traces a spiral, or helical, pattern through the patient; such devices are 
therefore called spiral, or helical, CT scanners. In so-called multi-slice scanners, there may be up to 256 
contiguous banks of detectors in the longitudinal direction of the patient, allowing simultaneous acqui-
sition of data for reconstruction of up to 256 transverse sections (or “slices”). Therefore, near whole-body 
CT studies can be acquired in a matter of seconds to minutes. CT scans can thus be acquired so rapidly 
that sedation of children and other patients, who might be unable to remain still for the duration of the 
scan becomes unnecessary; this is partly responsible for the rapid growth in CT over the past several 
decades, particularly in pediatric populations.
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Fluoroscopy is a planar radiographic imaging modality in which a series of images (or frames) are 
acquired in rapid succession (i.e., dynamically). It is essentially a radiographic motion picture, which 
allows real-time imaging. Therefore, fluoroscopy can be used to visually position catheters, and other 
internal devices, in patients. Because fluoroscopy requires a very large number of X-ray exposures, limi-
tations on the X-ray tube performance and the patient radiation doses become important. Historically, 
fluoroscopy systems included a component known as an image intensifier, which converts the X-ray 
transmission image to an electronic, and then an optical, image while amplifying the “intensity” of the 
image. The image amplification allows a relatively low X-ray tube current to be used, thereby avoiding 
excess heating of the X-ray tube targetry and minimizing the patient dose per frame and for the overall 
study. Nonetheless, despite this and other technical innovations, patient doses in cardiovascular fluo-
roscopy, and interventional imaging, are considerably higher than those for other imaging modalities. 
For example, skin-absorbed doses can be up to several Gy (several hundred rad) can be delivered (Balter 
et al. 2010; Balter and Miller 2014; Balter et al. 2012; Miller et al. 2003; NCRP 2010a). Therefore, the acute 
threshold absorbed dose for skin effects approximately 2 Gy (200 rad) may be exceeded (Balter et al. 2010; 
Balter and Miller 2014). In rare instances, skin doses may be considerably higher than 2 Gy (200 rad) 
resulting in necrotic damage severe enough to necessitate surgical reconstruction, particularly because 
fluoroscopically guided procedures have become more complex and beam-on times have increased. It 
is largely for this reason that in 1994 the United States Food and Drug Administration issued a health 
advisory titled, “Avoidance of Serious X-ray Skin Injuries to Patients during Fluoroscopically Guided 
Procedures” (FDA 1994) and established regulatory limits for the entrance dose rate, specifically for the 
so-called air kerma rate (AKR). With certain exceptions, the AKR shall not exceed 88 mGy/minute (10 R/
min) at the measurement point. (The foregoing regulatory limit applies specifically to fluoroscopic equip-
ment manufactured on or after May 19, 1995. If the X-ray source is below the patient table, the AKR shall 
be measured at 1 cm above the tabletop. If the source is above the table, the AKR shall be measured at 
30 cm above the tabletop with the end of the beam-limiting device, or spacer, positioned as close as pos-
sible to the point of measurement. In a C-arm type of fluoroscope, the AKR shall be measured at 30 cm 
from the input surface of the fluoroscopic imaging.) The FDA subsequently amended its regulation titled, 
“Performance Standards for Ionizing Radiation Emitting Products. Fluoroscopic Equipment” (FDA 
2015). The additions required that fluoroscopic equipment manufactured after June 10, 2006 display both 
AKR and cumulative air kerma in order to provide the fluoroscopist with real-time patient radiation dose 
data, with the intent that such information would result in reduced radiation doses.

Dental X-rays are similar to plain radiographs, and the contrast between teeth (essentially bone) 
and soft-tissue structures in and around the oral cavity is pronounced. The X-ray doses received by a 
dental patient are typically very low (~approximately 15 mrem for a full mouth series of up to 18 views, 
according to the American Dental Association website). Incidental exposure to the patient is reduced 
by the use of a lead apron and/or lead thyroid collar. Personnel exposure is reduced to negligibly low 
levels by the dental assistant stepping out of the room, or behind shielding, during the actual X-ray 
exposure. Panoramic images are extraoral views where the imaging detector is exposed while outside 
the patient’s mouth, yielding, in a single view, the patient’s oral anatomy. These images were developed 
as a rapid alternative to the 18-view full-mouth series. However, the diagnostic accuracy of panoramic 
images compared to full-mouth series, has been questioned. There is increasing use of CT in dentistry, 
particularly to plan dental implants, with significantly higher radiation doses to the patient than for 
conventional dental radiography. Specially designed cone beam CT scanners have been used, which also 
require careful dosimetric assessments.

Radionuclide imaging, including SPECT and PET, utilizes unsealed sources of radioactivity, usu-
ally administered systemically and intravenously, in the form of radiotracers (in a clinical setting, also 
known as radiopharmaceuticals). Radionuclide imaging, in general, and SPECT and PET, in particular, 
offer a number of important advantages. First, the specific activity (i.e., activity per unit mass) of radio-
pharmaceuticals and the detection sensitivity of radionuclide imaging instruments are sufficiently high 
that the administered activities needed for imaging correspond to non-pharmacologic, non-perturbing 
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mass doses (typically in the sub-nanomole range). This is in contrast to CT and MRI, for example, 
where the mass doses of various contrast agents are far higher typically in the micromole to millimole 
range and thus may perturb the subject under study. Second, radionuclide images are quantitative, or 
at least semi-quantitative, meaning that image “intensity” (i.e., counts) reflects the radiotracer-derived 
activity concentration. For PET, images are routinely absolutely quantitative and may be parameter-
ized, for example, in terms of activity concentration. For other imaging modalities, the relationship 
between the contrast agent, or other analyte concentration, and image intensity is typically not as direct. 
Third, a large number and variety of molecularly targeted and/or pathway-targeted radiotracers (such 
as metabolites and metabolite analogs, neurotransmitters, drugs, receptor-binding ligands, antibodies 
and other immune constructs, etc.). have been, and continue to be, developed for increasingly specific 
characterization of in situ biology. However, radionuclide imaging is not without its drawbacks. These 
include relatively coarse spatial resolution (5 to 10 mm expressed as the full-width half-maximum of 
the system line spread function), which is approximately an order of magnitude poorer than the spatial 
resolution (~approximately1 mm) of CT and MRI.

The basic paradigm of both SPECT and PET imaging includes acquisition of projection images from 
multiple angles at one to three angular increments around the subject, correction of the acquired data 
for non-uniform response of the imaging system, and mathematical reconstruction of transverse-
section images. The resulting transverse images are essentially contiguous, with no inter-section gaps. 
Therefore, the reconstructed 3D array of volume elements, or voxels, may be rearranged at any angle 
relative to the longitudinal axis of the patient and thus yield coronal, sagittal, or oblique as well as trans-
verse images. Another important advantage of emission tomography is the ability to visualize the 3D 
distribution of activity in situ, that is, ascertain the depths of foci of activity.

Developed in the late 1950s by Hal Anger, the gamma camera, also known as the scintillation or 
Anger camera, has long been the predominant imaging device for SPECT and single photon (gamma-
and X-ray) imaging in general. Almost all gamma-camera scintillation crystals are composed of 
thallium-doped sodium iodide (NaI[Tl]), with thicknesses of the order of 1  cm; such a crystal stops 
~approximately 95% of the 140-kev gamma rays emitted by technetium-99m, the most commonly used 
non-PET radionuclide. The gamma camera collimator, comprised of a lead plate with holes (apertures) 
through which radiation must pass to reach the crystal, “directionalizes” the incoming radiation where 
any radiation traveling at an oblique angle to the axes of the apertures will strike the inter-aperture 
lead walls (septa) instead of the crystal, thereby allowing only radiation traveling parallel, or nearly 
parallel, to the aperture axes to reach the crystal and contribute counts to the resulting image. So-called 
parallel-hole collimators, in which the apertures and septa are parallel to one another, are used almost 
exclusively. Once the incident radiation passes through the collimator aperture, it strikes and may pro-
duce a scintillation (or light “flash”) within the crystal. The resulting light signal is distributed among 
a two-dimensional array of photomultiplier tubes (PMTs) backing the crystal; a PMT is essentially a 
vacuum tube that converts the light signal to an electronic signal, which is then amplified by virtue of 
an ~1000 approximately V high voltage. The light intensity reaching each PMT varies inversely with the 
distance between the scintillation and the respective PMT: the farther the PMT is from the scintilla-
tion, the less light it receives and the smaller its output pulse. This inverse relationship is the basis of the 
Anger position logic circuitry for determining the precise position of a scintillation within the crystal. 
In older gamma cameras, the x- and y-coordinates were calculated by analog circuitry, that is, using 
matrices of resistors. In the current system, this is done by digitizing the output signal from each PMT 
and using digital electronics. For SPECT, the gamma camera assembly actually rotates around the sub-
ject to acquire projection images, each typically taking 20 to 30 seconds. Because of the total length of 
time (20–30 min) thus required for such a study, dynamic SPECT imaging remains largely impractical. 
However, gamma camera collimators are interchangeable and one may choose to use parallel-hole col-
limation for either dynamic or static planar imaging.

PET is based on the annihilation coincidence detection of the two co-linear (approximately 180° 
apart) 511-keV gamma-rays resulting from the mutual annihilation of a positron and an electron [12–14]. 
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Positrons are emitted by radionuclides with an unstably high proton-to-neutron ratio, typically trav-
eling a very short distance (approximately 1 mm or less) in tissue or other media before undergoing 
annihilation. When both photons from an annihilation event interact simultaneously (actually, within 
~10 nanoseconds) with two detectors connected to a coincidence circuit, the circuit is triggered and a 
coincidence event is generated. In PET, the direction from which an event originated is thus defined 
electronically, and an important advantage of annihilation coincidence detection is that absorptive col-
limation (as is used in gamma cameras) is not required. As a result, the sensitivity of PET is two to three 
orders of magnitude higher than that of SPECT. Current PET scanners typically span a distance of 15 to 
20 cm in the patient’s longitudinal direction. Thus, a whole-body PET scan will require data acquisition 
at six to seven discrete bed positions and subsequent merging, or “knitting,” of the discrete images into a 
whole-body image. In contrast to SPECT, the detector assembly does not rotate (as described below), and 
projection data completely around the patients are simultaneously acquired, thereby making dynamic 
PET imaging more practical.

Modern PET scanners generally employ a series of stationary rings of discrete, small-area detectors 
(i.e., scored block detectors, or individual, or pixilated, crystals) encircling the subject. The scintillation 
detector materials most widely used in PET are: bismuth germanate (BGO, Bi4Ge3O12), cerium-doped 
gadolinium oxyorthosilicate (GSO[Ce] or GSO, Gd2SiO5:Ce), cerium-doped lutetium oxyorthosilicate 
(LSO[Ce] or LSO, Lu2SiO5:Ce), and cerium-doped lutetium-yttrium oxyorthosilicate (LYSO[Ce] or 
LYSO, Lu2YSiO5:Ce). LSO and LYSO have emerged as the detectors of choice for PET. BGO, GSO, LSO, 
and LYSO have higher effective atomic numbers and mass densities than NaI(Tl) and thus higher stop-
ping power for 511-keV annihilation gamma rays. Although the stopping power and resulting detection 
sensitivity of NaI(Tl) are sufficient for the lower energy X- and gamma rays (about approximately 70 
to 360 keV) emitted by commonly used single-photon emitters, such as technetium-99m, indium-111, 
thallium-201, and iodine-131, NaI(Tl) has inadequate stopping power, and therefore sensitivity, for 511-keV 
annihilation gamma rays.

Image registration and fusion have become increasingly important components of clinical imaging 
and have led to the development of a variety of pertinent software and hardware tools, including multi-
modality (e.g., SPECT-CT and PET-CT) devices that “automatically” provide registered and fused 3D 
image sets. Because information derived from multiple images is often complementary (e.g., localizing 
the site of an apparently abnormal metabolic process to a pathologic structure such as a tumor), inte-
gration of image data in this way may be helpful and even critical. In addition to anatomic localization 
of signal foci, image registration and fusion provide intra- as well as inter-modality corroboration of 
diverse images and more accurate and more certain diagnostic and treatment-monitoring information. 
However, the problem is that differences in image size and dynamic range, voxel dimensions and depth, 
image orientation, subject position and posture, and information quality and quantity make it difficult 
to unambiguously co-locate areas of interest in multiple image sets. Therefore, the objectives of image 
registration and fusion are (a) to appropriately modify the format, size, position, and even shape of one, 
or both, image set(s) to provide a point-to-point correspondence between images and (b) to provide a 
practical integrated display of the images thus aligned.

There are two practical approaches to image registration and fusion, “software” and “hardware” 
approaches. In the software approach, images are acquired on separate devices, imported into a com-
mon image-processing computer platform, and registered and fused using the appropriate software. 
In the hardware approach, images are acquired on a single, multi-modality device and transparently 
registered and fused with the manufacturer’s integrated software. Both approaches are dependent on 
software sufficiently robust to recognize and import diverse image formats. Therefore, the availability of 
industry-wide standard formats, such as the ACR-NEMA DICOM standard (i.e., the ACR and National 
Electrical Manufacturers Association for Digital Imaging and Communications in Medicine standard), 
is critical.

All manufacturers of SPECT, PET, and CT scanners market multi-modality scanners, combining 
PET or SPECT with CT scanners in a single device. These instruments provide near-perfect registration 
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of images of in vivo function (SPECT or PET) and anatomy (CT) using a measured, and presumably 
fixed, rigid transformation (i.e., translation and rotation in three dimensions) between the image sets. 
These devices have already had a major impact on clinical practice, particularly in oncology. PET-CT 
devices, for example, have eliminated “PET-only” scanners from the clinic. Although generally encased 
in a single seamless housing, the PET and CT gantries in such multi-modality devices are separate; the 
respective fields of view are separated by a distance of the order of 1 m and the PET and CT scans are 
performed sequentially.

In addition to PET-CT scanners, SPECT-CT scanners are now commercially available. The design of 
SPECT-CT scanners is similar to that of PET-CT scanners in that the SPECT and CT gantries are sepa-
rate and the SPECT and CT scans are acquired sequentially, not simultaneously. In such devices, the 
separation of the SPECT and CT scanners is more apparent because the rotational and other motions 
of the SPECT detectors effectively preclude encasing them in a single housing with the CT scanner. 
PET-MRI scanners have recently been introduced; these allow simultaneous, rather than sequential, 
acquisition of the PET and MRI studies.

1.4 Assessing the Risks of Medical Imaging

The radiobiologic effects of radiation are often distinguished as either stochastic (i.e., statistical) or non-
stochastic (i.e., deterministic). The distinction between stochastic and deterministic effects is perhaps 
best understood in terms of their respective probability-dose and severity-dose relationships, illustrated 
in Figure 1.1. A stochastic effect is characterized by the absence of a threshold, meaning that any radi-
ation dose above background is associated with a corresponding finite (or non-zero) increase in the 
probability above background of the effect occurring. As the dose increases above background, the 
excess probability also increases. However, the severity of the effect does not increase with dose; that 
is, the severity of a stochastic effect is independent of dose. Stochastic effects include radiation-induced 

FIGURE 1.1 Radiation effects. Stylized probability-dose and severity-dose relationships for stochastic and deter-
ministic effects. (From Zanzonico, P. et al., JACC Cardiovasc Imag., 9, 1446–1461, 2016.)
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carcinogenesis and germ cell mutagenesis and are generally associated with low-level (e.g., diagnostic) 
exposures. A deterministic effect is characterized by a well-defined threshold dose, meaning that the 
probability of the effect occurring does not increase above the background probability until the thresh-
old is exceeded. However, once the threshold dose is exceeded, the severity as well as the excess prob-
ability of the effect increases with dose, with essentially all irradiated individuals exhibiting the effect 
(i.e., the probability reaches 100%) at sufficiently high doses; the dose-dependent probability increases 
in a sigmoidal fashion typical of pharmacological dose-response curves. The range of effects of radiation 
on skin typifies deterministic effects, as discussed below. Deterministic effects are generally associated 
with high-level (e.g., therapeutic) radiation exposures. 

At the cellular level, stochastic effects presumably result from non-lethal genetic mutations and, in 
principle, the clonogenic proliferation of a single mutated cell may progress to a tumor. Although an over-
simplification (ignoring immunosurveillance and other homeostatic functions), this is mechanistically 
consistent with the presumed absence of a threshold dose for a stochastic effect such as cancer induction. 
Induction of a deterministic effect, on the other hand, requires elimination by apoptosis, or other cell kill-
ing mechanisms, of a critical mass of cells within one or more functional cell compartments in order to 
induce a demonstrable clinical effect. This is consistent with a non-zero threshold for such an effect and 
with the dose dependency of the severity as well as the probability of deterministic effects.

The principal radiation risk of practical concern is the possibility of cancer induction. The scale of 
this risk appears to differ sharply between pre- and post-natal irradiation. The actual risk, if any, of 
radiation carcinogenesis at diagnostic and other comparably low doses remains highly controversial, 
and it has been argued that there is, in fact, a hormetic (or protective) effect against the development 
of cancer at doses at or below ~approximately 0.1 Sv (10 rem). The literature on radiation carcinogen-
esis and radiation hormesis is vast and continues to grow; this is addressed in subsequent chapters. 
However, a brief review of pre- and post-natal radiation carcinogenesis and radiation hormesis is pro-
vided in this section. 

Pre-natal Irradiation. The increased risk of childhood cancer, a stochastic effect, associated with in utero 
irradiation is worrisome even at diagnostic radiation doses. The NCRP recently published a detailed 
review and evaluation of preconception and pre-natal radiation exposure health effects (NCRP 2013). 
Originally, the Oxford Survey of Childhood Cancers in the 1950s suggested an association between an 
increased risk of childhood cancer, principally leukemia, and exposure in utero to diagnostic X-rays 
(Stewart and Hewitt 2013). However, the apparent carcinogenicity of in utero irradiation at diagnostic 
levels remains controversial. For example, in a more recent population-based study (Ray et al. 2010) in 
Ontario, Canada, from 1991 to 2008, 5,590 mothers underwent diagnostic imaging studies (73% were 
CT scans and 27% nuclear medicine scans) and 1,829,927 mothers did not. After a median follow-up 
of 8.9 years, 4  childhood cancers developed in the exposed group (1.13 per 10,000 person-years) and 
2539  in the unexposed group (1.56 per 10,000 person-years), yielding a hazard ratio of 0.68 (95% CI: 
0.26–1.8) and therefore suggesting that diagnostic imaging in pregnancy is not carcinogenic. Although 
the association between in utero irradiation and childhood cancer appears to be incontrovertible, the 
question remains whether this is a causative relationship or an example of “reverse causation” (Boice 
2015b): because pregnant women were referred for imaging for a medical issue, their children may have 
been at a naturally increased risk for cancer due to their mother’s underlying medical condition rather 
than as a result of any diagnostic irradiation. However, the preponderance of evidence to many suggests 
a causative relationship between diagnostic irradiation in utero and an increased risk of childhood can-
cer. The relevant literature was reviewed in detail by Doll and Wakeford (1997), who concluded that a 
typical obstetric X-ray examination (corresponding to a fetal radiation doses of ~approximately 10 mGy 
[1 rad]) results in an increase of approximately 40% in the incidence of childhood cancer, with an excess 
absolute risk of ~approximately 5%/Gy (0.05%/rad). In light of such a significant risk of childhood can-
cer associated with (and possibly causatively related to) diagnostic imaging studies, prudence dictates 
that proceeding with such a study in a pregnant (or possibly pregnant) female should be based on a 
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considered and documented decision as to its medical necessity despite the foregoing risk. This decision 
should include consideration of both alternative procedures, which do not involve irradiation of the 
conceptus, and the timeliness (or lack thereof) of the procedure’s availability relative to the urgency of 
obtaining the diagnostic information. The issue of diagnostic imaging studies in the pregnant patient is 
addressed in  further detail in subsequent chapters.
Post-natal Irradiation. Although the possibility of induction of a subsequent cancer in an unborn 
child from in utero diagnostic irradiation is understandably worrisome, a more frequently encoun-
tered concern is the risk of radiation carcinogenesis resulting from imaging studies in pediatric and 
adult patients. The challenge in assessing this risk is that there are very few reliable data in humans 
quantifying an increased cancer incidence, if any, following diagnostic radiation doses (i.e., less than 
approximately 100 mSv [10 rem]). Unfortunately, no prospective epidemiologic studies with appropri-
ate non-irradiated controls have definitely demonstrated either the adverse or hormetic, i.e., beneficial 
effects of radiation doses less than 100 mSv (10 rem) in man. Furthermore, current estimates of the 
risks of low-dose radiation suggest that very large-scale epidemiological studies with long-term follow-
up would be needed to actually quantify any such risk or benefit; such studies may be logistically and 
financially prohibitive.

The most creditable dose-response data for radiation carcinogenesis in man mainly involve doses one 
to two orders of magnitude greater than those encountered in diagnostic imaging studies of the order 
of 1 Sv (100 rem) and greater including, most notably, the A-bomb survivor follow-up data. However, 
a handful of high-profile studies have reported cancer risks derived from relatively low-dose expo-
sures. For example, Pierce and Preston (2000) published an analysis of the A-bomb Radiation Effects 
Research Foundation data on cancer risks among survivors receiving doses less than 0.5 Sv (50 rem), 
with ~approximately 7000 cancer cases among ~approximately 50,000 low-dose survivors. They con-
cluded that cancer risks are not overestimated by linear risk estimates computed over the dose range 
0.05–0.1 Sv%-10 rem), with a statistically significant risk in the range 0–0.1 Sv (0–10 rem) and an upper 
confidence limit on any possible threshold of 0.06 Sv (6 rem).

Estimation of the excess cancer risk from imaging studies and other low-dose exposures requires 
mathematical extrapolation of high-dose, dose-response data to the lower diagnostic-dose range. There 
are at least several distinct dose-response models for radiation carcinogenesis that can be used for this 
extrapolation: the supra-linear model, the LNT model, the sub-linear (or linear-quadratic) model, and 
the hormesis model (Figure 1.2). 

The supra-linear model implies that the cancer risk per unit dose (i.e., the risk per Sv or per rem) is 
greater at lower than at higher doses. There are no data, or mechanistic considerations, which support 
such a model, and it is thus not a creditable option for extrapolation of high-dose cancer risk estimates 
to diagnostic doses.

The LNT model, which implies a uniform cancer risk per unit dose from higher to lower doses, is 
the model currently recommended for use in radiation protection by authoritative advisory bodies, 
such as the International Commission on Radiological Protection (ICRP) (2007), the NCRP (1993, 
2001), UNSCEAR (2000, 2008), and that has been adopted by regulatory agencies such as the Nuclear 
Regulatory Commission (NRC) (1991). As its name indicates, also implicit in the LNT model is that 
there is no threshold dose for radiation carcinogenesis; that is, there is no radiation dose above back-
ground below which there is no finite increase in cancer risk. However, it must be understood that 
at very low doses, the concomitant risks are also very low. The excess absolute risk is the number of 
excess fatal cancers per number of irradiated individuals (excess above the naturally occurring inci-
dence) predicted by the model in a large (and therefore gender- and age averaged) population that has 
been exposed to a uniform whole-body dose (or effective dose) of radiation. The excess relative risk 
(ERR) is the excess absolute risk divided by the naturally occurring incidence of fatal cancer and may 
be expressed as either a fraction, or a percentage, per unit effective dose. It should be emphasized that 
risk extrapolations based on an LNT slope estimate cannot be applied reliably to individuals but only 
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to large populations (ICRP 2007); that is, populations sufficiently large that differences in radiation 
sensitivity related to gender, age, diet and other lifestyle effects, and intrinsic biology are effectively 
averaged out.

The sub-linear, or linear-quadratic, model implies that the excess cancer risk per unit dose is lower 
than at higher dose and further implies the possibility of at least a practical threshold dose for radia-
tion carcinogenesis, that is, a non-zero dose below which there is no demonstrable increase in cancer 
incidence.

According to the hormesis model, individuals that have been exposed to low radiation doses actually 
have a lower subsequent risk of cancer than those who have not, presumably as a result of radiogenic 
upregulation of cellular repair mechanisms or other adaptive response(s) (Vaiserman 2010a, 2010b). 
Although radiation hormesis had been largely dismissed for many years, there are mounting creditable 
data in the peer-reviewed scientific literature supporting this phenomenon (Calabrese and Blain 2011). 
Feinendegen, for example, recently reviewed a number of pre-clinical studies demonstrating radiation 
hormesis and, in particular, radioprotective adaptive responses to low-dose irradiation and concluded 
that radiation doses less than about 600 mGy (60 cGy) induced a pronounced (~50%) protective effect 
against a variety of molecular, cellular, and whole-animal radiation effects (Feinendegen 2016).

It has been argued that: (1) the data and associated analyses supporting the LNT model are further 
refuted by epidemiologic and experimental studies; (2) this model overstates the risk of radiation car-
cinogenesis at doses of the order of 100 mSv (10 rem) and less; and (3) this model does not account for 
creditable evidence for a threshold for cancer induction, that is, a non-zero radiation dose below which 
there is no increased risk of cancer (Tubiana et al. 2005; Tubiana et al. 2009; Cuttler 2009; Siegel 
and Stabin 2012). Opposed views contend that the preponderance of data, especially epidemiology 

FIGURE 1.2 Dose-response curves for radiation carcinogenesis. Stylized dose-response curves for radiation car-
cinogenesis for the supra-linear, linear no-threshold (LNT), sub-linear (or linear-quadratic), and hormetic models. 
Note that for the hormetic model the excess incidence becomes negative at low radiation doses, indicating a cancer 
incidence less than the naturally occurring incidence and thus a radioprotective effect. (From Zanzonico, P. et al., 
JACC Cardiovasc Imag., 9, 1446–1461, 2016.)
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data, support, or at least are consistent, with an LNT dose-response model down to the low-dose range 
(NCRP 2001; Little et al. 2009). The validity, applicability, and utility of the LNT model and alternative 
models for the purposes of radiation protection remains controversial and is subject to often contentious 
debate (Cuttler 2009; Calabrese 2009, 2013, 2015a,b). As John Boice, President of the NCRP, has aptly 
stated (Boice 2015), “LNT is not TNT, but differences in opinions sometimes appear explosive!”

Application with certitude of the LNT risk model with extrapolations of risk at even low dose levels 
has led to derivation of alarming estimates of excess numbers of cancers as a result of medical imaging. 
Such exercises largely ignore the considerable uncertainties involved, among other considerations. When 
the LNT-derived risk overestimates any actual radiogenic risk, it undermines a reasonable benefit-risk 
analysis and may thus adversely impact the patient’s medical management. The LNT model may in fact 
overestimate the actual risks of diagnostic and other low-level exposures, and there may be creditable 
evidence for a threshold for radiogenic cancer induction at a radiobiological or cellular level (Tubiana 
et al. 2005), that is, a non-zero radiation dose below which there is no increased risk of cancer. The 
International Organization for Medical Physics issued a policy statement highlighting the substantial 
uncertainties in estimating population cancer risk and noting the dangers of extrapolating risk esti-
mates for radiation doses that are less than 100 mSv (10 rem) (Hendee 2013) (99). The use of risk factors to 
estimate public health consequences from individual or population exposures must be considered in the 
context of the attendant uncertainties. These include uncertainties related to dosimetry, epidemiology, 
low statistical power, modeling radiation risk data, and generalization of risk estimates across differ-
ent populations and dose rates (NCRP 2010). Uncertainties in such risk estimates have been suggested 
as being up to a factor of 3 lower or higher than the estimate value itself (UNSCEAR 2012). Such large 
uncertainties render projections of radiation-induced cancers or other detriment, highly susceptible 
to biases and confounding influences that may be unidentifiable. Several other professional societies 
and scientific bodies have provided guidance on the assessment of risk at diagnostic and other com-
parably low doses. The ICRP states, “There is…general agreement that epidemiological methods used 
for the estimation of cancer risk do not have the power to directly reveal cancer risks in the dose range 
up to around 100 mSv” (ICRP 2007). The Health Physics Society advises against estimation of health 
risks below an individual dose of 50 mSv in one year, or a lifetime dose of 100 mSv above that received 
from natural sources, noting that “…below this level, only dose is credible and statement of associated 
risks are more speculative than credible” (HPS 2010). Finally, the American Association of Physicists in 
Medicine (AAPM 2011) has stated that, “…risks of medical imaging at effective doses below 50 mSv for 
single procedures or 100 mSv for multiple procedures over short time periods are too low to be detect-
able and may be non-existent.”

1.5 Assessing the Benefits of Medical Imaging

Although the point is often made that the benefits of the uses of radiation in medicine are much greater 
than any theoretical risks, quantitative estimates of the benefits are not cited alongside any quantitative 
estimates of risk. The expression of benefit in purely qualitative terms versus expression of risk in quanti-
tative, and therefore seemingly more certain, terms may well contribute to a skewed sense of the relative 
benefits and risks of diagnostic imaging among healthcare providers as well as patients. One benefit of a 
diagnostic imaging procedure may be expressed as the lives saved, that is, the number of lives that have 
been lost by not performing the procedure or by performing an alternative, invasive procedure. (Of course, 
there may be other metrics of benefit, such as improvements in the quality of life, shortening of hospital 
stays, and reduction of medical care costs.)

One example of such a quantitative benefit-risk analysis is the use of scintigraphic myocardial perfusion 
imaging to predict and thereby avoid perioperative cardiac events and associated mortality in non-cardiac 
surgery (96, 97). The most important cause of perioperative cardiac mortality and morbidity is myocar-
dial infarction due to occult coronary artery disease. In a Veterans Administration (VA) series (98), the 
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incidence and mortality of such events associated with vascular surgery (most commonly, carotid endar-
terectomy) was 13% and 40%–70%, respectively. Based on pre-operative dipyridamole thallium-201 (201Tl) 
imaging, the incidence of perioperative cardiac events was 2% for a severity level and an extent of 0% and 
100% for a severity level of 3 and an extent of 5–6, with 22% of patients with reversible perfusion defects. 
Thus, perfusion imaging was highly accurate for prediction of perioperative cardiac events. The number 
of vascular surgeries (from the VA database) is approximately 9500 per year. Thus, the number of periop-
erative cardiac deaths (i.e., fatal myocardial infarctions) is estimated as 9500 × 0.13 × 0.40 = 494 per year. 
Of these 494 perioperative cardiac deaths annually, 0.22 × 494 = 109 were detectable pre-operatively and 
therefore avoidable; that is, the gross benefit of preoperative perfusion imaging with 201Tl is 109 lives saved 
per year in the VA system. The effective dose from the 201Tl study is 24 mSv = 0.024 Sv (2.4 rem) (6, 20). 
Using the LNT-based lifetime risk factor (i.e., ERR) of 0.05/Sv, a total of 9500 × 0.05 /Sv × 0.024 Sv = 11 
excess cancer deaths per year is predicted, yielding a net benefit of pre-operative myocardial perfusion 
imaging of 109−11 = 98 lives saved per year. If one considers a rest/stress myocardial perfusion study using 
99mTc-MIBI, the ED is approximately 12 mSv (1.2 rem) (6, 20), leading to only six excess cancer deaths 
per year and possible greater clinical benefit. Performing cardiac PET with rubidium-82 (82Rb)-rubidium 
chloride would result in an even lower ED of approximately 7.5 mSv (0.75 rem) (6, 20), thus resulting in a 
theoretical risk of only 3 cancer deaths and a net savings of 106 lives per year.

The foregoing analysis and similar benefit-risk analyses, discussed in a subsequent chapter, demon-
strate that diagnostic imaging saves many thousands of lives per year, whereas, the theoretical, and pos-
sibly overestimated, cancer risks predicted by the LNT model are typically much lower.
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2.1 Introduction

Radiation dose monitoring is an obscure topic, but its ultimate goal is to deliver the appropriate dose 
at all times under any conditions. This encompasses radiation dose policies and procedures, quality 
assurance (QA) initiatives in support of the principle of optimization,1 the concept of ALARA (as low as 
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reasonably achievable), and protocol establishment and review. Such systems and programs have been 
in place for many years as required by state, federal, and oversight organization regulations. However, 
more recently, concerns regarding the inherent risk due to the increased administration of radiation in 
the healing arts have called for improved control of radiation exposure to patients. This has evoked addi-
tional regulations regarding the documentation and reporting of radiation dose, as well as the develop-
ment of information systems to support these requirements.

Just as with the advent of any new system, there was no immediate standard moniker. Such systems 
have been referred to as clinical/patient exposure/radiation dose recording/monitoring/tracking/man-
agement systems. Although it’s very tempting to use Radiation Exposure Monitoring System (REMS) 
due to its meaningful acronym in this context, the American Association of Physicists in Medicine 
(AAPM) Task Group 257 on Selection of a Patient Dose Monitoring System2 (tasked with creating a 
practice guideline on the minimum requirements of patient dose tracking systems based on core patient 
safety objectives) has termed these systems Radiation Dose Index Monitoring Systems and the abbrevia-
tion RDIMS will be used for these systems throughout.

Without the ability to impact ALARA at key touch points of the patient’s pathway from order entry 
to finalized report, an institution cannot truly manage dose. RDIMS is simply a tool relieving medical 
physicists and imaging physicians from the burdens of data collection (usually from multiple disparate 
sources), management, and visualization of such an extensive dataset. It is still incumbent on stakehold-
ers to modify/augment local policies, local reporting requirements, periodic review, etc., based on the 
ability to effectively mine, analyze, and visualize patient dose dataset. RDIMS can contribute to an insti-
tution’s efforts in providing quality and professional service in the spirit of ALARA, which can bolster 
confidence in the level of service to referring physicians and patients.

2.2  History of Radiation Dose Index Monitoring 
Systems and Why Now?

2.2.1 History Leading up to Radiation Dose Index Monitoring Systems

There have been many dose monitoring efforts at institutions around the world previous to the more 
recent advent of commercially available RDIMS and standards that have helped paved the way for their 
effective implementation. However, it has not always been so easy to obtain dose data in an automated or 
semi-automated manner (i.e., from a computer file, Digital Imaging and Communication in Medicine 
[DICOM] headers, or a database). Beyond mere collection, there is the required analysis, production of 
dashboard graphics, and presentation to stakeholders to drive dose-reduction initiatives, reduction of 
inter-examination dose variance, and root cause determination of outliers.

In 2007, the author and colleagues published an article in the American Journal of Roentgenology 
describing this process for surveillance of computed radiography sensitivity values (S-number) at one of 
our institutions,3 which was initiated in 2002. Since that time our diagnostic physics group was access-
ing seven different databases to present dose information at ten different monthly or quarterly quality 
assurance (QA) meetings at the institutions we serve. Modalities covered included computed tomog-
raphy (CT), fluoroscopically guided interventional procedures (cardio-vascular/interventional and 
mobile c-arms), and computed and digital radiography (CR/DR).

Whenever a new source of dose data was identified, we devised a means to access it and use it 
for ALARA. If not, we instituted, as a last resort due to the possibility of data-entry errors, manual 
entry of such data, for example, into our Radiology Information System (RIS). In some instances as 
information systems were discontinued, such as when switching vendors, we had to determine new 
mechanisms for dose-data extraction. With the implementation of a RDIMS covering our institutions, 
we no longer resort to mining dose data from many disparate sources, but rather access it from a single 
authoritative source.
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2.2.2  Why the Proliferation of Radiation Dose Index Monitoring 
Systems at This Time?

The radiation dose administered in medical imaging procedures annually has increased nearly six-fold 
since the early 1980s, from around 0.5 mSv to almost 3.0 mSv.4,5 This is due primarily to increased utiliza-
tion of CT, nuclear medicine, and minimally invasive procedures guided through fluoroscopic imaging. 
This realization and the very infrequent, but dramatic, gross overadministration of dose-causing patient 
radiation burns widely related in the press the past six years6–9 has led to greater patient radiation dose 
consciousness on behalf of professional societies, the medical community, the public, and accrediting/
regulating agencies; for example, the two recent American College of Radiology (ACR) White Papers on 
Radiation Dose in Medicine10,11 and both the Image Gently12 and Image Wisely13 campaigns focused on 
patient radiation safety in imaging.

Eventually, comprehensive dose guidelines based on study protocol and patient age and taking into 
account body habitus will be specified, most likely by the ACR, which has already established basic dose 
reference levels14 as well as extensive Appropriateness Criteria for imaging studies.15 However, at this 
time, legislation at the state level is driving the rapid adoption of RDIMS.

The potential harm to patients through misadministration of radiation dose from imaging studies 
has led several states to require X-ray dose recording requirements. For instance, in addition to requir-
ing that all facilities offering CT be accredited and surveyed annually by a qualified medical physi-
cist (QMP), California Senate Bill 123716 requires documentation of administered radiation dose in the 
interpretive report of every CT study (except those used for therapeutic radiation treatment planning 
or for calculation of attenuation coefficients in nuclear medicine studies), and reporting dose misad-
ministration to the referring physician and patient. As of the end of 2013, only California has enacted 
reporting requirements legislation, while Texas has enacted regulations to do so not only for CT, but also 
for fluoroscopic procedures.17 The Joint Commission, healthcare’s patient safety foundation, released in 
mid-2013, proposed requirements for diagnostic imaging services, effective July 2015, that echo many of 
the requirements of the California legislation.18

This heightened awareness of the possible misadministration of radiation dose and new regulation 
at the state level, thus far, has in turn led to the rush to implement RDIMS to meet these new require-
ments. In order to adhere to the ALARA principle to lower medical imaging radiation dose while still 
providing images appropriate for diagnostic decision-making, one must first record dose information 
in a database that allows trending and comparison of dose levels over time for various subunits (e.g., 
different facilities or scanners) and subgroupings (e.g., technologists) of the full dataset, a dose alert 
mechanism for studies exceeding specified thresholds, and longitudinal tracking of dose indicators for 
individual patients.

2.3  Where Do Radiation Dose Index Monitoring 
Systems Reside? What Is Its Domain?

RDIMS typically reside within the IT infrastructure of radiology departments, where there is a wealth 
of knowledge and experience with dosimetry and dose indices. Radiologists have training in ionizing 
radiation as applied to diagnostic examinations and are accustomed to seeing dose indices for those 
exams. Diagnostic medical physicists, usually resident in radiology departments, are experts not only 
in radiation dosimetry, but also in the analysis of dose indices and their limitations in assigning risk.

RDIMS are ideally deployed within the radiology department IT infrastructure, where there is exten-
sive imaging IT infrastructure, for example, Picture Archiving and Communication System (PACS) 
and RIS, and knowledge of the standards involved: DICOM,19 Health Level 720 (HL7), and Integrating 
the Healthcare Enterprise (IHE).21 Many medical physicists will have experience and are conversant 
with imaging system IT standards from their involvement in the development, implementation, or 
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utilization of PACS or other radiology IT systems at their institutions. These standards are discussed 
later herein.

Most, but not all, examinations that are cataloged in RDIMS are from radiology: CT, fluoroscopi-
cally guided procedures, mammography, nuclear medicine, and radiographic/fluoroscopic studies. For 
instance, mobile c-arm fluoroscopic units are common in operating rooms. Fluoroscopically guided 
interventional procedures are routinely performed in the cardiology catherization laboratory, electro-
physiology laboratory, vascular laboratory, urology clinic, and pain management clinic, as well as in 
the angiography/interventional suites in radiology. In addition, some orthopedic clinics may utilize 
radiography and mini c-arms in their practice. So, while perhaps centered in radiology, the domain of 
the RDIMS extends throughout the entire medical enterprise, shadowing the medical physicist’s annual 
survey footprint within the institution.

2.4  How Does a Radiation Dose Index 
Monitoring System Work?

Because the collected dose data across the enterprise comprises a multi-modality, multi-vendor envi-
ronment, it is important that, like PACS and RIS, the RDIMS be vendor-agnostic and adhere to a set 
of standards applicable to all. The IHE initiative has created the radiation exposure monitoring (REM) 
profile22 to define how RDIMS should similarly collect, evaluate, and export dose information. The 
REM profile addresses the modality transfer, storage, reporting, and registry submission of dose data 
as well as helping to ensure that policies and procedures, protocols, and QA processes are robust and 
reliably followed.

2.4.1 Elements of a Radiation Dose Index Monitoring System

The functional elements of a RDIMS are simple: a database, a core server with web services and com-
munication servers (Figure 2.1). The ensemble should, of course, scale with the inclusion of multiple sites 
of practice and with large amounts of accumulated longitudinal data. It should also be obvious that the 
ensemble, as a medical IT system, should have hardware redundancy planned for and encoded into the 
software. Scalability and redundancy will be considered later in this section. 

The database should, of course, be relational, accessible through Structured Query Language (SQL) 
requests, and robust enough to handle the large volumes of data expected over its operating lifetime. 
The web interface should adhere to the most up-to-date standards (e.g., HTML5) and also be viewed not 
only through popular extant browsers (e.g., Firefox, Chrome, Safari), but also those typically included 
in medical centers’ IT workstation image distribution (e.g., Internet Explorer) applied to computers 
throughout the medical enterprise.

2.4.2 Communication Servers

A primary means of importing dose data into a RDIMS is through DICOM Radiation Dose Structured 
Report (RDSR; see Figure 2.1) based on DICOM Part 16  Content Mapping Resource for DICOM 
Structured Reports23 and its predecessor Supplement 127: CT Radiation Dose Reporting (Dose SR),24 
which delineates the template identifier (TID) fields for RDSR, such as TID 10011–CT Radiation Dose, 
TID 1002–Observer Context, TID 10012–CT Accumulated Dose Data, and TID 10013–CT Irradiation 
Event Data. Each of these TIDs contain many subsidiary content items too numerous to elaborate 
herein. Principally however, RDSR contains an estimate of the accumulated exposure, acquisition 
parameters, and effective dose (depending on which dose estimate model is used). Multiple CT radiation 
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dose instances may be generated for a study if, for example, the study workflow is divided into multiple 
scanning regions, such as chest, abdomen, and pelvis.

DICOM Modality Performed Procedure Step (MPPS) is another means of transmitting dose informa-
tion to a RDIMS (Figure 2.1). MPPS enables a modality to send reports about an ongoing study, including 
data about the images acquired, study begin and end times, and minimal information on the dose deliv-
ered. However, MPPS messages are transmitted from the modality as the study occurs and are not stored 
so that they cannot be retransmitted (replayed) as can RDSR. RDSR also contain much more robust dose 
information for a study. RDSR is thus far preferred over MPPS, but some older imaging devices may only 
support MPPS.

If RDSR is not available for a modality, it may also be possible to calculate a dose estimate based 
on information in the DICOM headers for the study image set (Figure 2.1). This necessitates, how-
ever, the transmission of the entire study to the RDIMS for DICOM header extraction and dose model 

FIGURE 2.1 Schematic diagram of a RDIMS demonstrating the various communication channels between it, 
imaging modalities and other medical informatics systems (e.g., RIS). RDIMS = Radiation Dose Index Monitoring 
System, VM = virtual machine, CT = computed tomography, XA = X-ray angiography, MG = mammography, RF = 
radiographic/fluoroscopic, RIS = radiology information system, ACR = American College of Radiology, DIR = 
Dose Index Registry, TRIAD = transfer of images and data, HL7 = Health Level 7, RDSR = radiation dose struc-
tured report, MPPS = modality performed procedure step, Img Hdr = image header, OCR = optical character 
recognition, API = application programming interface, PACS = Picture Archiving and Communication System, 
Q/R = query/retrieve.
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calculation. In the case of CT studies, this may involve the transmission of over several gigabytes per 
study. In addition, both MPPS and image headers lack significant dose details, so utilizing RDSR is by 
far the preferred method; however, hybrid methods (e.g., both RDSR and DICOM headers) may provide 
a more comprehensive dataset.

Other, specialized RDIMS dose input methods include optical character recognition (OCR) of a 
DICOM secondary capture object (screen scrape) dose summary page, analysis of proprietary scanner 
vendor logs (may only be accessible if the vendor of the scanner and RDIMS are one in the same), and 
PACS query/retrieve (Figure 2.1). For legacy radiography/fluoroscopic units where none of the above is 
possible, an ionization chamber may be fitted and the serial output fed into a computer and the resulting 
dose data then formatted and forwarded to the RDIMS.

To leverage the value of the RDIMS, it is important that it integrates with other medical IT systems, 
becoming part of daily routine. The ability to update changes to and from other IT systems allows for 
the creation of a uniform dataset across the institution. The standards involved concern HL7 as well as 
outbound DICOM RDSR from the RDIMS.

HL7 is a standard for the electronic interchange of clinical, financial, and administrative information 
among independent healthcare-oriented computer systems. An inbound HL7 interface from a RIS or 
Hospital Information System (HIS) is important not only for updates of patient demographic informa-
tion and for examination scheduling to be reflected in RDIMS, but also for correction of the manually 
entered CT study descriptor, which can be done at completion of the examination by a radiology tech-
nologist. In this case, an order message (HL7 message type “ORU”) is sent through the HL7 interface to 
the RDIMS, which updates the study descriptor (Figure 2.1).

DICOM RDSR is the sine qua non of RDIMS used not only to import dose information from 
imaging modalities, but also as an aggregator of such data, to report study dose to other informa-
tion systems (Figure 2.1). Some of these systems include HIS and RIS, decision support modules 
within order entry systems, and external dose aggregators, such as the ACR Dose Index Registry 
(DIR).25

The RIS imports RDSR for each performed study to inject specific dose-related elements from the 
RDIMS into associated RIS database schema fields (Figure 2.1). These dose-related fields may then be 
automatically inserted into the radiology report, for example, through a pre-defined voice recognition 
system macro. In the case of decision support modules within order entry systems, the transmitted dose 
information can be used to alert physicians ordering imaging examination utilizing ionizing radiation 
of the patient’s dose history.

2.4.3 Core Server

The core server not only hosts the web services component of the RDIMS, but also data export, internal 
dose calculators, an e-mail server for alerts and reports, and lexicon mapping, as well as system and user 
management facilities.

The basic display screens for the application should include at minimum completed studies, a com-
prehensive display for each study, including details on patient demographic and high-level examination 
information, examination acquisition parameters, and dose indices. For each individual patient, there 
should be cumulative dose by modality and patient dose history in tabular format, as well as a timeline 
view of all irradiation events. It should also be easy to view dose comparison among database entities 
(sites, devices, personnel, age range) for standardized study descriptors or protocol names. Tabulations 
of highest dose studies and cumulative patient dose is helpful for identifying extreme outliers. Our 
group has found that statistical data is best presented in “box and whisker” plot format so that mini-
mum/maximum, the 25th and 75th percentiles, and median value are easily discerned. This provides a 
rough representation of the underlying distribution without plotting it in its entirety (Figure 2.2) and is 
suggested for use by RDIMS vendors. 
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A primary function of these systems is the sending of alerts and notifications via e-mail. Alerts 
are based on thresholds set either manually or through periodic statistical analysis of dose informa-
tion in the database. In order to provide meaningful alerts, it is necessary to fractionate the data into 
categories based on a number of parameters. With CT, meaningful parameters for describing the 
study are via study descriptor, protocol name, or RadLex Playbook ID (RPID). Other parameters 

FIGURE 2.2 “Box and whisker plot” for pediatric (0–18-year-old) CT abdomen and Pelvis with Contrast pro-
tocol name series CTDIvol (mGy). The “box” (orange) is bounded by the 75th percentile (top) and 25th percentile 
(bottom) with the median value (boundary between lighter and darker orange). The asymmetry of these levels 
within the box is an indication of dose distributions typically being non-Gaussian with a long high-dose tail. The 
interquartile range (IQR) is given by the 75th percentile minus the 25th percentile. The top whisker is bounded by 
the greatest value data point less than or equal to the 75th percentile plus 1.5 times the IQR. The bottom whisker is 
bounded by the least value data point greater than or equal to the 25th percentile minus 1.5 times the IQR. Outliers 
are conventionally those data values outside the whiskers. The darker color bands extending outside the box and 
centered on the median is the median 95% confidence interval.
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meaningful to the sub-categorization of the data include age, weight, anatomical dimension, and the 
body mass index (BMI).

RadLex26 is a comprehensive lexicon for the standardized indexing and retrieval of radiology infor-
mation resources. The RadLex Playbook27 is a special component of the RadLex-controlled terminology 
providing a standard, comprehensive lexicon of orderable radiology exams. Each individual “orderable” 
has a standardized study descriptor and associated RPID. Although initially applied to CT, RadLex now 
includes orderables for mammography, magnetic resonance, nuclear medicine, ultrasound, and radi-
ography/fluoroscopy exams. RadLex CT orderable terminology has been adopted by the ACR for DIR.

An important function of the core server is to generate reports for specific modalities and specific 
time periods. These can be generated automatically and sent via e-mail to stakeholders, for example, 
monthly, or run on demand for a customized time duration. Typically, there are canned reports provid-
ing tailored information to various groups of stakeholders, including administrators, physicians, and 
physicists. Ideally, the ability is provided to create customized reports through SQL queries and dash-
board software to generate output in a standard file format such as Adobe PDF.

Once the use of the RDIMS extends beyond a small group of users, for instance, medical physicists 
and CT technologists, to all physicians in the medical enterprise, it is important for administration of 
a large number of users that an enterprise-wide authentication for “single sign-on” be employed. This 
function can be provided by using Lightweight Directory Access Protocol (LDAP).28 Rather than need-
ing to enter every user directly into the RDIMS, providing them an individual account, the RDIMS 
passes the user’s provided username and password for authentication. In addition, the enterprise user 
directory also returns the associated user credentials to verify authorization to access the RDIMS as well 
as the permission level (e.g., standard account or administrator access).

2.4.4 Radiation Dose Index Monitoring System Architecture

As with most IT systems today, the RDIMS should have an architecture that affords high availability. This 
can be achieved through performance scaling and fault-tolerance. Both are realized through use of virtual 
machines (VMs), as is common in today’s IT world. Virtualization software running on physical server 
hardware (e.g., x86 or Linux computers) abstracts the physical processors, memory, storage, and resources 
into multiple VMs. Multiple physical servers can be tied together to create a server cluster with dozens of 
VMs resident on each producing prodigious processing capacity. A central process outside of the cluster, 
termed a hypervisor, manages the resource utilization of each VM and for the VM cluster as a whole.

For redundancy, the hypervisor can restart an unresponsive process using a VM on another server or 
call upon a backup VM allocated for that purpose. Also, server hardware nowadays is generally equipped 
with a high degree of hardware and software fault-tolerance, such as multiple network cards connected 
to independent subnets, multiple motherboards, and redundant array of independent disks (RAID)  disk 
drives.

Using the RDIMS as an example, the core (web), database, and communication processes are run on 
different VMs (Figure 2.3). These VMs could be on the same or different physical server. It is possible to 
run multiple instances of these processes on several VMs for redundancy, providing a load balancing 
mechanism is employed. This would also allow for performance scaling should the installation expand 
beyond current requirements. 

Although it is important that users be able to access the RDIMS whenever necessary, the ephemeral 
nature of MPPS and the onus to collect all dose data dictate that at least some level of redundancy and 
fail-over be implemented for the communication servers. As such, it is used below as an example of how 
this may be accomplished. Redundancy and fail-over could similarly be applied to the core and database 
processes as well.
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For simple redundancy, each installation should include at minimum two communication servers. 
The simplest application involves projective load balancing by assigning an equal or nearly equal num-
ber of each modality type to each communication server. Vendors usually recommend a priori a maxi-
mum number of modalities to interface through a solitary VM allocated to communication depending 
on modality type and mechanism of communication (e.g., MPPS or RDSR). Each individual imaging 
source is assigned both a primary and backup communication server should the primary fail. However, 
a better approach is to have the collection of communication servers itself served by a load balancer 
process that fields communications from all imaging sources and switches each in turn to the commu-
nication server deemed best able to handle the incoming request. This simplifies redundancy, as there 
is no need to setup a backup DICOM destination for each imaging source unit, and also requires no 
assumptions for a priori projection of the load from each modality to specific communication servers. 
Monitoring the data used by the load balancer (e.g., CPU and RAM utilization) can be used to deter-
mine when it is necessary to add an additional VM communication server (e.g., memory saturation or 
greater than 80% CPU utilization).

FIGURE 2.3 Schematic diagram of a RDIMS demonstrating the virtual machine (VM) architecture and storage, 
as well as the load balancers for multiple VMs as they broker the requested services to the various VMs (commu-
nication and core services). The communication server load balancer brokers input from the various modalities 
and queues each association according to the VM communication server best able to field it; likewise for the core 
server load balancer with each web request. RDIMS = Radiation Dose Index Monitoring System, CT = computed 
tomography, MG = mammography, RF = radiographic/fluoroscopic, XA = X-ray angiography.
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2.5  Who Uses Radiation Dose Index Monitoring 
Systems? How Do They Use It?

The goal of RDIMS implementation is to make dose reduction an integral part of the workflow of exist-
ing routines. As such, it is important to examine how the various users of RDIMS might utilize the data 
and/or reporting from such systems.

2.5.1 Medical Physicists

As mentioned earlier, medical physicists are directly concerned with the safe and efficacious application 
of radiation to patients in the medical arts. This applied, for example, in making specific dose estimates 
for pregnant patients or those exhibiting post-fluoroscopically guided procedure erythema. However, 
medical physicists are also most likely to not only spearhead the implementation and possibly the man-
agement of a RDIMS, but also to analyze RDIMS data and present such data in support of institutional 
QA dose and ALARA processes.

2.5.2 Technologists

When a high-dose alert is issued from the RDIMS, it is the QA or lead technologists that will be tasked to 
enter commentary directly into the RDIMS as to the underlying cause. There is also important informa-
tion in the RDIMS regarding the practice of ALARA by individual technologists, for instance, consis-
tently higher dose than their peers or difficulty centering the patient in CT. The supervising technologist 
can then confer with the technologist regarding best practice to achieve ALARA doses.

2.5.3 Radiologist/Performing Physician

There are several ways radiologists can utilize RDIMS. First, working in conjunction with medical 
physicists to determine how changes in imaging protocols impact dose as well as image quality and 
diagnostic information content to maintain doses ALARA. Radiologists will also be the key audience in 
QA meetings regarding ALARA processes in their institution.

2.5.4 Ordering Physician

It seems unlikely that ordering physicians will have the time or curiosity in most cases to browse 
the RDIMS for patient dose information. However, one instance of where the just-in-time dose 
information would have greatest impact for ordering physicians is within the decision support 
aspect of order entry systems. Patient dose information from the aforementioned application pro-
gramming interface (API) calls to RDIMS, in conjunction with ACR Appropriateness Criterion 
and other educational support, can assist the ordering physician in selecting the most appropriate 
radiological examination for the patient, all things, including any (albeit small) risk due to radia-
tion, considered.

2.5.5 Patient

Although an initial impetus for the deployment of RDIMS, widespread access by individual patients 
has yet to be realized. Now that the Joint Commission has required documentation of radiation dose in 
some form or other of the medical record, it remains to be seen whether institutions will provide dose 
information to patients through traditional paper or electronic medical record document requests, such 
as the radiology report or through direct or brokered access to the RDIMS.
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Radiation and its risks are general poorly understood by the public (as well as many physicians) 
and potentially controversial. However, as institutions begin leveraging their investment in RDIMS to 
patients for competitive advantage, relating dose information in a meaningful and most appropriate 
way to patients, however challenging, is essential.

2.5.6 Professional Societies and Regulatory Agencies

The ACR is a professional society already collecting dose data for CT from institutions across the USA. The 
ACR DIR is a database of dose indices essential to the creation of radiation dose guidelines and the setting of 
dose reference levels based on current clinical practice. Such data may also be used to drive standardization 
of protocols. Regulatory agencies like the Joint Commission will be increasingly interested in the utilization 
of RDIMS to track outlier cases, especially should any of them prove to be sentinel events. The wide-scale 
collection of dose data could eventually be useful for research assessing the health impacts of low-dose radia-
tion in the population.

2.6  What Data Are Available? How Can It Be 
Utilized? How May It Be Presented?

2.6.1 Modalities

Typical modalities currently feeding into RDIMS include CT, fluoroscopically guided intervention, 
radiographic, mammography devices, and nuclear medicine/positron emission tomography (NM/
PET). Dosimetry indices for these modalities are given below, recognizing their limitations as such. 
Importantly, these dose indices are calculated estimates based on generally non-anthropomorphic 
phantoms and do not represent actual patient dose in any instance. The emerging consensus is that 
adding dose estimates received by different parts of the body and for different modalities into a solitary 
cumulative value to assess a specific patient’s risk is flawed.29 Integration of nuclear medicine dose data 
into RDIMS is currently hampered due to the paucity of automated transmission of the actually admin-
istered radionuclide activity and is not covered in this chapter.

Even though a primary dose indicator associated with a CT study, it is important to realize that the 
CT dose index (CTDIvol) is not the actual dose administered to an individual patient, but rather that 
absorbed by a standard 16-cm or 32-cm diameter polymethyl methacrylate (PMMA) phantom used by 
medical physicists to estimate dose. CT scanners use measured CTDIvol from these or similar phantoms 
at specified technique factors (kVp and mAs) to provide an estimate of the patient CTDIvol in mGy dis-
played on the modality console prior to scanning.

Another primary CT dose indicator is the dose length product (DLP) in units of mGy-cm, which is 
a weighted integration of the CTDIvol over each series scan length. Although DLP values are routinely 
summed over all series and reported as total DLP for CT studies and may be some indication of stochas-
tic risk, not all of that dose may be applied to the same exact region of the body. Similar problems arise 
when trying to use summed CTDIvol values as a primary dose indicator, as the scan range for the various 
series may not be equal in magnitude or position. An alternative may be to sum the CTDIvol where the 
scan ranges overlap to determine the maximum CTDIvol applied to a specific region of the body. This 
and perhaps the median applied CTDIvol values could be the best simple dose indicators. Of course, the 
ultimate goal is to estimate organ dose and from this the effective dose for the study exposures. This is 
addressed later.

The primary dose indicator for f luoroscopic procedures is the air kerma (AK) in units of mGy. 
The advantage of AK is that it is an estimate that can be related to threshold deterministic effects, 
which might be observed post-procedure. However, for AK, current estimates displayed at the con-
sole are not the entrance skin dose (ESD), but rather calculated for a standard point in space termed 
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the interventional reference point (IRP). It is possible, though difficult to provide an exact figure 
for the ESD due to variations of geometry, tube angulation, and changes in collimation during a 
procedure, as well as variation in patient body contour and uncertainty in AK accuracy upwards 
of ± 35%.30

The other dose indicator for fluoroscopic procedures is the dose area product (DAP), also more 
recently known as the kerma area product (KAP). KAP takes into account variation of collimation dur-
ing a procedure, so that the magnitude of KAP is the same anywhere along the central line from the 
X-ray tube focal spot. However, as KAP may be equivalent for high AK with a tight-field collimation 
and lower AK with wide-field collimation, it is difficult to predict deterministic effects from KAP, but 
KAP would likely be a better estimator of stochastic effects possibly leading to carcinogenesis. Because 
deterministic effects are the primary concern for fluoroscopically guided interventional procedures, AK 
is the preferred dose indicator.

As with fluoroscopically guided studies, the primary dose indicator for projection radiography is 
the estimated ESD or AK. Usually this is predicted from generator technique factors (e.g., kVp and 
mAs) at a set distance above the tabletop or from the wall stand cover for an exposure, so would rarely 
correspond to an individual patient entrance dose. However, what is usually examined in RDIMS is 
the exposure index (EI) and the deviation index (DI) for the dose delivered to the image detector itself. 
Formal definitions of EI and DI are given by the AAPM TG 116 report,31 but essentially EI is propor-
tional to the dose absorbed by the detector for a specified anatomical region. DI relates how much EI 
varies from the institutionally determined target dose associated for that study’s anatomical region 
and radiographic view (e.g., posterior-anterior or lateral). EI cannot be used to estimate patient dose, 
but EI and DI are used for QC purposes as immediate post-exposure feedback to the technologist that 
the exposure was either overexposed (DI > +1), exposed appropriately +0.5 < DI < −0.5, or under-
exposed and possibly requiring re-exposure (DI < −1). EI and DI may also be used in a QA process 
to determine if radiographic phototimers are set properly and in the spirit of ALARA if the target EI 
values might be reduced.

For mammography studies, the estimated average glandular dose (AGD) in units of mGy is the pri-
mary dose indicator. AGD is estimated from standardized exposure measurements performed by a med-
ical physicist or vendor field service engineer of the ACR accreditation phantom, taking into account 
the kVp, beam filtration half-value layer (HVL), and target filter combination, as well as detected breast 
composition. The mammography device uses this information, scaling by the actual technique factors 
used for an exposure to calculate the estimated AGD.

2.6.2 Data Analysis and Reliability Concerns

Generation of dose metrics (e.g., median, percentiles) can provide benchmarks against which the effec-
tiveness of dose reduction processes can be compared. Based on the twelve-year experience analyzing 
dose data at our institution, perhaps the most valid means of analyzing the data is through use of per-
centiles such as the median or 50th percentile. Calculation of the average allows outliers (extreme or 
otherwise) to unduly influence the analysis. This is not the case with the median.

Prior to implementing a RDIMS when manual entry data-entry errors (e.g., misplaced decimal points) 
were possible, dose data were pre-filtered according to how many standard deviations (SD) an outlier 
was from the median and removed from analysis if greater than 5 SDs away, although utilized for inves-
tigation of possible dose misadministration. For fluoroscopically guided procedures, we also looked 
for unrealistically high dose rate values (e.g., dose rate far greater than 10 R/minute in the absence of 
high-level control) to discount possible reporting errors (e.g., entering seconds rather than minutes of 
fluoroscopy time).

Fortunately, with RDIMS, as machine reported dose indices are digitally conveyed, the reliability 
of the numbers cascading through from source to sink is essentially flawless. The primary concern 
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for the representative nature of the RDIMS-reported dose indices is the accuracy of the ion chambers 
used to measure the ionization potential of the X-ray beam itself. The ionization chambers (diamen-
tors) used for fluoroscopic systems are required by regulation to only be accurate within ±35% of the 
actual value (as measured by a calibrated dosimeter).30 Errors may also be made by service personnel 
when entering a measured dose value, for example, into the generator of a projection radiography 
device, which scales this value according to technique factors to estimate the established reference 
point entrance surface dose in the DICOM header and reported through MPPS or RDSR. It is essen-
tial that X-ray-generating devices be surveyed annually by a qualified medical physicist to not only 
measure output with a calibrated dosimeter but validate that the dose indices reported through the 
RDIMS are accurate as well.

An important function of analysis is to detect deviations from routine clinical practice and to alert 
stakeholders to such deviation and to investigate and document the cause as well as follow-up with the 
patient if there is possibility of deterministic effect. In order to determine and cite deviations, peri-
odic statistical analysis of the dose data is necessary as well as deciding on alert threshold levels. These 
thresholds may be fixed or statistically determined.

Fixed thresholds can be determined by either analysis of the database at a specific point in time 
or through the use of virtual target values or diagnostic (or dose) reference levels (DRLs).32 Virtual 
target values are set by the institution and could be based on, for instance, the CTDIvol values set in 
the DoseCheck (NEMA XR 25)33 software to flag, pre-exposure, significant protocol deviations on 
CT scanners. In addition, with the ACR DIR, periodic dose indices for CT exams both regionally 
and nationally based on body part and examination type are available and could be used for virtual 
target values as a means of benchmarking. DRLs are published recommendations for examination 
dose or a dose-related indices by professional societies (e.g., ACR), advisory councils, or through 
regulation.

For statistically determined thresholding, in order to avoid “alert fatigue,” it is necessary to set the 
thresholds so that only those outside two standard deviations or thereabouts are flagged This can be easily 
done, for example, by setting a warning threshold at the 90th percentile and an alert threshold at the 95th 
percentile. There are many other methods of threshold setting, for example, based on the inter-quartile 
range or histogram breakpoint methods, but an interesting new concept is that of acceptable quality dose 
(AQD).34

2.6.3 How May It Be Presented?

In our experience over the decade before the implementation of our RDIMS, we found that it is easy to 
present too much data at monthly or quarterly QA conferences. It is best to tailor the data presented to 
the audience (e.g., radiologists) and limit the data presented to actionable occurrences (e.g., statistically 
significant dose increase for a particular exam). While some analysis variables may prove useful, the 
primary question is how to best analyze the data and format reports to meet the needs of an institution’s 
dose management policy and dose-reduction plans.

With RDIMS, in addition to the identification of dose outliers, it is possible to interrogate the data-
base in many ways, for instance, breakdown by staff, facility, modality, exam protocol, and device. This 
provides feedback to enable more effective process controls. Analysis by staff can allow for identifica-
tion of training needs for specific personnel. Analysis by device can help guide new purchase decisions, 
identify maintenance needs, and reinforce utilization of low-dose equipment. Viewing trends allows for 
follow-up on dose reduction program effectiveness.

RDIMS should continuously communicate dose reduction performance data to as many stakeholders 
(administrators, physicians, physicists, technologists) as possible at their desired level of interaction. For 
most, this will involve e-mail alerts for examinations exceeding pre-determined thresholds. However, it 
also may involve the production of periodic reports and dynamic dashboards.
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2.7 Advanced Features

2.7.1 Size-Specific Dose Estimate

An advanced featured of a RDIMS is Size-Specific Dose Estimate (SSDE) as delineated by AAPM 
Task Group 204.35 SSDE attempts to better estimate the actual patient absorbed dose in CT, rather 
than in terms of the CTDIvol displayed on the modality console and subsequently reported through 
RDSR.

The calculation of SSDE is accomplished through the use of conversion factor lookup tables applied 
to CTDIvol based on the effective diameter of the patient. The effective diameter is estimated by contour 
image processing of patient anatomy over the scan range based on either single or dual-orthogonal 
scout images. Generally, should the patient anatomy prove smaller than the PMMA phantom, then the 
SSDE would be larger than the CTDI and contrariwise (Figure 2.4). 

In addition, through information from the images and DICOM header, the patient isocenter shift for 
CT exams is calculated. Isocenter shift information is important, as patient dose can increase rather 
dramatically with even seemingly minor offset distances.36

FIGURE 2.4 SSDE view webpage for a thin patient from the RDIMS used at our institution (GE Healthcare 
DoseWatch). The effective patient diameter was calculated from the machine-estimated patient lateral dimension 
(PA scout) and AP dimension (lateral scout). In this instance, as the effective patient diameter is far smaller (22 cm) 
than the PMMA phantom used to measure the CTDIvol (32 cm), the SSDE of 4.82 mGy is far larger (practically 
a factor of 65% larger) than the reported CTDIvol of 2.92  mGy on the CT scanner console. This demonstrates 
the value of SSDE towards better, but nowhere exact, estimation of the dose a patient actually receives. SSDE = 
size-specific dose estimate, RDIMS = Radiation Dose Index Monitoring System, CT = computed tomography, 
PA = posterior-anterior, AP = anterior-posterior, PMMA = polymethyl methacrylate, CTDIvol = CT Dose Index 
(volume). Note: screenshot representative of DoseWatch 2.1 current as of January 2017; DoseWatch a trademark of 
General Electric Company.
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2.7.2 Fluoroscopically Guided Intervention Dose Partition by Angulation

Another advanced feature of a RDIMS is display of two-dimensional angulation data for f luoro-
scopically guided interventional studies with either single or bi-plane systems. Angulation data for 
each detector is tabulated during the study and stored in the imaging system and then transmitted 
to the RDIMS through DICOM RDSR. The RDIMS then bins the run data into a two-dimensional 
tile grid (Figure 2.5). The two orthogonal axes of this grid are given by the Cranial-Caudal (CRA-
CAU) and the Right and Left Anterior Oblique (RAO-LAO) directions. Thirty-degree-by-thirty-
degree tiles are typical and the interventional reference point (IRP) dose distributed amongst the 
tiles based on the geometry of the exposures. Usually the peak accumulated AK is given is as a sum 
of the tile with the maximum dose and the highest-dose bordering tile. Although this provides 
much better dose information than simply assuming (in the absence of geometric information) that 
all the dose was deposited at the same skin location, it still does not provide the patient ESD unless 
geometric estimations of table height, table and pad attenuation, and collimation (backscatter fac-
tor) can be applied.37 

FIGURE 2.5 Fluoroscopically guided intervention dose partition by angulation map from the RDIMS used 
at our institution (GE Healthcare DoseWatch). Each tile represents the air kerma at the IRP for a 30-degree-
by-30-degree solid angle as viewed from the X-ray tube focal spot. In this instance, the total reference point air 
kerma (RPAK) measured by the system ion chamber (diamentor) is 5865.70 mGy (5.87 Gy). In the absence of 
this angulation data, the medical physicist might have to assume that this is the peak RPAK, in excess of our 
institutional substantial radiation dose patient follow up trigger level of 5 Gy (possible permanent erythema), 
upon which an alert notice is sent to the attending physician. However, examination of how this dose is spread 
out over solid angle provides a worst or peak RPAK of only 4.12 Gy (sum of dose tiles around the orange dot). In 
this case, the patient may only experience temporary erythema or temporary epilation. The extra information 
provided by the 2D dose map is valuable in reduction of false positives and better, but not exact, estimation of 
patient entrance skin dose. RDIMS = Radiation Dose Index Monitoring System, IRP = interventional reference 
point. Note: screenshot representative of DoseWatch 2.1 current as of January 2017; DoseWatch a trademark of 
General Electric Company.
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2.7.3 Free-Form Data Analysis

Rather than relying entirely on RDIMS vendors to provide desired dashboards and reports, the medical 
physicist can dump the data from the RDIMS in some standard format, for example, comma separated 
variable (CSV) or Microsoft Excel. They can then proceed to analyze the data using a number of tools: 
SPSS, MATLAB®, etc., which they may have developed prior to RDIMS implementation. However, it 
would seem to be advantageous for vendors to provide a free-form data analysis component function 
within the RDIMS, where multivariate analysis may be pursued.

2.7.4  Protocol Management, Correlation/
Visualization of Changes in Protocols

Another advanced feature of RDIMS is protocol management. Protocols are usually created as mainly 
static documents and made available through institutional intranets. There is little thought as to enact-
ing change control processes, how to manage version control, who is authorized to modify protocols, or 
provide an audit trail of modifications.38 RDIMS can provide these features, but it may also offer within 
the RDIMS visualization of protocol deviation at the examination level. It might also in the near-term 
estimate changes in dose for various alterations of protocol technical factors and in the future demon-
strate how image quality would be affected by proposed protocol modification.

2.8 Challenges

2.8.1 Study Descriptor Creep

The current state of some CT scanners is such that a technologist manually enters the study descriptor 
into the console. Unless a strict standard nomenclature is enforced (rare in the author’s experience), 
the number of lexical variants resulting can be quite large. For instance, at our institution last year, 
the number of unique lexical study descriptors was increasing at a rate of around six per day. The 
proliferation of lexically unique exam descriptors essentially “diffuses” the data for a specific exam 
over multiple study descriptor text strings, making it more difficult to assign correct threshold values 
for alerts.

2.8.2 Advanced Analysis to Compute Patient-Specific Dose

As mentioned previously, the dose estimates currently residing in the RDIMS database do not current 
allow for patient-specific dose computation. Medical physicists calculate effective dose as an interme-
diate result in assessing the perceived risk of an exposure. CT effective dose can be estimated through 
multiplication of the DLP by an anatomical “k” factor.39 To attempt to generate a patient-specific dose, 
there must be a means of automatically analyzing image sets to correctly assign anatomical boundaries. 
It is also necessary to utilize patient-specific, spatially oriented anatomical volumes with Monte Carlo 
simulation40 techniques to derive patient-specific dose estimates.41

2.8.3 Surface Dose Mapping

The dose displayed for fluoroscopically guided procedures in current RDIMS is not the skin dose. 
While it is possible to generally approximate the geometries involved into an AK conversion factor 
to estimate the skin dose,37 it is better through analysis of vendor-supplied variations of geometry, 
tube angulation, and changes in collimation during a procedure to create a map on the surface of a 
3D regular volume (e.g., elliptic cylinder for torso or ovoid for head; Figure 2.6).42 Even better would 
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be use of scaled 3D regular volumes based on patient dimensions. Whether exact 3D modeling of the 
patient surface (e.g., from a 3D scanner like the Microsoft Kinect or from CT slice information) would 
significantly improve the dose estimate remains to be demonstrated. 

2.8.4  Real-Time Dose Feedback in the Fluoroscopically 
Guided Interventional Procedure Suite

For lengthy fluoroscopically guided procedures wherein the estimated surface entrance dose might 
exceed the threshold dose for deterministic skin damage, it would be valuable to view either the 2D 
dose grid or 3D surface map in real- or near real-time so that modifications like tube angulations 
changes could be used to help spare possible skin reaction, possibly for multiple procedures performed 
over a short time period. Real-time transmission of RDSR messages at the run or frame level would be 
required, but there are questions on the part of some vendors regarding the requisite bandwidth impact-
ing the clinical operation of their systems.

FIGURE 2.6 Surface dose map for a fluoroscopically guided intervention patient at our institution receiving 
an indicated RPAK in excess of 15 Gy. This caused the author to initiate a sentinel event root cause analysis. All 
information stored on the angio system for this case was analyzed by the angiography system vendor and projected 
onto the surface of an elliptical cylinder to determine the peak entrance skin dose. This was determined to be only 
10.4 Gy, far lower than the 15 Gy Joint Commission sentinel event threshold. However, it did trigger a greater than 
5 Gy threshold alert notice to the attending physician. Surface dose mapping goes beyond 2D solid angle mapping 
in that the skin dose is shown distributed on the body part avatar, which may be of assistance to the attending in 
relating the skin area(s) of concern to the patient’s healthcare team. Also in this case, the calculation tiles are much 
smaller than those for the current 2D solid angle mapping, so a better estimate of peak skin dose results. RPAK = 
reference point air kerma.
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2.9 Summary

An effective radiation dose management program is much more than simply implementing RDIMS. 
RDIMS is simply a tool relieving medical physicists and imaging physicians from the burdens of data 
collection (usually from multiple disparate sources) and management of such an extensive dataset. It is 
still incumbent on stakeholders to augment local policies, local reporting requirements, annual review, 
and adjustments, based on the ability to effectively mine, analyze, and visualize this dataset. RDIMS 
are still relatively new, so many advanced and innovative features to enable successful institution-wide 
radiation dose management programs are expected to be introduced in the near future.
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3
Nominal and Collective 

Radiation Dose in Medical 
Imaging: Critical Review 

of Survey Studies

David C. Spelic

3.1 introduction

It is likely that ever since radiation injuries first began appearing soon after the discovery of x-rays, there 
was a recognized need to know two things1:

How much radiation does it take to cause an injury?
How many people were being exposed sufficiently to suffer injury as a result?

Regulatory- and clinical-based efforts to characterize and improve the practice of x-ray-based medi-
cal imaging typically rely on responses to these two seemingly simple questions. However, even well 
into the twentieth century, there was no standardized means to characterize exposure and dose from 
x-rays. Even today it can be challenging to infer values of dose or even of simpler clinical practice indi-
cators regarding certain populations of radiological interest, such as the number of pediatric computed 
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tomography (CT) examination conducted annually in the U.S. In 1928, the Radiological Congress held 
at Stockholm introduced the definition of exposure, providing a pathway for quantifying not only indi-
vidual but also collective dose in radiological imaging.2 Today, there is a wealth of published work to 
assist with answering these and similar questions. However, nowadays these efforts focus on a different 
set of questions, such as:

How much radiation dose to the patient is sufficient to accomplish the clinical task and provide 
minimal risk?
How many people in an identified population are undergoing radiation-based examinations?
How frequently are these examinations resulting in radiation doses that could be lower (or higher) 
and still satisfy the clinical task?

Advances in medical imaging technology and clinical practice prompt the need to periodically revisit 
these questions. This chapter will provide a review of past and recent efforts to answer such questions 
by means of population surveys.

3.2 Population Surveys

There are numerous benefits to collecting representative data by means of population surveys. These 
surveys, when done appropriately, can capture a snapshot in time of the state of clinical practice, and 
also contribute to the broader data collective by which trends over time are documented. Figure  3.1 
shows trends in mean glandular dose (to a patient-representative phantom) and image quality in 
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FIGURE 3.1 Trends in mammography dose and image quality. Values are shown for all sites, and sepa-
rately for screen-film systems (SF), computed radiography (CR) and full-field digital mammography (FFDM). 
(From U.S. Food and Drug Administration FDA website at http://www.fda.gov/Radiation-EmittingProducts/
MammographyQualityStandardsActandProgram/FacilityScorecard/ucm326264.htm., Last updated on 11/29/2017. 
ScoreYear.)
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43Nominal and Collective Radiation Dose in Medical Imaging

mammography in the U.S. over a period of several decades. These data were acquired mostly by means of 
surveys.3 One notable feature of this graphic is the capture of both dose and indicators of image quality. 
The principle of “as low as reasonably achievable” (ALARA),4 while originally directed at the protection 
of radiation workers, can also guide clinicians’ efforts to limit patient doses to levels sufficient to accom-
plish the clinical task. Assessment of image quality can thereby provide an outcomes-based platform for 
evaluating the task-appropriate radiation dose. More recently, the concept of optimization of radiation 
dose in diagnostic x-ray imaging provides a framework for ensuring that patients receive doses that are 
sufficient for the diagnostic task.5 For example, diagnostic reference levels provide clinical facilities with 
exam/procedure-specific target values for patient dose indicators (e.g., values for dose-area product) 
they can implement as one means of optimizing their program of diagnostic x-ray imaging.

In addition to characterizing dose and image quality, population surveys provide a means of captur-
ing a broad range of clinical practice features, such as quality-control and quality-assurance practices, 
patient examination volumes, equipment features that can impact dose and image quality such as AEC 
(automatic exposure control), and staffing descriptors such as training and credentialing. Finally, survey 
data can provide input into more extensive activities, such as epidemiological studies.6,7

A critical component of planning a population survey is the identification of a statistically representa-
tive sampling methodology for survey. An important question to ask before developing a sampling strat-
egy is whether the data should capture the state of practice as it exists or document achievable indicators 
of high-quality practice, such as may be used to develop recommendations for diagnostic reference 
levels. Depending on the goals of the survey, a number of factors may affect the sampling strategy, such 
as particular considerations for pediatric examinations, regional differences in the patient population 
or the clinical practice for the surveyed examination(s), and identification of a sufficient sample size to 
permit stratification of the survey data across different sub-groups, for example, average dose indicators 
for hospital sites compared with facilities other than hospitals.

The characterization of dose generally includes assumptions and simplifications, including the cap-
ture of suitable radiation measurements to permit one to infer desired dose parameters. For example, 
a metric of choice to characterize patient doses from radiographic projection examinations is typi-
cally entrance surface air kerma. Another important consideration is the method of data collection for 
conducting dosimetry. Typically, this will involve either the use of patient-representative attenuation 
phantoms to standardize the measurement procedures or the collection of data from actual patient 
examinations. Depending on the goals of the survey, the capture of associated peripheral data elements 
should be considered and may be needed to complete the dosimetry task such as equipment descrip-
tors (e.g., multi-slice format for CT scanners), clinical technique factors, and radiation beam quality 
(half-value layer). Practice-related parameters that are helpful to characterize radiation dose include the 
retake frequency, where patients undergo repeated exposures during the examination or receive two dif-
ferent exposures for a complete examination (e.g., a chest radiographic examination comprising a lateral 
and posteroanterior [PA] projections). In characterizing the doses from CT, for example, collected data 
should include the fraction of CT examinations that consist of more than one scan.

Finally, the benefits and drawbacks associated with remotely collecting survey data should be con-
sidered. Facilities may not be equipped or staffed to take intensive measurements on x-ray equipment 
but may be able to provide some examination indicators for a small number of patient studies. It is very 
likely, however, that the success rate of such remote data-gathering methods varies inversely with the 
volume of requested data: survey sites will generally only provide what is convenient (or required) for 
them to provide.

3.3 Radiation Dosimetry

Rarely is actual patient dose, such as absorbed dose, captured as part of a survey. More likely, the dosi-
metric data harvested during these activities are dose indicators that can be used to further characterize 
dose. For example, the dose index values reported to end users or directed to a computer database in 
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newer CT equipment typically include values for volume CTDI (CTDIvol). Similarly, for fluoroscopy, 
a dose indicator that can conveniently be captured is cumulative air kerma to an identified reference 
point. One program that does collect actual dose (albeit mean glandular dose to a breast phantom of 
standard size and tissue composition, not to an actual patient) is the U.S. mammography inspection 
program, mandated by the MQSA (Mammography Quality Standards Act) of 1992.8 A challenge in 
survey planning, therefore, is identifying the dosimetric endpoint for the activity, and capturing appro-
priate and sufficient data to achieve this survey goal. While there are numerous methods to achieve this, 
generally the capture of dosimetry data will rely either on phantom-based or patient-based methods. We 
will briefly discuss the advantages and drawbacks of each method.

3.4 Phantom-based Versus Patient-based Dosimetry

One convenient way of inferring patient dose from radiological examinations or procedures is to use 
phantoms. These devices are typically composed of convenient materials such as polymethylmeth-
acrilate (PMMA) and are designed to provide x-ray attenuation properties similar to that of typical 
patients.9 One of the earliest known applications of a device to represent a real patient for a specific x-ray 
examination was the use of a coconut as a model for the human head!10 For the survey of radiographic 
equipment, patient-equivalent phantoms are used to drive the AEC system to a level of x-ray output that 
would typically result for a real patient. Phantom-based methods have the advantage of permitting the 
capture of patient-representative dose measurements with a single collection event at each site. The use 
of phantoms also guarantees that the same patient-representative characteristics are employed across 
all surveyed sites. These devices can also be fitted with image quality test objects for evaluation under 
typical clinical conditions. This level of convenience also introduces a limitation because phantom-
based methods characterize the response of the x-ray equipment only for the particular patient size it 
was designed to model. Patient-based survey efforts can provide a statistical body of data not possible 
with standard phantoms, such as characterizing the range of doses for adult body CT examinations 
performed on newer scanners that are equipped with means for modulating the x-ray tube current based 
on patient size.

Patient-based surveys typically require more site-level effort depending on the number of clinical 
examinations requested from each survey site, the frequency with which the examination is conducted 
for the patient population of interest, and the scope of data sought for in each examination. Further, an 
examination may be conducted infrequently (e.g., x-ray examinations on pediatric patients) that the 
collection of an acceptable volume of patient-level data is difficult or impossible to achieve. Dosimetry 
can be collected from available post-exposure display values on the equipment, for example, CTDIvol 
and dose-length product (DLP) from newer CT equipment. For equipment not equipped with such dose 
display and recording features, measurements would need to be acquired for patient examinations. A 
significant benefit to gathering patient-based data is the ability to conduct statistical studies on captured 
dose parameters, such as distributions of dose indicators with patient age and size. Further, the datasets 
of participating facilities can be combined to improve the statistical robustness of data analyses. In 1992 
the National Radiological Protection Board (now a part of Public Health England) published a compre-
hensive protocol for the collection of patient-representative x-ray measurements for diagnostic radiol-
ogy. The document specifies procedures for identifying representative patients, types of radiographic 
examinations to report, and dose indicators to be collected.11

3.5 Dose Quantities

The appropriate dose indicators for survey collection depends on the imaging modality. A thorough 
treatment of the various radiation quantities appropriate in medical x-ray imaging is provided in the 
ICRU Report 74.12 Dosimetric quantities for diagnostic radiographic examinations include entrance 



45Nominal and Collective Radiation Dose in Medical Imaging

skin air kerma (with or without backscatter) and dose-area product (DAP) (or kerma-area product 
(KAP)]). For CT, the computed tomography dose index (CTDI) is typically collected, and there are 
several versions of this particular dose index, such as CTDI100, CTDIfda, CTDIfree-air, CTDIw, and 
CTDIvol.13

One dose quantity that has been widely utilized in expressing overall risk is effective dose 
(ED). A  thorough discussion of ED is beyond the scope of this work; Huda and Gkanatsios, and 
McCollough and Shueler, provide a thorough discussion of this dosimetric parameter.14,15 Briefly, 
ED is the absorbed dose to the entire body that results in the same overall stochastic radiation det-
riment as the ED of the particular dose event under study. ED is typically computed from survey 
dose quantities and computational resources that are usually modality-specific. Its utility lies in its 
applicability to comparisons across different modalities. ED is intended to be used for specific popu-
lations and is not intended for individual members of the population. While one cannot compare 
entrance air kerma for a routine PA chest radiograph to the CTDIw for a routine chest CT scan, one 
can compare their EDs.

3.6 Survey challenges

As for any means of characterizing radiation dose for a radiological examination, one must recognize the 
limitations and sources of errors associated with broad multi-site surveys. In particular, for quantifying 
indicators of dose, it is essential that all data values are derived using the same methodologies from site to 
site, such as when requesting clinical sites to collect and report dose indicators. For example, dose values 
from newer imaging instruments that are capable of reporting selected dose indicators, such as through a 
digital imaging and communications in medicine (DICOM) object (Radiation Dose Structured Report, 
or RDSR16), should be validated to ensure they are based on the same computational methodology and 
reflect similar practice characteristics. The American College of Radiology (ACR) has made a concerted 
effort to standardize the collection of dosimetry and related data for CT, including efforts to standard-
ize the reporting of the CT examination names, which often vary broadly across institutions and scan-
ners.17 In cases where there are likely to be differences, these should be identified prior to the survey and 
addressed during the data analyses.

Measurements with instrumentation-related differences should also be addressed early to avoid the 
challenges of validating data post-survey. For example, commercially available instrumentation for 
the measurement of air kerma is now often configured with a solid-state-based detector, as opposed 
to the reference-standard ionization chamber-based technologies. These two technologies in combi-
nation with their associated electronics may respond differently during the x-ray event, not just with 
regard to the spectral character of the beam but also with regard to the beam modulation and means 
of triggering the measurement event. Image quality assessment can pose a similar challenge, such as 
when images of test objects are assessed on site under differing viewing conditions or by different read-
ers across multiple sites. Proper survey planning can either minimize or eliminate a number of these 
limitations.

3.7 image Quality

Whenever a patient is exposed to ionizing radiation, efforts should be made to ensure that a clinical 
benefit is realized at the lowest possible dose. Therefore, the results for patient doses captured during 
survey activities can, and should, be interpreted in the context of the clinical benefit. A convenient 
means of characterizing this aspect of the risk-benefit scenario is by capturing indicators of image qual-
ity. Unfortunately, even for a given radiographic modality, there are likely no broadly accepted meth-
odologies for evaluating image quality. However, there is a general consensus that a small number of 
indicators for image quality merit evaluation, among them are spatial detail, low-contrast detectability, 
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and noise. Commercially available methods and tools exist to evaluate these image-quality metrics. 
An alternative to image-quality assessment by means of imaging non-clinical test objects is to directly 
assess the quality of clinical images, such as the methodology used by Muhogora et al.18 Such methods 
unfortunately seldom permit comparison across different survey activities. For this reason, we will limit 
the balance of our discussion to dose surveys. Whatever the means and methods used to assess image 
quality, it is important to consider the distinction between the assessment of image quality and charac-
terizing actual clinical benefit, a much more challenging endpoint to characterize.

3.8 General Radiography

Advances in technology continue to influence radiological imaging, including the practice of projection 
radiography. Soon after the x-ray was introduced as a routine clinical diagnostic tool, efforts were made 
to determine exposure conditions that would result in a radiograph of good quality. During the first 
half of the twentieth century, a popular means for configuring a proper x-ray exposure setting was by 
use of a slide rule calculator, and several x-ray equipment companies produced these including Eastman 
Kodak and Philips.19 In 1942 a method for automatically controlling x-ray exposure was published.20 
Today, most radiographic equipment is equipped with means for automatically determining the optimal 
exposure technique factors. Ironically, this technology now typically referred to as AEC that removed 
much decision-making from the selection of appropriate radiographic technique factors also made the 
determination of typical patient doses more challenging to measure. Whereas previously one would 
configure all the x-ray equipment technique factors for the specific examination, the AEC feature would 
now determine one or more exposure parameters based on the level of x-ray attenuation by the patient. 
To measure patient-representative doses from x-ray equipment equipped with AEC technology, radio-
graphic phantoms are employed to drive the AEC system to the output that would be delivered to a 
patient represented by the phantom. Published results of patient doses based on those phantoms should 
clarify the specific patient characteristics the phantom(s) represent (e.g., five-year-old child vs. an aver-
age size adult).

3.9 United States Radiological Survey efforts

While there were likely earlier attempts to characterize population exposures to radiographic exami-
nations, a number of significant population-based studies took place in the U.S. during the 1940s, and 
continued into the 1970s. A study of the overall practice of radiology conducted by the ACR in the late 
1940s found that approximately 25 million x-ray examinations are performed annually by radiologists.21 
Focusing on chest radiography, typically the most frequently performed radiographic examination, an 
estimated 7.1 million chest examinations were conducted annually at the time of survey.* Significant 
health events can dramatically change practice over short periods of time. For example, a survey of 
Public Health Service medical facilities by Moeller et al. in the early 1950s found that approximately 
15 million chest examinations were conducted in 1950 to screen for tuberculosis. Those exams mostly 
used photofluorography and were likely the highest contributor to U.S. population dose from medical 
x-rays at the time, according to the study authors.22

* Our estimate assumes that chest examinations were conducted either as a radiographic film examination or as a photo-
fluorographic examination. The percentages for these two types of examinations among all x-ray-based examinations 
from the ACR survey were 51.9% and 33.6%, respectively. The study also finds from a limited subset of surveyed facili-
ties that chest radiography comprises approximately 33% of all radiographic studies. Then the number of chest radio-
graphs is estimated as 0.33 × (0.336 + 0.519) × 25 million x-ray examinations annually = 7.1 million chest examinations 
annually.
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There is a lack of concise, examination-specific dose estimates for the studies discussed above. Data 
from the study of Moeller et al.10 indicate a reasonable estimate for patient exposure from chest radiog-
raphy (including photofluorography) of approximately 1R. More broadly, the authors estimate an overall 
figure for patient exposure from all x-ray imaging examinations to be approximately 11R per examination, 
including 2.7R for radiographic examinations, 1.0R for photofluorographic examinations, and 65.0R for 
fluoroscopic examinations. Dental x-rays were taken with a typical patient exposure of approximately 5R, 
likely owing in part to the direct-film method of image capture.

Following the studies discussed above, the interest in characterizing the state of practice of radiol-
ogy in the U.S. via large-scale surveys accelerated, with a number of such studies taking place in the 
1960s and 1970s. The National Health Survey, conducted by the (then) U.S. Department of Health, 
Education, and Welfare, U.S. Public Health Service in cooperation with the U.S. Census Bureau, peri-
odically conducted surveys of a sample of U.S. households for data regarding indicators for the state 
of health in the general population. During the period 1960–1961, the U.S. National Health Survey 
collected, by means of visitations to approximately 38,000 households, data regarding medical and 
dental x-ray visits, including health, social, and demographic data for members of visited households.23 
Among their findings, there were an estimated 82 million visits to medical facilities in the U.S. for a 
diagnostic x-ray examination and 49 million visits to dental offices for x-ray examinations. Notably, 
the routine chest x-ray examination was identified as the most frequently performed procedure: an 
estimated 51 million such examinations were conducted during the survey time frame. Overall, there 
were 48 visits to clinical facilities for medical x-rays for every 100 persons in the population. Lacking 
in this significant survey effort was any data permitting patient dose estimates. The subsequent Health 
Interview survey conducted in 1970 also captured data on x-ray usage in the U.S. While comprehen-
sive in scope, the missing survey element, indicators for patient dose, would not be collected until the 
later surveys by the U.S. Public Health Service in the 1960s and 1970s, beginning with the 1964 X-ray 
Exposure Study.

The motivation for the 1964 and 1970 X-ray Exposure Studies came from a recognition that a signifi-
cant contribution to the exposure of the general population to radiation came from medical and dental 
radiological imaging.24,25 This was the first large-scale U.S. effort to characterize both population-level 
x-ray examination statistics and also gather sufficient data to permit the inference of patient doses from 
specific imaging examinations. The Bureau of the Census trained approximately 80 interviewers to visit 
10,029 U.S. households identified for survey (of which 376 did not participate), and gather data covering 
31,289 individuals regarding x-ray visits and related items. Interestingly, the 1964 survey captured data 
for x-ray systems equipped with photo-timers. This was done by introducing a 14-inch by 17-inch sheet 
of lead of thickness 0.015 inches to approximate a typical adult chest. The lead sheet was incorporated 
into a film packet that was sent to participating clinical sites to be exposed on appropriate radiographic 
equipment for the indicated examination.

Following the success of the 1964 survey, a second survey was conducted in 1970. This survey essen-
tially repeated the 1964 survey, capturing data for 67,000 persons from 21,500 households.

Table 3.1 summarizes findings from the surveys discussed above. We provide statistics for overall 
rates for all x-ray procedures (excluding therapeutic procedures) and also for the chest examination. We 
chose to highlight chest radiography because (1) it is likely the most frequently performed radiographic 
examination, and (2) the procedure is highly standardized: nearly every patient (69% + 27% = 95%) has 
one (36,484/53164 or 69%) or two (14,340/53,164 or 27%) films.* 

* Percentages for chest examination consisting of either one or two films taken from 1964 X-ray Exposure Study 
report, pg 163.
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The two U.S. Public Health Service (PHS) surveys of 1964 and 1970 merit some comment regarding 
their execution. The sampling strategy for these two surveys was based on the same methodology used 
for the Health Statistics survey activities. In this method of sampling, the U.S. is divided into discrete 
geographical regions, and small clusters of households within each region are randomly identified for 
survey. These surveys were also conducted in two phases: a household visitation followed by a response 
package mailed to clinical facilities that provided information on the x-ray examinations to members of 
the surveyed households. Interestingly, the data needed to conduct the dosimetry for these two surveys 
were gathered by mail; no on-site measurements were taken from the x-ray equipment. Clinical staff 
exposed a sensitometric film packet with the identified x-ray technique factors, and upon receipt survey 
staff processed the film and used the sensitometric response curve to infer corresponding exposure. 
These data were then used to infer values for gonadal doses for the surveyed radiographic and fluoro-
scopic examinations based on laboratory measurements from an anthropomorphic phantom.26

We reviewed several additional survey efforts conducted by the U.S. government. A limited survey of 
U.S. hospitals was conducted in 1980, capturing data regarding diagnostic imaging procedures (includ-
ing nuclear medicine and ultrasound), and again included data regarding patient demographics.27 This is 
likely the first major U.S. survey to include CT as an identified imaging modality for survey. A first-ever 
large-scale survey of mammography was conducted in the later 1970s. The Breast Exposure Nationwide 

TABLE 3.1 Trends in X-ray Exam Rates in the U.S

Year of Survey References
U.S. Population 

(thousands)

No. of All X-ray 
Exams (thousands) 

(rate/100)

No. of Chest X-ray 
Exams (thousands)/

(rate/100)

Late 1940s–1950  (1) Dade Moeller, James Terrill, Samuel 
Ingraham. Radiation Exposure in the 
United States. Public Health Reports 
68(1), 1953: 57–65

 (2) SW Donaldson. The Practice of 
Radiology in the United States: Facts 
and Figures. Am J Roent 66:929, 1951

150,700 25,400a (notes)/17 15,000/10

1960–1961 Public Health Service Publication No. 
584-B38, October 1962

178,000 82,000/46 51,000/29

1964 U.S. Department of Health, Education 
and Welfare, Public Health Service. 
Population Exposure to X-rays U.S. 1964. 
Public Health Service publication No. 
1519, 1966

186,700 90,700b/49 53,200/29

1970 U.S. Department of Health, Education 
and Welfare, Public Health Service. 
Population Exposure to X-rays U.S. 1970. 
DHEW publication (FDA) 73–8047, 
November 1973

199,800 141,700/71 65,200/33

2001 D Spelic et al. Nationwide Surveys of 
Chest, Abdomen, Lumbosacral Spine 
Radiography, and Upper Gastrointestinal 
Fluoroscopy: A Summary of Findings. 
Health Phys 98(3) 2010: 498–514.

284,800 NA 155,500/55

a  Calculated as 83,000 exams/day in U.S. (Donaldson et al. Am J Roent 1951) × 306 working days (Donaldson et al.) = 25.4 million 
exams.

b This number is the stated number of x-ray visits (93 million) minus the number of therapy visits (2.28 M).
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Trends (BENT) surveys collected data directly from clinical service providers regarding patient doses 
and included a follow-up phase to those facilities found to be administering high or low doses (among 
other findings). This follow-up effort assisted these facilities with optimizing their mammography prac-
tice, particularly focusing on quality control and quality assurance procedures.28,29 Survey staff found 
patient exposures to be as high as 14R, noting that at the time of survey, there was still a significant num-
ber of sites using direct film and xeromammography. Facilities identified for follow-up were later revis-
ited to verify whether recommended changes were instituted. Almost coincidentally with the BENT 
program came DENT, Dental Exposure Normalization Technique program. Noting that studies have 
shown patient exposures from dental radiographs to be as high as 5R, the survey planners developed 
recommendations for optimal exposure ranges for dental radiographs and provide recommendations 
for improved quality control and quality assurance.30 For this particular survey program, state radio-
logical health personnel were trained to conduct site visits while the U.S. Bureau of Radiological Health 
provided equipment and logistical support. Although these two survey activities directed additional 
efforts at not only capturing the state of practice but also at improving the practice, it is unfortunate that 
sufficient data were not gathered to infer population-level statistics, such as the number of examinations 
in the U.S. at the time of survey.

Likely the longest running national survey effort is the Nationwide Evaluation of X-ray Trends 
(NEXT) program, a joint effort by the U.S. Food and Drug Administration (FDA) and State radiologi-
cal health programs through the Conference of Radiation Control Program Directors (CRCPD).* The 
U.S. then Bureau of Radiological Health provided logistical and equipment support, and post-survey 
data analyses, while state radiological health personnel conducted the site visits to a randomly identi-
fied sample of clinical sites likely to perform the examination under survey. The NEXT program has 
collected radiological survey data on selected x-ray examinations since 1972 and presently continues to 
periodically conduct surveys of x-ray studies of current public health interest. Initially the program sur-
veyed 12 commonly performed examinations, including chest, abdomen, lumbar spine, thoracic spine, 
dental bitewing, and selected extremities. The advent of AEC technology complicated the collection 
of data for inferring patient exposures; therefore, beginning in 1984, NEXT focused on one particular 
examination for survey but employed patient-equivalent phantoms to capture x-ray measurements on 
AEC-equipped x-ray systems.9  These later NEXT surveys also collected indicators of image quality using 
a set of test objects that are radiographed and evaluated under typical clinical conditions at the survey 
site. Figure 3.2 provides a summary of findings from past NEXT surveys for selected x-ray examina-
tions. Figure 3.2a shows patient entrance air kerma for routine PA chest, anteroposterior (AP) abdo-
men, and lumbosacral (LS) spine projections. These three examinations have been repeatedly surveyed, 
and so provide a good example of the ability to observe trends in the practice with time. Obviously as 
technology has improved over the decades, patient doses have decreased. Figure 3.2b shows the rate of 
examinations per 100 persons of the U.S. population covering the period from the 1964 U.S. PHS study to 
the most recent NEXT surveys for the indicated examinations between 2001 and 2003. The figure shows 
that the rates for abdomen radiography and routine upper gastrointestinal (UGI) fluoroscopy are steady 
compared to the substantial increases for chest and lumbosacral spine radiography. The increased use 
of CT may partly explain these observations. The NEXT survey of CT conducted in 2000 found that 
routine CT examinations of the adult abdomen and combined abdomen plus pelvis comprised nearly 
30% of all CT examinations (at least for the CT scanner most frequently used at the site for the surveyed 
examinations).31 

* Conference of Radiation Control Program Directors, Inc. Frankfort KY. www.CRCPD.org (last accessed on April 17, 
2014)

http://www.CRCPD.org
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Additional studies of the exposure of the U.S. population to ionizing radiation from medical imaging 
have been conducted, including a broad study by Fazel et al. between 2005 and 2007. This retrospective 
study of the imaging procedures conducted on approximately 655,613 health-care enrollees documented 
population dose quantities such as annual effective dose per person and distributions of effective doses 
across patient age ranges.32 Finally, Mettler et al. published in 2008 a collective catalog of effective doses 
for medical imaging procedures, pulling together data from a large number of sources including survey 
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activities.33 Tables 3.2 and 3.3 provide summaries of patient exposure (air kerma) and effective dose from 
selected surveys for radiographic examinations of the chest, abdomen, and lumbosacral spine. These 
examinations were selected for tabulation because of their relatively high examination rates compared 
to other radiographic examinations.  

TABLE 3.2 Patient Entrance Air Kerma for Chest, Abdomen, and Lumbosacral Spine Radiography by Survey. 
Unless Otherwise Indicated Values Are in mGy

Author(s)
Country/

Year Covered Publication Reference Citation
Adult PA 

Chest
Adult AP 
Abdomen

Adult AP 
Lumbosacral 

Spine

A Aroua et al. Switzerland, 
1998

Dosimetric aspects of a 
national survey of 
diagnostic and 
interventional radiology in 
Switzerland

Med Phys 29(10), 
October 2002

0.18

WE Muhogora 
et al.

2005–2006, 
selected 
Asia, 
Africa, E. 
Europe

Patient doses in 
Radiographic Examinations 
in 12 countries in Asia, 
Africa, and Eastern Europe: 
Initial results from IAEA 
projects

Am J Roent 190, 
June 2009; 
1453–1461. [ref 18]

0.33a 4.07a 3.64a

PC Shrimpton 
et al.

1984/1995, 
UKc

Diagnostic medical 
exposures in the UK.

Appl Rad Isotopes 
50(1999); 261–269

0.23/0.16b 8.2/5.6b 9.6/6.1b

CJ Tung et al 1998 Taiwan Determination of guidance 
levels of dose for diagnostic 
radiography in Taiwan

Med Phys 28(5), 
May 2001

0.52 5.91 4.77

A Servomaa 1991–1996, 
various 
Health Care 
Level 1 
countries

International Atomic Energy 
Agency. Proceedings of an 
International Conference 
held in Malaga Spain March 
26–30, 2001; IAEA 2001.

IAEA publication, 
2001.

0.11/0.81d 2.35/20.4d 3.34/22.8d

DC Spelic et al. U.S. 1964, 
1970

Nationwide Surveys of Chest, 
Abdomen, Lumbosacral 
Spine Radiography, and 
Upper Gastrointestinal 
Fluoroscopy: A Summary of 
Findings. tabulated values 
are 1964/1970 U.S. public 
health studies

Health Phys 
98(3):498–514; 
2010

0.25/0.24 4.2/5.4 21.4 19.1

DC Spelic et al. U.S. 
mid-1990s 
and 
2001–2002

Nationwide Surveys of Chest, 
Abdomen, Lumbosacral 
Spine Radiography, and 
Upper Gastrointestinal 
Fluoroscopy: A Summary of 
Findings. tabulated values 
are 1994(CH), 
95(ABD,LS)/2001 (CH), 
2002 (ABD,LS)

Health Phys 
98(3):498–514; 
2010

0.14/0.12e 2.9/2.7e 3.2/3.4e

a ESD after implementation of Quality Control program.
b ESD.
c Results labeled 1995 include data collected since 1988 (see page 264 of paper).
d Values (X/Y) are lowest/highest of tabulated values.
e Values (X/Y) are for 1994/2001 (chest) and 1995/2002 (abdomen and lumbosacral spine).
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3.10 Survey efforts outside the United States

A number of surveys have been conducted outside the U.S. and we discuss several studies here. The 
United Kingdom National Radiological Protection Board (NRPB), now with the Health Protection 
Agency (HPA), Public Health England, conducted several large-scale surveys including studies going 
back to 1957 and 1977 of the resident population. Selected results for two such U.K. studies are provided 
in Tables 3.2 and 3.3. A notable activity is the establishment of a central database for the collection of 
patient dose measurements and associated data.

UNSCEAR (United Nations Scientific Committee on the Effects of Atomic Radiation) conducts periodic 
studies of the usage of medical imaging procedures.34 Two comprehensive reports pull together a vast collec tion 
of survey data to detail global usage and patient doses for a broad range of medical imaging procedures.35,36 Also, 
Muhogora et al. provide findings from an International Atomic Energy Agency (IAEA) initiative to survey both 
image quality and patient dose for common radiographic examinations and to introduce quality assurance into 
the clinical practice of participating agencies and sites.18 Selected findings are also presented in Table 3.2.

The investigators of these various survey activities relate a common observation: a broad range of patient 
doses in radiographic imaging, largely regardless of the particular examination or procedure surveyed. 
Muhogora et al. note for examination that one concern is “the significant variation in dose levels to patients 
of similar size undergoing the same type of radiographic examination.” Further, their data demonstrated 
the positive impact that quality assurance can have on both patient dose and image quality, noting the 
“potential for dose reduction without affecting the quality of radiographic images in this study...” This 
is certainly a worthy goal in the best interest of the population of patients undergoing such radiographic 
examinations even if the individual dose is low compared to other imaging modalities, notably CT.

3.11 Mammography

In the United States, mammography is regulated under the MQSA of 1992.37 This law specifies standards 
of quality for the practice including quality standards for image quality, patient dose, quality control 
and quality assurance practices, and mandates requirements for clinical staff education, training, and 
experience. Prior to the MQSA, several x-ray survey activities, including the BENT program described 
earlier, highlighted the need for further improvement in patient dose and image quality for mammog-
raphy. Three timely NEXT surveys conducted in 1985, 1988, and 1992 characterized observations similar 
to those described above regarding general radiography: broad ranges of values for technical factors in 
mammography, including patient dose (as inferred from dose to a standard phantom), image quality, 
film processing quality, and darkroom film fog levels.38 At the time of these surveys, xeromammography 
was still in clinical use and was found to have significantly higher patient dose than film-based imaging. 
Figure 3.1 displays trends in mammography dose and image quality over nearly 40 years. The majority 
of dose and image quality data were captured using standard phantoms, providing a means for observ-
ing trends with time. It is notable that patient dose has decreased with time while image quality has 
improved. These improvements over time are likely due to efforts to optimize the imaging chain as well as 
the institution of effective quality control and quality assurance practices, including significant improve-
ment in film processing quality during the first decade of MQSA requirements. Today approximately 99% 
of certified mammography facilities in the U.S. are using digital-based mammography equipment, and 
approximately 52% of U.S. certified facilities have digital breast tomosynthesis (DBT) systems.39

Outside the U.S. comparable efforts have been made to document the state of clinical practice in 
mammography. The Irish National Cancer Screening Service invites women of age 50–64 to par-
ticipate in their breast screening program. With the large majority of facilities using digital mam-
mography equipment, surveys are performed to assess patient dose. In 2009 a study was conducted 
of patient dose focusing on digital mammography equipment.40 The investigators analyzed the data 
from approximately 100 patient examinations and inferred doses for the craniocaudal and mediolat-
eral oblique views. Their findings are summarized in Table 3.4. Similarly, the National Health Service 
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Breast Screening Program in the UK provides screening mammography to women of age 50–64 years. 
KC Young et al. analyzed dose data regarding a large, representative sample of patient examinations 
conducted in 2001 and 2002.41 In addition to patient-specific data, they inferred dose to a standard 
breast (45 mm thickness, comprised of 50% glandular, 50% adipose tissue) by means of a phantom con-
sisting of 40 mm of PMMA. At the time of the survey, the objective of this breast screening program 
was for dose to the standard breast to be 2 mGy or less. They found standard breast dose to be 1.42 mGy 
and observed this to be slightly (6%) higher than that for 1997–98. Interestingly, Figure 3.1 showing 
trends in dose and image quality in the U.S., shows a similar, slight increase in dose between 1995 and 
2001. Noting that at this period of time mammography in the U.S. was predominantly a film-based 
modality,3 one possible explanation for these increases in dose is the realization by the clinical commu-
nity that higher film optical densities can provide higher image quality, as Figure 3.1 seems to indicate. 

3.12 Fluoroscopy

Characterizing patient doses from fluoroscopy is challenging for several reasons. For most routine fluo-
roscopic examinations, there are two components of dose delivery to the patient: fluoroscopy and radi-
ography. Even for a well-defined fluoroscopic examination the contributions to patient dose from these 
two features can vary broadly. In addition, fluoroscopic examinations are dynamic in nature, not only 
from the standpoint of examination descriptors, such as total fluoroscopy time or the number of image 
acquisitions acquired, but also from the extent of patient anatomy exposed and the beam angulations 
that can be employed during an examination. In the U.K., D. Hart et al. reported data representing 
4,122 patients undergoing the barium meal and swallow examination and found fluoroscopy times to 
range (minimum to maximum) between 38 seconds and 2118 seconds.42 They also found the number 
of digital spot images per examination to vary broadly: for the percutaneous transluminal coronary 
angioplasty (PTCA) (1  stent) procedure, the number of spot acquisitions varied (minimum to maxi-
mum) between 1 and 90 images. S. Balter describes methodologies for characterizing patient skin dose 
from interventional fluoroscopic procedures,43 and Miller et al. describe results of a prospective study 
of interventional fluoroscopy, including a comparison between different technical indicators such as 
cumulative fluoroscopy time, dose-area product, and cumulative dose at the interventional reference 
point for a number of clinical procedures.44

We will limit the following discussion to general diagnostic fluoroscopy, and as was done for radiog-
raphy; we will focus on an examination of relatively high frequency: the UGI fluoroscopy examination. 
We will briefly mention some past survey efforts to characterize patient dose and population exami-
nation rates for this diagnostic procedure. In the U.S., the previously discussed surveys by the U.S. 
Public Health Service in 1964 and 1970 documented rates of diagnostic x-ray examinations including 
fluoroscopy. UGI fluoroscopy comprised 56% of all fluoroscopy examinations in 1964 and 44% of all 
fluoroscopy examinations in 1970. A similar survey was conducted in 1980 of hospitals in the U.S. 
conducting a number of diagnostic x-ray examinations. The most recent NEXT survey of the UGI 
examination was conducted in 2003.45 A summary of findings from these survey activities is presented 
in Table 3.5 along with comparable results for surveys in the U.K. While the per capita examination 
rate (per 1000) in the U.S. remained steady between 1964 and 2003, the U.K. surveys observed a sub-
stantial drop in rate between 1983 and 1997–1998 (Tanner et al.).46 Many reasons may explain this 
decrease, including the increased use of CT and endoscopy as noted by Tanner et al. The report by D. 
Hart et al.42 illustrates the advantage of capturing data regarding actual patient examinations versus 
the use of patient representative phantoms as routinely implemented in the NEXT survey program. 
Such a methodology can permit the capture of a variety of dosimetric indicators for specific patient 
groups, including total fluoroscopy time, dose-area product, number of digital spot radiographs per 
examination, and associated technique factors as applicable. Finally, such data collection methodolo-
gies can support efforts to develop recommendations for reference levels, and a detailed discussion of 
these efforts is provided in Chapter 25.47 
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3.13 computed tomography

Computed tomography (CT) has seen explosive growth in usage during the past two decades, with 
annual CT examination volumes in the U.S. nearly tripling from 22.6 million examinations in 1996 to 
62 million examinations in 2006.48 In 2006 CT was found to have the largest modality-specific contribu-
tion to the U.S. collective effective dose (440,000 person-Sv/899,000 person-Sv or approximately 50%) 
from medical sources of radiation, and the second largest contribution (24%) for all sources after radon 
and thoron background sources (37%).46  Cone-beam computed tomography (CBCT) is increasingly 
being used in new areas of clinical practice including dental and maxillofacial applications. A NEXT 
survey of dental x-ray imaging conducted in 2014–2015 found there to be approximately 5,500 CBCT 
systems installed in U.S. dental facilities, providing an estimated 4.2 million examinations of adult and 
pediatric patients at the time of survey.49

There are a number of challenges associated with large-scale surveys of CT, and this in part arises 
from the large number of parameters that need to be captured in order to determine dosimetric quanti-
ties such as CTDIw, CTDIvol, DLP, and ED. A more recent challenge is the technological feature of tube 
current modulation on newer CT scanners, in which, similar to the AEC feature on radiographic equip-
ment, the CT scanner modulates the x-ray tube current in response to patient size. Therefore, simply 
capturing a static value for tube current or tube current-time product may not be representative of 
actual clinical practice.

One source for data regarding the state of clinical practice for CT (as well as other diagnostic imaging 
modalities) is the series of benchmark reports by the market research company, International Marketing 
Ventures (IMV). These reports gather data from a substantial percentage of clinical sites identified for 
survey and periodically repeat surveys to capture trends.50 Among the survey outcomes are facility 
examination/procedure workloads, staffing characteristics, and estimates for total U.S. CT annual pro-
cedure rates. These surveys do not report any indicators or estimates for patient dose. The NEXT pro-
gram also conducted periodic surveys of computed tomography, the most recent ones conducted in 
2000 and in 2005–2006.28,51 Similar to the NEXT surveys discussed previously, these surveys comprised 
an onsite visit including measurements on CT equipment to gather sufficient data to allow dosimetric 
quantities to be computed. Examination-specific and total facility workloads were also gathered for 
the determination of total U.S. CT examination rates at the time of survey. The ACR administers the 
National Radiology Data Registry, a warehouse of individual ACR registries including the Dose Index 
Registry, allowing clinical CT sites to compare dose index values from their clinical practice with those 
derived from a database representative of current regional and U.S. state of practice.

Table 3.6 provides a summary of selected findings from several survey efforts. Similar surveys con-
ducted outside the U.S. regarding the practice of CT are summarized here. Shrimpton et al. captured via 
questionnaires data regarding twelve common CT examinations, covering approximately one-quarter 
of the population of CT scanners in the U.K.52 Dose indicators such as CTDIw, CTDIvol, DLP, and ED 
were inferred from collected data that were combined with available scanner-specific CTDIw coefficients 
(mGy-mA−1 s−1). The authors also use their findings to derive recommendations for national reference 
doses. Brix et al. characterized the doses to the German population in 2002 from multi-slice CT and 
compared to the results of a previous survey conducted on single-slice CT scanners installed in the later 
1990s.53 Their data were collected by means of questionnaires to both hospital and private practice sites 
and covered 14 CT examinations. Muhogora et al. conducted a study of dose from CT body examina-
tions in 18 countries in Africa, Asia, and Eastern Europe as part of an IAEA initiative in developing 
countries.54 Data were collected between 2005 and 2008 regarding 5 body examinations performed at 
73 clinical sites. Given that the adult abdomen and pelvis CT examination is typically found during 
surveys to be one of the most frequently performed examinations, it is notable that the investigators here 
collected data separately for CT scanning of the abdomen and the pelvis. This observation highlights 
the challenges that can occur when comparing findings across different surveys when data collection 
methodologies are sufficiently different. 
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3.14 Summary and conclusions

Optimizing the use of ionizing radiation for medical imaging depends in part on access to information 
that reliably and accurately characterizes the state of practice. Population surveys can provide these data as 
a snapshot of the present state of clinical practice as well as a record of trends with time as technology and 
clinical methods progress. The data summarized in this chapter are by no means a complete and compre-
hensive library of survey activities but are intended to provide a sample of efforts taken to document the 
state of clinical practice in diagnostic radiology. One common theme that can likely summarize the find-
ings from most surveys across the spectrum of diagnostic x-ray examinations is the broad range of values 
typically observed for patient dose and related indicators. In the U.S. a number of early survey activities 
discussed above have documented the impact that the observed broad range of quality in film processing 
has had on patient dose and image quality.2,43 A survey of chest and abdomen radiography in Malaysia 
found values for selected clinical kVp for the chest examination to range (minimum to maximum) from 
60 to 125 kV, and an accompanying broad range for entrance surface dose.55 Arguably one of the best 
approaches to reducing this broad spectrum of patient dose indicators and optimizing the clinical practice 
is the institution of quality control and quality assurance practices. Muhogora et al.15 demonstrated well 
the achievements of these quality activities, and the U.S. MQSA inspection program also has demon-
strated improvements largely driven by the institution of quality control and quality assurance practices.56

As imaging technology continues to develop, such as the conversion from film-based to digital-based 
radiographic imaging and the broad establishment of CBCT, there will be a need to characterize and 
optimize the practice of these and other developing areas in diagnostic radiology. Periodic surveys sup-
port efforts to not only characterize the state of practice but also provide a platform for the develop-
ment and periodic revision of recommendations for quality indicators such as diagnostic reference levels 
(Chapter 4). In the U.S. the National Council on Radiation Protection and Measurements has published 
such recommendations based largely on available survey data.57 The European Commission also pub-
lished guidance for developing diagnostic reference levels (DRLs) based on either phantom or patient 
data.58 Population surveys support these and similar radiological health efforts directed at improving 
medical x-ray-based imaging.
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4
Diagnostic 

Reference Levels

Donald L. Miller

4.1 Introduction

The International Commission on Radiological Protection (ICRP) has defined three basic principles of 
radiation protection: justification, optimization of protection, and the application of dose limits (ICRP 
2007a). In simplest terms, justification in medical imaging means that the benefits of radiation expo-
sure should exceed the risks. Justification is not discussed further here. Justification and optimization 
apply to all radiation exposures. The principle of the application of dose limits does not apply to medi-
cal exposures, because limiting radiation use can interfere with the practice of medicine, may hamper 
efforts at diagnosis or treatment, and may result in more harm than good (ICRP 2007a). Instead, ICRP 
emphasizes the use of justification and optimization to protect patients.

Optimization of protection is usually referred to in the United States simply as “optimization” 
when used in the context of medical imaging. The National Council on Radiation Protection and 
Measurements (NCRP) prefers the term “as low as reasonably achievable,” or “the ALARA principle” 
to “optimization” (NCRP 1993). For medical exposures, optimization means that radiology equipment 
(e.g., radiography, fluoroscopy, and computed tomography [CT] systems) is appropriately designed and 
manufactured, appropriately selected by the medical facility, installed and calibrated correctly, and 
maintained in good working order. It also means that appropriately trained individuals operate this 
equipment correctly, using appropriate protocols. The goal is to keep patient radiation doses “as low as 
reasonably achievable, economic and social factors taken into account” (the ALARA concept) (ICRP 
2007a). As applied to medical imaging, optimization is best described as management of the radiation 
dose to the patient to be commensurate with the clinical purpose (ICRP 2007b). This chapter discusses 
diagnostic reference levels (DRLs) as a tool for optimization.
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In the context of an imaging examination, how can one determine if practices at a facility result in 
patient radiation doses that are ALARA? Radiation dose metrics at the facility must be compared to 
some external standard. How is such a standard determined? One approach is to compare dose metrics 
at a facility to values of the same dose metric at other facilities, with the logic that values at one facility 
that are high relative to other facilities are a good indicator that patient radiation doses at that facility are 
not ALARA. This is the method recommended by the ICRP. The indicator used for comparison is called 
a DRL (ICRP 1996). DRLs are a form of investigation level, where an examination of the cause should 
occur if the level is exceeded (ICRP 1991). (The term “reference level” should not be used in lieu of DRL, 
because in ICRP usage, “reference level” is a separate and distinct concept [ICRP 2017]). Use of DRLs as 
a tool for optimization has been termed the “DRL process” (ICRP 2017).

4.2 Diagnostic Reference Levels

DRL values are determined for specific imaging examinations (e.g., head CT, posteroanterior [PA] chest 
radiograph). The value of a DRL is based on values of specific dose metrics (also called DRL quantities) 
observed in clinical practice, most commonly determined from a survey of a number of clinical sites. 
Each site contributes data from that procedure for a group of procedures and patients; the average value 
of specified dose metrics for each procedure is contributed to a central registry. Both mean and median 
values have been used as the “average” value (IPEM 2004; NCRP 2010), but ICRP now recommends use 
of the median value (ICRP 2017).

The DRL value is determined as a specific percentile of the distribution of the observed doses, most 
commonly the 75th percentile (Aroua et al. 2007). A rounded value of the 75th percentile (Hart et al. 
2002; NRPB 1999) and the 80th percentile of the dose distribution have been used in the past to specify 
DRL values (Gray et al. 2005). Where radiation doses are very variable, the upper confidence limit of 
the 75th percentile has also been suggested as an appropriate value (Marshall et al. 2000). Previously, 
ICRP has not recommended any specific percentile, but both ICRP and NCRP now recommend use 
of the 75th percentile (ICRP 2017, NCRP 2012). Because dose distributions for most imaging examina-
tions typically are not normally distributed (Hart et al. 2002), and frequently are log-normal (Kwon 
et al. 2011; Tsai et al. 2007), the 75th percentile separates the relatively high-dose “tail” of the distribu-
tion from the remainder of the distribution regardless of the type of examination or the dose metric 
used (Figure 4.1). 

Interestingly, a 2014 survey of CT dose data in Scottish hospitals demonstrated a different dose 
distribution compared to the log-normal distributions seen previously, with the majority of the dose 
data clustered around a position just below the national DRL value (Sutton et  al. 2014) This may 
be a result of the approach to optimization used in the UK, where medical physicists are regularly 

FIGURE 4.1 Shape of a typical log-normal distribution of data. The 75th percentile is shown as a dashed line. 
Note that the left end of the distribution is not at zero.
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involved in optimization efforts, the DRL process has been in use for several decades, and national 
DRL values are available.

DRLs are a quality assurance and quality improvement tool, used as part of a systematic approach to 
evaluate local practice. They are a guide to help determine when practices at a facility warrant investiga-
tion. To do this, the median radiation dose for a specific imaging procedure at the facility is compared to 
the DRL value. If it consistently exceeds the DRL value, the facility should conduct an investigation of its 
equipment and clinical practices in order to reduce radiation doses (NRPB 1990; Wall 2001). The phrase 
“consistently exceeds” is interpreted by ICRP as meaning in a majority of cases, as opposed to over a 
period of time (ICRP 2017). The goal of this process is to reduce average doses below the DRL value. 
When this process is adopted widely, the ultimate result is to shift the right side of the curve in Figure 4.1 
to the left. Optimization of practice may not shift the left edge of the curve further to the left, as there is a 
minimum radiation dose necessary to produce images that are adequate to supply the needed diagnostic 
information. Adoption of a technological advance that permits adequate quality images to be obtained 
with lower radiation doses, such as iterative reconstruction as a replacement for filtered back projection 
in CT, will move the left edge of the curve further to the left. It will not move it to zero, as some radiation 
dose will always be necessary.

DRLs apply only to groups of patients. They do not apply to individual patients. They are intended to 
be a reasonable indication of dose for average-sized patients, and to provide guidance on what is achiev-
able with current good practice, rather than optimum performance (IAEA 1996). A facility where aver-
age patient dose metrics are below the DRL value should not assume that its practices are optimized. 
A different indicator, the achievable dose (AD), is a better guide to whether dose is optimized (NCRP 
2012). The AD is discussed in Section 4.3.

Regardless of whether DRLs or ADs are used, the sequence for investigating practices that result in 
high doses is the same: first, investigate the equipment, then investigate procedure protocols, and finally 
investigate operator performance (Balter et al. 2011; Vañó and Gonzalez 2001). This sequence is recom-
mended because it is relatively easy to investigate equipment, but it can be quite difficult to evaluate 
operator performance.

Use of the DRL process is supported by national and international advisory bodies (Amis et  al. 
2007; Gray et al. 2005; Hirshfeld et al. 2004; ICRP 2000, 2007b, 2017; Interagency Working Group on 
Medical Radiation 2014; NCRP 2012). Use of the DRL process may be mandatory in some jurisdic-
tions, but numerical values for DRLS are determined by professional bodies and are advisory (ICRP 
2001, 2017). The DRL concept allows flexibility in the selection of examinations to be evaluated and 
implementation of the DRL process. A number of different organizations have provided guidelines on 
measuring radiation dose in clinical practice and setting DRL values (CRCPD 2003; CRCPD/CDRH 
1992; Hart et al. 2012; ICRP 1991, 1996, 2007a, 2017; IAEA 1996; NCRP 2012; Shrimpton et al. 2014; Wall 
and Shrimpton 1998).

DRL values are not a guide to or an indicator of image quality. Imaging procedures must supply 
the diagnostic information required for the clinical task. Radiation doses at a facility that are above or 
below a particular value do not indicate that images are adequate or inadequate for a particular clinical 
purpose. Image quality must be assessed separately from radiation dose (European Commission 1999; 
ICRP 2017). Patient radiation doses that are so low that image quality is inadequate are as bad as, or 
worse, than patient radiation doses that are not ALARA. When image quality is inadequate for the clini-
cal purpose, the administered radiation provides no clinical benefit. Further, the examination must be 
repeated, and the patient will receive additional radiation from the repeated examination.

4.3 History

The use of patient dose measurements for optimization of protection has been reviewed in detail 
(Wall and Shrimpton 1998). Beginning in the 1950s, local surveys of dose metrics from diagnostic x-ray 
examinations were performed, and some relatively general radiation dose information was published 
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(Billings et al. 1957; Moeller et al. 1953; Norwood et al. 1959; Ritter et al. 1952; Wall and Shrimpton 1998). 
National surveys of radiation dose metrics began in the United States in the 1960s (Gitlin et al. 1964; 
U.S. Public Health Service 1966). In the 1970s, the Nationwide Evaluation of X-Ray Trends (NEXT) 
surveys began in the United States (Center for Devices and Radiological Health 1984), and in the 1980s 
the National Radiation Protection Board (NRPB, now Public Health England) conducted surveys in the 
United Kingdom (Shrimpton et al. 1986).

The results of national surveys of dose metrics were the basis for exposure recommendations, first 
developed in the United States for dental radiography and mammography (CRCPD/CDRH 1992; Jans 
et al. 1979; Travis and Hickey 1970; Travis et al. 1973; Wall and Shrimpton 1998), then in the United 
Kingdom (NRPB 1990), and subsequently elsewhere in Europe (European Commission 1996a, 1996b). 
These exposure recommendations were referred to variously as exposure guides, guideline doses, guid-
ance levels, and reference doses. For example, the international Basic Safety Standards issued by the 
International Atomic Energy Agency (IAEA) in 1996 (IAEA 1996) included “guidance levels” that had 
the same meaning as DRLs.

ICRP (1996) began to use the term diagnostic reference level, and subsequently published an addi-
tional Supporting Guidance 2 (ICRP 2001). A summary of ICRP guidance for DRLs was also included 
in its Publication 105, “Radiation Protection in Medicine” (ICRP 2007b). In Europe, DRLs were formally 
introduced in Council Directive 97/43/EURATOM (European Commission 1997, 1999).

An early demonstration of the effectiveness of DRLs for optimization of protection in medical expo-
sures was the Breast Exposure: Nationwide Trends (BENT) mammographic quality assurance program 
in the U.S. (Jensen and Butler 1978). An initial survey, using phantoms, collected data on entrance expo-
sure from facilities in 19 states. On the basis of these data, trained surveyors visited facilities with high 
or low exposures and made recommendations to improve technique. At one-year follow-up, there was a 
substantial decrease in mean exposure and a decrease in the standard deviation of the dose distribution.

In the United Kingdom, where radiation dose data have been collected approximately every five years 
since the mid-1980s, DRLs determined from the results of the 2005 survey were 16% lower than the 
corresponding values in the 2000 survey, and approximately half of the corresponding values in a mid-
1980s survey (Hart et al. 2009). The value of this tool was recognized in the European Commission’s 1997 
Medical Exposure Directive (European Commission 1997). As a result of this directive, member States 
of the European Union were obligated to promote the establishment and use of the DRL process as a 
strategy for optimization. This requirement was reiterated in European Commission (2013). The 2013 
directive also requires that DRL values be updated periodically and that appropriate corrective action 
be taken without undue delay whenever DRLs are consistently exceeded. As noted above, the phrase 
“consistently exceeds” is interpreted by ICRP as meaning in a majority of cases, as opposed to over a 
period of time.

In the United States, the Conference of Radiation Control Program Directors (CRCPD), an organiza-
tion of state radiation regulators, issued exposure guides in 1992 and updated them in 2003 (CRCPD 
2003; CRCPD/CDRH 1992). Values were based on the results of NEXT surveys (see Chapter 3). The 
American Association of Physicists in Medicine (AAPM) Task Group on Reference Values for Diagnostic 
X-Ray Examinations published DRL values for a variety of radiographic, CT, fluoroscopic, and dental 
examinations (Gray et al. 2005), based on 80th percentile values from earlier NEXT surveys. In 2012, 
NCRP published Report No. 172, “Reference levels and achievable doses in medical and dental imag-
ing: Recommendations for the United States” (NCRP 2012), which included recommended DRL values 
from NEXT surveys and other published data. The 2015 revision of Part F of the CRCPD Suggested State 
Regulations (Diagnostic X-Rays and Imaging Systems in the Healing Arts), Section F.3.a., requires that 
nationally recognized DRL values be utilized when applicable (CRCPD 2015).

The concept of an AD was introduced in 1999 by the NRPB (1999), which noted that once a facility 
had adjusted its practices so that patient dose metrics did not exceed DRL values, the next step should 
be to “reduce doses to those achievable by standard techniques and technologies in widespread use, 
without compromising adequate image quality.” NRPB proposed the concept of AD and suggested that 
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in the long term it should be possible to replace DRLS with ADs. The NRPB suggested that AD values 
could be defined as those “likely to be attained when complying with accepted recommendations” for 
good imaging practice, and proposed values for AD that were based, with rounding, on the mean doses 
observed for a selected sample of departments that met European Commission recommendations on 
technique (NRPB 1999). NCRP Report No. 172 subsequently proposed an alternative definition for AD, 
use of the median value obtained from a dose survey (NCRP 2012). The values for ADs given in Report 
No. 172 were determined primarily by using 50th percentile values of dose metrics obtained from NEXT 
survey data. ICRP (2017) does not use the term AD, preferring instead “median values of the national 
survey distribution.”

4.4  Determining Diagnostic Reference Level 
and Achievable Dose Values

Numerical values for DRLs and ADs are determined from the results of surveys of clinical sites. These may 
be conducted by recording values of dose metrics obtained from patient examinations or by using radia-
tion dose data obtained with phantoms. The use of phantoms has been common in the U.S. and played a 
major role in most NEXT surveys, while patient dose data have been used in both the U.S. and Europe. 
Both methods have advantages and disadvantages, but patient surveys are preferred for most medical 
imaging examinations (ICRP 2017).

Phantoms are used most often for evaluation of general radiography and mammography. Data 
acquired from phantoms can easily be used to compare equipment within a facility or among facili-
ties. A single measurement is adequate to characterize equipment performance with respect to dose. 
However, while data acquired using phantoms are adequate to characterize equipment performance, 
they are not sufficient to evaluate operator performance or clinical practices.

Data acquired from patient examinations include the effect of clinical practices and operator perfor-
mance but are more difficult to acquire and more difficult to use for comparisons among different imag-
ing rooms or different facilities. For most imaging examinations, the dose required to obtain an adequate 
image depends on body part thickness and therefore on patient size and weight. Surveys that rely on 
patient dose data typically specify a relatively narrow range of patient weights (e.g., for adults, 65–75 kg, 
a mean of 70 ± 3 kg) or use some method to correct for patient body habitus (Chapple et al. 1995; Hart 
et al. 2002; Lindskoug 1992; Marshall et al. 2000). Each facility must collect data for multiple patients and 
submit average values for the dose metric of interest. Methods that select patients on the basis of weight 
reduce the amount of data available, in part because some patients are outside the acceptable weight 
range, but more frequently because the patient’s weight is not known (Hart et al. 2002). Despite these 
difficulties, patient dose data are generally preferable to phantom-derived data, because they represent 
actual clinical practice and incorporate the effects of facility practices and routine operator performance. 
Use of data from patients is also more consistent with ICRP guidance that the numerical value of the 
DRL should be linked to “defined clinical and technical requirements for the medical imaging task” 
(ICRP 2001, 2017). This implies that data should come only from similar procedures at all the participat-
ing facilities.

When patient dose data are used, it is important to obtain sufficient data from each facility. The choice 
of sample size is a balance between reducing uncertainty and having a realistic and workable goal. In 
the United Kingdom, the recommendation is that data be collected for at least 20 patients for each 
specific imaging procedure being evaluated and preferably at least 30 for fluoroscopic examinations, 
where variability is greater (Institute of Physical Sciences in Medicine 1992). ICRP (2017) also provides 
guidance. When data are collected from a limited number of patients, it should be collected only from 
those examinations where the patients meet the size or weight criteria. For interventional fluoroscopy 
procedures, where there is no “standard” procedure, a current recommendation is that radiation dose 
data be collected for all patients (Balter et al. 2011; Miller et al. 2012; NCRP 2010). Data collection can be 
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laborious if manual methods are used, but recent developments in automated data collection and data 
mining have the potential to simplify the process dramatically and allow collection of data from large 
numbers of patient examinations (Bhargavan-Chatfield and Morin 2013; Cook et  al. 2011; Charnock 
et al. 2013; Ikuta et al. 2012; ICRP 2017; Kanal 2017; Sodickson et al. 2012). When data from large numbers 
of patients are available, patient weight has only a minimal effect on the final DRL values (Hart et al. 
2002) and data for all patients undergoing the procedure should be used (ICRP 2017).

The dose metric used to develop DRL values depends on the type of examination and the availabil-
ity of the dose metric. It is more useful to measure exposure than patient dose. The metric should be 
one that is easily measured, such as volume CT dose index (CTDIvol) for CT, administered activity for 
nuclear medicine, and entrance surface air kerma (ESAK) for radiography (ICRP 2001, 2017). There 
is value to recording and developing DRLs and ADs for more than one dose metric (ICRP 2017). For 
example, if both CTDIvol and dose-length product (DLP) are used to develop DRL values, a facility might 
observe that, for a specific examination, the average CTDIvol is below the DRL value for CTDIvol, but the 
average DLP value is above the DRL value for DLP. This suggests that the scan length used at the facility 
for this particular CT examination is not optimized. This might not have been as obvious if only CTDIvol 
or only DLP were evaluated. It has been recommended that all readily available dose metrics should be 
used to develop DRL values (Miller et al. 2009, 2012; NCRP 2010; Vañó and Gonzalez 2001).

4.5 Specific Imaging Modalities

Specific considerations for DRL and AD development and use are discussed below for radiography, 
CT, interventional fluoroscopy, nuclear medicine, and pediatric applications. When the DRL process 
is used to optimize protection as part of the quality improvement process, it is imperative to evaluate 
image quality at the same time. Assessment of image quality can be subjective, but objective criteria 
are available for radiography in adults and children and for CT to assist in this evaluation (European 
Commission 1996a, 1996b, 2000).

4.5.1 Radiography

In the U.S., DRL values have been based on data obtained by using standardized phantoms (NCRP 2012). 
In Europe, where DRL development has been ongoing for a longer period of time, patient dose data are 
available and used for determination of DRL values. In the U.S., DRLs for radiography, obtained using 
phantoms, have been defined using incident air kerma, also called entrance skin exposure in air (Gray 
et  al. 2005). This dose metric does not include backscatter (Rosenstein 2008). The most recent com-
pendium was published in 2012, but the current DRL and AD values are based on the results of earlier 
surveys (NCRP 2012).

In the U.K., DRL values derived from patient data have been measured with thermoluminescent 
dosimeters (TLDs) and reported for individual images as ESAK, also called entrance surface dose (ESD), 
which includes backscatter (Hart et al. 2002; Rosenstein 2008). Kerma-area product (KAP) is used as 
the dose metric for complete examinations (Wall and Shrimpton 1998). Dose metrics are recorded from 
examinations performed on a representative sample of 10 or so patients with a mean weight close to 
70 kg. This method has been used for several decades (Institute of Physical Sciences in Medicine 1992; 
Wall and Shrimpton 1998); DRL values for radiography from the 2010 survey are available (PHE 2016). 
The European Commission has adopted the approach used in the U.K., with the stipulation that “at least 
10 patients should be included for each examination at the facility in order to determine an ESD value 
for comparison with the DRL” (European Commission 1996b).

ICRP recommends using patient data rather than phantoms. Both ESAK and KAP are recommended 
for radiography. For mammography, ICRP (2017) recommends the use of one or more of incident air 
kerma, ESAK, and mean glandular dose.
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4.5.2 Computed Tomography

The most commonly used dose metrics in CT, CTDI (as either CTDIvol or CTDIw) and DLP, are indica-
tors of radiation output from the CT scanner rather than patient dose (McCollough et al. 2011a). Modern 
CT scanners display and output both CTDIvol and DLP values. If these values are obtained by scanning 
phantoms, it is essential to be certain that the same phantom is being used, as there are two different 
standard phantoms (16 and 32 cm diameter). ICRP (2017) recommends that DRL values be determined 
for both CTDIvol and DLP. Size-specific dose estimates (SSDE) can be a further source of information 
for optimization.

It is preferable to use patient data. In Ireland, DRLs for nine common CT examinations have been 
determined by collecting data through a survey of multiple hospitals (Foley et al. 2012). CTDIvol and 
DLP data for a minimum of 10 patients were collected from each examination type at each facility, and 
DRL values were based on the rounded 75th percentile of the dose distribution for each examination. 
A similar approach was used in Taiwan (Tsai et al. 2007). U.K. DRL values for CTDIvol and DLP from 
the 2011 survey have been published (PHE 2016).

In the U.S., 75th percentile values for CT dose metrics are available from NEXT surveys (CRCPD 
2007) and the American College of Radiology (ACR) CT Accreditation Program (McCollough et al. 
2011b). More recently, the ACR Dose Index Registry (DIR) has collected dose metric data (CTDIvol, DLP, 
and SSDEs) on 5.5 million CT examinations, including 1.5 million adult and 80,000 pediatric CT exami-
nations performed at 465 facilities in the first six months of 2013 (Bhargavan-Chatfield and Morin 2013). 
This wealth of data permits determination of the 75th percentile values of dose metric distributions for 
a wide variety of CT examinations. The DIR supplies these data to each participating site semi-annually, 
along with a summary of each site’s own dose metric distributions. This markedly simplifies the process 
of dose optimization at individual facilities, as dose data are collected automatically and data analysis is 
done at a central facility. These data have also been used to provide U.S. national DRL and AD values for 
10 adult CT examinations (Kanal 2017).

Notification Alerts, a component of the CT Dose Check standard (NEMA 2010), are intended to 
protect patients from inadvertent exposure to excessively high radiation doses. CT DRL values have 
sometimes been used to set values for these notifications. This is not appropriate (AAPM 2011). DRL 
values apply to groups of patients. Notification Values apply to individual patients—if the Notification 
Value is exceeded, a pop-up notification appears on the operator’s console that prompts the tech-
nologist to review the scan settings for that patient before proceeding with the examination. Also, 
DRL values are based on examination of an average-sized patient. CT examinations of large patients 
require more radiation than examination of average-sized patients to achieve adequate image quality, 
so use of DRL values as Notification Values will result in a large number of inappropriate notifica-
tions when large patients are scanned. This may lead users to ignore relevant notifications due to these 
false- positive notifications. Ideally, notifications should occur in fewer than 5% of CT examinations 
(Howard et al. 2014).

4.5.3 Interventional Fluoroscopy

DRL values for diagnostic imaging procedures are derived from data collected for standardized exami-
nations performed on a standard-size patient or phantom (European Commission 1999). Interventional 
procedures differ from diagnostic imaging procedures in that interventional procedures are not stan-
dardized. Interventional procedures demonstrate substantial variability in radiation dose among indi-
vidual cases, owing to patient, operator, and equipment factors (ICRP 2001). Phantoms are less useful 
in establishing DRLs for interventional procedures, as their use provides information on equipment 
performance but does not reflect the effects of variations in patient factors (anatomy, lesion, and disease 
variations) or operator performance (Balter et al. 2011, NCRP 2010).
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In principle, the DRL process could be used for dose management for interventional procedures but is 
difficult to implement because of the very wide distribution of patient doses, even for the same procedure 
performed at the same facility (ICRP 2007b; Padovani and Quai 2005). However, the DRL methodology 
used for diagnostic imaging procedures can be modified to help manage the substantial variability in 
radiation dose for individual cases seen in interventional procedures.

Radiation doses from interventional procedures are strongly affected by procedure complexity. 
Complexity reflects variations in patient anatomy, lesion characteristics, and disease severity (Bernardi 
et al. 2000; IAEA 2009; Peterzol et al. 2005; Vehmas 1997). Because of the marked variability in patient 
doses, it has been suggested that data on at least 50 patients per facility should be collected for each 
interventional procedure (Vano et al. 2008). Additionally, Marshall and colleagues (Marshall et al. 2000) 
have recommended using the upper confidence limit of the 75th percentile of the dose distribution for 
procedures with wide variation in patient dose resulting from complexity, in order to avoid excessively 
stringent DRL values caused by sampling limitations in the data.

One way of dealing with the variability in patient dose metrics due to various patient-specific factors 
is to compensate for the complexity of the procedure (ICRP 2007b). This has been done, for example, for 
percutaneous coronary artery interventions, where individual cases have been determined to be simple, 
medium, or complex based on factors such as the number of vessels treated, the number of vessels with 
severe tortuosity, and the number of bifurcation stents placed (Balter et al. 2008; Bernardi et al. 2000; 
IAEA 2009). Similar, but preliminary, complexity classification schemes have been proposed for cardiac 
electrophysiology procedures (Padovani et al. 2008) and some interventional radiology proedures (Ruiz 
Cruces et al. 2016). However, since assessing procedure complexity requires substantial clinical data that 
are difficult to collect and often are not available, many published studies have presented DRL values 
for interventional fluoroscopy procedures without consideration of procedure complexity (Balter et al. 
2008; Miller et al. 2009, 2012; Neofotistou et al. 2003; Peterzol et al. 2005; Vano et al. 2009). Similarly, 
the effects of case-to-case variability in complexity outweigh the effects of patient weight. Patient weight 
can generally be ignored when DRL values are determined without the use of complexity information 
(Miller et al. 2009).

Another method can be used to characterize and analyze patient radiation dose for interventional 
procedures, without the need for the clinical data needed to determine complexity (Balter et al. 2011; 
ICRP 2017; NCRP 2010). This method requires collection and analysis of data from a greater number 
of cases than those used to determine DRL values for diagnostic imaging, and ideally uses data from 
all cases of a specific procedure. This method requires information on the full dose distribution and 
the uncertainty of the dose distribution (Marshall et al. 2000). It provides a benchmark in the form 
of an advisory data set (ADS), which consists of the relevant dose metrics for all of the cases of that 
procedure performed in a large number of facilities (Balter et al. 2011; IAEA 2009). As noted earlier, 
automated data mining has the potential to allow collection of data from large numbers of patient 
examinations.

European DRL values generally use KAP (Bleeser et al. 2008; Brambilla et al. 2004; D’Helft et al. 2009; 
Vano et al. 2009; Zotova et al. 2012), although some published recommendations also include one or 
more of cumulative air kerma, fluoroscopy time, and the number of images (Brnic et al. 2010; Padovani 
et al. 2008; Vano et al. 2008). The most recent U.K. DRL values are presented as KAP and fluoroscopy 
time (PHE 2016). In the U.S., published recommendations typically include all four of these dose metrics 
(Miller et al. 2009, 2012; NCRP 2012). As noted above, evaluation of facility performance using multiple 
dose metrics can yield useful information. For example, a facility where median cumulative air kerma 
values are acceptable but kerma-area product values are high probably has an opportunity to improve 
its performance by promoting better attention to collimation. ICRP now recommends that DRL values 
be established KAP, cumulative air kerma, fluoroscopy time, and the number of radiographic images 
(ICRP 2017). NCRP report No. 172 provides U.S. DRL values for all four dose metrics for selected inter-
ventional fluoroscopy procedures (NCRP 2012).
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The DRL process is designed to optimize radiation use in order to minimize the risk of a stochastic 
effect. It is not intended as a means to control the risk of a tissue reaction, such as skin injury. Other 
methods have been developed to address the risk of tissue reactions (ICRP 2013a; NCRP 2014).

4.5.4 Nuclear Medicine

Nuclear medicine procedures differ from procedures performed using x-rays in that the radiation dose 
results from administered radiopharmaceuticals. The approach used for radiography, fluoroscopy, and 
CT, measuring radiation output from the imaging device, is not applicable to nuclear medicine pro-
cedures. ICRP (1996) Publication 73, the EC Medical Exposure Directives and guidance (European 
Commission 1997, 1999, 2013) and NCRP (2012) Report No. 172 recommend that DRL values in nuclear 
medicine should be expressed in terms of the administered activity of the radiopharmaceutical used for 
each specific clinical examination. ICRP now observes that the ideal DRL value for a specific clinical 
task is the administered activity per body weight of the specific radionuclide (ICRP 2017). The recom-
mended administered activity is not based on the 75th percentile of a dose survey, but on the admin-
istered activity necessary for an adequate image during a standard procedure (the “optimum” value) 
(European Commission 1999). As a result, in nuclear medicine the goal for standard procedures is to 
approach the DRL value as closely as possible without exceeding it. This is different from imaging pro-
cedures using x-rays, where the goal is to stay well below the DRL value.

DRLs for nuclear medicine procedures have largely been determined through surveys of practitioners 
and facilities conducted by professional societies such as the Society of Nuclear Medicine and Molecular 
Imaging. Collated recommended values for the U.S. are available (NCRP 2012). Data for myocardial 
perfusion imaging derived from ACR surveys were published in 2016 (Becker et al. 2016). The ACR DIR 
has provided data on the CT radiation dose component of positron emission tomography (PET)-CT 
examinations (Alessio et  al. 2015). Professional societies have also published recommendations for 
administered activity (European Association of Nuclear Medicine 2017; Society of Nuclear Medicine 
and Molecular Imaging 2015).

4.5.5 Pediatrics

Since DRL values for adult examinations are based on dose metrics for an average-sized adult, they 
are not suitable for children. Initial European surveys of pediatric dose metrics included 3 age groups: 
infant (10 months), 5 years, and 10 years (European Commission 1996a). More recent U.K. and other 
publications typically provide DRL values for pediatric patients at 5 standard ages that correspond to 
standard-sized mathematical phantoms: 0 (newborn), 1, 5, 10, and 15 years (Hart et al. 2009, 2002; Pages 
et al. 2003). In the U.K. this has been done by normalizing dose metrics from examinations of individual 
children to those for the nearest standard-sized age (Hart et al. 2000).

Age does not correlate well with size or weight in children. Radiation dose correlates better with 
a child’s weight or size than with the child’s age (Järvinen et al. 2011). Current recommendations for 
designing CT protocols for children are based on patient size or weight, rather than patient age (Frush 
et al. 2002; ICRP 2013b; Nievelstein et al. 2010; Verdun et al. 2008; Watson and Coakley 2010). DRLs for 
children should be constructed using weight ranges (ICRP 2017). A few weight-based recommendations 
for DRL values, based on surveys, have been published for CT (Goske et al. 2013) and nuclear medi-
cine (Gelfand et al. 2011). The data collected by the ACR DIR has provided insight into radiation doses 
used for pediatric CT (Marin et al. 2015; Strauss et al. 2017). The IMPACT registry (https://www.ncdr.
com/webncdr/impact/), a part of the American College of Cardiology’s National Cardiovascular Data 
Registry, has begun collecting radiation dose data along with the clinical data collected for interven-
tional fluoroscopy procedures performed on pediatric and adult patients with congenital heart disease, 
and should be able to support creation of DRL values for these procedures.

https://www.ncdr.com/webncdr/impact/
https://www.ncdr.com/webncdr/impact/
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4.6 Conclusion

In medical imaging with ionizing radiation, the principle of optimization of protection (the ALARA 
principle) means that the imaging study should be performed with the least amount of radiation 
required to provide adequate image quality. DRLs and ADs are tools that assist in optimization of pro-
tection by helping a facility to identify practices that may result in radiation doses to patients that are 
not optimized. They can be considered investigation levels for medical imaging. They apply to groups of 
patients and are not to be used to evaluate radiation doses to individual patients.

The DRL process for optimization of protection was developed as a means to provide guidance on 
what is achievable with current good practice rather than optimum performance. ADs are an additional 
tool to help reduce doses to those achievable with standard techniques and technologies. The DRL pro-
cess has been shown to an effective tool. Its use is supported by numerous national and international 
organizations and is mandatory in Europe.

DRL values are typically set at the 75th percentile of the dose distribution observed from a survey of 
multiple facilities. In the U.S., NCRP recommends that AD values be set at the 50th percentile of the dose 
distribution. The dose metric used to develop DRL and AD values should be one that is easily measured. The 
specific dose metric used depends on the type of examination and the availability of the dose metric. For 
many imaging modalities, there is value in developing DRL and AD values for more than one dose metric.

DRLs and ADs are effective tools for one component of the optimization process for radiation pro-
tection and management of radiation dose. However, they are not a guide or indicator of the other 
component of optimization, image quality adequate to provide the necessary diagnostic information. 
Radiation doses at a facility that are above or below a particular value do not indicate whether the 
resultant images are adequate or inadequate. Image quality must be assessed separately from radiation 
dose. Optimization must manage the radiation dose to the patient without sacrificing the image quality 
necessary to achieve the clinical purpose.
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5.1 Introduction

Performing dentistry without contemporary imaging is unimaginable. Most dental pathology either 
hides in the bone and soft tissues not seen with the eye or moves into these places from visible intraoral 
structures where their deeper effects are often hardly evident or not evident at all. Thus, for most dental 
and maxillofacial diagnoses, imaging has become an absolutely essential part of the diagnosis and treat-
ment planning for every patient.

Doses from dentomaxillofacial (DMF) imaging tend to be very small, with accompanying minimal, 
almost negligible, risks to individual patients. However, doses from large-volume cone-beam computed 
tomography (CBCT) imaging can approach, and even surpass, doses from multi-detector CT (MDCT). 
The fact that CBCT is dentistry’s first volumetric imaging modality, delivering multiplanar views as well 
as aesthetically attractive 3D emulations, may lead to overuse, particularly in younger, more radiation-
sensitive patients. Much attention has been given to risks from DMF imaging; however, the small doses 
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result in risk estimation being population based, and extremely small and difficult to characterize for 
individual patients.

While there are many modalities and views that are used in dentistry, they can be categorized as con-
ventional intraoral imaging, panoramic imaging, cephalometric imaging, and CBCT. The vast majority 
of DMF imaging in the United States is conventional and consists of bitewing and periapical intraoral 
projections. These images provide highly detailed depictions of the teeth, supporting structures, and 
are the first line of imaging for the most pervasive dental pathologies—dental caries and periodontal 
disease. Figure 5.1 shows bitewing and periapical images of patients with normal dentition and support-
ing structures. 

Panoramic imaging, introduced in the 1960s and also known as pantomography, is also widely used 
as it generates variable-thickness, curved-surface tomographic images of the mandible, maxilla, dento-
alveolar structures, temporomandibular joints, and maxillary sinuses. Panoramic imaging is used for 
overall baseline evaluation of new patients, planning of third-molar extractions, evaluation of develop-
ing mixed dentition, mandibulofacial trauma, and a variety of other dental issues. Figure 5.2 shows a 
panoramic image of a patient with normal dentition and supporting structures. 

Cephalometric imaging is used primarily by orthodontists and oral and maxillofacial surgeons. 
These images are similar to skull imaging techniques but differ with focus around delicate facial bone 
structures and soft tissues to avoid burnout by lowering radiation exposure that would otherwise render 
the cephalometric image non-usable. Cephalometric images are used to evaluate patients for dental 
versus skeletal basis of malocclusion, monitoring craniofacial growth and development, and planning 
for orthodontic treatment and some orthognathic surgical procedures. Figure 5.3 shows a lateral cepha-
lometric image of a normal patient being planned for orthodontic treatment. 

(a)

(b)

FIGURE 5.1 (a) Right/left pair of bitewing images of a patient with normal dentoalveolar structures. They show 
the crowns and coronal root segments of both maxillary and mandibular teeth and are the most widely used images 
for the detection of dental caries on approximal surfaces of teeth, as well as the detection of early periodontal bone 
loss between the teeth. Approximal surfaces are shown, as are the indental cortical and cancellous bone. (b) Left 
maxillary premolar periapical image of a patient with normal dentoalveolar structures. It shows the crowns and 
roots of the teeth and the supporting bone structures from either maxilla or mandible. It is widely used to detect 
periapical and furcational pathology, as well as to evaluate more pronounced marginal bone loss.
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FIGURE 5.3 A lateral cephalometric image of a 15-year-old patient being treatment planned for orthodontic care. 
Lateral cephalometric images are used primarily in orthodontic treatment planning, but also, in concert with PA 
cephalometric images, useful in the initial stages of treatment planning for complex orthognathic surgery. Thyroid 
shielding is used for orthodontic patients, as in this image, but not in orthognathic surgical planning as the soft 
tissues of the neck must be evaluated. The ruler is attached to the naso-frontal suture (“nasion”) and is used in 
superimposing subsequent intra- and post-treatment lateral cephalometric images on the same patient.

FIGURE 5.2 A panoramic image of a young patient, free of pathology. Four third molars (“wisdom teeth”) are 
still developing. This image is a variable thickness, pantomograph of the dentition and skeletal facial and gnathic 
structures. As such, it is subject to distortions and non-imaging of objects not in the image layer. Panoramic imag-
ing is widely used as a baseline intake image and is also very useful in third molar evaluation and initial imaging of 
temporomandibular joint pain, orthodontic patients, osseous lesions, and suspected developmental abnormalities.
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CBCT was introduced to dentistry at the end of the twentieth century, and its use has been steadily 
increasing since then. With a wide range of fields of view and multiplanar and various dental-specific 
software emulations, CBCT has become a powerful diagnostic and treatment planning tool, especially 
in areas of dental-implant treatment planning, three-dimensional positioning of impacted teeth relative 
to other teeth and critical structures, detailing bone lesions and defining root canal configurations and 
possible root fractures in endodontic therapy (root canal treatment). The range of doses are extremely 
wide, as the field of view and presets allow considerable variability in the anatomy covered and the voxel 
size. Unfortunately, due to its 3D capabilities and beautiful software emulations, as well as a widely held 
misconception that it is a fancy panoramic machine, CBCT has the capacity to be markedly overused. 
Figure 5.4 shows a typical multiplanar display from a small-volume CBCT acquisition. 

5.1.1 Doses: Frequently Encountered Dentomaxillofacial Imaging Modalities

5.1.1.1 Intraoral Imaging

Doses from conventional intraoral imaging are extremely small compared to those from diagnostic 
imaging generally but are quite variable depending on collimation and receptor type. The most signifi-
cant factors that control dose in intraoral imaging are: (a) rectangular collimation, (b) receptor speed, 
(c) digital device “presets,” and (d) selection criteria. Other factors include thyroid shielding in children, 
lap/chest shielding in young women, and film chemistry for those still using film-based imaging. Any 
reduction in dose if applied nationally impacts 0.5–1 billion exposures annually.

Representative doses from intraoral imaging procedures are shown in Table 5.1. 

FIGURE 5.4 This multiplanar display is from a small-volume CBCT data set acquired with a 40 × 40 mm field of 
view. Counterclockwise from upper left show axial, coronal, and sagittal sections and a 3D emulation through tooth 
American Dental Association (ADA) #30. This tooth has a large periapical lesion (abscess), which has perforated 
through the buccal plate of the mandible. This cortical bone perforation would not have been detected with conven-
tional periapical imaging and would not have been correctly diagnosed and treatment planned.
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Clearly, rectangular collimation and F-speed film or digital detectors have dramatically reduced 
patient dose through better images and fewer retakes.

5.1.1.2 Panoramic Imaging

Doses from panoramic imaging have lowered dramatically during the past four decades, first through 
the introduction of rare-earth imaging systems, and more recently with the rapidly growing use of 
digital panoramic instruments. With contemporary equipment, doses from panoramic imaging range 
from 9 to 24 uSv (White 2013).

5.1.1.3 Cephalometric Imaging

Doses from lateral and Posterior-Anterior (PA) cephalometric images are extremely low, ranging from 2 
to 6 uSv depending on the receptor (White 2013). Collimation of the image and shielding of the thyroid 
in children where orthognathic surgery is not being considered further reduces this dose.

5.1.1.4 Cone-Beam Computed Tomography

Dosimetry from CBCT acquisitions is extremely variable. Field of view (FOV), voxel size, full-swing 
versus half-swing and machine presets are the major variables that determine the dose the patient will 
receive. Small FOV is used primarily for endodontic diagnosis, third-molar evaluation and single-site 
dental implants. Large FOV is used primarily for DMF trauma, complex orthognathic surgical treat-
ment planning, and at times, orthodontic care. Medium FOV is used for multiple dental implant treat-
ment planning, evaluation of odontogenic lesions, and most other applications; it is likely the most 
widely used FOV in CBCT imaging.

Presets vary greatly amongst manufacturers. They carry names such as high-resolution, standard, 
low-dose, and super-detail. These presets are controlled primarily by voxel size, with smaller voxel sizes 
resulting in better resolution and higher doses while larger voxels result in coarser resolution and lower 
doses. High-resolution images are usually the most aesthetically pleasing and, as a result, are appeal-
ing, especially when the images are being shown to patients and patients’ parents. However, for most 
diagnostic needs, standard or low-dose settings generate entirely adequate images for the required diag-
nostic task due to the inherently superb spatial resolution of this modality. High resolution is rarely 
needed for the vast majority of DMF situations and should be avoided, as such settings can markedly 
increase patient dose. Some CBCT machines now have the option for a 180-degree arc rather than 360. 
Preliminary studies have shown minimal or no loss of detail on the resultant images, and patient dose 
is markedly reduced with the half-arc acquisition.

TABLE 5.1 Effective Doses (uSv) from Intraoral 
Radiographic Examinationsa

Rectangular Collimation
Posterior bitewings: PSP or F-speed film 5
Full-mouth: PSP or F-speed film 35
Full-mouth: CCD sensor (estimated) 17

Round Collimation
Full-mouth: D-speed film 388
Full-mouth: PSP or F-speed film 171
Full-mouth: CCD sensor (estimated) 85

Source: White 2013, Table 3.3.
a Full-mouth is 2–4 bitewings plus 14–18 periapicals; PSP is 

photostimulable phosphor plate CCD is charge-coupled 
device; film speeds are ANSI.
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Table 5.2 below shows the range of doses from small-, medium- and large-FOV CBCT machines. The 
numbers and manufacturers of such machines are constantly changing, seeming to vary almost daily. 
Thus, these numbers are accurate for the instruments measured at the time but are only estimates for 
systems actually in use today. 

5.2 Benefits of Dentomaxillofacial Imaging

The benefits of DMF imaging are beyond the scope of this chapter. Suffice it to say, essentially every 
dental practitioner, whether generalist or specialist, has imaging equipment in their office and makes 
their own imaging decisions. Thus, almost all imaging in dentistry is self-referral making it very differ-
ent from primary care or non-radiologist referral, which in turn leads to greater utilization of diagnostic 
imaging (Farman 2009). All diseases of mineralized gnathic tissues, as well as many of soft tissues, are 
only diagnosed through traditional or advanced imaging. The choice of the most appropriate imaging 
modality is the responsibility of the dentist.

5.2.1  Detection of Common Dental Diseases with 
Traditional Intraoral Imaging

5.2.1.1 Dental Caries

Dental caries (tooth decay) (Fejerskov 2015), a serious malady of mankind for all time, remains the 
most prevalent infectious disease worldwide in both children and adults (Ozdemir 2013). An infection 
could result from the confluence of tooth, substrate, and cariogenic bacteria. If an infection were left 
untreated, progressive demineralization of the enamel and dentin, invasion and necrosis of pulpal tis-
sues, and spread into the adjacent alveolar bone could result. Complications from dental caries, usually 
in the form of an abscess at the root apex, which may break through the bone and into the fascial spaces, 
can lead to death (Kim 2013). Dental caries is largely preventable through diet, home oral hygiene, and 
periodic visits to the dentist.

The critical factor in treating existing dental caries is to find it and quantify it. If found while confined 
to enamel, treatment can be pharmacologic (fluoride). Once the process has penetrated into the den-
tin (cavitated), the lesion must be removed surgically and the defect repaired with a restoration. If the 
process penetrates into the pulp, it usually requires either endodontic treatment (root canal therapy) 
or extraction and replacement with a dental implant or a fixed or removable prosthodontic appliance 
(crown, and bridge or denture). Thus, early detection is critical. While visual inspection will usually 
reveal carious lesions of the occlusal and facial surfaces, lesions on the interproximal surfaces where 
the teeth contact each other are not clinically visible unless large; this is where radiology is the key 
diagnostic entity. In spite of numerous attempts to detect interproximal caries with methods other than 
traditional radiology, the bitewing radiograph remains the gold standard for early interproximal caries 
detection (White 2013).

TABLE 5.2 Effective Doses (uSv) from Full Arc 
CBCT and MDCT DMF Imaging

Cone Beam CT
Large FOV 68–1073
Medium FOV 45–860
Small FOV 19–652

Multidetector CT
Head; conventional protocol 860–1500
Head; Low-dose protocol 180–534

Source: White 2013, Table 3.3.
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The bitewing radiograph, almost always used to image posterior teeth (premolars and molars), shows 
the contacting surfaces in both arches and allows inspection of these surfaces for the telltale loss of 
mineral density seen with dental caries. This technique is highly reliable for detecting cavitated lesions 
and 70%–80% reliable for detecting lesions confined to enamel (White 2013). Figure 5.5 shows typical 
bitewing images with enamel, dentinal, and very deep carious lesions. 

5.2.1.2 Periodontal Disease

Periodontal disease (Newman 2014) is a complex, multifactorial inflammatory/infectious process, which 
affects the gingiva (gums) and alveolar bone that support the teeth. The patient’s immune and inflam-
matory response to microbes, particularly subgingival microbes, is a key to the severity and progression 
of periodontal disease, and periodontal disease has been shown to have associations with the over-
all health of the patient. Inflammatory periodontal disease begins in the gingival tissues and spreads 
progressively into the tooth-supporting periodontal ligament and alveolar bone where it becomes the 
destructive form of periodontal disease, called periodontitis. This can ultimately lead to irreversible 
bone loss and subsequent tooth loss. Moderate periodontal diseases affect a majority of adults greater 
than 50 years or age, and severe periodontitis effects 5%–15% of adults (NIH 2017). Factors known to 
increase susceptibility to and severity of periodontal disease include smoking, diabetes mellitus, some 
anti-seizure medications, anti-cancer drugs, oral contraceptives, and some calcium channel blockers 
(NIH 2017).

In mild or moderate chronic periodontitis, periodontal disease is very treatable by conventional, non-
invasive methods. Severe periodontitis requires more invasive treatments, including efforts to regener-
ate supporting bone, but will often result in tooth loss. Thus, as with dental caries, early detection is 
critical to maintaining the health of the teeth and their supporting structures.

Marginal periodontal structures and their relationships to the teeth are best imaged with bitewing 
projections in the posterior areas and periapical projections in the anterior areas. Isometric projection 
of these relationships is critically dependent on proper geometrical positioning of the x-ray tube and 
the receptor relative to the angulations of the teeth and the curvatures of the arches. It is essential to 
properly show the crest of the alveolar bone and its relationship to the cementoenamel junctions of the 
teeth. Panoramic images give an overall and gross view of marginal bone configurations and levels but 

FIGURE 5.5 This right premolar bitewing demonstrates numerous carious lesions of mild-moderate severity. 
These appear as demarcated, relatively radiolucent areas, which interrupt the normal enamel and dentin densities. 
Mild lesions, primarily in approximal enamel, are seen on ADA teeth 4, 5, 28, and 29. Moderate lesions, well into 
dentin, are seen in ADA teeth 3, 30, and 31.
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do not give the detail of the intraoral views. Treatment of marginal inflammatory periodontal disease 
is best accomplished by including home care with proper toothbrushing and flossing as well as periodic 
examinations and professional cleanings. In most cases, this will prevent the progression of inflamma-
tory periodontal disease to the destructive form of periodontal disease. Treatment of destructive forms 
of periodontal disease include proper home care but may also include a variety of therapeutic interven-
tions, including scaling and planning of the roots, local surgical procedures, and bone regeneration 
procedures.

In a healthy patient, free of periodontal disease and having no history of periodontal disease, the 
alveolar crestal bone should be corticated and be located 1–2 mm apical to the cementoenamel junc-
tions of the teeth. The appearance of a normal, healthy marginal periodontium on imaging is shown is 
Figure 5.6a. The progression of periodontal disease into and through the alveolar bone results in loss of 
the periodontal ligament attachment between teeth and bone, and loss of bone in a variety of patterns; 
frank marginal bone loss is shown in Figure 5.6b. 

5.2.1.3 Apical Periodontitis

Apical periodontitis (Hargreaves 2015) is usually the outcome of dental caries penetrating into and 
infecting the pulp. Following pulp infection, microbial products may leach into the periapical tissues 
via apical foramina, exert immunomodulatory effects on various periapical cells, and cause periapi-
cal inflammation (i.e., apical periodontitis). A dynamic encounter between microbial factors and 
host defenses at the interface between infected root canal and periodontal ligament results in local 
inflammation, resorption of hard tissues, and eventual formation of what are commonly referred 
to as periapical lesions. Periapical inflammatory diseases manifest themselves in a wide variety of 
clinical and radiographic features, which include apical osteolysis, which may be seen as a periapi-
cal radiolucent area in the radiograph, periapical pain, periapical abscess formation, swelling, and 
sinus tract (“fistula”) formation. Unlike necrotic pulp, inflamed periapical tissues do not normally 

(a) (b)

FIGURE 5.6 (a) Shows normal marginal periodontal structures. The alveolar crestal bone is sharply defined, 
corticated, and located 1–2 mm apical to the cementoenamel junctions. ADA teeth 15 and 20 have undergone end-
odontic treatment (root canal treatment). Various types of restorations are seen on ADA teeth 14, 15, 18, 19, and 20. 
(b) Shows frank evidence of marginal periodontitis. Bone levels have resorbed markedly toward the root apices in a 
variety of patterns, and cortical bone at the alveolar crests has been lost. Abundant calculus deposits, seen as opaci-
ties projecting from the crowns and roots of most of the teeth, are present.



87Optimization and Dose Reduction in Dentomaxillofacial Imaging

harbor bacteria, because any bacteria extruded into the periapical tissues is likely to be eliminated by 
host tissue immune mechanisms. However, transitory bacteria in periapical tissues may sometimes 
cause periapical infection, which, if not managed, may lead to severe and—at times—life-threatening 
perioral infections.

The treatment of periapical lesions is the realm of the endodontist, who has to decide if the tooth can 
be saved with root canal treatment or needs to be extracted. This decision is based on patient signs and 
symptoms, clinical findings, and imaging features. Endodontic treatment consists of cleaning, shap-
ing, and disinfection of the root canals, followed by obturation of the canals, usually with gutta percha 
and paste sealer. Antibiotics are contraindicated, as there is generally not any infection in the osseous 
tissues. Endodontically treated teeth are usually then treated with a cast post-and-core restoration, 
which forms the base for a cast restoration of the crown. Traditional imaging has been with periapical 
radiographs, and panoramic images show overt periapical lesions; however, early apical periodontitis 
will often not be detected with any conventional imaging techniques. Several new modalities have 
appeared in recent years, including root apex locators (an electronic device which can identify the nar-
rowest portion of the canal), microendoscopic canal evaluations, and CBCT that add to the strength 
of defining the extent of overt lesions and mapping canals, but still are not very reliable in detection 
of early disease.

The essence of the imaging diagnosis is bone change at and surrounding the root apex, and in 
the case of maxillary posterior teeth, changes in the cortical f loor and mucoperiosteal lining of the 
maxillary sinus. The extent of bone demineralization and sclerosis, the presence of cortical perfo-
ration, and the possible presence of root fractures are also critical features to demonstrate as they 
effect treatment decisions. Additionally, it is important to develop a map of the root canal system 
so that all of the pulp can be removed and all of the canals can be obturated. Traditional periapical 
imaging, shown in Figure 5.7, tends to show the canal system of single-rooted teeth relatively well; 
however, multi-rooted teeth such as molars and some premolars can have accessory canals, extra 
canals, and require more advanced imaging techniques to properly demonstrate the canal system. 
CBCT has become the primary imaging modality for situations that demand detailed imaging of 

(a) (b)

FIGURE 5.7 (a) Shows ADA tooth 19 with extensive coronal caries, extending into the pulp, and bone rarefaction 
at the root apices surrounded by marked bone sclerosis (apical periodontitis). (b) Shows ADA tooth 20 with obtura-
tion of the root canal by gutta percha.
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roots, canal morphology, extension of periapical lesions, and identifying possible causes of prior 
endodontic treatment failure (AAE and AAOMR 2015). Traditional images of a tooth with apical 
periodontitis and an endodontically treated tooth are shown in Figure 5.7, while more complex 
imaging of a tooth with a failed endodontic treatment, subsequently imaged with small-volume 
CBCT, is shown in Figure 5.8.  

5.2.2 Evaluation of Growth and Development

Orthodontists, oral and maxillofacial surgeons, and pediatric dentists are frequently involved 
in treating patients with disorders of growth and development. Such disorders range from mild 

FIGURE 5.8 Shows axial (above) and corrected coronal sections from a small volume CBCT acquisition of end-
odontically treated ADA tooth #2 using 60 × 60 mm FOV. The patient continued having pain and an active buccal 
fistula. The CBCT showed no obturation of the distobuccal canal, extensive periradicular and furcational bone 
rarefaction, loss of the buccal cortex, and mild mucoperiosteal swelling of the overlying maxillary sinus floor. The 
only abnormality evident on periapical imaging was persistence of a periapical radioluceny.
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dental crowding to severe syndromes with palatoschesis, mandibular hypoplasia, macroglossia, 
airway difficulties, and other associated craniofacial and systemic problems. Diagnostic evalua-
tion is complex, and may involve panoramic, cephalometric, CBCT, MDCT, and MRI imaging of 
the craniofacial and gnathic structures. Treatments are often multimodality, involving teams of 
health-care providers from a variety of specialties. CBCT imaging of a patient with an impacted 
maxillary canine is shown in Figure 5.9. CBCT imaging of a patient with Ehlers-Danlos syndrome 
is shown in Figure 5.10.  

(a) (b)

(c) (d)

FIGURE 5.9 This young patient has an impacted maxillary canine, ADA tooth 11, in her palate. CBCT imaging was 
used to precisely image this tooth and define its relationships to the roots of adjacent teeth 9 and 12 (tooth 10 was con-
genitally absent). (a) A corrected sagittal section, shows the crown of impacted tooth 11 adjacent to, but not resorbing, 
the root of tooth 9. (b) A corrected coronal section, shows the root of impacted tooth 11 adjacent to the apical one-third 
of the root of tooth 12. There is a slight curvature of the apical one-third of the root of 12, likely developmental in 
response to the adjacent root of 11. (c) 3D maximum intensity rendering (MIP) of the acquired CBCT volume in the 
axial plane. Orthodontic brackets and wires are present on all of the teeth except impacted tooth 11. (d) 3D MIP of 
the acquired CBCT volume in reversed sagittal rendering—as if you are inside the mouth looking out. These types 
of views, taken together, are very helpful in planning the best route for moving the impacted canine into the proper 
position in the arch.
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5.2.3  Delineation of Unusual and Advanced Pathology 
of the Gnathic Structures

Textbooks are filled with a vast array of odontogenic cysts, neoplasms, dental abnormalities, extensive 
infections, temporomandibular joint disorders, and salivary gland disorders, as well as trauma to the 
teeth, supporting structures, and facial bones. Extensive DMF diseases that involve salivary glands and 
fascial spaces are the domain of MDCT and MRI and will not be discussed here.

Bone lesions of the gnathic structures and temporomandibular joint (TMJ) disorders, more often 
than not, present with pain and/or swelling. Malignant lesions involving the gnathic bones are often 
accompanied by paresthesia. The imaging component of the diagnosis of such a lesion almost always 
begins with a panoramic image (Figure 5.11). This may be sufficient, but is often followed by advanced 
imaging, with CBCT being superior for bone lesions due to its extremely high spatial resolution. Where 
soft-tissue involvement is suspected, MDCT and/or MRI become the imaging of choice. CBCT is espe-
cially effective in defining the extent of intraosseous lesions and bone involvement by extraosseous 

(a)

(b) (c)

FIGURE 5.10 3D MIP, rendered from a large volume CBCT acquisition, of a 38-year-old male patient with 
Ehlers-Danlos syndrome. Facial bones are severely underdeveloped, and the patient is edentulous. The CBCT 
volume was needed to plan bone augmentation for dental implant placement to build a functional occlusion and an 
aesthetic mid-facial result. (a) Sagittal rendering, (b) coronal rendering, and (c) colorized, sagittal rendering of bone 
surfaces with superimposed soft-tissue renderings.
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lesions as well as mass effect and effects of lesions on teeth. All of these features are important in the final 
diagnosis of the problem. CBCT is the imaging of choice for defining the extent and severity of med-
ication-related osteonecrosis of the jaws in patients receiving anti-bone-resorptive pharmacotherapy 
as part of treatment for malignant lesions, most often multiple myeloma and breast and prostate carci-
nomas. Osteoarthritic changes are frequently encountered in the TMJs. Evaluating TMJ area pain for 
osseous pathology is the realm of CBCT, which provides excellent detail of the configurations and osse-
ous fine structures, enabling identification of the presence and severity of these changes (Figure 5.12). 

FIGURE 5.11 This panoramic image shows a patient with a large, odontogenic tumor—an ameloblastic 
fibro-odontoma. A moderately locally aggressive tumor, surgical treatment planning was complex, as it required a 
mandibular segmental resection. Further imaging was accomplished using MDCT.

(a) (b)

FIGURE 5.12 Small-volume CBCT imaging of this normal temporomandibular joint (TMJ) shows exquisite 
detail of the temporal and mandibular osseous elements of this complex and unique joint. (a) Sagittal section and 
(b) coronal section. Morphology and details of the cancellous and cortical components are clearly seen.
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Even normal findings in the TMJ osseous components is diagnostically helpful as it can lead to further 
evaluation of the TMJ soft-tissue components, namely, of the articular disc and its osseous attachments 
as well as the presence or absence of inflammatory effusions within the joint spaces using MRI.  

5.2.4 Treatment Planning Implant and Extensive Surgical Procedures

Replacement of missing teeth with dental implants is a widespread and rapidly growing procedure; 
over 5.5 million implants were placed by U.S. dentists in 2006 and increasing by some 500,000 per year. 
It is estimated that the U.S. market for implants and their restorations will reach $6.5 billion by 2018 
(American Academy of Implant Dentistry 2017). CBCT imaging demonstrates bone quality, quantity, 
and location of critical structures in the projected implant sites with excellent spatial resolution; as such, 
it is the gold standard modality of choice for implant treatment planning (Tyndall 2012). An example of 
the use of corrected-angle cross-sectional images to plan a mandibular implant are shown in Figure 5.13. 

Oral and maxillofacial surgery (OMFS) can be very complex and require precise advanced imag-
ing for orthognathic surgical procedures. Most OMF surgeons will image their patients initially with 
panoramic acquisitions. Advanced imaging—MDCT, MRI, or CBCT—is dictated by historical, clinical, 
and panoramic findings. Typical imaging needs of OMFS include impacted third molars, bone lesions, 
infections, TMJ disorders, dental-implant treatment planning and growth, and development disorders. 
CBCT is especially useful in defining the relationships between third molar roots and the inferior alveo-
lar canal, showing bone quality, dimensions, and locations of critical structures for implant treatment 
planning, defining extent of bone lesions and extensive infections and their effects on adjacent struc-
tures, and planning complex surgical procedures for patients with craniofacial deformities. Imaging 
needs tend to be more extensive in this domain than for other DMF diagnosis and treatment planning. 
An example of CBCT imaging for third molar evaluation is shown in Figure 5.14. 

(a) (b)

FIGURE 5.13 Adjusted cross-sectional images from a small-volume CBCT of a projected site for a dental 
implant fixture in the mandibular premolar region. (a) Shows the projected site of the implant with a positioning 
stent above the edentulous site. (b) Shows the site with critical anatomic features identified and measurements to 
help select and align the implant fixture prior to placement (IANC = inferior alveolar nerve canal).
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5.3 Risks of Dentomaxillofacial Imaging

In general, the risks from conventional DMF imaging, if any, are extremely small, perhaps negligibly so. 
Absorbed doses from conventional intraoral imaging, panoramic imaging, and cephalometric imag-
ing are almost always in the low-uGy range. Thus, estimation of risk is based on studies of populations 
exposed to larger doses with extrapolations to very low doses. Layered on these extrapolations are the 
unknown and conflicting potential mechanistic modifiers of adaptive response and bystander effect. 
Thus, such calculations are fraught with uncertainties (NCRP 2012; UNSCEAR 2015), and assigning risk 
values to individuals undergoing DMF imaging is inappropriate. The linear non-threshold hypothesis 
for cancer induction at doses below 100 mGy has been a prudent and practical guideline for decades 
and continues to be so. The enormous numbers of DMF images exposed annually in the United States 
require careful consideration of risks to the population. CBCT is the fastest growing DMF imaging 
modality in the United States with over 5000 units in use and several million examinations conducted 

(a)

(b) (c)

FIGURE 5.14 (a) Shows a panoramic reconstruction through the jaws of a patient being planned for third-
molar extractions. ADA tooth #32 (mandibular right third molar) is impacted and the roots appear to be adjacent 
to the IANC. The canal is mapped in red. (b) Section in corrected sagittal plane from the multiplanar display, 
shows that the roots of this tooth are, in fact, severely curved (dilacerated) but do not clearly show the relationships 
between the roots and the IANC. (c) Section in corrected coronal plane with the IANC highlighted in red, shows 
that the roots flank the IANC. These images showed that there was a high likelihood of damage to the inferior alve-
olar nerve if the tooth was extracted in a conventional manner. The crown of the tooth was sectioned and removed, 
and the roots were left in (“coronectomy”). The patient did fine.
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annually in 2014–2015 (Spelic and Farris 2015). Given that CBCT doses can equal or exceed those of 
MDCT for comparable examinations, risk to the individual, while small, is considerably greater than 
with conventional DMF imaging and needs to be considered even more carefully.

5.3.1 Intraoral Imaging

Doses from intraoral imaging have steadily decreased for decades, and with the widespread adop-
tion of digital receptors are now so low they can be difficult to measure. Doses from a pair of properly 
exposed bitewings are 0.005–0.010 mGy, and from a full-mouth-series are 0.017–0.035 mGy, depending 
on the number of images. These doses fall into the low end of the dose band range as seen in Table 5.3 
(UNSCEAR 2015). Intraoral images taken annually in the United States comprise the majority of dental 
imaging, with the majority of these employing digital technology, which generally reduces the dose 
versus film (Spelic and Farris 2015). The risk to the individual from a properly exposed intraoral exami-
nation is negligible. However, slower receptors, lack of rectangular collimation, and needless exposures, 
coupled with the enormous numbers of annual intraoral examinations, can significantly increase the 
collective dose, demanding that all such images be taken with optimal technique and appropriate selec-
tion criteria. 

5.3.2 Panoramic Imaging

Doses from panoramic imaging have likewise experienced steady and substantial diminution during the 
last three decades, due initially to development of rare-earth film-screen combinations and more recently 
to the widespread adoption of digital technology. The range of effective doses reported in recent literature 
is 9–24 uSv (White 2013). This dose range is well within the very low category, and as such poses a minimal 
risk to the individual patient (UNSEAR 2015). While the numbers of panoramic machines and annual 
exposures are not presently available, the 1999 Nationwide Evaluation of X-Ray Trends (NEXT) survey 
found that over 28 million examinations were performed annually (CRCPD 2003) and that number is 
certainly substantially larger today. As with intraoral imaging, the numbers of panoramic images acquired 
annually, coupled with prudent practice, require optimal technique and appropriate selection criteria for 
panoramic imaging.

5.3.3 Cephalometric Imaging

Cephalometric imaging, primarily used by OMF surgery, orthodontics, and occasionally pediatric 
dentistry, results in doses in the range of a pair of bitewings (2–6  uSv). Far fewer cephalometric 
images are acquired annually than other DMF images. Thus, this type of imaging poses a relatively 
negligible risk to individual patients. However, the patient population is usually children and ado-
lescents, and a growing number of practitioners are using CBCT to generate cephalometric images. 
Cephalometric images should be acquired with appropriate equipment, and with appropriate selec-
tion criteria.

TABLE 5.3 Terminology for Range of Absorbed Dose for 
Low-LET (Linear Energy Transfer) Radiation

Dose Bands Range of Absorbed dose for low-LET radiation
High Greater than about 1 Gy
Moderate About 100 mGy to about 1 Gy
Low About 10 mGy to about 100 mGy

Source: UNSCEAR, Annex A: 2015, Table 1.
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5.3.4 Cone-Beam Computed Tomography Imaging

CBCT imaging has been used in dentistry for about 15 years and poses an entirely new risk consider-
ation. The marked variations amongst manufacturers of FOV, voxel sizes, and machine presets present a 
wide range of doses and exposed tissues from these examinations. Also, the lack of standardized CBCT 
education in dental schools adds greatly to the variability in how these instruments are understood and 
used.

FOV varies greatly, from skull vertex to hyoid bone full coverage down to 40 × 40 mm, with many 
intermediate FOVs. Spatial resolution is controlled, in large part, by voxel size, which has varying lev-
els of operator control amongst machines. The smaller the voxel size, the better the resolution and the 
higher the dose. Finally, most machines have presets with names such as high definition, high resolu-
tion, average definition, and standard resolution. There are dramatically different doses associated with 
the different presets, and many operators automatically choose the highest resolution because it gener-
ates the most aesthetically pleasing images. Unfortunately, the highest resolution presets also generate 
the highest patient dose, in some instances doses greater than those from MDCT. Thus, the risks to 
individual patients from CBCT examinations, while generally lower than those from MDCT, can be 
equal to or greater than those associated with MDCT examinations.

The ranges of CBCT doses were shown previously in Table 5.2. For small FOVs, doses are usually quite 
low, ranging from effective doses of 19–652 uSv. Medium-FOV effective doses range from 45 to 860 uSv. 
Finally, large-FOV effective doses range from 68 to 1073 uSv (White 2013). This latter range remains in 
the very low category (UNSCEAR 2015a) and thus carries small risk but is certainly greater than that of 
other DMF examinations. This makes it essential for the machine to be maintained in excellent working 
condition, and for the practitioner to be thoroughly educated and trained in the indications for CBCT 
as well as the operation of the machine.

5.4 Summary and Conclusions

Conventional DMF imaging, consisting of intraoral and panoramic images, is by far the most frequently 
employed imaging in dentistry. Modern technology, namely, digital imaging and intraoral rectangular 
collimation, has dramatically reduced the patient dose per image during the past three decades. The 
reduction in risk from such imaging is now so small that it is almost negligible for individual exposures 
(Pradhan 2013). Given the fact that over a billion intraoral images are acquired annually in the United 
States, there is certainly a risk consideration, albeit small, to the population.

CBCT is a rapidly growing imaging modality in dentistry, with powerful diagnostic applications in 
endodontic, impacted tooth assessment, and implant and orthognathic surgical treatment planning. As 
with MDCT, there are many acquisition settings and presets that profoundly affect the patient exposure. 
Thus, the smallest FOV and the largest voxel size compatible with the diagnostic task must always be used.

Finally, As Low As Reasonably Achievable (ALARA) considerations and uncertainties in carcinogen-
esis risk estimation at very low doses make it prudent and practical to continue to apply the optimiza-
tion principle. The best way to minimize radiation dose and risk and maximize benefit to the patient is 
to have a strong, valid reason to employ x-ray-based imaging, that is, to use established, strong selection 
criteria when ordering and acquiring diagnostic images in dentistry, and acquire these images with the 
best techniques possible to yield the required diagnostic information.
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6.1 Introduction

Mammography, or radiography of the breast, is one of the most technically challenging of all radio-
graphic procedures. The mammographic image must have both high spatial resolution to visualize clus-
ters of sub-millimeter calcifications and high contrast to demonstrate both subtle soft-tissue lesions and 
other clinically significant variations in breast structure. In addition, since much of mammographic 
imaging is performed to discover early breast cancer in large populations of asymptomatic women, the 
process of optimization of protection, where the radiation dose for the procedure must be kept low in 
order to maintain an acceptably high ratio of benefit to risk, applies. The benefit of mammography is 
early detection when the cancer may best be treated, while the risk being the low probability for induc-
tion of new breast cancers caused by the ionizing radiation from the procedure.

Historically, the image receptor used for mammography has been radiographic film or an intensify-
ing screen and film combination. Currently, these film receptors have generally been replaced by several 
types of digital image detectors. In the United States more than 99% of mammography is performed with 
digital image receptors (FDA 2018). Therefore, film or screen-film mammography will not be discussed 
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in this chapter. For a good discussion of screen-film mammography and proper techniques see NCRP 
Report 149, “A Guide to Mammography and Other Breast Imaging Procedures” (NCRP 2004).

In the United States, the federal government, through the Food and Drug Administration (FDA), 
must certify all mammography facilities and the personnel associated with the facility. These federal 
regulations were initially embodied in the Mammography Quality Standards Act of 1992. The law 
and associated regulations are in Title 21 of the Code of Federal Regulations, Part 900. The certifica-
tion of the facilities includes their obtaining accreditation from recognized accrediting bodies such 
as the American College of Radiology Mammography Accreditation Program (ACR-MAP). In addi-
tion to the mammography facility having approved and properly functioning imaging equipment, it 
must also have specially trained and experienced radiologists, technologists, and medical physicists.

The FDA initially approved clinical use of full-field digital mammography (FFDM) units for patient 
examinations following a major comparison study: the American College of Radiology Imaging 
Network Digital Mammography Imaging STudy (ACRIN-DMIST) of digital versus screen-film mam-
mography involving 50,000 women who had one breast imaged by both methods (Pisano et al. 2005). 
The ACRIN-DMIST study of 50,000 women with both screen-film and FFDM showed better sensitivity 
for digital over screen-film mammography for women under age 50 regardless of breast density, women 
of any age with dense breasts, and pre- and peri-menopausal women of any age. This represents about 
65% of the U.S. screening population.

6.2 Fundamentals of Mammography

The components of the mammographic imaging system are mounted on a C-arm assembly that can 
be rotated by more than 90 degrees in either direction from the vertical to achieve the required mam-
mography views (See Bushberg et al. 2012, Figure 8.3). An excellent source for the overall technical and 
clinical aspects of mammography is NCRP Report 149—“A Guide to Mammography and Other Breast 
Imaging Procedures” (NCRP 2004). Technical details of the mammography process are also compre-
hensively explained in Chapter 8 of The Essential Physics of Medical Imaging (Bushberg et al. 2012).

6.2.1 The Imaging Chain

6.2.1.1 X-ray Generator

The x-ray generator used for mammography is typically a low power, 3- to 10-kW, constant-potential 
generator.

6.2.1.2 X-ray Tube

X-ray tubes used for mammography are grounded anode, metal housing tubes with a very thin beryl-
lium (Be) exit window. There are commonly two focal spots: a nominal 3.0 mm focal spot used for gen-
eral breast imaging and a nominal 0.1 mm focal spot used for magnification studies. The tube and anode 
are angled so that the central ray of the x-ray beam points straight along the chest wall of the patient.

6.2.1.3 Targets and Filters

Several different target-filter combinations are used in digital mammography. The early digital units 
used the same target-filter combinations that had been used for screen-film imaging. These include a 
molybdenum (Mo) target with either molybdenum or rhodium (Rh) filters, and a rhodium target with 
rhodium filter. The Mo and Rh spectra with appropriate filtration have a strong characteristic x-ray peak 
in the mammography energy range, 17–19 keV for Mo and 19–22 keV for Rh. The x-ray spectra become 
increasingly shifted to higher energy for the same peak voltage setting with a shift of target-filter combi-
nations from Mo-Mo to Mo-Rh to Rh-Rh. The resulting increased effective energy of the x-ray beam is 
necessary as the imaging task moves from thin more adipose breasts to thicker more glandular breasts.
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More recently, optimization studies have shown that the mammography units designed for digital 
imaging should use tungsten (W) targets with various filters including aluminum (Al), molybdenum, 
rhodium, and silver (Ag) (Williams et al. 2008; Ranger et al. 2010). Note that any x-ray tube used for mam-
mography must be specifically designed for breast imaging; general-purpose x-ray tubes with W targets 
may not be used.

6.2.1.4 Typical X-ray Spectra

Typical x-ray spectra from some of the various target-filter combinations are shown in Bushberg et al. 2012, 
Figures 8.9–8.11. The spectra from the Mo and Rh targets contain strong characteristic x-ray peaks in addi-
tion to broad bremsstrahlung distributions. A spectrum from a Mo target filtered by 0.1 mm Mo, has the 
characteristic peaks between 17 and 20 keV with a minimal background of bremsstrahlung x-rays, while the 
spectrum from a Rh target with a Rh filter has the characteristic peaks between 20 and 23 keV on the minimal 
bremsstrahlung background. When a Mo target is used with a Rh filter, an additional amount of bremsstrah-
lung radiation is included between 20 and 23 keV. The W target spectra contain only the bremsstrahlung 
distributions with a shift toward higher effective energy, or half-value layer (HVL), as one switches from Mo 
to Rh to Ag filter.

6.2.1.5 Collimation

The collimation on most mammography systems is set to cover the full image receptor and must extend 
slightly beyond the chest-wall edge of the image receptor, so that all of the breast tissue along the chest 
wall is imaged. There are visible light localizers on most of the collimation systems.

6.2.1.6 Compression Device

An important component of any mammography x-ray unit is a flat rigid sheet of radioluscent plastic, 
called a compression plate, which is pressed down on the breast before an x-ray exposure is made. The 
purpose of this compression device is to spread the breast tissue over a larger area with a reduction in 
the dimension in the direction of the x-ray beam.

Some of the benefits of using the compression device are: reduction in required radiation dose, since 
thinner tissue must be traversed by the x-rays; reduction in scattered radiation reaching the image 
receptor due to less thickness of scattering tissue; less motion blur due to almost no movement of the 
breast during the radiation exposure; less geometric blur (penumbra) due to reduced ratio of breast 
image distance to target image distance; spreading of the breast tissue to avoid overlapping structures in 
the image; and lower exit exposure dynamic range.

One major problem with applying firm compression is great discomfort for some patients. Therefore, 
it is necessary to have a compassionate technologist to gently position the patient and to explain the 
benefits that come from the discomfort. In some cases, digital mammography may be performed with 
somewhat reduced compression force.

6.2.1.7 Automatic Exposure Control Detectors

An important component of an optimized mammography system is automatic exposure control (AEC), 
sometimes called a “phototimer.” A single detector, or a set of x-ray detectors, is placed between the 
breast and the image receptor to measure the amount of radiation reaching the image receptor. On some 
digital units, the image receptor itself may act as the AEC detector. Precalibration of the system with 
appropriate thicknesses of breast-equivalent materials is used so that the x-ray exposure will terminate 
when the x-ray flux striking the receptor is sufficient to obtain a high-quality image.

6.2.1.8 Grid

A low ratio anti-scatter grid is used for imaging of thicker breasts. The grid ratio is typically 5:1 with a 
Bucky Factor of 2.
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6.2.1.9 Digital Image Receptors

There are three types of image receptors used in digital mammography. Two types are fixed in the mam-
mography unit and the third type is the computed radiography (CR) cassettes. The two fixed receptors 
are referred to as direct and indirect image receptors (See Bushberg et al. 2012, Figures 8.26, 8.27).

The direct image receptors employ a layer of amorphous selenium over a thin-film transistor (TFT) 
array. The x-rays transmitted through the breast interact in the selenium layer, which acts as a photocon-
ductor and delivers a charge distribution to the TFT layer where an image is formed.

The indirect image receptor contains a cesium iodide layer, which interacts with the x-rays and con-
verts the x-ray image to an image of light photons, which is then captured in a TFT layer to produce an 
image.

The CR system for mammography utilizes light-tight plastic cassettes containing plastic sheets coated 
on both sides with a photostimulable phosphor. These cassettes are placed in image receptor slots on 
mammography units that were initially designed for screen-film mammography. Following exposure 
of the patient with the mammographic x-ray beam, the cassette is removed and inserted into a process-
ing unit. In the processor, the photostimulable phosphor plate is removed from the cassette and read 
out with a scanning red helium neon laser beam to form a digital image suitable for processing. The CR 
system used for mammography differs from a conventional CR system used for general radiography in 
several ways. The CR plate is coated on both sides with the photostimulable phosphor layer for increased 
sensitivity. The laser beam reads out both sides of the sheet simultaneously. The laser spot is kept small 
enough, so that a detector element (del) size of 0.05 mm is maintained. All new mammography x-ray 
systems utilize the fixed-image receptors described above, so it is likely that CR mammography will 
gradually disappear.

The detector elements in the array are on the order of 0.1 mm for the indirect systems, 0.07 mm for the 
direct systems, and 0.05 mm for the CR systems. The size of these elements limits the high-contrast spa-
tial resolution of the digital mammography systems to about 5, 7, and 10 line pairs (lp)/mm, respectively, 
significantly coarser than that of screen-film mammography, which has a limiting spatial resolution of 
11–13 lp/mm or better. The lower resolution of the digital imaging systems is more than compensated for 
by other factors discussed below.

6.2.1.10 Processing of the Digital Mammographic Image

The raw digital images obtained from the mammography unit or the CR plate must be processed before 
being presented on the high-quality viewing monitor. First, corrections are applied for bad pixels and 
varying gain across the detector area. Next, linear contrast and brightness corrections are applied. Then, 
the final image has skin equalization and non-linear enhancements applied so that the final image 
closely approximates high-quality screen-film mammograms.

6.2.1.11 Advantages of Digital over Screen-Film Mammography

Despite its coarser spatial resolution, digital mammography has several technical advantages over film 
images of the breast. Screen-film systems have an exposure dynamic range of about 25:1, while a highly 
glandular breast can have a transmitted x-ray exposure range of more than 200:1. Digital receptors 
respond to an exposure range of 1000:1.

There is improved conspicuity of lesions allowed by image processing and display manipulation, 
including window/level control by the viewer.

There are also data showing that the typical FFDM techniques being utilized show a reduction in 
mean glandular dose to about 1.2 mGy compared to 1.8 mGy for screen-film techniques (Bushberg 2012, 
Page 276).

Another major advantage of digital mammography with the fixed image receptors is a reduction 
in examination time, since little or no time is required for processing, handling, and distribution. 
Furthermore, the digital mammograms are stored in a Picture Archive and Communication System 
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(PACS) from which they can be easily retrieved and also sent to other locations for remote viewing 
by radiologists. Digital mammographic images can also be directly entered into Computer-Assisted 
Detection, or Diagnosis, systems (CAD), which can aid the radiologist in identifying suspicious areas of 
the images (Bushberg 2012, Page 270).

These many advantages of digital mammography appear to have overcome the somewhat poorer 
resolution and higher equipment costs relative to film methods. As stated earlier, more than 99% of all 
mammography units in the U.S. are now digital units.

6.2.1.12 Typical Technique Setting for Mammography

The peak voltage settings for dedicated mammography units can typically be adjusted from 22 to 35 kVp. 
Units that will be used for contrast-enhanced digital mammography (CEDM) (See Section 6.4.2) can set 
tube voltages to as high as 49 kVp. The tube current settings for the standard focal spot are typically on 
the order of 100–200 mA, and the very small focal spot used for magnification views is used with a cur-
rent of about 25 mA.

Exposure time settings are normally controlled by the AEC system and are ideally kept well below 
2.0 seconds to minimize any blurring of the image due to possible patient motion.

6.2.1.13 Typical Patient Views for Mammography

The standard breast views for screening mammography are a craniocaudal (CC) view and a mediolateral 
oblique (MLO) view. Diagnostic mammography examinations on symptomatic patients or those with 
other family background or genetic indications of breast disease may include lateral and other views.

6.2.1.14 Viewing Monitors for Mammography

The digital mammographic images must be viewed on monitors approved by the FDA for mammogra-
phy. Conventional computer monitors must not be used for mammographic diagnosis. These monitors 
must have at least 5 megapixels, have a contrast ratio of at least 350 to 1, and maximum luminance of at 
least 450 candela/m2. They are much brighter and have much higher resolution than conventional com-
puter monitors. In addition, the reading room in which the monitors are being used must have very low 
ambient lighting, less than 20 lux. No bright objects such as light from a doorway or lighted view boxes 
used to view previous film mammograms should be in a position to cause reflections on the monitors.

6.2.2 Patient Dose in Mammography

Over the years several different parameters have been used to describe radiation dose in mammography.

6.2.2.1 Skin Dose and Air Kerma

The easiest dose parameter to measure for a mammography exam is exposure in air, in units of roent-
gens (R or mR), at the position of the x-ray beam entrance surface of the breast. If System Internationale 
(SI) units are to be used, then air kerma, Kair, in Gy or mGy would be measured.

6.2.2.2 Breast Mid-Plane Dose

In the past, some investigators have used a measurement or calculation of breast mid-plane dose to 
obtain a better estimate of the meaningful dose from a mammographic procedure.

6.2.2.3 Mean Glandular Dose

The consensus at the present time is that the best estimator of radiation risk from mammography is 
the mean (average) dose to the glandular tissue of the breast, because it is assumed that the low risk of 
radiation-induced cancers in the breast will more likely arise in the glandular tissue.

Mean glandular dose (MGD) cannot be measured directly, but must be calculated from measure-
ments of exposure or air kerma and beam HVL, combined with use of MGD per unit air kerma or 
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exposure factors that have been determined from breast tissue phantom measurements or Monte Carlo 
calculations. The MGD factor that is used for a specific calculation depends on many parameters such 
as kVp, beam quality, breast tissue composition (adipose-glandular tissue mix), and compressed breast 
thickness. Table 6.1 shows values of the MGD factors for specific technique settings and breast thick-
nesses (ACR 1999). 

Typical values of MGD for a breast of average composition and thickness, which is often assumed 
to be about 50% glandular and 50% adipose and 4.5 cm thickness, range from about 1.0–2.0 mGy for 
single views currently being performed with FFDM units. Of course, thinner or thicker and more or 
less adipose breasts will have a lower or higher MGD, respectively. The FDA regulations specify that the 
dose to a standard phantom representing the average breast must not exceed 3 mGy. It should be noted 
that the common assumption of an average breast being 50% adipose and 50% glandular tissue has been 
questioned (Yaffe 2009).

6.2.2.4 Instruments for Measurement of Dose in Mammography

The x-ray exposure or kerma measurements are performed with a thin window ionization chamber spe-
cifically designed for low energy mammography measurements. Beam quality measurements HVL should 
employ a series of very thin filters of high purity aluminum, 0.1 mm thickness each.

If it is desired to measure skin dose directly, then properly calibrated thermoluminescent dosimeters 
(TLDs) or optically stimulated detectors (OSDs) might be placed directly on the breast, or on a suitable 
tissue substitute phantom, during an actual image capture.

TABLE 6.1 Normalized Mean Glandular Dose vs. kVp 
and HVL

kV
HVL (mm) 25 26 32
0.25 0.140
0.26 0.144 0.147
0.27 0.149 0.151
0.28 0.153 0.156
0.29 0.159 0.161
0.30 0.164 0.166
0.31 0.168 0.171
0.32 0.173 0.175 0.183
0.33 0.177 0.180 0.188
0.34 0.183 0.184 0.192
0.35 0.188 0.190 0.197
0.36 0.192 0.195 0.202
0.37 0.199 0.205
0.38 0.210
0.39 0.214
0.40 0.220

Source: Adapted from ACRQC Manual, (1999).
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6.3 Quality Assurance Programs for Mammography

Mammography Quality Standards Act (MQSA) requirements for mammography facilities specify a very 
strict quality assurance (QA) program, involving specified measurements with different frequencies: daily, 
weekly, monthly, and semi-annually tests to be performed by specially trained mammography QA tech-
nologists whose work must be overseen by the facility’s medical physicist(s). In addition, the physicists 
must perform an additional series of QA tests annually or whenever major modifications are made to the 
mammography x-ray units and associated equipment.

A special mammography phantom containing test objects simulating fibrous structures, microcal-
cifications, and subtle solid masses was developed for image-quality tests as part of the specified QA 
program. These phantoms are available for a small number of manufacturers who assure consistent 
production of the phantoms.

Previously, in the case of screen-film mammography units, the tests were specified in a publication 
such as the ACR Mammography Quality Assurance Manual (ACR 1999) and in the FDA regulations.

When FFDM units were first introduced, each manufacturer provided a set of recommended 
 quality-assurance test procedures for their particular units. In mid 2017, the ACR introduced a new test 
phantom and QA manual that can be used for testing of all FFDM units. Units that also perform  digital 
breast tomosynthesis (DBT) or contrast-enhanced digital mammography (CEDM) (See Section 6.4 below) 
cannot be tested with this new protocol and are still subject to the manufacturer’s testing recommendations.

6.4 Related Special Mammographic X-ray Procedures

6.4.1 Digital Breast Tomosynthesis

Digital breast tomosynthesis is performed on mammographic x-ray units specifically designed for this 
purpose. During the exposure, the x-ray tube will rotate through a series of angles above the breast, and 
numerous digital images acquired from these different angles will be stored in the unit’s memory. These 
images can then be electronically moved relative to each other in the direction of rotation in order to 
obtain sharp images of various planes within the breast. Information from overlying and underlying tis-
sues is thereby purposely blurred out. The number of images obtained varies from 9 to 25 while the 
total angle through which the x-ray tube rotates ranges from 15 to 50 degrees. The technique settings for 
a DBT examination are set low enough so that the breast dose from the full set of images is similar to 
that obtained from a conventional two-view mammography procedure (Vedantham et al. 2015). Table 6.2 
adapted from (Vedantham et al. 2015) lists some of the features of several of the DBT units. 

DBT is sometimes referred to as “CT Mammography,” although in principle the information obtained 
is somewhat different from that in a conventional computed tomography (CT) image set. Conventional 
CT images do not contain information from tissue slices surrounding the slice being imaged, except for 
a small amount of scatter. DBT images do contain information from surrounding slices, although it is 
blurred across the image.

The individual “slices” show information in various planes of the breast that is not obscured by sharp 
images of the overlying and underlying structures.

Since radiologists viewing the series of slices imaged in a DBT “3D” examination would typically also 
like to see a 2D conventional mammographic image of the breast, the digital information from the series 
of DBT images can be electronically combined to give a synthetic 2D image, claimed to be equivalent to 
a conventional mammographic image. Use of the synthetic 2D images avoids the need to give the patient 
additional radiation to obtain the conventional image (Vedantham et al. 2015).
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6.4.2 Contrast-Enhanced Digital Mammography

Contrast-enhanced digital mammography (CEDM) involves the production of high-kVp and low-kVp 
images of the breast following injection of an intravascular iodinated contrast material. The two images 
are then electronically subtracted from each other leaving an image of only the regions in which the 
iodine contrast material is present, greatly enhancing the appearance of blood vessels within the breast. 
Since the k-absorption edge of iodine is at 33.2 keV, the high-kVp image is usually obtained at about 
49 kVp with a tungsten or rhodium target and a copper (Cu) filter about 0.3-mm thick to produce a spec-
trum with many x-rays above the iodine absorption edge, and the low-kVp image is obtained at about 
25 kVp with a standard filter to produce x-rays below the iodine k-absorption edge. The typical radiation 
dose, MGD, for CEDM procedures is about 20% to 30% higher than for a single low-kVp image. CEDM 
can improve the sensitivity of digital mammography. CEDM is less sensitive but more specific than 
breast magnetic resonance imaging (MRI) (see Section 6.5.1 below). In addition, since CEDM is signifi-
cantly less expensive than breast MRI, it could possibly be used for screening patients who are unable to 
undergo breast MRI (Jochelson 2014).

TABLE 6.2 Specifications of Clinical Digital Breast Tomosynthesis Systems

Manufacturer General Electrica Hologic
Internazionale 

Medico Scientifica Siemens

Model/Platform SenoClaire/
Senographe Essential

Selenia 
Dimensions

Glotto Tomo MAMMOMAT 
Inspiration

Source to Detector 
distance (cm)

66 70 68 65.5

Source to center-of-
rotation distance (cm)

62 70 66 60.8

Source to breast support 
distance (cm)

63.8 67.5 65.8 63.8

X-ray tube angular range ±12.5° ±7.5° ±20° ±25°
X-ray tube motion Step-and-shoot Continuous Step-and-shoot Continuous
Detector angular range Stationary ±2.1° Stationary Stationary
X-ray tube target 

material(s)
Mo/Rh W W W

X-ray filter material(s) Mo/Rh AI Rh/Ag Rh
No. of projections 9 15 13 25
Equiangular distribution 

of projections
Yes Yes Nob Yes

Scan time (sec) Typically <10 3.7 12 25
Detector type a-Si indirect 

conversion
a-Se direct 

conversion
a-Se direct 

conversion
a-Se direct 

conversion
Detector pixel size (μm)c 100 70 (2 × 2 binned) 85 85
Equal milliampere-

second/projection
Yes Yes No Yes

Reconstruction method Iterative (ASIR-DBT) FBP/Iterative 
contrast

Iterative FBP/Section 
thickness filter

Source: Vedantham, S. et al., Radiology, 277, 663–684, 2015. 
FBP = Filtered back-projection.
a System uses a 5:1 linear antiscatter grid with focal distance of 65 cm.
b Finer angular sampling near center (0°) projection.
c Pixel size prior to binning.
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6.5 Other Breast Imaging Procedures

The diagnostic workup of a patient with suspected breast disease often includes acquiring images with 
other well-established imaging techniques that complement x-ray mammography.

6.5.1 Magnetic Resonance Imaging of the Breast

Magnetic resonance imaging of the breast is quite useful for finding malignant disease in a vari-
ety of high-risk patients. MR imaging also does not involve any exposure to ionizing radiation. The 
MRI examination is so successful in detecting abnormalities in some patients with family history 
or genetic factors for breast cancer that conventional mammographic screening may not add any 
additional information and can be avoided. Two major disadvantages of MRI of the breast relative to 
mammography screening is that small, subtle indications of breast cancer that are seen on mammo-
grams will be missed and the very high cost and limited availability of MRI compared to conventional 
mammography.

6.5.2 Ultrasonic Imaging of the Breast

Breast ultrasound is another imaging procedure that does not involve exposure to ionizing radiation. Its 
greatest success in breast imaging is in differentiating cystic from solid masses. Ultrasound is also used 
for guidance of biopsy needles in the breast.

6.6 Conclusion Optimization of Mammography

The following strategies should be considered to optimize image quality with a low radiation dose in 
mammography: 

 1. The appropriately designed mammographic x-ray units must be subject to a rigorous QA pro-
gram carried out by properly trained and well-experienced technologists and medical physicists. 
Also, the entire program must be overseen by well trained, experienced physicians, normally 
radiologists.

 2. The technique settings, including target, filter, kVp, and possibly filter selection, position of the 
AEC detector, rotation of the x-ray unit to get the proper view, and any additional choices on the 
unit available to the technologists, must be properly chosen.

 3. The patient must be properly positioned on the x-ray unit by a suitably trained and compassionate 
mammography technologist who can explain the necessity of the mild, or in some cases greater, 
discomfort from firm compression that the patient must endure in order that the best possible 
image can be obtained.

 4. The captured digital image must be properly processed and presented to a well-trained and expe-
rienced diagnostic mammography radiologist.

 5. The radiologist must view the digital mammogram on a suitable high-quality monitor in a room 
that is properly set up so that the image is seen in a setting with minimal ambient light and no 
bright objects behind the viewer that might cause confusing or distracting reflections.

 6. In addition, when these proper techniques are employed the need for repeat examinations with 
additional radiation exposure to the patient is avoided.

 7. When feasible, some of the alternate breast imaging techniques described in Section 6.6 should be 
employed to further minimize the need for the use of additional ionizing radiation exposures to 
the breast.



106 Dose, Benefit, and Risk in Medical Imaging

References

ACR Mammography Control Manual. 1999. American College of Radiology. Reston, VA.
Bushberg, J., Seibert, J., Leidholt, E., Boone, J. 2012. The Essential Physics of Medical Imaging. 3rd ed. 

Philadelphia, PA: Lippincott Williams & Wilkins.
Fda.gov/RadiationEmittingProducts/MammographyQualityStandardsActandProgram/FacilityScorecard 

January 2018.
Jochelson, M. 2014. Contrast-enhanced digital mammography. Radiol. Clin. N. Am. 52: 609–616.
National Council on Radiation Protection and Measurements, Report No. 149, A guide to mammography 

and other breast imaging procedures, Bethesda, MD, 2004.
Pisano, E.D., Gatsonis, C., Hendrick, E. et al. 2005. Diagnostic performance of digital versus film mam-

mography for breast-cancer screening. N. Engl. J. Med. 353: 1773–1783.
Ranger, N., Lo, J., Samei, E. 2010. A technique optimization protocol and the potential for dose reduction 

in digital mammography. Med. Phys. 37: 962–969.
Vedantham, S., Karellas, A., Vijayaraghavan, G., Kopans, D. 2015. Digital breast tomosythesis: State of the 

art. Radiology 277: 663–684.
Williams, M., Raghunathan, P., Mitali, J. et al. 2008. Optimization of exposure parameters in full field 

digital mammography. Med. Phys. 35: 2414–2423.
Yaffe, M., Boone, J., Packard, N. et al. 2009. The myth of the 50–50 breast. Med. Phys. 36: 5437–5443.



107

7
Optimization and 
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Fluoroscopy and 
Interventional Imaging
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7.1 introduction

While there are multiple definitions for fluoroscopically guided procedures, International Commission 
on Radiological Protection (ICRP) Publication 85 defines these as “procedures comprising guided ther-
apeutic and diagnostic interventions, by percutaneous or other access, usually performed under local 
anesthesia and/or sedation, with fluoroscopic imaging used to localize the lesion/treatment site, moni-
tor the procedure, and control and document the therapy.” This definition is echoed in the more recent 
National Commission on Radiological Protection (NCRP) Report 168.

Fluoroscopy as an imaging modality shares many of the same components that are used in radiog-
raphy (Schueler 2000). However, it is the way in which the images are formed in the imaging chain and 
recorded that distinguishes fluoroscopy from its radiographic imaging counterpart. While radiography 
seeks to produce a high-quality 2D image of a given area, the primary purpose of fluoroscopy is to use 
the 2D imaging principles of radiography to provide “real time” imaging visualization. This can be 
achieved by using a much smaller exposure rate per x-ray pulse than radiography while using many 
more pulses to image the area of interest over time. This allows temporal changes in the area of interest 
to be observed as a given process proceeds. Fluoroscopy procedures include biopsies, drug delivery, stent 
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placements, embolizations, tumor ablations, and many others procedures (Jones et al. 2014). Because of 
the unique properties of fluoroscopy and the many ways in which it can be utilized to observe and treat 
patients, each procedure presents particular challenges to recording, optimizing, and ultimately reduc-
ing the patient’s radiation dose while maintaining the high image quality needed to perform the specific 
task. This chapter examines the use of fluoroscopy and its development over time as a broadly applicable 
tool to accomplish many different clinical tasks using the powerful imaging tool. It also addresses the 
radiation dose challenges facing the use of modern fluoroscopic imaging equipment for increasingly 
more complicated interventional procedures.

7.2 Fundamentals of Fluoroscopy

Fluoroscopy has been used since the early part of the 1930s. In its most basic form, a fluoroscopic sys-
tem consisted of an x-ray tube and a fluorescent screen. Originally, the physician would position the 
patient between the x-ray and the fluorescent screen. This would allow for the x-rays to penetrate the 
patient and release visible light directly into the eyes of the physician. While lead glass may have been 
used to reduce the dose to the observing physician, there was still a significant dose delivered both to 
the patient and directly to the physician who would typically hold up the screen or place it in a holder 
in front of themselves. Along with the obvious problems of occupational and patient exposures using 
this system, the most notable problem was that the fluorescent screen could not produce images that 
were bright enough to practically evaluate the patient since the human eye is not sensitive enough at 
such low light levels (Schueler 2000). To remedy the obstacle of prohibitively poor sensitivity, spatial 
resolution, and contrast at low light levels, a device known as the image intensifier was created. This 
device would produce a large brightness gain so that the human eye could sensitively perceive differ-
ences in brightness across the image. The image intensifier would use a series of lenses and mirrors to 
magnify the output image. Originally, the viewing angle of the image was very narrow so the device 
needed to be repositioned frequently, and only one person could view the image at a time, making it 
difficult to describe changes in the image (Schueler 2000). These initial challenges were overcome by 
the addition of a video camera to view the output image. The image intensifier has continued to be 
improved upon through recent decades and now many modern units have replaced the image inten-
sifier with a flat panel detector and the latest in high-resolution digital monitors to achieve excellent 
spatial resolution.

7.2.1 the imaging chain 

7.2.1.1 X-ray Generator

The x-ray generator can impart energy to the fluoroscopy unit in two different modes, continuous 
and pulsed. The continuous method, similar to radiography, provides a steady tube current for the 
duration of activation (via foot pedal or hand switch) of the unit. Pulsed mode delivers exposure in 
short-interval sequences each typically 3–10 msec in duration (Schueler 2000). The pulse rate can 
often be adjusted on modern units from 1 to 30 pulses per second, depending on the model and/
or manufacturer. Pulsed fluoroscopy is useful for the operator not only because it reduces dose but 
also improves temporal resolution by shortening the pulse acquisition time (Jones et al. 2014). One 
of the most important aspects of the generator is the automatic exposure rate control (AERC) for-
merly known as automatic brightness control (ABC). This is a feedback mechanism used to maintain 
constant levels of x-ray flux at the entrance to the detector that change with the varying degrees of 
attenuation throughout the field of view. This is maintained by the generator, which automatically 
adjusts the technique factors like kVp and mA to maintain the brightness. This is especially impor-
tant for specific interventional and cardiology applications where contrast is important. The way in 
which the AERC is configured to adjust the techniques or baseline brightness varies by mode and 
manufacturer settings.
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7.2.1.2 X-ray tube

X-rays are produced in a fluoroscopic system (shown in Figure 7.1) in the same manner as an x-ray tube 
in a radiographic system. Electrons are ejected from a filament across a voltage difference to a rotating 
(usually tungsten) anode, producing x-rays as the electrons are stopped in the anode. Electrons hit an 
area on the anode called the focal spot or target. It is common to also have multiple focal spots of vary-
ing dimensions, as in radiographic systems. This allows for normal fluoroscopy imaging as well as image 
recording, the latter requiring a higher x-ray flux and therefore a tube current (Nickoloff 2011). The anode 
for fluoroscopy units is typically configured as high-speed rotating anode to control the heat energy 
accumulated from long exposure times. Fluoroscopic systems also have different filters that are used in 
conjunction with the automatic brightness control to modulate the x-ray beam energy (i.e., eliminate 
more lower-energy photons) and increase penetration for larger patient thicknesses. The degree of filtra-
tion used will also vary based on manufacturer configuration.

7.2.1.3 collimator

The collimator is an important tool in “shaping” the radiation beam. The collimator contains multiple 
sets of radiopaque shutter blades. These can be in the shape of a circular iris or a rectangle. Each blade 
can be manipulated manually to limit the radiation beam to the size of the relevant area of interest. 
Likewise, changing the magnification mode will automatically limit the x-rays to an area no larger than 
the new field of view. This limits the radiation exposure impacting the surrounding tissue volume and 
reduces the overall patient radiation dose. Modern interventional fluoroscopic units also contain wedge 
filters. These are used to further shape the x-ray beam and to reduce glare coming from unattenuated 
x-rays in areas just beyond the contour of the patient’s body.

FIGURE 7.1 Typical fluoroscopic imaging chain shown with an image intensifier detector and KAP meter for 
measuring output from the x-ray tube. (Adapted from Bushberg, J.T. et al., The Essential Physics of Medical Imaging, 
Lippincott Williams & Wilkins, Philadelphia, PA, 3rd ed., 2012.)
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7.2.1.4 image intensifier System

The most significant developments in the advancement of fluoroscopic imaging have come in the form 
of better detectors and digital image processing. Originally, an image intensifier (II) was utilized in 
order to convert the incoming x-rays to usable light photons displayed on a television screen (Nickoloff 
2011). The traditional II consisted of the input phosphor layer (usually made of cesium iodide [CsI]), pho-
tocathode, focusing electrodes, and an output phosphor contained in a large vacuum tube. X-rays enter 
the curved input surface and strike the input phosphor. This energy is converted to light and guided 
along the CsI crystals to be absorbed by the photocathode. The photocathode then emits electrons, fol-
lowing the photon absorption, that accelerate through the vacuum by a series of electrostatic focusing 
electrodes gaining substantial energy before striking the output phosphor. This is known as electronic 
gain. A portion of the energy gained is then converted back to light photons as the electrons hit the 
smaller output phosphor. This light at the output phosphor is much brighter than at the input phosphor 
due to both the electronic gain and the minification gain due to the large difference in the diameter 
of the input and output phosphors. Lastly, the light moves into a lens system (optical coupling) before 
striking the television camera, which converts the light into an electrical signal that is displayed on a 
television monitor (Nickoloff 2011).

7.2.1.5 optical coupling and the television System for image intensifier System

For a traditional II, the detector would be optically coupled to a video camera and image recording 
devices. This would distribute the outgoing light produced from the II through a beam-splitting mirror 
to a video camera and an image recorder. The video camera would have an adjustable aperture size to 
control the amount of light entering the camera. When the aperture is set to a small setting, the auto-
matic exposure control would have to increase the amount of radiation to maintain the same level of 
noise preset in the system. Likewise, the inverse is true when the aperture is opened to a wide setting 
(Schueler 2000).

The video camera converts the light entering it to a voltage signal that is displayed on a monitor sys-
tem. The video camera consists of a vacuum tube cylinder with a photoconductive target and scanning 
electron beam. The optical coupling leaves a latent image on the camera that is then read out by the 
electron beam. The scanning is done in a series of horizontal raster lines that are then displayed on the 
television system. The scanning produces a series of continuous 2D images with varying voltages (Van 
Lysel 2000; Granfors et al. 2003).

Older vacuum tube video cameras were later replaced with charge coupled devices or CCDs. These 
solid-state cameras store images as pixel arrays until they are read out. These CCD cameras were smaller 
and required less power than traditional vacuum tube cameras (Van Lysel 2000; Granfors et al. 2003). 
It should be noted that the use of the flat-panel detector (FPD) subsequently has eliminated the need for 
optical coupling and the television system, but there are many II systems still in use.

7.2.1.6 Flat-Panel Detector System

Since the early 2000s, FPDs have become more common for use in interventional procedures (Jones 
et al. 2014). These detectors consist of thin-film transistor arrays that store charge both indirectly (using 
amorphous Silicon with a CsI scintillator) and directly (using amorphous selenium), depending on the 
configuration (Jones et al 2014). The size of the configuration depends on the manufacturer but can 
range from 25 × 25 to 40 × 40 cm2 in area. Each detector is made up of multiple detector elements or 
“DELs.” The DELS store charge (indirectly or directly) based on the flux of the photons incident of the 
surface of the DEL. Each DEL is then read row by row to form an electronic image displayed on a moni-
tor of the x-ray distribution across the detector. This eliminates the need for a television camera system 
(Nickoloff 2011). The advancement in FPD detectors has increased the radiation detection sensitivity and 
decreased radiation dose while maintaining image quality.



111Optimization and Dose Reduction in Fluoroscopy and Interventional Imaging

7.2.1.7 Automatic exposure Rate control

Modern fluoroscopic units operate with AERC algorithms that continue to become more and more 
complex (Jones et al. 2014). As stated previously, these algorithms control the output of the machine 
while automatically changing the technical parameters such as kV, mA, pulse width, and filtration. 
These vary by manufacturer and detector type and depend on how the manufacturer chooses to main-
tain a preset output signal. Because of the variability among manufacturers and the variability within 
unit types, it becomes increasingly important for the individual operator to optimize the radiation dose 
to the patient and staff based on the capabilities of the fluoroscopy unit itself.

7.3 Fluoroscopy Rooms

The configuration of components comprising a fluoroscopy system can vary depending on the applica-
tion, for example, with the x-ray tube fixed under the table for gastrointestinal (GI) and interventional 
procedures (Bushberg et al. 2012). Some of the more specialized systems can have a biplane configura-
tion where two tubes can be operated simultaneously or independent of one another depending on 
the task. Overhead x-ray tube configurations are often used in urology. There are also mobile units for 
orthopaedic, pain management, and pediatric imaging purposes. The mobile units typically have the 
computer and video components separate from the x-ray tube and generator components. 

7.3.1 Radiographic/Fluoroscopic Rooms

Some hospitals have a room for radiographic/fluoroscopic (“R and F”), shown in Figure 7.2a, that per-
forms studies involving the GI systems. These rooms typically consist of a fluoroscopic unit with a large 
table that can be rotated from a horizontal to vertical position. The large detector is mounted over the 
table so that the x-ray tube is permanently positioned below the patient. The table can also be used for 
radiographic purposes with the radiographic x-ray tube mounted on a crane that allows the tube to be 
moved freely around the room (Bushberg et al. 2012).

7.3.2 interventional Rooms

In the typical setup in an interventional radiology or cardiology suite, the fluoroscopic unit is mounted 
on a c-arm apparatus that allows the x-ray tube and detector to move in tandem around the patient. The 
detector is mounted above the patient but can be rotated in all directions to allow for postero-anterior and 
lateral projections. The table for the patient can “float” side to side to position the patient where needed 
(Bushberg et al. 2012). Depending on the purpose of the unit, the unit can be equipped in different configu-
rations. Many angiography suites contain units with a single c-arm (Figure 7.2b). Many newer interven-
tional cardiology suites have a unit with two mounted c-arms with smaller detectors known as a bi-plane 
unit (Figure 7.2c). This configuration supplies additional viewing coverage over the smaller anatomy of the 
heart. One other configuration contains permanent magnet attachment for electrophysiology procedures 
(Figure 7.2d).

7.3.3 Mobile c-arms

Mobile c-arms are popular for vascular imaging, pain management, and orthopedic surgical procedures 
(Schueler 2000). These units are compact and often consist of two separate parts, an x-ray generator with 
a c-arm x-ray tube and small II system attached and set on wheels and a display monitor that separately 
attaches to display the images. There are also smaller units that can make and display images on the 
same unit. These are typically used for extremity imaging. More recently, mini c-arms equipped FPDs 
and digital monitors have become available.
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7.4 Patient Dose in Fluoroscopy and interventional imaging

Observable radiation effects from fluoroscopic x-rays have been reported for both workers and patients 
(Jones et al. 2014). Observed effects in workers are commonly stochastic, caused by long-term radiation 
exposure. Effects observed in patients are most commonly deterministic injuries typically caused by the 
delivery of high radiation doses over a short time period. These effects are most commonly seen for large 
patients and can range from short-term (weeks to months) effects such as injury to skin and underlying 
tissues to long-term (years to decades) effects such as cataractogenesis and osteonecrosis. Long-term 
stochastic risks are typically the primary concern for abdominal and thoracic procedures performed on 
pediatric patients, due to the increased radiosensitivity and longer potential lifespan of that population 
(Miller et al. 2010).

FIGURE 7.2 Various fluoroscopy room configurations: (a) Radiographic/Fluoroscopic “R and F” room typi-
cally used for GI/GU applications. (b) Typical interventional angiography setup with single c-arm and large II. 
(c) Bi-plane interventional cardiology suite with smaller digital flat panel detectors for greater coverage. (d) Setup 
shown for an electrophysiology lab. A single c-arm unit is positioned between a permanent magnet, which allows 
cardiac functions to be mapped remotely. (Adapted from Bushberg, J.T. et  al., The Essential Physics of Medical 
Imaging, Lippincott Williams & Wilkins, Philadelphia, PA, 3rd ed., 2012.)
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7.4.1 Fluoroscopy Radiation Dose Metrics

Four major metrics have been developed over the years for the purpose of patient radiation dose esti-
mation in fluoroscopy: the peak skin dose, the reference point air kerma, the kerma-area product (also 
known as dose-area product), and fluoroscopy time. Kerma (an acronym for “kinetic energy released 
per unit mass”) refers to the energy deposited from the x-ray beam per unit mass in a small volume of 
some specified material. Therefore, air kerma refers to the amount of energy delivered from an x-ray 
beam per unit mass of a small volume of air.

7.4.1.1 Peak Skin Dose

Peak skin dose (PSD), measured in grays (Gy), refers to the highest absorbed dose in any portion of 
the patient’s skin during a procedure. This value includes contributions from the primary x-ray beam, 
tube leakage radiation, and scattered radiation from deeper in the patient’s body that travels back to the 
skin (backscatter). This dose is the best predictor of potential deterministic effects to the patient’s skin 
post-procedure. Estimation of this parameter can range from simple to complex depending upon the 
type and amount of dose information available. Methodologies to estimate the peak skin dose based 
on a number of scenarios involving the availability of manufacturer dose reports, Digital Imaging and 
Communications in Medicine (DICOM) image headers, machine-reported dose metrics, or simply 
patient images from the procedure have been discussed in the research literature and are beyond the 
scope of this chapter (Dauer et al. 2009; Jones and Pasciak 2011, 2012). While historically the estima-
tion of this parameter was limited to post-procedure reconstruction using one of the several available 
methodologies, studies in the literature have begun to explore solutions for real-time estimation of the 
PSD during performance of the procedure (Bednarek et al. 2011; Johnson et al. 2011; Khodadadegan et al. 
2013; Rana et al. 2014, 2016).

7.4.1.2 Reference Point Air Kerma

The reference point air kerma (also known as cumulative dose, cumulative air kerma, or reference air 
kerma) is the cumulative air kerma measured over the course of an entire procedure to a specific point 
in space (i.e., the patient entrance reference point) relative to the fluoroscopy gantry. The concept of 
the reference point air kerma first emerged in 2000 in the International Electrotechnical Commission 
(IEC) standard for interventional fluoroscopy equipment and was adopted by the U.S. Food and Drug 
Administration in 2005, with the second edition of the standard being published in 2010 (IEC 2000, 2010; 
FDA 2005). Currently, all fluoroscopes sold in the United States after June 2006 are required to measure 
or calculate and display this parameter at the working position of the interventionalist. The position of 
the reference point depends upon the type of fluoroscopy system; however, for isocentric c-arms used 
in most interventional procedures, the point lies on the central ray of the x-ray beam, 15 cm toward the 
x-ray tube from the isocenter of rotation (IEC 2010). The point is roughly located at skin entrance for a 
30-cm-thick patient with isocenter positioned at patient midpoint (see Figure 7.3a); however, changing 
imaging geometry can strongly influence where this point lies in relation to the patient, as it is fixed 
with respect to the gantry but not to the patient’s relative position (see Figure 7.3b). It is important to 
note that the point’s location also does not change when the source-to-image distance (SID) and table 
height changes. Despite this variation in location with respect to the patient, the reference point usually 
is close to the patient’s skin and the reference point air kerma can therefore be thought of as the total air 
kerma incident on the skin summed over all areas of skin irradiated during the procedure (NCRP 2010).

For procedures in which the x-ray beam is moved with respect to the patient, the reference point air 
kerma will provide an overestimate of the patient’s peak skin dose and therefore overestimate the risk 
of deterministic effects (Miller et al. 2003; NCRP 2010). Conversely, as beam motion during a procedure 
decreases, the reference air kerma will better estimate the peak skin dose and associated deterministic 
risks (Miller et al. 2004). It is important to be aware that the radiation dose delivered to the patient’s 
skin differs from the entrance air kerma due to both differences in energy absorption coefficients of air, 
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tissue, and backscatter. As noted, backscatter refers to the photons that get scattered back toward the 
skin from deeper within the patient, which results in a patient skin kerma approximately 40% larger 
than the incident air kerma alone (Balter and Miller 2014). Additionally, for the same x-ray beam and 
entrance skin air kerma, the dose absorbed by bone is two to three times as high as that absorbed by soft 
tissue due to the increased absorption coefficient of calcium (Balter and Miller 2014). Therefore, though 

FIGURE 7.3 (a) Diagram of the location of the air kerma reference point for isocentric systems as defined by 
the IEC and U.S. Food and Drug Administration. The point moves with the gantry and is located 15 cm from the 
isocenter toward the x-ray tube. (b) Diagram illustrating how the air kerma reference point can move relative to 
the patient’s skin depending on gantry positioning. In configuration A, the reference point is located on the skin 
surface while in configuration B the point has moved inside the patient.
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most efforts for patient dose management revolve around the skin, it is important to keep superficial 
bone structures (e.g., the ribs) in mind as well. Despite this variability, with appropriate implementation, 
the reference point air kerma can be used not only as a reliable metric for predicting the likelihood of 
deterministic effects but also overall procedure dose performance (Balter et al. 2011). 

7.4.1.3 Kerma-Area or Dose-Area Product

The kerma- or dose-area product (KAP or DAP, respectively) represents an approximation of the 
total x-ray energy leaving the x-ray tube, which is typically measured by a flat, square ion chamber 
located near the collimator assembly (NCRP 2010). The units for KAP and DAP are typically gray-
square centimeters (Gy cm2), which represents the total dose measured within the collimated field 
multiplied by the field area. Since dose is inversely proportional to the square of the distance from 
the x-ray tube focal spot and field size is directly proportional to the same distance, KAP is inde-
pendent of SID. So long as the x-ray field is confined to the patient, KAP can be used to provide an 
estimate for the total x-ray energy absorbed by the patient during the procedure and is therefore 
used to provide a measure of the stochastic risks of a procedure. However, KAP is a poor metric for 
estimating peak skin dose since, due to its formulation, delivering a very large radiation dose to a 
small area can result in an identical KAP as a small radiation dose delivered over a large area. In 
fact, estimation of absorbed skin dose from KAP data can have potential errors of at least 30%–40% 
(McParland 1998a, 1998b).

7.4.1.4 Fluoroscopy time

Fluoroscopy time is the metric that has historically been in place longest on fluoroscopic equipment, 
though it has become largely outdated with the arrival of the previously described dose metrics. It is 
simply a measure of the “beam on” time for fluoroscopy during a procedure, with no additional dosi-
metric information. It is independent of the techniques (i.e., kVp, mA, pulse width, etc.) delivered by the 
system during a procedure and does not include the contributions of fluoroscopic images (e.g., digital 
subtraction angiography runs). Since it correlates poorly with other dose metrics, the NCRP recom-
mends that it should only be used with respect to monitoring patient irradiation if no other metric is 
available on a system (Fletcher et al. 2002; Miller et al. 2004; NCRP 2010). With all newly manufactured 
equipment since 2006, newer metrics are required to be displayed, and fluoroscopy time will be aban-
doned as older units are replaced.

7.4.2 Accuracy of Dose and Risk estimation

It is important to keep in mind that any estimation of patient dose and associated stochastic and deter-
ministic risk comes with a degree of uncertainty. The displayed values of reference point air kerma and 
KAP are allowed an uncertainty of ±35%, and using these metrics to convert to patient dose introduces 
more uncertainty due to patient size and position relative to the x-ray beam during the procedure (Miller 
et al. 2004). Additionally, patient-to-patient biological variability with regards to radiation effects can 
make exact prediction of risk more uncertain (Balter et al. 2010). However, a qualified medical physicist 
can help quantify these uncertainties such that the most informed decisions about patient radiation 
dose management can be made. One always should remember that even if perfect knowledge of each 
patient’s risk cannot be obtained, these metrics can be used to help achieve the goal of maximizing the 
margin of patient benefit over harm.

7.5 Methods for Dose optimization

Dose optimization with the use of fluoroscopy can seem like a daunting task given the large number 
of operator and unit-specific variables affecting dose encountered over the course of a procedure. As 
with all other imaging modalities, the task of optimization relies on the balance between the need for 
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diagnostically adequate image quality to accomplish the goal of the procedure and minimizing the dose 
to the patient (ICRP 2007). This is especially important in the case of fluoroscopy because the modality 
is often used as a tool to assist surgical procedures that can last hours at a time, and the patient dose is 
highly dependent on the continuous use of the operator. It is this prolonged exposure to the patient (and 
the staff receiving the prolonged scatter radiation) alike that warrants the need for optimization pro-
tocols for procedures involving fluoroscopy. The ICRP describes optimization as consideration of “the 
likelihood of incurring exposures, the number of people exposed, and the magnitude of their individual 
doses should all be kept as low as reasonably achievable, taking into account economic and societal fac-
tors” (ICRP 2007). To help one optimize the radiation dose to patients and staff, many considerations 
must being considered. This includes everything from the equipment selection and room layout itself to 
the dose-sparing techniques that can be used before, during, and after the procedure.

7.5.1 Prior to Procedure

7.5.1.1 equipment Selection

One of the biggest advances in fluoroscopic imaging has been the development of the FPD, an alterna-
tive technology to the II. This critical advancement changed the way radiation could be utilized in the 
interventional setting and subsequently has allowed for better image quality for clinical tasks and the 
possibility of lower doses to the patient. The image quality has improved for multiple reasons. First, a 
modern flat panel does not suffer from the same distortions associated with an II such as the “pincush-
ion” caused by the curvature of the input phosphor on the II, “vignetting” caused by uneven distribu-
tion of photons striking the flat output phosphor surface, and “S” distortions caused by magnetic fields 
interfering with the trajectory of electrons within the II. As discussed earlier, multiple DELs are fixed in 
place that allows for much more consistent uniformity across the detector. The decreasing size of elec-
tronics allows the FPD to be much less bulky than the II systems. This makes it easier to position it over 
multiple smaller areas of the patient throughout the procedure. The FPD also eliminated the need for a 
television camera to convert x-ray intensity into electronic signal, reducing electronic noise.  This also 
makes for a more streamlined fluoroscopic unit and eliminates further variability in signal. Eliminating 
the analog signal conversion has also resulted in less noise being produced along the imaging chain.

Aspects to consider for FPD:
While FPDs have improved fluoroscopy imaging by eliminating II-related artifacts and relieved the 

user of the more cumbersome television system, there are trade-offs to consider when optimizing the 
dose to the patient. As noted above, there are multiple DELs that are read out to form the electronic 
signal that produces the image. The number of DELs and the dimensions of the DELs ultimately limit 
the spatial resolution that can be achieved by the unit. The distance from the center of one DEL to the 
adjacent DEL is known as the pitch. The maximum spatial resolution for a given FPD system is given by 
the following relationship: 

 
Maximum spatial resolution  

 pitch
 = 1

2 *  

Using this relationship, one can conclude that using the smallest pitch possible will optimize the spatial 
resolution. However, one must also consider that each DEL contains readout electronics on the circuit 
that take up some of the area within the DEL. The smaller the pitch, the greater the fractional area the 
electronics occupy on each DEL, decreasing the sensitive area for x-ray absorption (Nickoloff 2011). The 
fraction of the sensitive area relative to the area of the pitch is known as the fill factor: 

 
Fill factor = 

sensitive area of DEL

pitch *pitch
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Manufacturers must therefore balance the size of pitch to increase spatial resolution with the size 
of the sensitive area used for each DEL to not introduce excessive noise in the image (Nickoloff 2011).

Regardless, the presence of the electronic noise in the readout and sampling of the detector place 
a dose “floor,” i.e., a minimum, on the input air kerma needed to maintain proper detector quantum 
efficiency at low input air kerma rates for FPDs (Jones et al. 2014). Because FPD systems do not have the 
same gain ability as an II system given that they use similar input phosphors (for indirect FPD), the dose 
“floor” for FPD is higher than that for II systems (Jones et al. 2014).

One other consideration related to the detector is the time it takes to read the data for given field of 
view: the larger the field of view, the longer the time it takes to read out the full signal given the size of the 
data sample. To reduce the data rate, manufacturers often group data from adjacent DELs together. This 
is a process known as binning (Nickoloff 2011). Binning reduces the data rate by reducing the number of 
DELs that need to be read and reduces noise by increasing the signal per grouped DEL. However, this also 
reduces the spatial resolution because the pitch is increased (refer to above equation). So, while the spatial 
resolution generally remains constant for FPDs and is better than for an II system, for larger fields of view 
where binning is used, the spatial resolution falls by approximately 50% and closely matches what would 
be achieved by an II system for the same large field of view (Nickoloff 2011). While the benefits of FPD 
still outweigh the limitations of FPD, these factors should be considered when attempting to optimize the 
dose during a given procedure.

7.5.1.2 Room Layout

An aspect to consider when analyzing overall dose management starts before the patient ever enters 
the room. Once the equipment is selected, the planning and construction of the fluoroscopy suite 
must take place. It is critical that the space that occupies the unit is designed in such a way that lim-
its the amount of radiation to anyone outside the room and minimizes the dose to personnel in the 
room. This involves making sure the walls are properly shielded based on the workload of the room. 
Attention must be paid to the doors of fluoroscopy suites. Conventional radiographic units may have 
door interlocks that disable the x-ray when the door is opened. However, this cannot be the case due to 
the dynamic nature of the fluoroscopic procedure and can put patient safety at risk. Instead, a manual 
switch, in the form of a button can be placed in the room to disable the x-ray tube, is necessary. All 
corridor doors should remain closed during the procedure. Should a door be left open (e.g., the control 
room door) while the procedure is underway, there should not exist any line of sight between the iso-
center of the unit and an occupied area. Lastly, doors should be placed such that no person must travel 
through an unshielded area to enter or exit the corridor or control room (Jones et al. 2014). Within the 
room, dose reduction to the staff performing the procedure includes the use of tableside lead drapes to 
lower immediate scatter levels from underneath the patient and use of various versions of leaded glass, 
which are typically suspended from the ceiling or are on wheels and moved throughout the room. It is 
imperative to use these items as much as possible during a procedure to keep the staff exposure as low 
as possible.

7.5.1.3 Pre-procedure

A key part to dose optimization is a pre-procedure risk-benefit analysis. While the benefits for patients 
undergoing fluoroscopic procedures typically outweigh the potential risks, factors such as the patient’s 
previous interventional procedure history, current weight, pregnancy status, current medications, and 
any previous medical problems should be considered when planning the use of radiation with possible 
deterministic effects (Miller et al. 2010).

It is important that the benefits and the risks associated with procedure be explained in the informed 
consent presented to the patient. The discussion of risk should include potential skin burn effects, fetal 
risk for pregnant patients, and cancer risks associated with the use of radiation.
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7.5.1.4 time-out

Once the procedure has been deemed appropriate and the patient has been prepared for the procedure, 
it is important that the patient’s identity be verified and the fluoroscopic unit set up for the appropriate 
procedure via the system procedure-specific protocols. The pre-procedure time-out should also include 
verification that all staff present are wearing their dosimetry badges and protective lead garments, 
including lead aprons, glasses, and gloves when necessary.

7.5.2 optimization of Dose During a Procedure

The operator of fluoroscopic and interventional imaging equipment is ultimately responsible for opti-
mizing the dose delivered to the patient during a procedure—that is, using the least amount of dose 
required to provide sufficient image quality for successful clinical performance. In addition to benefit-
ing the patient, the operator’s dose will also be minimized if this optimization is performed. Several 
national and international organizations have provided publications describing recommendations for 
such optimization, including the following references: ICRP 2000, 2010; Hirshfeld et al. 2004; NCI 2005; 
NCRP 2010; ACR 2018. Table 7.1, adapted from Bushberg et al. 2012, also provides a succinct overview of 
dose and image quality trade-offs that are described in greater detail in the following sections.

TABLE 7.1 Summary of Operational Factors That Affect Image Quality and Radiation Dose to the Patient and Staff

Operational Change

Effect on Image Quality and Radiation Dose

Image Quality
Radiation Dose to the 

Patient
Radiation Dose 

to the Staff

Increase in patient size Worse (increased scatter fraction) Higher Higher
Increase in tube current (mA) 

with constant kV (i.e., AERC off)
Better (lower image noise) Higher Higher

aIncrease in tube potential (kV) 
with AERC active

Soft tissue: Better (lower noise)
Bone and contrast material: 

Worse (decreased subject 
contrast)

Lower Lower

Increase in tube filtration with 
AERC active

Little change Lower Lower

Increase in source to skin distance Slightly better Lower Little change
bIncrease in skin to image 
receptor distance

Slightly better (less scatter) Higher Higher

Increase in magnification factor Better (improved spatial 
resolution)

Higher Higher

Increase in collimator opening Worse (increased scatter fraction) Little change (however 
higher integral and 
effective dose)

Higher

Increase beam on time No effect Higher Higher
Increase in pulsed fluoroscopy 

frame rate
Better (improved temporal 

resolution)
Higher Higher

Grid is used Better (decreased scatter fraction) Higher Higher
Image recording modes (cine, 

digital subtraction angiography 
(DSA), radiographic)

Better (lower noise, higher 
resolution)

Higher Higher

Source: Bushberg, J.T. et al., The Essential Physics of Medical Imaging, 3rd, ed., Lippincott Williams & Wilkins, Philadelphia, 
PA, 2012.

a When kV is increased with AERC activated, the system decreases the mA to maintain a constant signal level at the image 
receptor.

b Fixed source to skin distance.



119Optimization and Dose Reduction in Fluoroscopy and Interventional Imaging

7.5.2.1 techniques to Minimize total Dose

There are several equipment and technical parameters under the direct control of the operator that can 
heavily influence the total dose delivered to the patient during fluoroscopic and interventional proce-
dures (Wagner 2007). Understanding their influence on dose and making proper adjustments when 
applicable can help minimize dose while maintaining clinical performance of a procedure.

Positioning of the x-ray tube, image receptor, and patient can have a major impact on the dose. Since 
dose is inversely proportional to the square of the distance from the x-ray tube focal spot, the distance 
between the patient and the x-ray tube should be maximized in any positioning setup. Additionally, the 
relative positioning of the x-ray tube, patient, and image receptor has significant impact on the function 
of the automatic exposure control integrated into all modern fluoroscopic equipment. This control sys-
tem automatically adjusts the radiation output delivered based on the thickness and composition of the 
body part of the patient being imaged as well as the distance of the image receptor from the x-ray tube 
in order to maintain a constant and acceptable image quality. A thicker portion of the body as “seen” by 
the beam will be more difficult to penetrate and thus require higher radiation output as compared to a 
thinner portion. Owing to this, steep oblique orientations of the x-ray tube increase the path length the 
radiation travels through the body as compared to a postero-anterior orientation (see Figure 7.4), and 
will thus cause an increase in radiation output up to a factor of 10 or more (Miller et al. 2010). The steep 
angles also tend to reduce the distance between the x-ray tube and skin surface, also increasing dose.

The image receptor should be positioned in any orientation as close to the patient as possible for 
multiple reasons. First, maintaining proximity to the image receptor will reduce the presence of focal 
spot blurring and magnification effects in the patient images. Second, this positioning will generally 
reduce the dose for both fixed (mobile c-arm) and variable (angiography, interventional, etc.) focal spot-
to-image receptor distance units. In fixed units, positioning the patient as close to the image receptor 
will maximize the x-ray source to patient skin distance and will therefore minimize dose. For variable-
distance units, for a given source-to-skin distance, keeping the receptor close to the patient will reduce 
the total focal spot-to-image -receptor distance. The farther away the image receptor is from the patient, 

FIGURE 7.4 Diagram illustrating the effect of gantry positioning on the path length the x-ray beam travels 
through the patient. The beam travels a longer path length through the patient in the steep oblique positioning in 
configuration B as compared to the postero-anterior positioning in configuration A. Therefore, in order to maintain 
a sufficient signal to the detector, the AERC system will increase the output for configuration B as compared to A, 
which will result in a higher dose to the patient.
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the higher the output the AERC system will prescribe to ensure sufficient image quality level, so mini-
mizing that distance for a given source-to-skin distance will minimize dose. Therefore, for variable dis-
tance units, first position to maximize the source-to-skin distance and then position the image receptor 
as close to the patient as possible.

An additional consideration is to utilize positioning and beam collimation to reduce to the presence 
of bone in the beam. Since bone is more attenuating soft tissue, the AERC system will increase x-ray 
output to compensate, thus increasing dose. Superimposed bone also makes visualization of medical 
devices such as catheters difficult, and thus can necessitate additional procedure time (Miller et al. 2010). 
Related to this, the arms should be positioned out of the field of view unless they are to be imaged as part 
of the procedure (Wagner 2007). The arms introduce additional body thickness and bony structure in 
the path of the beam, so removing them from the field of view will ensure no unnecessary increase of 
radiation output by the AERC system.

Aside from positioning, there are multiple operational parameters that can be chosen during the 
procedure that can help minimize dose. Beam collimation should always be employed to limit the x-ray 
field size to the smallest area appropriate for the imaging task, which not only reduces the area of skin 
being irradiated but reduces the amount of radiation scattering back to the personnel in the procedure 
room. The use of magnification and high-dose-rate modes should be limited only to clinical necessity. 
Low-dose-rate AERC modes should be used when clinically acceptable. The use of pulsed fluoroscopy 
can also have a major impact on dose minimization (Wagner et al. 2000). However, it is important to 
note that each manufacturer implements pulsed fluoroscopy modes in their own manner, with some 
modes yielding the same or higher dose rate than conventional, continuous fluoroscopy (Miller et al. 
2002). Therefore, it is good practice to consult with the manufacturer of the equipment or with a quali-
fied medical physicist in order to determine the actual dose rate for each pulsed fluoroscopy mode before 
implementation (Miller et al. 2010). Judicious use of these operational parameters is crucial, as their 
effects on patient dose are multiplicative and can result in differences in patient skin doses of up to 8 Gy 
for long procedures (Wagner et al. 2000).

The use of last-image hold, fluoroscopy loops, and “virtual” collimation, when available and care-
fully used, can lead to reductions in fluoroscopy time and patient dose. Fluoroscopy is only necessary 
for guidance of devices within the body or to observe motion. For intraprocedural review, last image 
hold and fluoroscopy loops are sufficient while not requiring any additional radiation dose to the patient 
(Miller et al. 2010). If last-image hold and fluoroscopy loops provide adequate information for diagnosis 
or documentation for a particular procedure, there is no need to perform higher-dose fluororadiogra-
phy or digital subtraction angiography runs, which can save a substantial amount of dose. For cases in 
which images or runs are clinically necessary during a procedure, the number of images obtained can be 
minimized by using preprogrammed acquisition sequences with lower frame rates that reduce the total 
number of images taken without the loss of important information.

Adjustments to technical parameters, such as AERC calibration, pulse rate, pulse width, beam fil-
tration, imaging sequences, image processing, and video frame averaging (for image noise reduction), 
should be performed with the assistance of a qualified medical physicist and field service engineer to 
ensure their proper use (Miller et al. 2010). It is of the utmost importance to remember that dose reduc-
tion should never impair the image quality necessary to successfully perform clinical procedures, and 
any implementation of the aforementioned strategies should always be centered in the justification of 
providing the patient more benefit than harm. 

7.5.2.2 techniques to Minimize Peak Skin Dose and eye Dose

In general, utilizing the previously described techniques to minimize total dose will also reduce patient 
peak skin dose and eye dose; however, there are specific techniques that can be employed to further 
reduce these doses.

For peak skin dose, dose spreading and collimation are two methods for dose minimization 
(Miller et al. 2002). The purpose of using these methods is to reduce the skin dose at any single location 
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on the patient skin surface by irradiating different portions of the skin over the course of the procedure. 
Dose spreading refers to the practice of changing the position of the x-ray field on the patient’s skin by 
using table movement and/or gantry angulation (Mahesh 2001; Norbash et  al. 1996). By altering the 
x-ray location on the patient skin surface, both the peak skin dose and the size of skin area subjected 
to the peak skin dose are reduced. Collimating the x-ray beam to only the anatomy of clinical interest 
reduces the area of skin irradiated as well as the overlapping of x-rays fields while using dose-spreading 
techniques. Since these overlapping areas produce higher dose, tight collimation can help improve the 
effectiveness of dose spreading at reducing peak skin dose and the areas subjected to the peak dose 
(Miller et al. 2002).

To minimize patient eye dose when allowed by the clinical requirements of the procedure, there are 
two methods that can be employed. First, when imaging the head and face the beam should be posi-
tioned such that it enters the head in the posterior-anterior direction. In this configuration, the anatomy 
posterior to the eyes act to shield the eyes and reduce their radiation dose. Second, as with peak skin 
dose reduction, beam collimation can be employed in order to exclude the eyes from the field when 
clinically permissible and thus reduce eye dose.

7.5.2.3 Monitoring Dose During Procedures

Multiple guidelines recommend that radiation dose should be monitored during a procedure (Stecker 
et al. 2009; NCRP 2010). Monitoring ensures that the operator of the fluoroscopic equipment is aware of 
the amount of radiation being delivered, such that radiation dose is included the ongoing risk-benefit 
balance used to determine the value of continuing a procedure (Miller et al. 2010). Since it is routine for 
the operator to lose awareness of the radiation dose while concentrating on the clinical performance of 
the procedure, it is recommended that another individual (technologist, nurse, or other) be designated 
to monitor dose and keep the operator informed.

Dose monitoring involves the tracking of one of the four dose metrics previously described in the 
chapter. Since real-time monitoring of peak skin dose and maps of patient skin dose distribution is 
generally not widely available as of 2017, most institutions will perform monitoring using reference 
point air kerma, KAP, or fluoroscopy time. As was previously described, fluoroscopy time correlates 
poorly with patient dose metrics and should be used with caution and only when other dose metrics are 
unavailable (Fletcher et al. 2002; Miller et al. 2004; NCRP 2010). Monitoring should involve the opera-
tor being notified when the patient’s radiation dose exceeds specified values and at regular intervals 
thereafter (Stecker et al. 2009). First presented in Stecker et al. in 2009 and subsequently adopted in the 
recommendations of NCRP Publication 168, the notification levels shown in Table 7.2 were selected such 
that three notifications during a procedure result in a significant radiation dose, a radiation dose that 
might produce an injury in an average patient and would therefore prompt a post-procedure patient 
follow-up (Stecker et al. 2009; NCRP 2010). These recommended significant radiation dose levels can 
be found in Table 7.3, though lower values can be used at the discretion of an institution, especially for 
cases in which previously irradiated skin is involved (NCI 2005; ACR 2018). It should be noted that for 
procedures utilizing a biplane fluoroscopic unit, dose metrics from each plane should be considered 

TABLE 7.2 Summary of Radiation Monitoring Dose Notification Thresholds

Parameter First Notification Subsequent Notifications

Peak skin dose 2,000 mGy 500 mGy
Reference point air kerma 3,000 mGy 1,000 mGy
Kerma-area-product 300 Gy cm2a 100 Gy cm2a

Fluoroscopy time 30 min 15 min

Source: Stecker, M.S. et al., J. Vasc. Interv. Radiol., 20, S263–S273, 2009.
a Assuming a 100-cm2 field at the patient’s skin. The value should be adjusted to the 

actual procedural field size.
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independently if the fields do not overlap, and the doses added for cases in which the fields overlap or if 
it is uncertain if they overlap (Miller et al. 2010).  

A procedure should never be stopped solely due to the fact that the significant radiation level has 
been exceeded, especially considering that the clinical benefit to the patient from a successful procedure 
almost always outweighs any potential harm as the result of radiation exposure (Balter and Moses 2007). 
Additionally, halting the procedure on this basis alone without attaining the desired clinical result will 
have subjected the patient to radiation risks without the associated clinical benefit. Even with judicious 
implementation of dose optimization techniques, it is not always possible to prevent the peak skin dose 
from reaching a threshold for patient skin effects. A variety of factors including patient anatomic varia-
tion, radiation doses from previous procedures, disease and lesion complexity, type of procedure, and 
the clinical indication for the procedure may combine such that a prolonged procedure with a high 
radiation is unavoidable and not indicative of poor operator technique (Miller et al. 2010).

7.5.3 Post Procedure

It is important to record the patient dose following a patient procedure using fluoroscopy. As stated ear-
lier, time alone is not an indicator of patient dose. All available metrics, such as peak skin dose, reference 
dose, and KAP should be recorded in conjunction with fluoroscopy time. Most modern equipment has 
the ability to record these following the procedure. If the patient is pregnant, these metrics should be 
used to evaluate the dose to the fetus and recorded.

Should a significant patient dose be recorded or trigger levels activated during the procedure, the 
operator should respond in accordance to the hospital’s protocol. This may include noting in the 
patient’s record that a significant amount of radiation has been delivered along with stating a reason. 
If  necessary, this should also include consultation with a qualified medical physicist for further evalua-
tion of the patient dose. If it is determined that the patient received a significant enough amount of radi-
ation to cause a deterministic effect, follow up with the physician should occur at intervals of two weeks 
and one month following the procedure. It is at this point that a patient can report any skin changes 
following the procedure (Miller et al. 2010). If a follow-up is found to be necessary or precautionary due 
to previous interventional procedures, it should be scheduled prior to the patient leaving the hospital 
and the patient given written follow-up instructions along with their other discharge information.

7.5.4 Future of Fluoroscopic Dose optimization

In order to address the increasingly complex issue of patient and staff dose, some novel approaches have 
been introduced in order to raise awareness and further control radiation dose to all involved. In a recent 
paper, Balter et al. (2016) explored the concept of eye tracking software for interventional radiology. The 
study used a new technology called eye-controlled region of interest. Eye-tracking software monitors the 
movement of the physician’s gaze to automatically adjust the aperture of the fluoroscope to the clinical 
region of interest. With this software engaged, a dynamic collimator moves with the operator’s eye move-
ment. The collimator attenuates a significant portion of the field of view outside a smaller diameter linked 

TABLE 7.3 Thresholds for Patient Follow-up

Parameter Threshold

Peak skin dose 3,000 mGy
Reference point air kerma 5,000 mGy
Kerma-area-product 500 Gy cm2

Fluoroscopy time 60 min

Source: Stecker, M.S. et  al., J. Vasc. Interv. 
Radiol., 20, S263–S273, 2009.
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to where the operator is looking. Image processing is then added to bring the brightness and contrast of 
the highly attenuated surroundings to match the fully irradiated area. In doing this, general workflow is 
not disturbed and the KAP to the patient and operator irradiation were found to be drastically reduced.

While considerable effort is expended to reduce the patient dose, there has also been a concerted effort 
to enhance the training of the fluoroscope operators with regard to scatter radiation awareness. To high-
light the areas in the clinical setting that receive the highest amount of scatter radiation, Rodas and 
Padoy (2015) used a series of digital cameras to photograph a typical clinical set up for an interventional 
procedure. A 3D model was constructed of the setup and various Monte Carlo simulations were run with 
measurement verification from real-time electronic dosimeters. The resulting simulation was overlaid 
on the 3D model of the setup to show the highest areas of radiation scatter. This then gives physicians a 
real-time scatter dose map simulation that engenders a heightened awareness to the users for future cases. 
This kind of visualization is crucial in the continuing education of fluoroscopy operators as it shows the 
highest and lowest areas of scatter radiation and how this changes with distance and patient positioning.

7.6 conclusion

The use of fluoroscopic imaging has increased over the past several decades as the modality has become 
an integral part in increasingly complex procedures across multiple disciplines. While several advances 
in detector technology, dose-sparing modes, and advanced image processing have made significantly 
lowering the patient dose possible, the responsibility still remains with the operator to ensure that these 
technologies and techniques are utilized to optimize the patient dose for a given procedure. Variability 
in vendor design and varying degrees of user training make it essential that the operator become famil-
iar with the unique functions and modes of their fluoroscopy unit and also employ basic dose optimi-
zation practices within the context of the patient procedure. While this is an ongoing challenge, the 
strategies presented in this text in conjunction with the highlighted ongoing research show that dose 
optimization within fluoroscopy is achievable in concert with continually improving technology to ulti-
mately benefit both the patient and staff involved.
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8.1 Introduction

The task of optimizing radiation dose and image quality for computed tomography (CT) imaging sys-
tems is one of the most challenging tasks faced by the imaging community. With the constant evolution 
of technology outpacing the knowledge of users, technological innovations aimed at reducing radiation 
dose while improving, or maintaining, image quality are often left underutilized and in some instances 
are improperly applied. Within this section, we aim to review methods available to optimize radiation 
dose from CT imaging systems.

8.2 Radiation Dose in CT

Since its invention in 1973, CT has transformed medical care.1 The technology has replaced explor-
atory surgeries, improved treatment options, and has contributed to the improvement of quality of life 
and prolonged life expectancy for millions of patients.2–4 However, cancer risks associated with the use 
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of ionizing radiation in CT has driven regulators, the media, and several national and international 
organizations to call for standards designed to limit and reduce the amount of radiation delivered per 
procedure.5–13

As with any medical procedure, there are risks and benefits associated with CT. For CT, there may be 
a small, statistical risk of radiation-associated cancer induction through exposure.5,14 Because this risk 
is not zero, it is prudent, particularly in pediatric patient populations, to perform a critical analysis of 
imaging parameters with the goal of optimizing and/or reducing the amount of ionizing radiation used 
in CT procedures.

The first step in the optimization frame work is to determine if the ordered procedures are justified 
for the diagnostic task and the individual patient.15,16 Both the prescribing physician and radiologist 
share the responsibility of determining the appropriate imaging procedure. The American College of 
Radiology (ACR) has outlined appropriateness criteria that can be used by all physicians when making 
such decisions.17 The overall intent is to ensure that the benefits of the imaging examination will out-
weigh any associated risks.

In a clinical setting, the focus for optimization is balancing the image quality and radiation dose 
in the context of the diagnostic task. With any reduction in radiation dose, the primary detriment to 
image quality is the increase in image noise, which could compromise relevant diagnostic informa-
tion. Although there is no one strategy that fits all optimization frameworks, primary consideration 
must be placed on acceptability of the image quality to the radiologist interpreting the CT scan. 
Determination of this threshold of acceptability is a difficult balancing act that may require changes 
to imaging protocols. Regardless of the strategy chosen, manufacturers now offer several tools to help 
facilities achieve a radiation dose that is as low as diagnostically achievable (ALADA) for a specific 
diagnostic task.18

An initial step towards the optimization process is to thoroughly understand the image quality require-
ments for each particular diagnostic task. For example, lung cancer screening studies  primarily involve 
the detection of soft-tissue nodules in a background consisting of air-filled lung parenchyma.19–21 In this 
context, the contrast difference between the background and  nodule is  inherently high, allowing for lower 
radiation dose and more image noise without  sacrificing  diagnostic confidence.19–21 However, with liver 
CT examinations, the diagnostic task involves the detection of more subtle, low-contrast lesions, which 
tolerate less image noise.22–24 Adding to the complexity of balancing radiation dose and image quality are 
differences in the perception of medical images by various radiologists, where some may tolerate more 
noise than others.25 Prior to attempting to reduce  radiation dose in CT, a team consisting of radiolo-
gists, technologists, and  physicists actively involved in CT applications is critical.25 Radiologists are able 
to direct the effort by informing participating colleagues about protocols producing poor image quality or 
requiring investigation. Technologists contribute expertise in terms of the departmental workflow and are 
critical to the successful implementation of protocols. Physicists are able to guide the team about risk from 
 radiation exposure, experiments to assess image quality with phantoms, monitoring of protocol changes, 
and novel technologies that can help in the dose optimization process. A collaborative team effort is essen-
tial to the success of any such optimization effort.

In this section, we aim to provide an overview of the fundamentals of CT imaging physics, with an 
emphasis on methods one can use to optimize imaging parameters. In addition, we include a checklist 
to aid CT dose optimization efforts (see Table 8.1). 
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8.3  Methods to Optimize CT Radiation Dose

Within any optimization framework, the primary contributing factor to non-diagnostic image quality 
is excessive noise. There is an inverse relationship between the amount of radiation dose and noise pres-
ent in a CT image. If not careful, excessive reduction in radiation dose can increase noise to a point that 
diagnostic information is lost, as seen in Figure 8.1. 

The concept of noise associated with radiation dose originates from two primary sources: the first aris-
ing from the number of X-ray photons incident on the detector, and subsequently detected, (i.e., quantum 
mottle) and the second concerning the electronic components of the CT system, otherwise known as 
electronic noise.78,79 A third form of noise is referred to as anatomical noise, which arises from variations 
in tissue textures and is described as the presence of anatomy that is not relevant to the diagnostic task.78 
A complete understanding of the sources of noise from the entire imaging chain will assist any optimization 

TABLE 8.1 Methods to Optimize CT Protocol

Options Recommendation
References for 

Guidance

Size-based CT 
Protocols

- Develop technique charts according to patient size. Size is best 
determined from the patient scout or localizer exam.

- Patient weight and BMI have also been used, but such parameters are 
not as informative as patient size.

- Pediatric protocols should especially be size based.

26–30

Automated Tube 
Current 
Modulation 
(ATCM)

- The setting of the ATCM options should be applied according to the 
characteristics of the scanner, image quality requirements of the 
physician, and radiation dose for the imaging task.

- Selection of the image quality reference parameter should be based on 
acceptable image quality.

26,27,30–40

Iterative 
Reconstruction

- Apply in stages. Seek out manufacturer and CT optimization team support.
- Carefully consider the imaging task at hand. Some studies have noted a 

loss in low contrast resolution with a reduction in radiation dose and 
application of iterative reconstruction.

GE: 42–48
Siemens: 19–54
Phillips: 55–57
Toshiba: 58–61

Peak Tube 
Voltage 
Selection (kVp)

- Obese patients who exceed a certain size threshold or if the mAs is 
maxed out, a higher kVp setting should be used.

- A reduced kVp should be considered for slim or pediatric patients. 
Designation of a slim patient should be based on physical size 
measurements and image quality requirements.

- A reduced kVp could be used for CT angiography with iodine studies.
- Consider implementing manufacturer-specific automated tube 

potential selection. However, prior to implementing, a thorough 
understanding of how the automated software works should be 
required.

62–71

Dual-Energy CT 
(DECT)

- Consider applying to studies where contrast enhancement is desirable.
- Due to the lower energy spectrum, excessive noise may be problematic 

in larger patients. An upper size or weight threshold may need to be 
applied.

72–76
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framework. The type of detector, X-ray tube, image processing features, and other hardware and software 
components play a critical role in the final image formation process and noise content.

8.3.1 Detectors

The CT detector acts as a means to transfer energy from X-rays to electrical signals that can then be 
reconstructed into an image. If the conversion process is inefficient, some of the X-ray energy may not 
be converted into a useful electronic signal. A detector that has an inefficient detection and conversion 
process will result in an increase in image noise, which will require longer scan times and higher radia-
tion dose to reduce. Prior to purchasing imaging equipment, medical physicists can help in determining 
and comparing the efficiency of various detectors that come with CT systems. Another consideration 
is electronic noise, which arises from random fluctuations of electronic signals that are not associated 
with the original X-ray energy deposition. CT examination, at routine doses, may not be impacted by 
electronic noise, but low-dose examinations, and for large patients, electronic noise may produce unde-
sirable artifacts.79 Duan et al.80 demonstrated in phantoms and patients how differences in detector 
electronic systems result in excessive noise and artifacts at low radiation dose levels.

8.3.2 Bowtie Filter

The bowtie filter, or beam shaper, is a filter that is designed to shape the X-ray beam for the body habi-
tus under evaluation. These filters play an important role in image quality and how radiation dose is 
distributed in the body. Most people are approximately oval-shaped, where the path length of radiation 
traverses through is shorter towards the periphery of the patient and longer towards the center. For 
this reason, these filters are shaped like a bowtie, where they are thicker at the periphery and thinner 
towards the center.78 By reducing the beam intensity profile to match the greater tissue attenuation at 
the center of patients and the lesser attenuation at the periphery, the dose in the outer portions of the 
body is reduced. Because the dose to the center of the body is primarily a result of scatter radiation from 
the periphery, the dose at the center of the patient also decreases. The final result is a more homogenous 
distribution of radiation dose throughout the patient, which improves the uniformity of noise in the 
reconstructed image.

FIGURE 8.1 Left, Standard-dose CT image shows 4.5-mm calculus (arrow) at left ureterovesical junction. Right, 
Axial low-dose CT image at pelvic level shows that multiple streak artifacts reduce quality of interpretation. No 
ureteral calculus has been reported at low-dose CT analysis. (Reprinted with permission Poletti, P.A. et al., Am. J. 
Roentgenol., 188(4), 927–933, 2007.)
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In practice, the shape and composition of bowtie filters vary among manufacturers. For example, GE 
has designed multiple bowtie filters that can be selected by the user.31 During protocol development, facili-
ties should ensure that the appropriate filter is matched to the particular body region. Consultation with 
the manufacturer and medical physicist will help determine the optimal filter for any imaging exam.

8.3.3 Scan Range

Scan range is an important clinical parameter that is directly controlled by the technologist. Limiting 
the scan range to the area of interest reduces unnecessary radiation exposure, particularly for pediatric 
patients. Although not possible for all situations, literature reports have demonstrated certain applications 
where scan range can be limited. One example is from a study by Patel et al.81 where they showed a reduc-
tion in radiation dose of 48% when scan range for CT pulmonary angiographic studies was limited from 
the top of the aortic arch to the bottom of the heart, without any loss of sensitivity. Maintaining up-to-
date knowledge, developing standards of practice or benchmarks for each protocol, and periodic review 
of scan ranges for exams performed by technologists will aid in the optimization of CT radiation dose. 
An exception to the above is helical CT acquisitions, which require additional data at the end of the scan 
length, outside of the originally prescribed scan range. The additional dose from this extension during 
helical acquisitions increases with higher pitches. However, modern CT scanners are typically equipped 
with dynamic z-axis tracking or collimation. This dynamic collimation allows the CT system to shape the 
X-ray beam so that any portion not used at the beginning or end of helical scans for the final image will be 
attenuated.78 The amount of dose saving varies by manufacturer and is dependent on the CT pitch, scan 
length, and total collimation for a specific exam prescribed by the user. Again, medical physicists may 
assist by determining the available technical features during the purchasing of CT systems.

8.3.4 Automatic Tube Current Modulation or Automatic Exposure Control

Modulation of tube current according to the size (i.e., thickness) of the body part being imaged, attenu-
ation characteristics, and acceptable amount of noise has been demonstrated as an effective means of 
reducing radiation dose while maintaining adequate image quality. In fact, all modern CT systems offer 
software that automatically modulate the tube current in the x-y (transverse) plane, z-axis  (longitudinal) 
plane, or both, depending on the attenuation, size of the area being imaged, and the image quality refer-
ence parameter.26,27,32–40 Tube current adjustment relative to the x-y plane, also known as angular modu-
lation, accounts for the fact that patients are not circular in cross-section (Figure 8.2). 

FIGURE 8.2 Left, Angular tube current modulation takes into account that patients are not round. As compared 
to the direction of 4–2, less radiation is needed in the direction of 1–3. Right, Longitudinal or z-axis modulation 
adjusts tube current for the differences in thickness and attenuation along the patient’s body.
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Since all CT manufacturers have different methods to implement automatic tube current modulation 
(ATCM), it is essential to understand the principles by which each manufacturer’s tube current modula-
tion software version operates.38 For example, GE uses the noise index (NI), which is a user-selectable 
parameter that represents the acceptable noise level at the center of patient images.34,35 To maintain 
the acceptable noise level, the system will adjust the mA by taking into account the NI, scan technical 
parameters, patient size/attenuation, and the desired slice thickness for the first reconstruction.35 Other 
manufacturers, such as Siemens and Phillips, use real-time mA modulation with an online feedback 
system.36 Regardless of the mechanism, the goal is to deliver the minimum amount of radiation to yield 
a diagnostic-quality image for a specific task. However, a common and critical component to all tube 
current modulation schemes is the selection of an image quality reference parameter. The underlying 
intent of the image quality reference parameter is to allow users to predefine the amount of noise radi-
ologists are willing to accept in their final reconstructed images.

Once this parameter has been established, the scanner will automatically modulate the tube current 
to compensate for the thickness and attenuation of the relevant body part.

Due to the complexities associated with each manufacturer’s automatic exposure control (AEC) sys-
tem, prior to introducing tube current modulation into the clinic, all staff should undergo intensive 
training to understand the mechanisms by which the modulation system works.

AEC systems determine the patient size and attenuation information from the scout (a.k.a. localizer 
or topogram) scan, and/or via an online feedback system. During the scout acquisition, lead aprons, or 
heavily attenuating material, should not be placed within the field of view, as they will unnecessarily 
increase the radiation dose.

For all ATCM systems, the patient should always be properly centered. If the patient is off-center 
and positioned closer to the X-ray tube, they will appear larger in size.37 In such a case, the tube current 
will increase, and the patient will receive more radiation than necessary (Figure 8.3).37 Similarly, if the 
patient is too far from the tube during the scout, then the patient will appear smaller. In this situation, 
the system will reduce the mA and produce excessive noise in the reconstructed images. Patient center-
ing is therefore essential to the appropriate application of AEC in CT. 

Positioning of the X-ray tube Anterior-Posterior versus Posterior-Anterior for the scout acquisition 
could also increase radiation dose when AEC is used. Studies have demonstrated that when the scout 
is acquired with the tube posterior to the patient, with the patient in a supine position, the dose is 
increased by 36%–60%. Similarly, when the tube was in the lateral position, the dose increased by 15%. 
Hence, it is preferred that when the patient is in the supine position, the X-ray tube during a scout exam 
should be anterior to the patient.38,39

Finally, the user is responsible for determining the image quality reference parameter. This param-
eter controls amount of noise one is willing to accept in the final reconstructed image and selects the 
tube current to be used for each slice in the scan. Hence, when less noise is desired, the image quality 
reference parameter can be set up to deliver more tube current and radiation dose. When more noise 

FIGURE 8.3 Left, Patient is properly centered. Middle, Patient is off-center and closer to the x-ray tube, mak-
ing the patient appear wider than they actually are. This may result in more dose to the patient. Right, The patient 
is positioned too far from the x-ray tube, making them appear smaller than they actually are. This may result in 
underdosing the patient. (Reprinted with permission Bruesewitz, M.R. et al., Smart mA—automatic exposure con-
trol (AEC): Physics principles and practical hints, in Annual Meeting of the Radiological Society of North America, 
Chicago, IL, 2008, May.)
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is acceptable, the image quality reference parameter can be adjusted so that the tube current will be 
reduced throughout the scan. The definition of this parameter varies across manufacturers, and since it 
has a significant impact on all tube current modulation systems, sites should consult with the manufac-
turer and the CT protocol optimization team when setting it up.

8.3.5 Peak Tube Voltage Selection

Peak tube voltage, or kVp, is a parameter that has traditionally not changed for the majority of imag-
ing protocols. However, several studies have demonstrated improvement in image quality, primarily 
improved contrast discrimination, and/or reduction in radiation dose when appropriately adjusting 
tube potential for patient size and the imaging task.62–70

The benefit of optimizing kVp is primarily related to the k-edge of the materials being imaged. 
For example, iodine, which is a typical contrast media used in CT imaging, has a k-edge energy of 
33 keV. The closer the average X-ray energy is to the iodine k-edge, the greater the number of photoelec-
tric interactions that will occur. The attenuation coefficient of iodine increases as the photon energy 
approaches the k-edge of iodine. Hence, using a lower kVp will enhance visualization of the iodine 
distribution throughout the body and improve conspicuity between hyper- or hypovascular struc-
tures. However, reducing kVp also results in lower energy X-rays that are more readily absorbed by the 
patient, which could result in an undesirable increase in image noise if attention is not paid to the tube 
current or AEC settings. For example, if the mA and all other factors are kept constant, a reduction 
in kVp from 140 to 120 may result in an approximate dose reduction of 30%. In this case, image noise 
may be expected to increase by about 20%. However, with the application of AEC, lowering kVp will 
automatically result in an increase in mA to produce the specified noise level throughout the body of 
the patient.

To aid users in applying the optimal kVp for specific imaging needs, several manufacturers have 
introduced software that automatically selects the kVp for a particular diagnostic task.71 These systems 
operate similarly to the AEC software, where patient size and attenuation information is extracted from 
the scout or localizer image. This patient-specific information, combined with the user-defined image 
quality reference parameter, is then used by the system to select an optimal kVp for the task at hand.71 It 
is important to realize that each CT manufacturer’s implementation of automated tube potential selec-
tion works in different ways. Prior to implementation it is critical to understand the complexities of the 
software being used.

8.3.6 Iterative Reconstruction

Iterative reconstruction is an image reconstruction technique designed to reduce statistical noise in 
diagnostic images while preserving structural details.41–61 All major CT manufacturers have introduced 
their own iterative techniques for CT image reconstruction (Table 8.2). Although the implementation 

TABLE 8.2 Currently Available Iterative Reconstruction Algorithms from 
Major CT Manufacturers

Vendor Name

GE Adaptive Statistical Iterative Reconstruction (ASiR)
GE Model-Based Iterative Reconstruction (VEO)
Siemens Sinogram Affirmed Iterative Reconstruction (SAFIRE)
Siemens Image Reconstruction Iterative Reconstruction (IRIS)
Philips iDose
Toshiba Adaptive Iterative Dose Reduction (AIDR)



134 Dose, Benefit, and Risk in Medical Imaging

of iterative reconstruction for each manufacturer differs, the underlying principle has been to use sta-
tistical noise models and improved modeling of the system optics to reduce image noise seen with dose 
reduction.78 

Several investigations using phantoms and patients have demonstrated that application of itera-
tive reconstruction produced acceptable diagnostic image quality while reducing radiation dose.41–61 
However, several factors need to be considered when incorporating iterative reconstruction as a dose 
optimization strategy in the clinical setting.

The first consideration is that the application of iterative reconstruction does not automatically result 
in radiation dose reduction.41 The iterative reconstruction algorithm only serves to reduce image noise. 
Second, several manufacturers offer different implementation of iterative reconstruction. Each method 
is proprietary and consists of iterative reconstruction “strengths” that vary amongst manufacturers. 
Typically, the lower strength results in less noise reduction. Figures 8.4 and 8.5 are examples of images 
generated with different strengths of GE’s adaptive statistical iterative reconstruction (ASiR) technol-
ogy. Although the higher strength allows for more noise reduction and the potential to decrease dose 
further, changes in the image texture may be undesirable for some radiologists and diagnostic purposes 
(see Figure 8.4).  

Although iterative reconstruction allows for the reduction of image noise, which then enables one to 
reduce radiation dose, the arbitrary reduction of radiation dose should be discouraged since important 
clinical information may become obscured. For example, diagnostic tasks involving the visualization 
or assessment of high-contrast objects, such as delineation of large vessels with iodinated contrast, one 
may be able to substantially reduce dose without compromising the information content of the image. 
However, for imaging tasks where the visualization of low-contrast lesions is necessary, excessive dose 
reduction reduces contrast differences between the lesions and background, regardless of the strength of 

FIGURE 8.4 GE offers 10 strengths of their iterative reconstruction technology, known as ASiR. With each 
strength of ASiR, the appearance of the grainy image noise reduces.
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IR applied.59,82 The use of iterative reconstruction (IR) techniques to compensate for the increase in noise 
resulting from a decreased radiation dose must be implemented with care for examinations requiring low-
contrast resolution.

8.3.7 Dual-Energy CT

Dual-Energy CT (DECT) is currently performed via two methods: (1) fast-switch kVp with one X-ray 
source and (2) with two X-ray sources. Although both methods are capable of generating material- 
specific images (e.g., images showing only iodine distribution),72,73 the radiation doses from both methods 
are comparable to those of traditional single-energy CT applications.74 For both methods, the true dose 
reduction potential has been the generation of virtual non-contrast images, which could allow users 
to omit pre-contrast scanning.75 However, some studies have suggested image quality is inferior with 
virtual non-contrast images.76 Table 8.1 summarizes important considerations when introducing DECT 
into the clinic.

8.3.8 Diagnostic Reference Levels

Diagnostic reference levels (DRLs) are defined as the third quartile (75%) of collected dose data from 
national, or international, dose databases. DRLs are a great resource for comparing radiation dose 
metrics and identifying high-dose protocols that may need to be optimized.83 However, it is critical to 
understand that DRLs are often intended for specific patient populations. They may not apply to pedi-
atric patients, large patients, or anyone who is not of the average normal size. They should not be used 
as dose thresholds.84 The primary intent of a DRL is as a reference dose, a quantity above which users 
should investigate the potential for dose reduction measures.15 Moreover, they are sometimes derived 
from phantoms and have no bearing on acceptable image quality.18 As noted in Table 8.3, due to the dif-
ference in imaging tasks and patient body habitus, DRLs vary from region. 

FIGURE 8.5 Both images are from abdominal CT scan. Left, Abdominal CT scan reconstructed with filtered 
back projection. Right, The same scan reconstructed with 100% ASiR.
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8.4 Concluding Remarks

Emerging technological advances have resulted in several strategies to manage radiation dose and image 
quality.  The best strategy will depend on the specific diagnostic task, equipment options and end users. 
However, for any clinically justified examination, scanning parameters should be managed according to 
the guiding principle of keeping radiation dose as low as diagnostically achievable (ALADA). 
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Nuclear Medicine

Adam Kesner

9.1 Principles of Optimization in Nuclear Medicine

X-ray imaging has been around since the early twentieth century, since scientists first realized that high 
energy photons (e.g., x-rays) can transverse human tissue and be used to provide information, or an 
image, detailing the internal structure of a patient.

9.1.1 Transmission Imaging

Radiographic imaging, often referred to as x-ray imaging, is a technology that is still heavily utilized in 
modern clinical practice. In radiographic imaging, a patient, or the portion of a patient being imaged, 
is placed in between an x-ray generation tube and a detector. High-energy photons are generated and 
directed towards the patient, and a radiographic image is produced by detecting the variation in attenu-
ation of the photons along the different paths through the body. Because the detected x-rays that are 
used to generate an image are transmitted through the body, this type of imaging is called transmission 
imaging. Transmission imaging is used to image patient anatomy.
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9.1.2 Emission Imaging

Nuclear medicine imaging, also called nuclear imaging, is based on a similar principle to radiographic 
imaging, in that it uses the information carried by photons sent through the body to create an image. 
What makes nuclear imaging unique is the source of the photons in the system. In nuclear imaging, a 
radioactive radiotracer is introduced into the body, and is distributed according to the body’s biological 
response for that tracer. As the tracer distributes in the body, it will emit photons from radioactive decay 
events. These high-energy photons will leave the body and can be measured with a detector, which will 
indicate presence of the tracer. Because the detected x-rays that are used to generate an image are emit-
ted from inside the body, this type of imaging is called emission imaging. Emission imaging is used to 
image function, that is, the interaction and distribution of a tracer inside a biological system.

9.1.3 Optimization Principles in Nuclear Imaging

Transmission and emission imaging provide different types of information, but both rely on the same 
principle, generating images by detecting high-energy photons that have traveled through the body. 
Better images can be created when more photons are used in the system because more photons in turn 
provide more information. However, when photons traverse the body, there is a certain probability that 
they will interact with the body tissue. The energy of photons that are attenuated or completely stopped 
in the body is dissipated into the site of interaction. This energy is referred to as ‘radiation dose’ and can 
initiate negative biological effects.

Nuclear imaging provides invaluable information that is fundamental to creating images but the 
trade-off is the deposited dose. In any procedure, increasing the number of x-rays will improve the images 
(see Figure 9.1), and decreasing the number of x-rays will improve, therefore, reducing the radiation dose. 

FIGURE 9.1 Example clinical bone scan (gamma camera) image generated using differing amounts of count 
statistics, with statistics increasing from the left to right. The figure demonstrates the two main principles of opti-
mization (1) having more counts in an image with result in a better image, and (2) a highest-quality image may not 
be required for an accurate diagnosis, in this case determining the presence of bone metastasis can be made using 
the n/10 counts image—it does not require the highest count image.
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The use of x-ray imaging is justified because there is a favorable risk/benefit ratio—the benefits of 
having clinical information are thought to outweigh the risks associated with the image. The term “opti-
mization” encompasses the concept of finding the ideal balance between the amount of source radiation 
that creates the x-rays that can be used so that resulting images are good enough to provide the necessary 
clinical benefit, while limiting the source radiation to minimize the negative effects of radiation dose.

In nuclear imaging practice, clinical protocols are used to provide the best balance between risk and 
benefit for the patient being imaged. There are, however, some limits to how much can be optimized 
because the risks (radiation dose) and benefits (clinical image quality) for any study are impacted by 
many factors. In this chapter, we will discuss these different factors, current clinical protocols, and 
opportunities there may be for improved optimization.

9.2 Optimization Principles Relating to the Imaging Hardware

Hardware plays a fundamental role in nuclear imaging. The physical components of a system deter-
mine how the system will detect the signal from the photons emitted by a decaying radiotracer within 
a patient, and thus provides the source signal for image generation. Hardware relates to optimization 
because better, more efficient hardware can translate into more efficient information collection per unit 
of radiation emission.

9.2.1 Photon Detection

In nuclear imaging, patients are administered a radiotracer and placed in front of a camera. Radiotracers 
used in nuclear imaging contain an isotope that will decay to a more stable atomic configuration and, in 
the process, will emit high-energy photons. Most of the emitted photons will leave the body and can be 
detected by radiation detectors placed near the patient.

Photon detection is a fundament aspect of nuclear medicine. There are several types of radiation 
detectors that are commonly found in nuclear medicine clinics.

9.2.1.1 Gas-Type Detectors

Gas-type detectors are used to measure radiation and are based on the effect that high-energy photons or 
charged particles, when traversing a volume of gas, will interact with the gas molecules to generate posi-
tively and negatively charged ions. If the ions are generated within an electric field, they can be detected 
and converted to an electronic signal. The rate of ionic interactions in a gas detector can thus be inferred 
through a measurement of the resulting electric current. This measurement will be indicative of the 
amount of radiation reaching the detector. Examples of gas-type detectors found in nuclear medicine clin-
ics include ion chambers, Geiger-Müller counters, and dose calibrators. Gas-type detectors are relatively 
inexpensive (compared to other types of radiation detectors) and can be uses to measure relatively large 
amounts of radiation. Gas-type detectors are used in the clinic to check radiation rates at the location of the 
detector, for dose preparation and safety purposes. Gas-type detectors are not used for image generation.

9.2.1.2 Scintillation-Type Detectors

Scintillation-type detectors are based on an effect when radiation interacts with matter, ionization 
events will occur in the exposed material. After initial excitation, ionized molecules will recombine and 
in the process release energy in the form of heat or vibrations. In some crystal materials, a portion of the 
energy released during recombination will be in the form of optical photons that can traverse the crys-
tal structure. These crystals are called scintillation crystals and are utilized for this radiation-sensing 
behavior in scintillation detectors. A scintillation detector, generally speaking, is a scintillation crystal 
that is coupled with an optical photon detector. When high-energy photons, like those emitted from 
nuclear medicine radiotracers, encounter a scintillation crystal, there is a probability that the photon 
will interact in that crystal and initiate the creation of light photons, which can then be detected and 
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converted into an electronic signal via a photomultiplier tube. Examples of scintillation-type detectors 
found in nuclear medicine clinics include well counters, thyroid probes, gamma cameras, and Positron 
Emission Tomography (PET) cameras. Scintillation-type detectors are denser than gas-type detectors 
and therefore stop more of the incident radiation. They also have superior energy discrimination and 
locational measurement capacity and are used almost ubiquitously in nuclear imaging systems.

9.2.1.3 Solid State Detectors

Solid state detectors utilize properties of semiconductor materials to detect and amplify the ionization 
events that occur after an interaction of incident radiation with the detector. Conceptually speaking, 
solid state detectors are similar to gas-type ion chambers, a solid material analog. However, because solid 
state detector materials are several thousands of times denser than gas, they are much more efficient 
at stopping and detecting incident radiation. Furthermore, the signal resulting from an incident par-
ticle on a solid state detector is capture in greater detail, and solid state detectors have very good energy 
 resolution—that is, detector systems can determine the energy of incident photons with high precision, 
which can help optimize the selection of detected photons used in an image. Solid state detectors come in 
many forms, for example germanium (Ge) and cadmium zinc telluride (CZT). However, they have nega-
tive features that they are expensive, difficult to produce, and can have behavior that is highly temperature 
dependent. Traditionally solid state detectors are not used in nuclear medicine clinics. In recent years, 
however, vendors are bringing gamma cameras and PET systems to the market that have integrated solid 
state detector components. This is, in part, due to the fact that solid state detectors can be used to replace 
photomultiplier tubes and enable the combination of PET and Magnetic Resonance (MR) technologies.

9.2.2 Nuclear Medicine Camera Systems

The cameras used in nuclear imaging are similar in principle to common optical cameras used for pho-
tography. The difference is that nuclear imaging cameras are designed to detect high-energy photons, as 
opposed to photons that have energy in the optical light spectrum. The energy of photons used in nuclear 
medicine are in the range of 50–500 KeV. Isotopes that have photon emissions at these energies are delib-
erately utilized in nuclear imaging because these energies are high enough to traverse through the body, 
yet low enough to be stopped and measured efficiently by a detector. Nuclear medicine cameras utilize 
detectors of the type described in Section 9.2.1 and are designed to incorporate spatial information of the 
detected events to generate 2D or 3D images. The two main cameras commonly found in nuclear medicine 
clinics are scintillation crystal-based gamma cameras and PET cameras. Specific design components of 
the cameras can impact image quality, and therefore should be considered when discussing optimization.

9.2.2.1 Gamma Camera

Originally called an Anger camera, named after inventor Hal Anger, a gamma camera is a workhorse 
instrument for most nuclear medicine departments. Traditionally, a gamma camera consists of a 
large, flat scintillation crystal, coupled with an array of photomultiplier tubes and processing electron-
ics. When used clinically, exchangeable collimators are placed at the front of the crystal to ensure the 
detected incident photons are directionally aligned—a feature required for proper event positioning. 
When radioactive sources, including patients injected with radiotracers, are placed in front of a gamma 
camera, a two-dimensional image of the source can be generated from the detected photons. If a gamma 
camera is rotated around a patient, a three-dimensional emission image can be created and is known as 
Single Photon Emission Computed Tomography (SPECT).

Gamma cameras can be designed with different specifications, which are relevant when considering 
optimization. For example, the thickness of the scintillation crystal component will affect the sensitivity 
of a gamma camera system. Thicker crystals will stop more of the incident photons on a system because of 
the increased probability of photon interaction in the detector, and thus reduced amounts of radiation will 
be required to obtain an image with an acceptable level of counts. However, the choice of crystal thickness 
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of a camera is balanced with other considerations: thicker crystal systems have worse spatial resolution, 
energy resolution, dead time affects, and higher production costs. Typical current general-use systems use 
≈ 1 cm crystal thickness.

Other camera components that affect the images and dose include detector surface size, collimator, 
processing electronics. Gamma cameras should always be tuned, through vendor recommended daily 
tuning, to ensure optimal image quality.

9.2.2.2 PET

PET cameras detect high-energy photons emitted from a radiotracer in a similar manner to gamma 
cameras, using coupled scintillation crystal/photomultiplier techniques. However, PET cameras usu-
ally come in a ring formation and use crystals that efficiently detect the 511 KeV photons that are pro-
duced during positron annihilations. The principle of PET is to use positron-emitting radiotracers for 
their unique positron annihilation characteristics. Positrons are the antiparticle of the electron and 
exist with opposite electric charge. When positrons are emitted from a radiotracer, they travel a short 
distance and then interact/combine with an oppositely charged local electron, in a process known 
as annihilation. The masses of the two charged particles will be transferred to energy and dissipate 
via two photons emitted at approximately 180° in opposite directions, each one having an energy of 
approximately 511 KeV.

PET scanners are more efficient for generating images than gamma cameras because they use electronic 
collimation instead of physical hardware. However, PET machines can only be used for positron emitting 
radiotracers. Positron-emitting isotopes generally deliver more radiation dose to a patient than isotopes used 
in gamma imaging because of the dose deposition characteristics of positrons and high-energy photons.

PET imaging is 3D by nature. Image quality is generally better with PET than with SPECT. However, 
the specific modality used in any specific nuclear medicine examination will depend on the purpose of 
the examination and the available radiotracers. PET and SPECT use similar activities of radiotracers 
(5–10 mCi). Positron-emitting isotopes generally deposit more dose per emission, but have shorter half-
lives and thus dissipate from the body quicker. PET is more expensive to purchase and maintain. PET 
isotopes are also relatively expensive.

9.2.2.3 SPECT/CT, PET/CT, and PET/MR

SPECT and PET machines can be integrated with CT or MR machines to enable simultaneous acquisition 
protocols. Such acquisitions allow registration of functional and anatomical image data. Furthermore, 
CT or MR images can be used to correct the nuclear images for attenuation—important for quantita-
tive imaging applications. Today, SPECT machines are sold with an optional CT component, and PET 
is only sold in hybrid PET/CT or PET/MR units. PET/CT is much more common, as PET/MR remains 
primarily a research tool.

Dual modality imaging, utilizing PET/CT and SPECT/CT, is very common in nuclear medicine clin-
ics. More information on hybrid imaging: PET/CT and SPECT/CT can be found in Chapter 10. Because 
CT scans adds clinical benefit and radiation dose to a procedure, its use must be considered with respect 
to optimization. CT acquisition parameters are usually specified in nuclear imaging protocols. However, 
CT is a unique modality and its consideration with respect to optimization is often treated separately. 
In this book, more information on CT optimization can be found in Chapter 8.

More detailed information on radiation detectors and camera systems can be found in dedicated 
references (Knoll 2011).

9.3 Optimization Principles Relating to the Patient

The concept of optimization is often considered relative to technologies or populations. However, char-
acteristics specific to individual patients being imaged will affect dose, dose concerns, image quality, 
and image quality concerns for that patient.
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9.3.1 Patient Body Type

Patients come in all shape and sizes. Since nuclear images are generated from the photons that reach 
the detectors, any attenuating material, including the patients themselves, will degrade image quality. 
Since photon emissions need to transvers a greater amount of attenuating material in larger patients, 
these patients may need greater amounts of activity, or longer scanning times, to generate equivalent 
images to those of slimmer patients. In some cases, for larger patients, it may not be possible to generate 
high-quality images.

9.3.2 Task-Specific Demands

Nuclear imaging provides functional imaging and is used to support a variety of clinical tests. For 
example, nuclear imaging may be used to measure cardiac or lung function, tumor detection, or to 
facilitate oncology treatment planning. The image quality, which relates to radioactivity levels, required 
by physicians to confidently perform their diagnostic interpretations varies by test. For example, a lung 
perfusion scan can be suitably acquired with 5  mCi of the Tc-99m isotope and provide an accurate 
diagnosis, whereas a bone scan may require a higher dose of 30 mCi of the Tc-99 m isotope to provide 
suitable images.

9.3.3 Radiation Risk

The risk associated with radiation exposure at the levels typical of nuclear imaging studies, usually 
2–20 mSv, remains uncertain. However, it is well recognized that we do not have any rigorous literature 
that is able to correlate risk with such low doses of exposure. The current policy statement issued by 
the American Association of Physicists in Medicine states in part: “Risks of medical imaging at effective 
doses below 50 mSv for single procedures or 100 mSv for multiple procedures over short time periods are 
too low to be detectable and may be nonexistent (AAPM Policy Statement (2011)).”

Because the risks from low doses of radiation exposure are not precisely known, it is not straightfor-
ward to define the risk/benefit for any given nuclear medicine examination. The principle of optimiza-
tion requires that, in the application of radiation, all risks be minimized, while benefits maximized. 
Therefore, we do not need to define the exact risk in our endeavor to reduce it, and we proceed with the 
principle that all potential risk should be justified with benefit.

At low doses of radiation, like the doses in nuclear imaging, we expect any potential risks to result 
from stochastic effects. Stochastic effects refer to probabilities that individual cells will be altered in a 
way that will affect the system, possibly inducing cancer for example. Stochastic effects are probabilistic 
in nature. More details about the effects of radiation in biological systems can be found in dedicated 
references (Hall and Giacca 2006).

9.3.4 Demographic Risk Considerations

Because we know that it can take decades for a cancer to develop from a radiation damaged cell, we can 
segregate the importance of protective actions and concerns to different age groups and/or diseased 
populations, as they likely have different risks and benefits associated with a nuclear imaging test. For 
example, it is appropriate to give more concern of radiation risk to younger or middle-aged populations, 
than to the elderly population. Also, the concept of optimization includes consideration of both the 
potential risks and clinical benefits, and populations utilizing imaging for cancer-related diagnostics 
for example, should appropriately place a higher priority on imminent clinical necessities rather than 
potential long-term risks.

In nuclear medicine, consideration of radiation exposure and the subsequent risks must also be con-
sidered for a patient’s family. In nuclear imaging procedures, the patient becomes a source of radiation 



149Optimization and Dose Reduction in Nuclear Medicine

following a procedure and may expose others around them. If a patient will be in the vicinity of radiation-
sensitive children, or is pregnant, the radiation dose to the children, or the fetus must also be considered 
when assessing the risks. If a patient is breastfeeding, literature should be consulted to determine if 
the radiotracer can inadvertently be transferred to the child via breast milk—in many cases a mother 
can refrain from breastfeeding following an exam to ensure minimal radiation exposure to their child. 
Because a patient who has received a radiotracer administration for an imaging procedure will them-
selves become a source of radiation, patients are often advised to maintain a physical distance between 
themselves and at-risk populations, for example, children. It should be remembered, however, that most 
imaging isotopes used in nuclear imaging have been selected because of their favorable half-lives and 
emission characteristics, and concern of secondary radiation dose/risk is usually minimal.

9.4 Optimization Principles Relating to Imaging Protocols

Nuclear medicine procedures are multi-staged by nature and are performed in standardized ways by 
adhering to study protocols. The protocols are designed to provide the optimal clinical benefit but also 
consider other practical factors, such as patient dose, patient experience, scanner throughput, and over-
all efficiency of the department.

9.4.1 Tracer and Isotope Selection

Different radiotracers have been developed for nuclear imaging protocols to evaluate different body 
functions. The function of the radiotracer is usually dictated by the pharmacological properties of the 
tracer. The radiation dosimetry and imaging capacity of the tracer, however, relate to the isotope being 
employed. Different isotopes have different radioactive decay properties. Relevant properties include 
half-life, decay mode, energy of emissions, and abundance of emissions. Isotopes are also subject to con-
straints of availability and cost. Common isotopes used in nuclear imaging include Technetium-99m 
(Tc-99m) for gamma imaging and Fluorine-18 (F-18) for PET.

Over the years the field of nuclear medicine has developed different pharmacological tracer and iso-
tope combinations that can be used favorably for clinical tests and are approved by regulating agencies. 
Thus, utilization of radiotracers in a clinical setting is performed according to convention relative to 
the study, and there is little opportunity for optimization through isotope selection. In the research and 
development of new radiotracers, selection of pharmaceuticals and isotopes remains relevant.

9.4.2 Administration Activity

In nuclear imaging, actual patient dose may depend on many factors. One of these factors is the admin-
istration activity—the amount of source radiation in the nuclear medicine patient system. Usually, the 
radiation dose to a patient closely correlates with administration activity. Efforts to reduce dose at any 
point in the imaging protocol often begin with a focus on administration activity.

9.4.3 Uptake Time

In most nuclear imaging procedures, there is a deliberate delay between the time when a radiotracer is 
administered and the time when the patient is put on the scanner for imaging. This uptake time allows 
for physiologic processing and distribution of the tracer in the body to take place and is a fundamen-
tally important aspect of nuclear medicine. Shorter uptake times may not properly provide an accu-
rate picture of the targeted function because the tracer may not have fully been processed yet. Longer 
uptake times require an increased administration activity to ensure that enough radioactive emissions 
are coming from the patient at the time of imaging. Specific uptake times are usually standardized 
within a clinic and documented in the study protocol.
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9.4.4 Image Acquisition Time

The amount of time a patient being imaged by a camera will have a large impact on the amount of sig-
nal available for image formation, and thus will impact image quality. Generally speaking, the longer a 
patient is on the bed in front of a camera, the more counts that will be acquired, and having more counts 
produces better quality images. Thus, it is possible to reduce dose without affecting image quality by 
increasing the acquisition time. However, there are competing influences that make increasing acquisi-
tion time unfavorable. Increased bed time may add discomfort to a patient’s exam; it will increase the 
likelihood of motion artifacts that can degrade an image, and it will slow throughput and thus increase 
costs for the clinic. Furthermore, many protocols are acquired with multiple bed positions, and when 
measured over long acquisition times, images can be degraded by effects of physiological tracer redis-
tribution. In this respect, it is favorable for all bed positions to be captured quickly. However, protocols 
cannot be set up to acquire images too quickly or else the images will not have enough detected counts 
and be of poor diagnostic quality. Increasing the administration activity could increase signal and theo-
retically allow for a faster imaging time, but this would cause the patient to receive increased radiation 
dose, the detectors would be subject to worsened performance due to detector dead time, and worsened 
scatter effects.

In practice, most protocols are built to operate with a reasonable balance between the benefits and 
concerns of raising or lowering dose. It is common, however, for departments to adjust protocols to meet 
local needs and physician preferences.

9.5 Optimization Principles Relating to the Acquisition Software

Once acquisition data is collected in a nuclear imaging examination, it usually needs to be processed to 
generate a clinically usable image. This processing will include image corrections and calibrations, and 
in the case of 3D imaging, image reconstruction.

9.5.1 Image Reconstruction

As the field is striving to reduce radiation burden to patients, there is active research into develop-
ing reconstruction algorithms that can produce betting images with less detected counts. Much of the 
clinical dose reduction innovation in tomographic nuclear imaging in the last decade has been enabled 
through advancements in data processing and image generation. For example, image reconstruction has 
progressed from filtered back projection techniques to now common iterative ones. Data processing and 
image generation remains an active area of development and can support a “do more with less” strategy 
to improve optimization.

9.6 Current Optimization Standards

Equipment manufacturers are continually striving to provide more powerful equipment to empower 
lower dosing and improved image quality. Since clinics are generally working with contemporary tech-
nologies, optimization in clinical nuclear imaging procedures is primarily addressed in the design of 
clinical protocols, as discussed in 9.4.

Protocols are usually designed around recommendations from the leading societies in the field, 
namely the Society of Nuclear Medicine and Molecular Imaging procedure standards, or the European 
counterpart the European Society of Nuclear Medicine procedure guideline documents. Both can be 
accessed from their respective organization websites (www.snmmi.org and www.eanm.org, respec-
tively). Over time, protocol recommendations can change, and accessing them through the society web-
sites will assure review of the most up-to-date guidance documents.

http://www.snmmi.org
http://www.eanm.org
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9.7 Conclusion

In nuclear imaging, optimization is perpetually at the forefront of consideration, as it balances the 
important concerns of patient safety and clinical care. As discussed in this chapter, optimization comes 
from balancing many considerations. The procedures used in nuclear medicine clinics should be revis-
ited from time to time to ensure that they are appropriately incorporating modern technology, hospital 
constraints, and field standards.
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10.1 introduction

The tomographic modalities of single-photon emission computed tomography (SPECT), positron 
emission tomography (PET), and computed tomography (CT) have been applied in clinical practice 
for over 40 years. As tomographic methods, these modalities require views from multiple angles in 
order to reconstruct internal structure. Both SPECT and PET are emission modalities that rely on 
the source of radiation in the patient and a scanner that detects photons emitted from within the 
body.1 In contrast, CT is a transmission method in which an x-ray source is external to the patient and 
the scanner detects photons that originate outside and traverse the body.2 Both SPECT and PET are 
functional modalities, while CT is generally employed for anatomic assessment. In many functional 
diagnostic tasks, correlative anatomic imaging provides added value. Basically, the localization of the 
SPECT or PET physiologic signal to anatomic information can improve the specificity and sensitivity 
of the study.

Hybrid PET/CT and SPECT/CT scanners, through shared mechanical components, provide a 
straightforward hardware solution for the alignment of functional and anatomic images. One of the 
original combined devices was a CT and SPECT system developed by Lang et al. in 1992.3 The first PET/
CT scanner was introduced in 1998 through a collaboration of the National Cancer Institute, CTI PET 
Systems (Knoxville, TN), and the University of Pittsburgh.4 This scanner was constructed from inde-
pendent, previously developed CT and PET scanners. The combination of independent components 
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remains the standard for scanner design today. Figure 10.1 illustrates the major components of common 
PET/CT and SPECT/CT systems. In brief, these systems offer sequential acquisition of the functional 
images (PET or SPECT) and anatomic images (CT).

While the primary benefit of these hybrid scanners is aligned functional and anatomic images, 
another key benefit is improved attenuation correction. The goal of SPECT and PET imaging is 
to form quantitative images of the distribution of a radiopharmaceutical in the body. Numerous 
sources of error interfere with this goal. The largest error for both modalities is photon attenuation, 
which includes any interaction that causes an emitted photon to deviate from its original linear tra-
jectory. For both PET and SPECT, attenuation can cause substantial (1–200 times) reductions in the 
measured photons, and these reductions vary depending on the path through the body. Historically, 
stand-alone PET systems offered transmission scanning using an external radioactive source. This 
acquisition was relatively long (on the same order of time as the PET acquisition) and suffered 
from low-resolution and high noise.5 Conventional SPECT systems offered approximate attenua-
tion correction methods based on assumptions of the body habitus.6,7 With hybrid systems, the CT 

(a)

(b)

FIGURE 10.1 Illustration of the major PET/CT (a) and SPECT/CT and (b) scanner components for common 
designs.
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image provides a fast, low-noise alternative, thereby significantly reducing overall scan time, noise 
contributions from the transmission scan in the case of PET, and errors from approximate methods 
in the case of SPECT.8

SPECT and PET attenuation correction with CT is now routinely employed, although there 
are several potential challenges with this approach that can lead to artifacts.9 These chal-
lenges include: (a) conversion of attenuation maps from x-ray energies (~30–140 keV) to SPECT 
(energy depends on the radioisotope) and PET (511  keV) energies; (b) potential misalignment 
of  functional and attenuation images due to respiratory or patient motion; and (c) errors in 
the CT image (from truncation, metallic components, photon starvation, etc.) propagating into 
functional images.

Along with the benefits of aligned functional plus CT images and attenuation correction, hybrid 
devices offer other practical advantages, including the ability to use the system for multiple purposes. 
For example, many clinics will purchase hybrid devices and use the CT component for conventional 
diagnostic CT exams for some studies and hybrid exams for others. Considering the substantial added 
value of the CT component, at present, all clinical PET systems are now only available as PET/CT 
 systems.10 SPECT/CT systems have not reached this level of prevalence in the market, although their 
availability has substantially increased in recent years.11

10.2 Dosimetry

In order to evaluate the most appropriate approaches to dose optimization for a particular imaging 
modality, it is essential to understand the basics of radiation dosimetry and the factors that affect this 
dosimetry. This section will provide discussion of radiation dosimetry as it applies to both the adminis-
tration of radiopharmaceuticals for SPECT and PET and the practice of CT.

10.2.1 Dose from Radiopharmaceuticals

The dosimetry associated with the administration of radiopharmaceuticals is summarized by the basic 
equation developed by the Medical Internal Radiation Dosimetry (MIRD) Committee of the Society of 
Nuclear Medicine and Molecular Imaging.12 

 D Sr  = r r rT S S T S( ) ( ) ( ) ←Σ Ã  (10.1)

In this equation, D(rT) represents the radiation dose to a particular target organ (rT), Ã(rS) is the time-
integrated activity in a selected source organ (rS), and S(rT ← rS) is the radionuclide-specific quantity 
representing the mean dose to the target organ per unit time-integrated activity present in the source 
organ. The symbol ΣS indicates that the Ã(rS) S(rT ← rS) product is summed over all possible source 
organs. For example, since 18F 2-fluoro-2-deoxy-D-gluocose (FDG) distributes to a number of organs, 
such as the brain, heart, liver, and skeletal muscle, as well as being cleared by the kidneys through the 
urinary bladder, all of these (and perhaps others) would be considered source organs when calculating 
the radiation dose from the administration of 18F FDG to a selected target organ, for example, the ova-
ries. For any systemically administered radiopharmaceutical, some radioactivity will be deposited in all 
tissues of the body and all tissues are therefore source regions. The dose contributions of low-activity 
organ, however, are often incorporated into a “rest-of-body” source term.

The time-integrated activity, Ã(rS), depends on the amount of radioactivity administered to the 
patient, the fraction of that administration that went to the specific source organ, and its biokinetics, 
that is, its rate of uptake and clearance in the source organ. Basically, Ã(rS), with units of activity-time 
(e.g., MBq-hr), represents how much of the administered activity reached a particular source organ and 
how long it resided there. In other words, it signifies the total number of radioactive decays occurring in 
the source organ. In many instances, the uptake is considered to be very rapid, and the rate of clearance 
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is assumed to be a combination of biological clearance and radioactive decay. If the biological clearance 
can be assumed to be exponential in nature, then the overall clearance can be characterized by the effec-
tive half-life, Teff, a combination of the half-lives associated with radiation decay (Tphys), and biological 
clearance (Tbio). 
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Given this equation, the shorter of the two half-lives dominates the expression, that is, if Tphys is substan-
tially shorter than Tbio, then Teff is slightly shorter than Tphys and vice versa.

The S value in the MIRD equation is given by
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In this equation, the subscript i represents the ith type of radiation emitted as the radionuclide in the 
radiopharmaceutical decays. For example, 18F emits positrons leading to annihilation photons as well as 
a variety of other x-rays and Auger electrons, and all of these must be considered and summed (Σi) in the 
calculation of dose. The mean energy per nuclear decay for the ith radiation emitted by the radiophar-
maceutical is given by Δi, which specifically depends on the radionuclide associated with the radiophar-
maceutical (e.g., 18F, 99mTc, or 123I). Thus, the product of Ã(rS) and Δi is the total amount of energy emitted 
from the source organ via the ith radiation of the radionuclide of interest.

The fraction of energy emitted by the ith radiation from the source organ rS that is absorbed by the 
target organ rT is given by the absorbed fraction, φi(rT ← rS). The absorbed fraction depends not only on 
the radionuclide of interest but also on the model of the patient including the size, shape, and orienta-
tion of the source and target organs and the spatial relationship between the two. Anatomic models 
exist for patients of various ages and sex.13–15 There are also models for pregnant women at various stages 
of pregnancy.16 The product of Ã(rS), Δi, and φi represents the total energy absorbed by the target organ 
from the ith radiation of the radionuclide, which is summed over i to yield the total absorbed energy 
in the target organ. Normalizing this quantity by the mass of the target organ, MT (also model based), 
yields the radiation dose to the target organ from the specified source organ. As discussed above, the 
total dose to the target organ is determined by summing the dose from all source organs (including the 
rest of body) associated with the radiopharmaceutical of interest.

The radiation dose to the patient depends on the radiopharmaceutical (and its associated radionu-
clide) and the amount and route of administration of the radiopharmaceutical, as well as the physiology 
and the anatomy of the patient. It has been estimated that the uncertainty of dosimetric estimates using 
the MIRD formalism may be on the range of 50%–100% with most of this uncertainly being associ-
ated with the unknown physiology of an individual patient, which may vary significantly from what is 
assumed in commonly used patient models.17 Within this dosimetric approach, the parameter that is 
most easily controlled is the activity administered to the patient, and this may be considered the dose 
index for the administration of radiopharmaceuticals. Other physiologic factors may also impact the 
actual doses, such as the patient’s level of hydration, but these would be considered secondary. Thus, if 
one knows the amount and route of the administered activity and the size of the patient, a reasonable 
estimate of the radiation dose to a similar class of patients can be determined.

10.2.2 Dose from ct

In CT, the patient is exposed to x-rays emitted from an external x-ray source during the acquisition of 
the study. The number of x-rays emitted from the x-ray source and the duration of the scan, which both 
affect the radiation dose to the patient, can be controlled by adjusting several CT acquisition parameters. 
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The tube voltage (in kVp) controls the energy of the electrons impinging on the x-ray target material, 
which affects both the energy spectrum and the number of x-rays emitted. In general, the number of 
x-rays generated varies with roughly the square of the tube voltage. The tube current (in milliamperes, 
mA) determines the number of electrons that strike the target, which, in turn, directly affects the number 
of x-rays emitted. Since the duration of the scan is also linearly related to the number of x-rays emitted, the 
current (mA) and the duration (in seconds, s) are often combined and presented as the  current-duration 
product (in mAs). In helical CT, where the patient table in translated through the imaging gantry as the 
x-ray tube and detector rotate about the patient, the degree to which the acquisition helix oversamples the 
axial z-direction of the scan is referred to as the pitch, which usually varies from about 0.5:1  (significantly 
oversampled) to 1.5:1 (slightly undersampled). Since the higher the pitch, the faster the patient bed will 
travel to image the same volume, the radiation dose is inversely proportional to the pitch. The current-
duration product normalized by the pitch is referred to as the effective mAs. 

 
mAs =
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eff

 
(10.4)

Thus, the radiation dose should vary linearly as a function of effective mAs. The extent (i.e., length) of 
the scan and the portion of the body being scanned also affects the radiation dose to the patient. Clearly, 
a head and an abdominal CT will deliver different radiation doses to the patient. On the other hand, 
if only a small portion of the patient is scanned instead of a large axial extent, the amount of radiation 
delivered will be different.

The CT dose index (CTDI in mGy) refers to the radiation dose delivered by CT to defined locations 
within standard, cylindrical plastic phantoms (16 and 32 cm diameter for the head and the whole-body 
phantom, respectively). If CTDI is averaged over specified locations within the phantom and normalized 
by the pitch, it is referred to as CTDIvol. The dose-length product (DLP in units of mGy-cm) is the product 
of the CTDIvol and the axial length of the CT acquisition. Values of CTDIvol and DLP are routinely dis-
played on the CT operator’s console during an acquisition and are commonly used as dose indices for CT.

10.2.3 effective Dose

Since the portion of the body that may be irradiated by a particular endeavor involving ionizing radiation 
may vary, it is often difficult to compare the risks of radiation doses of different exposures. For this reason, 
the concept of effective dose was developed by the International  Commission on Radiological Protection 
(ICRP).18 The effective dose (in mSv) is defined as a weighted sum of the organ doses associated with a 
particular exposure where each organ is weighted by its potential for a stochastic deleterious health effect 
resulting from the exposure. The values of these organ weights have been reevaluated several times by the 
ICRP, most recently in ICRP Report 103.19 It must be kept in mind that these weights are broadly based 
on risk estimates across all ages and both genders, and thereby do not pertain to the risk of any individual 
patient. Therefore, effective dose should not be applied to a particular patient but characterizes the radia-
tion risk across all patients. In addition, effective dose must be considered with caution when applied to a 
pediatric population, as the organ weights generally reflect risk applied to an adult population.20

10.3  ct optimization for SPect/ct and Pet/ct

The CT acquisition during PET/CT or SPECT/CT imaging can be performed for a variety of purposes. 
In whole-body imaging, the CT portion can be used for: 

 1. Diagnosis,
 2. Anatomic localization of PET or SPECT images, and/or
 3. Attenuation correction of the PET or SPECT images.
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The CT acquisition techniques should be tailored for their intended purpose. As a brief summary, CT 
imaging prescribed for diagnostic assessment (with contrast enhancement or otherwise) typically requires 
techniques delivering more radiation dose than the other two types of studies. If the CT scan is performed 
for anatomic localization of the functional image only, the acquisition technique can be adjusted to reduce 
patient doses substantially from those of diagnostic levels, often by 50%–80%.21–23 Furthermore, if the 
CT study is only necessary for attenuation correction of the PET image, the technique can be adjusted to 
reduce dose even further, leading to a 10- to 100-fold reduction overall from those of diagnostic CT.24,25 
Some practitioners question this categorization of different techniques based on the argument that all 
three of these CT purposes are diagnostic in nature, in that they provide critical information for the clini-
cal evaluation of a patient. In this work, we define “diagnostic CT” as an acquisition technique that may be 
performed on its own, without additional functional information from the PET or SPECT examination, 
for clinical assessment. In contrast, the localization and attenuation correction CT techniques discussed 
here are considered low-flux and not sufficient as a stand-alone examination for clinical evaluation.

Table 10.1 summarizes the typical ranges of techniques and dosimetry for the three categories of CT 
imaging for adult whole-body 18F-FDG PET/CT for a scan range from the level of the eyes to mid-thigh. 
The absorbed dose from localization and attenuation correction examinations can be reduced compared 
to diagnostic-quality exams using standard methods for dose reduction in CT. In short, radiation dose 
from CT can be decreased by reducing the accumulated x-ray flux that contributes to images. This is 
commonly achieved with one or a combination of the following: (1) reducing tube current, (2) reduc-
ing tube voltage, (3) increasing pitch, (4) increasing rotation speed, and/or (5) increasing multi-slice 
collimation.

For the purposes of PET or SPECT attenuation correction, the CT image is used to generate a low-
resolution attenuation map. Figure 10.2 presents the workflow for CT-derived attenuation correction. 
CT images used solely for attenuation correction can be typically substantially noisier than diagnostic-
quality images because they will be smoothed to match the PET or SPECT spatial resolution prior to 
generation of attenuation correction factors. This smoothing is necessary and possible for two primary 
reasons. First, the spatial resolution of PET (4–8 mm) and SPECT (6–12 mm) is not as fine as that of CT 
(0.5–2 mm), mainly because the nuclear medicine modalities compared to CT (a) are imaging higher-
energy photons that are more difficult to spatially position and (b) detect orders of magnitude fewer 
photons, resulting in lower signal, for each examination. Second, the influence of attenuation does not 
vary as much between different media for higher-energy photons. That is, PET and SPECT attenuation 
maps have less contrast resolution and a narrower range of attenuation values than CT attenuation 
maps. This allows for more aggressive smoothing operations without substantially biasing the attenua-
tion correction factors.

When diagnostic CT studies are prescribed in addition to a PET or SPECT exam, the diagnostic CT 
region of interest may differ from the functional scan range. For example, in conventional whole-body 

TABLE 10.1 Typical Acquisition Techniques Used for Whole-Body 18F-FDG PET/CT Imaging

Study Injected Activity Effective Dose Estimate

PET26,27 [5–15] mCi 18F-FDG injected
(185–555 MBq)

3.5–10.5 mSv

CT for diagnostic purposes28 [110–200] mAs21

CTDIvol = [8–14] mGy
11–20 mSv

CT for anatomic localization28 [30–60] mAs23

CTDIvol = [2–4] mGy
3–6 mSv

CT for attenuation correction only28 [5–10] mAs24

CTDIvol = [0.3–1.0] mGy
0.5–1.0 mSv

Note: For ease of comparison, all CT studies presented are performed with 120  kVp, pitch 1.375, 40  mm collimation, 
900 mm scan range, average tube current-time product.
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FDG PET studies, the scan range is often skull base to mid-thigh, while diagnostic CT acquisitions rarely 
need to cover such a large range. Often the diagnostic CT study requires a limited field of view (FOV) 
(e.g., chest or pelvis only), which is a subset of the functional study. In these situations, the higher-dose 
CT study could be performed over only the diagnostic region of interest, and then a low-dose attenua-
tion correction study could be performed over the remaining regions to provide attenuation correction 
throughout the functional study. Some PET/CT and SPECT/CT scanners offer this flexibility for axi-
ally varied low-high-low dose CT acquisitions to lower exposure where appropriate. This approach has 
recently been discussed in the context of pediatric PET/CT.29–31

Contrast-enhanced CT can lead to errors in attenuation correction for the functional images. This is 
a result of the quantitative limitations of CT and the multi-linear scaling method for deriving attenua-
tion maps from CT images.32 For the purpose of detection of lesions, these errors are arguably minor.33,34 
When quantitation is necessary, particularly for therapy assessment and clinical trials, correction steps 
are needed to account for the effects of contrast.35 Many commercial systems offer corrections to reduce 
these errors, although they can lead to increased errors in other highly attenuating regions, such as 
bone, and at lower kVp settings.36

When the CT is acquired for the sole purpose of attenuation correction, the technique can be such 
that very low dose is delivered, as presented in Table 10.1. Often, these studies can be performed with the 
lowest-dose settings available on the CT system. It should be stressed that these images have a very low 
signal-to-noise ratio. While these images may not be visually interpretable, they provide more than suf-
ficient information for attenuation correction of the PET and SPECT images. Individual sites should test 
these low-dose settings to ensure that other CT processing corrections do not fail at these settings. For 
example, some systems provide truncation correction of the CT image to effectively enlarge the image 
to match the PET FOV (i.e., the 50-cm CT FOV is enlarged to the 60–90 cm PET FOV). These trunca-
tion algorithms can fail in the case of extremely low-dose CT technique settings. Future development of 
PET/CT systems will lead to CT data processing methods designed specifically for low-dose attenuation 
correction acquisitions.25

10.4  Dose optimization in Hybrid SPect

10.4.1  clinical Applications of SPect/ct

Clinical SPECT/CT devices were first developed in the 1990s specifically to provide attenuation cor-
rection. These early devices were provided with a low-power, low-resolution CT that was low-cost with 
limited image quality. Since that time, SPECT/CT devices have been developed and marketed with a 
variety of CT capabilities from low-cost, low-dose units using a flat-panel plus cone-beam approach to 

FIGURE 10.2 Workflow for standard SPECT/CT and PET/CT acquisition demonstrating the use of CT for dis-
play and attenuation correction.
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state-of-the-art, high-quality helical CT. The use of hybrid SPECT/CT with either a low-dose or high-
quality CT has demonstrated significant clinical value. This is particularly true in certain specific appli-
cations; although there are a number of routine cases where SPECT/CT may provide only incremental 
value. The areas where SPECT/CT has demonstrated its worth include cardiology and oncology, as well 
as the imaging of infection and the skeleton where the inclusion of CT-based attenuation correction and 
anatomical correlation has improved sensitivity in some cases but more commonly improved specific-
ity. For certain clinical applications, SPECT/CT should be routinely applied in all cases. These include 
myocardial perfusion imaging and localization of parathyroid adenomas. However, in many other 
applications, SPECT/CT may only be useful in certain cases where anatomical correlation is considered 
essential or particularly helpful.

One of the initial motivations for the development of SPECT/CT was to improve non-uniform atten-
uation correction as it applies to myocardial perfusion imaging. Attenuation correction of thoracic 
SPECT has always been a challenge, and thus the potential to apply a very low-noise CT-based correc-
tion has been of substantial interest for almost 20 years. When applied accurately, CT-based attenuation 
correction can improve accuracy and reader confidence by, for example, reducing the cases with appar-
ent inferior wall hypo-perfusion due to attenuation from overlapping tissue.37 In addition, some groups 
have looked at combining the myocardial perfusion results with calcium scoring within the coronary 
arteries to yield a more complete view of the patient’s cardiac health.38

In endocrinology, SPECT/CT has demonstrated considerable utility in the localization of parathy-
roid adenomas, particularly in cases where the ultrasound findings are inconclusive. Many sites utilize 
SPECT/CT routinely for parathyroid localization. In these cases, the inclusion of anatomical imag-
ing has substantially improved the specificity of the results, further assisting the surgeon in knowing 
exactly where a potential adenoma may be located, including within the mediastinum.39 With respect to 
thyroid disease, SPECT/CT has been shown to be more accurate in distinguishing between benign and 
malignant tissue for both diagnosis and staging of differentiated thyroid cancer.40

SPECT/CT has also shown promise in musculoskeletal imaging, although the evidence is limited. 
With respect to evaluating known or suspected malignant disease, SPECT/CT demonstrated improved 
diagnostic confidence and the ability to identify additional lesions, including metastases that may affect 
staging and, thereby, treatment. Although SPECT/CT has some potential for improved specificity for 
the identification of benign skeletal lesions, the evidence is still lacking.41 In particular, there have been 
some promising reports regarding the assessment of infection within the bone and the evaluation of the 
diabetic foot, an area that continues to be challenging.

There may be a number of other applications where SPECT/CT may be of clinical value on a case-
by-case basis. SPECT/CT has also shown promise with respect to lung imaging. Specifically, combining 
CT with tomographic nuclear ventilation and perfusion (V/Q) imaging may be more accurate than CT 
angiography or V/Q scans performed separately.42 As in other applications, the direct combination of 
anatomy and function has the potential for identifying features essential to the diagnosis of pulmonary 
embolism. SPECT/CT may also add value in certain cases when using a variety of tumor imaging agents. 
There have been some reports that SPECT/CT can be of very useful in the clinical evaluation of neuro-
blastoma or pheochromocytoma using 123I metaiodobenzylguanidine (MIBG). SPECT/CT has also been 
used to image 111In-labeled radiopharmaceuticals, such as prostiscint of octeotide.

10.4.2 Dose optimization

SPECT/CT is used for a wide variety of clinical applications, as discussed in the previous section. As in 
all nuclear medicine procedures, the acquisition parameters must be tailored to address the particular 
clinical question at hand. On the SPECT side, the proper radiopharmaceutical and the administered 
activity must be considered. As described above, the administered activity is the primary factor in the 
determining the radiation dose to the patient in the use of radiopharmaceuticals. Thus, this activity 
should be optimized to provide the least radiation dose that will yield a study of proper diagnostic 
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quality. Professional medical societies such as the Society of Nuclear Medicine and Molecular Imaging 
(SNMMI), the European Association of Nuclear Medicine, and the American College of Radiology have 
published practice guidelines for many of the procedures where SPECT/CT may be applied, and, as part 
of these guidelines, a range of recommended radiopharmaceutical administered activities. However, 
each site must determine the proper administered activity for their patients based on their specific 
patient population, the equipment at their clinic, and the manner in which they acquire and interpret 
the studies. For example, for a certain procedure, a site might routinely image larger patients using older 
equipment using a specific collimator. The site may also decide that the first phase of the study must be 
acquired in dynamic rather than static mode with a particular framing regimen. All of these factors 
should be considered when determining the proper administered activity, and the activities used at a 
particular site may therefore differ from those published practice guidelines. Of course, none of this 
is unique to SPECT/CT, and such considerations should be applied across all nuclear medicine proce-
dures. On the other hand, if SPECT/CT is routinely applied for a particular clinical application or even 
if it is only applied in specific cases, the clinic may need to modify their acquisition parameters to meet 
the needs of this technology.

For the CT portion, all of the acquisition parameters that affect radiation dose as discussed previously 
must be considered, including tube voltage, current, duration, collimation and pitch. Again, the variety 
of types of studies described above, including imaging of the skeleton, lungs, head and neck and abdo-
men suggests that a “one size fits all” approach is most likely not appropriate. The acquisition parameters 
should be tailored to meet the specific needs of each procedure. For example, for a particular applica-
tion the CT may be used primarily for attenuation correction and a very limited study for anatomical 
correlation may be adequate. In this case, it may be possible to reduce the tube voltage and current 
considerably as well as increasing the pitch. Such modifications could lead to a substantial reduction 
in radiation dose to the patient. On the other hand, a near-diagnostic-quality study may be required in 
other cases, leading to a higher radiation dose but subsequent greater benefit to the patient. The extent of 
the CT scan and the region of the body being scanned must also be taken into account when considering 
the radiation dose. In SPECT/CT, the axial field of view is often limited to a specific region of diagnostic 
interest. Limitation of the FOV to the proper region can lead to a considerable reduction in radiation 
dose to the patient.

10.5  Dose optimization in Hybrid Pet

10.5.1  clinical Applications of Pet/ct

A key benefit of PET imaging over SPECT imaging is that PET relies on positron-emitting radioiso-
topes. Several of these isotopes (11C, 13N, 15O) have analogues in nearly all biologic molecules, and there-
fore the labeling with these isotopes does not change the natural structure and biological behavior of 
the molecules. PET radioisotopes have found applications for many conditions and are commonly used 
in oncology, neurology, and cardiology.

While not the original motivation for PET imaging, the most common application by far is 18F-FDG 
imaging for detecting and staging cancer and metastatic disease.43–46 As a brief summary, FDG PET is 
commonly used in the assessment of patients with recurrent or residual disease, especially colorectal 
cancer and lymphoma. FDG PET is also used for staging and restaging of patients with advanced mela-
noma and single pulmonary nodules. Likewise, FDG PET has proven value in preoperative staging of 
non-small-cell lung cancer.47 Emerging applications of PET in oncology include tumor grading and 
evaluation of tumor response to therapy.48 These later applications are moving PET beyond binary detec-
tion tasks and into quantitative tasks that rely on accurate and precise assessment of tracer uptake.49

Neurologic PET imaging is commonly used to assess neuropsychiatric diseases, including seizures, 
brain tumors, movement disorders, and dementia.50–52 Alzheimer’s disease is the most prevalent cause of 
dementia, and PET can elucidate mechanisms of this disorder by evaluating metabolic and beta-amyloid 
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plaque abnormalities.53–56 Along with common clinical applications, PET has had a long history of imag-
ing a multitude of physiologic processes in the brain.57–59

PET has an established role for imaging cardiovascular physiology and pathology. In this domain, 
PET is most commonly used to assess myocardial perfusion using 82Rb. PET offers the added value over 
cardiac SPECT in being able to quantify myocardial blood flow under conditions of rest and pharma-
cologic stress.60,61 This quantification has become fairly widespread, with advances in dynamic data 
processing software offering reproducible estimates of coronary flow reserve.62,63 There are a plethora of 
other cardiovascular applications including evaluation of myocardial metabolism,64,65 cardiac innerva-
tion,66,67 and atherosclerotic plaque evaluation.68

10.5.2 Dose optimization

As in SPECT/CT, an optimal PET/CT imaging protocol would result in images with sufficient diagnostic 
quality at a minimum of risk. For PET/CT, images often must be of sufficient image quality to perform a 
variety of tasks (detection, staging, and quantitative monitoring), not just a single binary detection task 
of a single disease. Images that can perform all of these tasks, without compromising clinically relevant 
information, have full diagnostic utility. In general, increased scan duration and injected activity leads 
to increased, favorable count levels, although it is very challenging to determine the “image quality” of 
an acquisition protocol and therefore challenging to determine if it provides sufficient image quality.69 
On the other hand, there are risks associated with the scan duration and injected activity. Specifically, 
longer scan durations are associated with issues such as motion artifacts, patient discomfort, and 
complications from potential sedation. Likewise, increased injected activity is linked to a potentially 
increased risk of radiation-induced cancer.

Several groups have presented recommendations for PET protocols and injected activities.23,70–72 
Considering it is essentially impossible to predict if sufficient diagnostic quality will be achieved prior to 
an examination, most centers determine this quality based on experience and local preference. Once the 
criteria for sufficient quality are accepted, the most important factors to determine appropriate injected 
activity include: (1) acquisition duration, (2) patient size, and (3) scanner sensitivity.

A common method to assess the quality of PET data and scanners is to calculate the noise equivalent 
count (NEC) density. Studies have shown that increased NEC density is closely related to improved 
lesion detection.73 The NEC is computed from the true (T), random (R), and scattered (S) event counts as 
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In brief, in the absence of count-rate limitations, the true and scattered count rates will increase linearly 
with injected activity, and the random coincidence rate will increase with the square of injected activity. 
In contrast to SPECT imaging, where increased injected activity leads to improved imaging quality, in 
PET imaging the rapid increase in random counts limits improvements with increased injected activity.

The NEC levels will increase linearly with acquisition duration, and this supports the reality that the 
longer the acquisition, the better the quality. The only caveat to this logic is that long acquisition dura-
tions run the risk of increased patient motion. Likewise, long acquisition durations will eventually lead 
to decreased activity because of the physical decay of the PET tracer. In common PET imaging with 18F, 
with a 110-minute half-life, and with total acquisition durations on the order of 10–35 minutes, this is 
not a significant concern.

Patient size should be taken into account when deciding on the injected activity. A dominant factor 
of PET image quality is attenuation; increasing patient thickness exponentially decreases the number 
of photons detected. Consequently, NEC density decreases exponentially with increasing patient size. 
Studies have shown that there is no way to normalize total NEC across all patient sizes because the 
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injected activity would need to be excessively high for larger patients.74,75 Despite this, patient size should 
be taken into account in an attempt to improve image quality for larger patients.72,76

Scanner sensitivity plays an important role in image quality and therefore optimal dosing proto-
cols. Figure 10.3 presents the NEC curves for 2D and fully 3D acquisition modes for a single scanner. 
Fully 3D mode, unlike 2D mode, is performed without septa separating detector rows and provides as 
much as an eightfold increase in sensitivity compared to 2D mode. For common static FDG imaging 
acquired 60–120 minutes post-injection, 3D mode provides higher NEC levels and is widely accepted as 
the preferred acquisition mode for most diagnostic FDG tasks.71,77 Dynamic acquisitions often have very 
high activity levels in the field of view because they typically image immediately after injection of the 
radiotracer. For these acquisitions, 2D mode may be advantageous because its septa limit the total count 
levels resulting in less deadtime compared to 3D mode. However, because of the dominance of static 
FDG imaging, most commercial scanners only support 3D acquisitions. Along with acquisition mode, 
different scanners have varying levels of effective sensitivity. Conventional PET system designs offer an 
axial FOV of 15–20 cm. Some systems offer longer axial FOVs providing substantial gains in NEC levels 
and the potential for significantly reduced injected activity.78,79

10.5.3 Pet/MR

Hybrid PET/Magnetic Resonance Imaging (MR) devices have recently been developed and brought to 
market. Simultaneous systems provide the opportunity to acquire both PET and MR images at the 
same time,80 yielding the functional information from PET and soft-tissue detail from MR. The devices 
offer the opportunity to interrogate new physiologic questions providing a valuable research tool and a 
potentially valuable clinical tool.81,82

For dose optimization, PET/MR systems offer the added value of providing attenuation correction 
from the MR images without the need for an x-ray-based CT acquisition. While the generation of atten-
uation correction factors is more challenging from MR images than CT images, there are numerous 
viable methods for MR-based attenuation correction, and they are generally accepted as sufficient for 
most PET applications.83–85 Attenuation correction from MR images will spare the patient from the 
added radiation dose from the CT.86 This savings should be put in context of the overall dose from the 

FIGURE 10.3 Comparison of 2D (dashed) and 3D (solid) noise equivalent count (NEC) curves versus activity 
concentration in phantom for a single scanner. Typical dosing levels during static FDG imaging, cardiac gated PET 
imaging, and dynamic PET imaging are highlighted to demonstrate that the optimal mode (2D vs 3D) is dependent 
on the activity concentration and that increased activity does not equate to increased quality.
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examination. As presented in Table 10.1, an attenuation correction-only CT acquisition imparts a radia-
tion dose of only 0.5–1 mSv. Considering the FDG-PET acquisition imparts 7–14 mSv, the reduction of 
1 mSv from the overall exam is less than a 12% dose savings.

10.5.4 Pediatric considerations

Nuclear medicine including SPECT and PET has been shown to be of considerable value in the pediat-
ric population.87 SPECT has been used in children in a wide variety of applications including the fields 
of oncology, neurology, urology, endocrinology, and orthopedics. Although the availability of SPECT/
CT for most pediatric applications is limited, many of the applications being considered for the adult 
population are adaptable to children. These include the use of SPECT/CT for skeletal imaging, localiza-
tion of parathyroid adenomas, evaluation of thyroid carcinoma, and tumor imaging with 123I MIBG. It 
is expected that the application of SPECT/CT to pediatrics will continue to grow and its proper use to 
be better defined in the years to come.

PET/CT use in children has been well established over the past 10 years. This is particularly true in 
pediatric oncology, where the combination of anatomical CT imaging combined with the metabolic 
imaging provided by 18F FDG is invaluable. It is now considered the standard of care, for example, to 
follow children with lymphoma using FDG PET/CT. The same is true for a variety of other childhood 
cancers, including rabdomyosarcoma, osteosarcoma, and neuroblastoma. FDG PET/CT has also been 
found to be very useful in children with epilepsy to assist in the localization of seizure foci.88 Some 
centers have also found skeletal PET/CT with 18F sodium fluoride (NaF) to be very useful. For example, 
NaF PET has been found to be very helpful in the evaluation of infants and very small children who are 
suspected to be the victims of child abuse.89 The greater sensitivity and excellent spatial resolution have 
proven quite beneficial in these very challenging patients.

Children are considered to be more sensitive to the risks of ionizing radiation than adults. According 
to the risk estimates provided from the report of the U.S. National Academy of Sciences on the Biological 
Effects of Ionizing Radiation (BEIR VII Phase 2 Report), children may be at two- to threefold higher risk 
of radiation-induced cancer than adults, and young girls may be 30%–40% more sensitive that young 
boys.90 For these reasons, nuclear medicine practitioners should be particularly prudent when imaging 
these most sensitive of patients.

On the other hand, small children and, in some cases, even adolescents can be among the most chal-
lenging patients to image. SPECT/CT and PET/CT studies typically take tens of minutes to complete, 
and, for the best results, the patient must lie still for the duration of the study. For smaller children, this 
may require sedation or, in some cases, the use of general anesthesia. Even in older children, some coach-
ing is typically necessary to get the patient to lie still for 20–30 minutes. Therefore, technical improve-
ments in hardware or image processing that have been applied to make SPECT/CT or PET/CT more 
efficient may lead to either lower administered activity or a faster scan time. A balance must be struck 
between dose optimization and minimizing patient motion or the need for sedation or anesthesia.

For SPECT, dual-detector gamma camera systems are recommended for use with children as they 
provide good sensitivity and thus acceptable image quality in a reasonable imaging time. For imag-
ing 99mTc, there is typically a choice of parallel-hole collimation ranging from ultra-high-resolution to 
high-sensitivity that can be considered. In general, it has been shown that the collimation with the bet-
ter spatial resolution (high- or ultra-high-resolution) will provide the best image quality for the same 
imaging time, even if it provides fewer counts.91,92 This is partly due to the fact that the high-resolution 
collimators maintain their spatial resolution at the greater distances typically encountered over the 
course of a SPECT acquisition. Focused collimation may also be considered, since it can provide sub-
stantially higher sensitivity (50%–300%) as compared to parallel-hole collimation with the same spatial 
resolution. In the past decade, a number of dedicated SPECT units for cardiovascular imaging have been 
developed. These systems tend to utilize multiple detectors that are specifically focused on the heart and 
thereby provide high sensitivity. Several of these systems have options to incorporate CT, either solely 
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for attenuation correction or with the capability of diagnostic-quality scanning. Although these sys-
tems were specifically designed to improve throughput (i.e., a scan could be completed in 5 rather than 
20 minutes), the higher sensitivity could also be used to perform the study in a reasonable amount of 
time (e.g., 10 minutes) with a lower administered activity. Even though these devices have been specifi-
cally designed for cardiovascular SPECT, they could potentially also be used for imaging small children.

With respect to PET, the consideration for selecting a system that will be primarily used for imaging 
children may be different than one for adult imaging. The introduction of time-of-flight technology has 
led to a notable improvement in PET image quality, particularly in large patients. However, this advance 
may be of limited use with small children, where the image-quality improvements are considerably 
less. On the other hand, the extension of the axial FOV from the standard 15–16 cm to 20 or even 25 cm 
leads to a considerable increase in sensitivity that can be particularly valuable when imaging children 
in regards to both the potential for lower administered activity and faster scan times. A smaller ring 
diameter (e.g., 80 rather than 100 cm) will also lead to greater sensitivity. Although the smaller ring 
diameter may lead to the loss of spatial resolution on the periphery of larger patients due to the depth-
of-interaction effect, this may be of less significance in smaller patients.

Reconstruction algorithms for SPECT and PET have improved considerably over the past 20 years. 
The largest improvement has been the shift from using filtered back-projection to iterative approaches 
and, more recently, to the inclusion of imaging characteristics of the device directly into the reconstruc-
tion process. For SPECT, this has involved the incorporation of the collimator response as a function 
of distance specifically for the particular collimator being used into the reconstruction algorithm. This 
approach is often referred to as resolution recovery. A similar approach has also been implemented for 
PET that takes into account, for instance, the depth-of-interaction effect that leads to a loss of resolution 
towards the periphery of the field of view. These enhancements to the reconstruction algorithm can lead 
to considerable improvements in image quality, which may allow for a reduction in the administered 
activity while still providing an appropriate level of diagnostic information to the clinician. Several 
studies have demonstrated this to be the case in pediatric SPECT.93 The high-resolution anatomical CT 
image could also be used to constrain the reconstruction of the functional image through the incorpo-
ration of information shared between the two modalities, such as the location of edges. This continues 
to be an area of active research, but the challenge is to ensure that the resulting reconstructed function 
image is not overly biased by the anatomical data.

With respect to the CT component of hybrid imaging, one must consider how the CT might be 
used for each specific imaging protocol and, in some cases, with regards to a particular patient. The 
CT technique a particular study should be selected to address the specific clinical question at hand. 
For example, the inclusion of diagnostic quality CT in a PET/CT study of child with lymphoma may 
be appropriate whereas the CT may only be used for attenuation correction for brain imaging since 
the anatomical modality of choice is MR rather than CT. Therefore, the acquisition parameters for 
the latter scan can be adjusted to yield a considerably reduced radiation dose to the patient.23,24 Even 
in the cases where diagnostic quality CT is considered to be essential, it may make sense to limit its 
application only to the region of the body where it will be most useful and to use dose-reducing acqui-
sition parameters in the other portions of the body. SPECT/CT may be used in addition to the initial 
SPECT study in cases where anatomical correlation is deemed to be particularly useful. In these cases, 
limiting the application of CT only to those regions that are most pertinent will lead to a considerable 
reduction in the radiation dose to the patient. If CT-based attenuation correction is known to improve 
the SPECT data quality considerably, but there is no real need for anatomical correlation, then a very 
low-dose CT protocol can be used.

When imaging children with CT, in the context of hybrid imaging or otherwise, the acquisition 
parameters must be adjusted based on the size of the patient. For the same CT acquisition parameters, a 
child can receive two to three times the radiation dose as an adult due to the reduced attenuation of the 
x-ray beam in the smaller patient. Schemes have been developed for adjusting the acquisition param-
eters for pediatric CT in general and also for PET/CT23,94 and SPECT/CT.



166 Dose, Benefit, and Risk in Medical Imaging

PET/MR scanners have been recently introduced into the clinic, as described above, leading to a 
reduction in radiation dose. Several clinical applications of both PET and SPECT utilize MR rather 
than CT as the structural modality of choice (e.g., brain imaging and neuroblastoma). Another factor 
to consider for children who require sedation or anesthesia is that PET/MR allows both modalities to be 
acquired in a single session. This is particularly true for the PET/MR systems that acquire both studies 
simultaneously. There is also the potential for utilizing the dynamic MR signal to provide on-the-fly 
motion correction that can be directly incorporated into the PET reconstruction algorithm. This may be 
particularly pertinent for pediatric imaging, possibly allowing light sedation rather than general anes-
thesia for smaller patients. For all these reasons, PET/MR may have a considerable impact on pediatric 
imaging in the near future. However, the issues regarding MR safety are not to be taken lightly, and the 
ability to perform PET/CT in a considerably shorter time may be most appropriate for specific hybrid 
imaging protocols and in certain children.

10.6 conclusions

Hybrid imaging with PET/CT or SPECT/CT scanners has been shown to substantially enhance the 
diagnostic information provided for a variety of clinical applications, including oncology, neurology, 
cardiology, and musculoskeletal imaging. With these imaging devices, the patient is exposed to ion-
izing radiation from both the administered radiopharmaceutical and the CT component. Therefore, 
it is essential that the radiation dosimetry of both of these sources be well understood in order 
to optimize the procedure to utilize the least amount of radiation dose necessary while providing 
the diagnostic information to the clinician essential for the patient’s care. Each procedure should 
be considered separately taking into account the institutions specific patient population, the avail-
able instrumentation, and the clinical task at hand. Pediatric patients require special consideration, 
as they are considered to be at higher risk from exposure to radiation than adults. However, lower 
radiation dose and faster imaging times must be balanced when imaging children. The introduc-
tion of PET/MR hybrid imaging to the clinic may have a considerable impact with respect to dose 
optimization, particularly in children.
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11.1 Introduction

Diagnostic nuclear medicine provides important and unique information that plays a critical role in the 
care of several pediatric disorders. Although radiation exposure to patients from nuclear medicine pro-
cedures is low and within the range of common radiological procedures, some physicians remain con-
cerned about radiation exposure to the patient and its potential risk(s), particularly in children. In some 
instances, clinicians are hesitant to irradiate a patient and would opt for a less reliable procedure in the 
interest of limiting radiation exposure. This is especially the case in pediatrics because the developing 
tissues in children are considered to be more sensitive to ionizing radiation than those of adults.

The potential effects of radiation exposure at the low levels used in nuclear medicine are not fully 
understood. In fact, there is some controversy over whether or not they are detrimental at all.1 Regarding 
risk from diagnostic nuclear medicine procedures, one could say that there is “certainty about risk uncer-
tainty.” Nevertheless, in an abundance of caution, it would seem prudent to consider approaches that 
could maintain and even optimize the diagnostic yield of imaging procedures while achieving reduction 
in radiation exposures in children undergoing these types of examinations. Use of nuclear medicine 
diagnostic imaging should not focus primarily on radiation exposure reduction, as this may sacrifice 
image quality and diagnostic information content. Sometimes, more is better for example, in very non-
compliant or obese patients. Therefore, in some cases it may be more appropriate to consider dose opti-
mization rather than dose reduction. In addition, any potential risk needs to be considered in the context 
of the benefit of the procedure for the patient. If the procedure provides clinical information essential 
for the child’s care, then the benefits of the procedure most likely far outweigh any small potential risk.
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Factors affecting radiation exposure in pediatric nuclear medicine include: (a) administered radio-
pharmaceutical activity, total recorded counts, and imaging time; (b) choice of camera including detec-
tor material and thickness, number of detectors, and choice of collimator; (c) experience with pediatric 
patients; and (d) choice of image processing and reconstruction methods.

In this chapter we will discuss the optimization of radiation exposure though appropriate use, pro-
cedure adaptation to specific clinical task, administered activity guideline development, and improve-
ments in image processing and display and also briefly highlight the notable clinical benefits realized 
from pediatric nuclear medicine procedures.

11.2 Radiation Exposure Reduction

11.2.1 Appropriate Use

There are a number of diagnostic imaging procedures utilized in the care of children including radiog-
raphy, computed tomography (CT), nuclear medicine, magnetic resonance imaging (MRI), and ultra-
sonography. The type and number of procedure(s) and sequencing of various imaging procedures in 
pediatric patients depends on many factors. The clinical condition of the patient, the diagnostic ques-
tion to be answered, and the available methodology and instrumentation all need to be considered. Is 
the procedure considered elective or is it an emergency? It is also important to consider the experience 
of the imaging teams with different imaging procedures as they are applied to their pediatric practice.

Unfortunately, it is not uncommon that in certain practices a relatively large number of procedures 
are performed on a given patient with the aim to ensure that “nothing is missed.” This approach can 
prove to be lengthy, expensive, and in some cases poses unnecessary distress and risk to the pediatric 
patient. Simply because a procedure does not involve radiation exposure, may be inexpensive, or easily 
available does not mean it should be the initial procedure of choice for the particular clinical situation. 
For example, in the diagnosis of acute pyelonephritis, an ultrasound is a simple, risk-free, and relatively 
inexpensive procedure to obtain, but it is only about 40% sensitive. Instead, a dimercaptosuccininc acid 
(DMSA) scan with a >90% sensitivity can be performed, assuring a rapid and efficient diagnosis. In 
another example, although MRI does not produce ionizing radiation to the patient, it does not mean it 
should be the initial procedure of choice for certain diagnostic questions. Other considerations should 
include the actual risks due to sedation, general anesthesia, and contrast agent reactions in MRI or 
CT versus the theoretical/potential risks from nuclear medicine procedures. The Society of Nuclear 
Medicine and Molecular Imaging (SNMMI) state that not performing a procedure that is necessary for a 
patient’s care due to fear of radiation can be detrimental to the patient.2 The primary focus should be the 
diagnostic question to be answered and knowing which procedure is most likely to answer the clinical 
question while providing the highest diagnostic yield in the shortest period of time with the least risk 
and discomfort to the patient. The SNMMI and its Technologist Section also state that “…the right test 
with the right dose should be given to the right patient at the right time.”

11.2.2 Adaptation of Procedures According to Clinical Task

It is useful to consider tailoring routine imaging protocols focusing on the specific clinical task or 
diagnostic question to be answered.3,4  For example, in babies with hyperbilirubinemia, the diag-
nostic goal is to determine if the tracer injected intravenously migrates into the intestine or not. If 
hepatobiliary scintigraphy shows tracer migrating into the intestine, the patient would likely have 
hepatic dysfunction. On the other hand, if tracer does not flow into the intestine, the patient would 
most likely have biliary atresia. Therefore, in order to achieve this differential diagnosis, it is not 
necessary to obtain images of exquisite anatomical detail. In this example, it is possible to reduce 
the administered activity even further than that recommended in the literature or in applicable 
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guidelines.5,6  In this setting, the synergistic combination of hepatobiliary scintigraphy providing 
information about biliary flow and ultrasonography providing good anatomic information usually 
achieves the correct diagnosis.

A similar example is in the case of dynamic renal scintigraphy with 99mTc-MAG3. When determining 
split renal function, if urine is eliminated freely into the pelvicalyceal system or if there is an obstruction 
of urine flow, the administered activity can be lowered significantly utilizing noise reduction software.7

11.2.3 Development of Guidelines

The goals for every pediatric nuclear medicine study should be to derive the greatest diagnostic informa-
tion with the highest quality standards and lowest radiation exposure and in the shortest period of time. 
Until relatively recently, there was no consensus on pediatric radiopharmaceutical administered activi-
ties. As a result, there were wide variations in administered activity among institutions. In a survey of 
13 major pediatric hospitals in North America, administered activities in patients older than one year 
varied by a factor of 3–10 and in babies and infants by a factor of 10–20, the most vulnerable population.8

The publication of these results sparked wide interest and helped to motivate the development 
of the North American Expert Consensus Guidelines for Administered Activities in Children and 
Adolescents.9 These guidelines were developed to avoid unnecessary radiation exposure, ensure best prac-
tices, and promote consistency of imaging techniques, which is important in multicenter clinical inves-
tigations using nuclear medicine procedures. In 2014, the North American Guidelines were harmonized 
with the European Association of Nuclear Medicine (EANM) Dose Card.10–12 The most recent version of 
the North American guidelines added six radiopharmaceutical procedures and was also harmonized with 
the EANM Dose Card.5 The implementation and distribution of the guidelines has had a positive effect, as 
many centers have adopted them, and this reduced the previously large variation of administered activi-
ties.13–15 The development and dissemination of dosing guidelines has provided a low-cost and effective 
means of reducing radiation exposure while maintaining excellent diagnostic image quality.

11.2.4 Improvements in Image Processing and Display

Imaging processing and display improvements have in many instances led to imaging of higher spatial 
resolution at significantly lower radiopharmaceutical administered activities and resulting radiation 
exposures. Further improvements in advanced image processing are on the horizon.

In single-photon emission computed tomography (SPECT), image reconstruction using ordered sub-
sets expectation maximization (OSEM) 3D with resolution recovery provides high-quality images using 
50% of the counts required by filtered back projection (FBP). This allows the physician to either reduce 
the administered activity by 50%, reduce imaging time by 50%, or some combination of the two. This 
has been successfully applied to 99mTc-DMSA renal cortical SPECT and to 99mTc-MDP (99mTc-methylene 
diphosphonate) skeletal SPECT. Compared to images reconstructed with FBP, these images showed 
dramatic improvement in spatial resolution.

Studies have demonstrated that significant radiation exposure reduction could be achieved without 
losing diagnostic value and in fact improve spatial image resolution. In the case of DMSA SPECT, cor-
tical lesions could be more easily detected using OSEM-3D, and in some cases, lesions could only be 
detected with it and not with FBP (Figures 11.1 and 11.2).16,17

Positron emission tomography (PET) can also be optimized for imaging children and lead to sub-
stantial improvements in image quality and spatial resolution. Modern PET systems provide obvious 
advantages for imaging small children, including enhanced spatial resolution across the field of view, 
improved field uniformity, faster imaging times and improved imaging processing. Their use allows a 
reduction in radiopharmaceutical administered activities as well as a reduction in the need for sedation 
or general anesthesia.
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For example, it is possible to obtain adequate 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) brain PET 
in term and pre-term babies using 0.1 mCi/kg [3.7 MBq/kg], significantly lower than the administered 
activities routinely used at many centers for this study.18 Another way to reduce radiation exposure in 
children who are candidates for a PET/CT scan or a SPECT/CT scan is to consider the use of previously 
acquired diagnostic CT or MRI for image fusion and not repeat the CT at diagnostic levels of radia-
tion as part of the SPECT or PET examinations. In PET/CT or SPECT/CT acquisitions with CT used 
only for attenuation correction, CT can be obtained at much lower radiation exposures.19

More recent improvements in image quality with reduced administered activities of FDG in children have 
been reported by Schmidtlein et al.,20 using sparse representation regularized image reconstruction. This 

FIGURE 11.1 99mTc-MDP SPECT Multiple Intensity Projections (MIP) from a 17-month-old with a right supra-
renal mass from neuroblastoma. Left: Image containing 100% counts reconstructed using filtered back projection 
(FBP). Right: Same study with only 50% counts using OSEM 3D with resolution recovery. It is obvious that the 
image on the right is greatly superior.

FIGURE 11.2 99mTc-DMSA SPECT MIP in a young patient suspected of having pyelonephritis. Left: Image recon-
structed by FBP using 100% of the acquired counts. Right: Same image with only 50% counts using OSEM 3D with 
resolution recovery. The image on the right shows improved detail than the image on the left.
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form of regularization penalizes small elements in a mathematical transform space in which the noiseless 
signal would otherwise be compacted into a few (sparse) large elements. One consequence of the random 
nature of the noise is that it cannot be sparsely represented, and thus it can be easily removed. In Figure 11.3, 
the maximum intensity projections of a pediatric patient are shown. The image on the left is a full-count 
image reconstructed using the standard-of-care algorithm (post-filtered OSEM), while the one on the right 
is reconstructed using one-third the counts with the sparse higher-order gradient penalty (HOTV-PAPA) 
reconstruction. Since the sparse representation penalty controls noise during the reconstruction process, it 
can be iterated further allowing small features to more fully realized leading to better resolution recovery. 
This, in turn, leads to better preservation of edges and enhancement of the Standardized Uptake Value 
(SUVs) of small lesions that more accurately reflects the underlying tracer distribution.21

FIGURE 11.3 MIP images from total body 18F-FDG pediatric PET (266 MBq, 8-year old male, 23 kg) with mela-
noma acquired at 66-min post-injection acquired for 3-min./bed (upper body) and 1-min./bed (legs) using a GE 
D710 PET/CT. The image on the left is a full count OSEM reconstruction using our standard of care parameters. 
The image on the right used one-third the counts reconstructed using a sparse gradient penalty (HOTV-PAPA). 
The blue arrows point to metastatic disease (w/maximum SUV), and red arrows indicate mean liver SUV. Increased 
max SUV in the small lesions arises from improved reconstruction convergence and noise suppression. Note that 
the pelvic lesion on the left (SUVmax 1.3 SOC vs 3.0 HOTV) cannot be detected in the conventional full count MIP 
image but was readily discernible in the one-third-count sparse gradient images. This lesion was visible in trans-
axial slices and confirmed with CT using the conventionally reconstructed images.
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Further radiation dose reduction with FDG PET is possible using MRI/PET hybrid systems. Since 
image acquisition MRI is relatively quite long, there ample time to collect more than sufficient counts 
for adequate PET. The use of PET/MR scanners can also lead to substantial dose reduction for pediatric 
molecular imaging. In the first place, they avoid entirely the exposure related to the CT component while 
still providing diagnostic accuracy comparable to that of PET/CT. The dose reduction varies depending 
on the CT protocol adopted for PET/CT but can be significant since the CT component typically contrib-
utes to 40%–50% or more of the total dose even for optimized PET/CT acquisitions.22

The use of PET/MR can also lead to a significant decrease in injected activity, due to the favorable 
geometry of the PET component in PET/MR integrated scanners. The longer axial FOV and reduced 
detector diameter provide increased sensitivity and, thereby, higher count rates.23 Gatidis et al.24 showed 
that a reduction from 3.0 to 1.5 MBq/kg has no significant impact on lesion detection, subjective evalu-
ation of image quality, and SUV measurement in children. These data have been confirmed by objective 
measurements of image quality in pediatric patients (Figure 11.4).25

11.3 Benefits of Pediatric Nuclear Medicine3

Thus far we have focused on radiation exposures and image quality. It is at least as important to also empha-
size the real benefits of nuclear medicine in the care of pediatric patients. Included here are some examples 
that highlight unique diagnostic information obtained from nuclear medicine studies in children.

11.3.1 Brain

11.3.1.1 Seizure Disorders

Ictal and interictal perfusion brain SPECT using 99mTc-ECD (99mTc ethyl cysteinate dimer) or 99mTc-HMPAO  
(99mTc-hexamethyl propylene amine oxime) are important methods in the detection and localization of 
ictal cortex in patients with medically refractory seizure disorders. Ictal perfusion brain SPECT provides 

FIGURE 11.4 18F-FDG PET images at two activity levels (3.0 and 1.5 MBq/kg) showing a big lesion and a small 
one, both well preserved in the half-dose image.
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a powerful tool for the identification of ictal cortex. The radiotracer reflects cerebral perfusion and it is 
taken up and distribute within the brain according to the first pass. The radiopharmaceutical is admin-
istered intravenously while the patient is having a seizure. The tracer is “fixed” within the brain and 
it does not redistribute with time. Therefore, imaging can take place any time after the injection. The 
distribution of the tracer during a seizure shows focal increased cerebral perfusion in the brain region 
responsible for the seizure. A successful ictal SPECT and the subtraction of ictal from interictal perfusion 
brain SPECT can help localize ictal cortex in most cases of focal seizures. This, along with other imaging 
tests, can help determine a patient’s candidacy for resective surgery.

11.3.1.2 Brain Tumors

In the case of brain tumors, SPECT or PET can provide useful information that can guide therapeutic 
decisions. Although anatomic imaging can detect the tumor mass, functional nuclear medicine studies 
can help differentiate scarring from residual or recurrent tumor. The nuclear medicine image is fused to 
a brain MRI or CT to outline the anatomic features of the tumor mass while the nuclear medicine scan 
provides information about the metabolic activity of the tumor. This information is useful in deciding 
what, if any, additional therapy may be needed.

11.3.2 Thyroid

Thyroid imaging with 123I-NaI provides a specific and sensitive method to image functioning thyroid 
tissue. In newborns with congenital hypothyroidism and young children with hypothyroidism, this 
method can effectively detect ectopic thyroid tissue, such as lingual or sublingual tissue, helping to 
determine the most appropriate therapeutic approach.

11.3.3 Lungs

The unique capability of nuclear medicine to image and quantify regional pulmonary perfusion and 
ventilation is especially useful in the assessment of congenital cardiopulmonary disorders. Along with 
other cardiac methods, nuclear medicine studies provide useful complementary information about lung 
function. This is frequently of value in patients before and after therapeutic catheter interventions as 
well as in pre- and post-operative assessment of regional lung function.

11.3.4 Heart

At present, this is not a frequent indication, but the assessment of regional myocardial perfusion with 
99mTc-MIBI (99mTc-sestamibi) can be of value in patients with anomalous departure of the coronary 
artery from the pulmonary artery, heart transplants, and Kawasaki disease, to name a few applications.

11.3.5 Liver

In the newborn with hyperbilirubinemia, imaging with 99mTc-labeled hepatobiliary agents along with 
ultrasound can help differentiate biliary atresia from hepatocellular disease, helping to select the best 
therapeutic approach. In older children, this method can assist in the diagnosis of acalculous cholecistitis.

11.3.6 Spleen

Imaging with 99mTc-heat-denatured red blood cells can effectively diagnose functional asplenia, poly-
splenia, heterotaxia, and splenosis.
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11.3.7 Gastrointestinal Tract

Dynamic 99mTc-pertechnetate scintigraphy is a very sensitive method that can effectively diagnose func-
tioning ectopic gastric mucosa in a Meckel’s diverticulum. With 99mTc-sulfur colloid imaging, pulmo-
nary aspiration of gastric content, esophageal transit time, and gastric emptying time can all be reliably 
identified. In addition, imaging with 99mTc-heat-denatured red blood cells can help diagnose the site of 
intestinal bleeding.

11.3.8 Kidneys
99mTc-DMSA imaging with SPECT can quantify split renal function and diagnose acute and chronic 
pyelonephritis, renal scarring, duplication, horseshoe kidneys and ectopic kidneys. 99mTc-MAG3 (99mTc-
mercaptoacetyltriglycine) dynamic imaging can determine split renal function and assess urinary flow 
through the pelvicalyceal system into the bladder in cases of hydronephrosis or suspected urinary 
obstruction. These methods are very useful in the evaluation of newborns with prenatal ultrasound 
diagnosis of hydronephrosis. The addition of diuretic renography in many cases can enhance the diag-
nosis of obstruction.

11.3.9 Bladder and Ureters

Radionuclide cystography 99mTc-pertechnetate is a highly sensitive method that can diagnose very small 
volumes of vesicoureteral reflux at a very low radiation exposure. Depending on the equipment and 
protocols employed, gonadal radiation exposures are at least 20  times lower than with conventional 
cystoureterography.

11.3.10 Bone

Assessment of skeletal disorders can be accomplished with 99mTc-MDP imaging. This method is 
extremely sensitive although not specific, but it can be valuable in a number of conditions including 
diagnosis of non-accidental trauma (child abuse) as well as trauma due to fall or physical injury from 
sport activity. It can be helpful in the assessment of extremity pain when the origin of the pain is not 
obvious because of referred pain. A whole-body bone image can help diagnose the origin of the pain. 
With this knowledge, more specific imaging can be applied to the region of interest in order to obtain 
a more specific diagnosis. In certain oncologic disorders, skeletal imaging can outline the extent of the 
disease and detect metastatic disease.

11.4 Oncologic Disorders

The role of PET/CT in the assessment of pediatric oncologic disorders has dramatically increased over 
the past few years. 18F-FDG PET has been found to be effective in the assessment of pediatric lym-
phoma and brain tumors, among other malignancies. 18F-FET (18F-fluoroethyl-L-tyrosine) and 18F-FLT 
(18F-Fluorothymidine) have been useful to assess response to therapy in brain tumors. 68Ga-DOTATOC 
and 68Ga-DOTATATE is very useful in the assessment of neuroblastoma and other neuroendocrine 
tumors. On-going radiopharmaceutical research and development are rapidly advancing and newer 
and more specific agents in the pipeline will likely improve the diagnostic sensitivity and specificity in 
several oncologic disorders.
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11.5 Future Considerations, Summary, and Conclusions

During the past few years, significant progress has been made in nuclear medicine resulting in the 
optimization of diagnostic procedures. Radiopharmaceutical research and development along with 
improvements in imaging instrumentation and image processing have undoubtedly contributed to this 
progress. As a result, nuclear medicine has become essential for imaging children as well as adults. The 
development and dissemination of guidelines on pediatric radiopharmaceutical administered activities 
has contributed to standardization and improvement in practices, as well as an overall reduction in 
radiation exposures in children undergoing nuclear medicine examinations.13

Despite these improvements, gaps in our knowledge about pediatric patients remain. Radio-
pharmaceutical biodistribution and pharmacokinetic data in children are lacking. Most of the estimates 
of radiation exposures have been derived from the pharmacokinetics of adult patients and animal studies. 
Due to ethical considerations, it is understandable that normal children cannot be recruited to study radio-
pharmaceutical biodistribution and kinetics. In order to understand better actual radiation exposures in 
children, however, this information is needed. There are current research projects aimed at obtaining this 
important information so that radiation dose estimates can be improved. Biodistribution and pharmaco-
kinetics may depend on patient’s age, weight, physiologic maturity, height, and disease state. In addition, 
it is important to expand our knowledge about the contribution of CT to radiation exposures and how CT 
methods can be adapted to provide the needed information at the lowest possible radiation exposures. The 
availability of PET/MRI devices can also contribute to reductions of administered activities. The relatively 
long acquisition time in MRI provides ample time to acquire ample counts from the PET radiopharmaceu-
tical, and geometric factors associated with the PET component can have a positive effect in this regard.

There is no doubt that nuclear medicine provides useful and unique information for clinicians car-
ing for children with both simple and complex disease states. Nuclear medicine is a functional imaging 
method and as such yields information not available through many other imaging techniques. It is safe 
and lacks toxicity and osmotic or allergic effects. Concerns about potential risks from diagnostic nuclear 
medicine should be balanced by the clinical benefits of these procedures as well as with the real risks 
of sedation and reactions to contrast agents from other procedures. Nevertheless, it is prudent to uti-
lize procedures with the lowest radiation exposures possible, with approaches that provide the highest 
diagnostic yield in the shortest period of time and with the greatest patient comfort. While one could 
state that there is still certainty about risk uncertainty, the application of nuclear medicine diagnostic 
procedures in pediatric patients should include appropriate patient and caregiver information, not just 
reduction in radiation exposure.26 It is important to fully understand and optimize its many clinical 
benefits and potential risks, allowing for a balance between limiting radiation exposure and obtaining 
all information necessary for successful diagnosis and treatment.
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12.1 Introduction

Pregnant females may undergo a variety of medical imaging procedures where organs in the developing 
fetus receive a radiation dose, at various levels, from externally incident x-ray imaging fields (including 
both in-field attenuated and out-of-field scatter photons) or internally emitted radiations associated 
with radiopharmaceutical administrations. These exposure scenarios broadly fall within two categories. 
The first occurs primarily during early stages of gestation where the pregnancy of the patient is ascer-
tained only following the imaging session. In these cases, a dose reconstruction may be warranted to 
both document the exposure and provide pertinent information for the referring physician in ensuing 
discussions with the patient regarding fetal health. The second occurs primarily during later stages of 
gestation whereby imaging is emergent or life-saving in nature. In these cases, the dose estimate may 
be performed prior to the study to optimize image acquisition parameters to minimize fetal exposure. 
Retrospective dose reconstructions may also be required to document the exposure as needed for regu-
latory or clinical purposes. Radiation doses to the fetus during radiographic or diagnostic fluoroscopic 
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imaging of the maternal abdomen are in general exceedingly small, while higher doses may result from 
nuclear medicine, computed tomography (CT), or interventional fluoroscopy in increasing order. As 
will be discussed in this chapter, however, the radiation doses received by the fetus, even during the 
most extreme conditions, are far below scientific consensus threshold levels for acute tissue reactions. 
Nevertheless, under the linear no-threshold hypothesis, a small yet finite risk of childhood cancer might 
persist, which should trigger efforts at imaging optimization with clinically reasonable efforts at dose 
reduction.

12.2 Medical Imaging of the Pregnant Female

12.2.1 Nuclear Medicine

Pregnant women are occasionally administered diagnostic radiopharmaceuticals, either with or with-
out prior knowledge of the pregnancy on the part of her health-care team. Some common studies per-
formed on women with a confirmed pregnancy are pulmonary ventilation–perfusion, thyroid, bone, 
and renal scans (ACOG 2004). Several cases have been reported in the literature where women in the 
first trimester of pregnancy were inappropriately administered radiopharmaceuticals, which would 
have normally been avoided in order to preserve the health of the fetus or embryo. Tran et al. (2010) 
describes a case where a pregnant woman was treated for Graves’ disease using 131I; administration of 
131I to pregnant women, especially at therapeutic levels, is particularly problematic. Zanotti-Fregonara 
et al. (2008, 2010) describe two separate instances of pregnant women being administered 18F-2-fluoro-
2-deoxy-D-glucose (18F-FDG) as part of a positron emission tomography/computed tomography (PET/
CT) study as a follow-up to Hodgkin lymphoma therapy. Several authors have investigated the radiation 
dose to the fetus from the administration of a variety of imaging radiopharmaceuticals to pregnant 
mothers (Russell et al. 1997a, 1997b; Saunders et al. 2002; Keleher et al. 2004; Stabin 2004; Pandit-Taskar 
et al. 2006; Stabin 2017).

12.2.2 Computed Tomography

A study by Lazarus et al. (2009) has reported a 25% annual increase in the use of CT imaging in preg-
nancy. Diagnostic CT imaging is particularly necessary in such emergent setting as suspected pulmo-
nary embolism, acute appendicitis, or trauma (Shi and Xu 2004). Acute pulmonary embolism is one 
of the leading causes of maternal mortality in the United States (Toglia and Weg 1996). Recent studies 
have shown that multi-detector computed tomography (MDCT) pulmonary angiography is the over-
whelmingly favored diagnostic procedure when screening for acute pulmonary embolism in pregnant 
patients (Doshi et al. 2008; Jha et al. 2010). Consequently, careful consideration must be given to the 
in utero dose received by the fetus given the higher radiosensitivity of the fetal tissues. Careful atten-
tion must be paid to fetal exposure during the first trimester since radiation susceptibility is highest 
during this gestational stage due to organogenesis. Additionally, maternal breast tissue shows a higher 
susceptibility to adverse effects of ionizing radiation (Timins 2002). Although there may be alternative 
non-ionizing diagnostic examinations available (ultrasound, blood tests, magnetic resonance imaging 
[MRI]), in many cases CT imaging remains the modality of choice even when the patient is known to be 
pregnant. Acute abdominal pain occurs in 1 in 500 to 1 in 635 pregnancies, while acute appendicitis has 
an incidence of 1 in 500 to 1 in 2000 during pregnancy (Augustin and Majerovic 2007).

An accurate diagnosis of acute appendicitis is often difficult to reach in pregnant patients given the 
relocation of the appendix caused by an enlarged uterus (Chen et al. 2008). This difficulty significantly 
increases when the mother is in the second and third trimester, which leads to an increased rate of per-
foration surgery at these gestational stages (Weingold 1983; Ueberrueck et al. 2004). Appendicitis occur-
rence has been shown to have the highest frequency in the third trimester, with the second trimester 
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being a close second (Shetty et al. 2010). Diagnostic tests for appendicitis are not reliable when only 
blood and ultrasound tests are performed. Blood tests have shown to have a false-negative rate of up to 
50% (Maslovitz et al. 2003).

The use of ultrasound imaging is desirable as a non-ionizing alternative to CT; however, diagnosis can 
be inadequate due to limitations on the positioning of the mother and anatomic movements, which have 
been shown to be particularly problematic in the third trimester. Consequently, the use of ultrasound 
techniques to diagnose acute appendicitis becomes unreliable in the later pregnancy stages. As surgical 
exploration often becomes necessary when only ultrasound diagnoses are used, it becomes imperative to 
avoid a false-negative appendectomy procedure in order to decrease risk of fetal loss. Perforated appen-
dicitis is the leading cause of fetal loss during surgery (Parangi et al. 2007). Although diagnosis using 
MRI has been shown to provide comparable results and precision to CT imaging, the necessary equip-
ment is often not available in emergency situations that are typical for acute appendicitis (Shetty 2010; 
Shetty et al. 2010). The need for prompt diagnosis, often during clinical after-hours, typically demands 
the use of CT imaging. Even though MRI is desired for its lack of ionizing radiation, surveys have shown 
that CT imaging is the preferred method of diagnosis and provides the most accurate diagnosis of acute 
appendicitis during pregnancy (Oto et al. 2005; Lazarus et al. 2007). These unavoidable diagnostic CT 
scans performed in the abdominal region need to be carefully planned and optimized.

12.2.3 Fluoroscopically Guided Interventions

Exposure of the pregnant female to ionizing radiation during fluoroscopically guided interventions 
(FGI) is fortunately rare when the pregnancy is known or suspected. However, a variety of life-saving 
procedures are still performed on pregnant women (NCRP 2010). As with all FGIs, radiation exposure 
levels may be high enough to result in skin doses above tissue reaction threshold levels (Balter et al. 2010) 
and to raise serious concerns regarding the health of the developing fetus. Dose reconstructions are 
typically performed rather crudely using uterine doses as a surrogate organ or extrapolating maternal 
skin dose via exponential attenuation factors. Emergency FGIs that are performed on pregnant patients 
include (1) percutaneous nephrostomy for renal obstruction, (2) embolization of organs and blood ves-
sels in the abdomen and pelvis for bleeding due to trauma, (3) embolization of visceral renal or splenic 
aneurysms, (4) percutaneous drainage of an abdominal or pelvic abscess, and (5) peripartum spontane-
ous coronary artery dissection (NCRP 2010). The latter intervention is typically performed (although 
rarely) shortly before or after the delivery, and the condition can be lethal if left untreated. Fluoroscopy 
guidance is used for the latter when ultrasonic guidance is not clinically possible. Occasionally, urology 
procedures are performed on pregnant females under fluoroscopic guidance, including both ureteral 
stent placements and retrograde pyelograms, as well as some gastrointestinal (GI) procedures such as 
endoscopic retrograde cholangiopancreatography (ERCP) (Tang et al. 2009).

12.3 Tissue Reactions Following Fetal Radiation Exposure

Exposure to ionizing radiation may induce biological effects that may be broadly categorized as either tis-
sue reactions or stochastic effects. The former involve the destruction of sufficient numbers of cells within a 
tissue so as to manifest organ-level damage or failure. Tissue reactions are characterized by a dose thresh-
old below which the radiobiological effect does not present. The magnitude of the dose threshold will vary 
with the specific effect and the organ impacted, and is modified by variations in individual radiosensitivity. 
In the context of embryonic and fetal exposure during medical imaging of the mother, these threshold 
doses are critically important to know so that they may be compared to the doses received during medical 
imaging. If the dose threshold is sufficiently larger than the imaging dose, then decisions on the health of 
the unborn child need not consider potential risks of tissue reactions. This then leaves one to consider only 
stochastic cancer risks following in utero exposures. These risks are addressed in the following section.
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A variety of radiogenic effects may arise following in utero exposure of the embryo/fetus includ-
ing mental retardation, neurobehavioral effects, convulsive disorders, congenital malformations, fetal 
growth retardation, and embryonic death. Excellent and extensive reviews of both animal and human 
exposure data underlying our understanding of these effects may be found in both ICRP Publication 90 
(ICRP 2003) and NCRP Report No. 174 (NCRP 2013). Their impact on the embryo or fetus is strongly 
dependent upon both the stage of development, the dose rate, and the dose received. During the preim-
plantation and presomite stages of development (<14 days post-conception), the cells of the embryo are 
pluripotential (stem cell in nature) and are highly sensitive to the lethal effects of ionizing radiation. 
However, if these cells survive, the resulting embryo/fetus will develop normally with no increased 
risk of anatomic malformation at birth. This early period is thus referred to as the all-or-none period. 
During the period 14–40 days post-conception, the embryo is undergoing the early stages of organo-
genesis, and this is a very vulnerable period for the production of major anatomic malformations. 
From 40  days post-conception until birth, the vulnerability of the fetus steadily declines with the 
exception of serious radiation effects to the central nervous system, gonads, and overall fetal growth if 
the dose is sufficiently high.

Table 12.1, adopted from a similar table in the review of NCRP Report No. 174, nicely summarizes 
our current state of knowledge of dose thresholds for tissue reactions to the developing child at each 
stage of embryonic development. All doses are expressed in units of milligray (mGy), the same unit 
typically used to report imaging doses during in utero imaging exposure. The lowest dose threshold 
proposed in this table is for the minimum lethal dose to the embryo at one to two weeks post-conception 
(150–200 mGy). In the conclusions of their report, the authors of NCRP Report No. 174 state that 
limited human epidemiological data, coupled with extensive mammalian animal data, suggest that 
“the no-adverse-effect level from acute exposure for birth defects, growth retardation, pregnancy loss, and 
other tissue reactions is 200 mGy at the most vulnerable stage of pregnancy.” This threshold represents a 
substantially higher threshold than the previous tissue reaction dose threshold of 50 mGy recommended 
in NCRP Report No. 54 (1977). While the 50 mGy threshold is cited in recent literature (e.g., Patel et al. 
2007; Litmanovich et al. 2014), the 200 mGy threshold is the current recommended value and should 
take precedence.

TABLE 12.1 Estimates of the Risks of Radiation Exposure to the Embryo and Fetus as a Function of Effect and 
Embryonic Age (Data are based on both rodent embryological studies and human epidemiological studies.)

Embryonic Age 
(Weeks 
Post-Conception)

Minimum 
Lethal 
Dose 

(mGy)
Approximate 
LD50 (mGy)

Minimum 
Dose for 

Permanent 
Growth 

Retardation in 
Adults (mGy)

Minimum 
Dose for Gross 

Anatomic 
Malformations 

(mGy)

Increased 
Incidence of 

Mental 
Retardation 

(mGy)

Minimum 
Dose for 

Stochastic 
Effects (mGy)

1–2 wk 150–200 <1,000 No effect No effect Unknown
3–5 wk 250–500 1,400–2,000 200–500 >200 (but 

most >500)
Unknown

6–13 wk >1,000 >2,000 250–500 Cannot be 
produced

Unknown

8–25 wk >500 (Lower 
95% CI, 300)

14 wk–Term >1,500 Same as for 
mother

>500 Cannot be 
produced

Unknown

Source: Table 5.3 from NCRP, NCRP Report No. 174: Preconception and Prenatal Radiation Exposure: Health Effects and 
Protective Guidance, National Council on Radiation Protection and Measurement, Bethesda, MD, 2013.

LD50: lethal dose 50%—the dose required to kill 50% of a test population.
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12.4 Stochastic Risks Following Fetal Radiation Exposure

As shown in Table 12.1, what is unknown at present is the dose required to yield a stochastic radiobio-
logical risk to the embryo or fetus. Two key stochastic effects are to be considered: (1) hereditary disease 
following irradiation of the fetal gonads and (2) postnatal cancer, either during childhood or even early 
adulthood following in utero exposure. The former is not specifically addressed in NCRP Report No. 174, 
but that report does comment on the risk of hereditary disease following preconception exposure of the 
parents, noting “there is no convincing direct evidence of germline mutation manifest as heritable disease 
in the offspring of humans that is attributable to preconception exposure to ionizing radiation…”.

As will be noted below in Section 12.5, radiation doses to the embryo and fetus during routine diag-
nostic and even interventional imaging are not likely to exceed 100 mGy, and thus according to Table 12.1, 
the only radiobiological effect to consider in medical imaging of the pregnant mother is a possible can-
cer risk in childhood following in utero fetal exposure. Childhood cancers are in general rare, and 
represent <1% of total cancer incidence in the U.S. population (http://seer.cancer.gov/csr/1975_2006). 
Childhood cancers differ from adult cancers of epithelial origin, and are clustered (~70%) as leukemias, 
lymphomas, and brain tumors. The major source of risk estimates for childhood cancer following in 
utero exposures are human radiation epidemiological studies.

The possible relationship between in utero medical diagnostic exposures and increased risk of child-
hood cancer was first described some 60 years ago in the Oxford Survey (Giles et al. 1956; Stewart et al. 
1958; Bithell and Stewart 1975). The key finding from this case-control study, along with subsequent 
reports from studies in Canada, China, Finland, Germany, Italy, Japan, Sweden, The Netherlands, the 
United Kingdom, and the United States are summarized in Table 5.14 of NCRP Report No. 174 (NCRP 
2013). These studies include a minimum of 200 total childhood cancer cases, at least 100 cases of acute 
lymphoblastic leukemia, or at least 80 cases for each of other childhood cancer types. Relative risks (RR)1 
for leukemia reported in these case-control studies in which medical records were reviewed vary from a 
low of 1.0 (95% Confidence Interval (CI) of 0.5–1.9) (Salonen and Saxen 1975) to a high of 1.5 (95% CI of 
1.2–2.0) (Monson and MacMahon 1984). In Table 5.15, NCRP Report No. 174 additionally summarizes 
key findings of various cohort-based radiation epidemiological studies of childhood cancer following 
maternal diagnostic x-ray imaging. Relative risks for total cancer were shown to range from a low of 
0.7 (95% CI of 0.3–1.8) (Ray et al. 2010) to a high of 4.6 (95% CI of 0.9–25.1) (ICRP 2003), while relative 
risks for leukemia were shown to range from a low of 0.4 (95% CI of 0.1–2.6) (Lewis 1960) to a high of 1.6 
(95% CI of 0.6–4.6) (Diamond et al. 1973). In many of these epidemiological studies, however, no specific 
information on the magnitude of the imaging dose was available in the statistical analysis. Consequently, 
investigators have debated whether the statistical associations seen between childhood cancer and radia-
tion exposure are causal (e.g., why was the maternal imaging performed in the first place, and was there a 
predisposition to cancer irrespective of the imaging dose). Also, with no specific dose information, these 
studies are inconclusive regarding the magnitude of the cancer risk per unit fetal dose.

Preston et al. (2008), in their analysis of the Japanese atomic bomb survivals, compared solid cancer 
incidence risks among those exposed in utero to those exposed postnatally under the age of six years. The 
study—referred to as the Life Span Study or LSS—includes perhaps the most extensive cohort of in utero 
exposed individuals with long-term and continuous follow-up. High-quality dose estimates are also avail-
able across a range of gestational ages and fetal doses. The study reported excess relative risk (ERR) values 
per unit fetal dose.2 The study found that the ERR, and 95% confidence intervals, at attained age of 50 years 

1 Relative risk is defined as the incidence rate of a disease (e.g., cancer) in an exposed group divided by the incidence rate in 
an unexposed group. An RR of 1.2 then implies a 20% increase in the risk of childhood cancer for the child that was exposed 
in utero to maternal imaging radiation when compared to the unexposed population’s childhood cancer incidence.

2 An excess relative risk is defined as the ratio of the excess risk of a specified disease (e.g., cancer) to the probability of the 
same effect in the unexposed population. For example, ERR of 0.3 implies a 30% increase in the lifetime cancer risk for the 
child that was exposed in utero to radiation when compared to the unexposed population’s childhood cancer incidence.

http://seer.cancer.gov/csr/1975_2006
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were 0.3 (0.0–2.0) Gy−1 and 0.5 (0.0–2.4) Gy−1 for males and females exposed in utero, but were 1.3 (0.6–2.2) 
Gy−1 and 2.2 (1.3–3.4) Gy−1 for males and females exposed in early childhood. The study confirmed that the 
risks are higher for females than for males, and are higher for the postnatally exposed individuals than for 
the in utero exposure cohort members. Furthermore, no variation in ERR by trimester of exposure was 
found. Excess absolute risks (EARs) increased markedly with attained age among those exposed in early 
childhood, but showed very little change with time for those exposed in utero. Further follow-up of the LSS 
in utero exposed cohort was recommended. It is also noted that the dosimetry systems used in this analysis 
did not include computational models of pregnant female. The dose to the uterus in the non-pregnant adult 
female was used as a surrogate for the fetal dose target regardless of gestational age (RERF 2005).

Two of the more recent studies of in utero cancer risks following medical imaging of the mother are 
those of Ray et al. (2010) (a population-based cohort study), and Rajaraman et al. (2011) (a case-control 
study). In the study by Ray et al., the authors studied 1.8 million maternal-child pairs in Ontario from 
1991 to 2008. The cohort included 5,590 mothers exposed to radiodiagnostic x-rays in pregnancy and a 
control group of 1,829,927 unexposed mothers. Of the exposed group, imaging exams included 73% CT 
scans and 27% nuclear medicine scans. After a median follow-up of 8.9 years, only 4 childhood cancers 
arose in the exposed group, while the control group displayed 2,539 cancers. The study thus reported 
a hazard ratio (HR)3 of only 0.69 (95% CI of 0.26–1.82), thus strongly suggesting that diagnostic x-ray 
exposures in pregnancy are not carcinogenic. The authors note, however, that since the upper confi-
dence limit of the risk may be as high as 1.8 times that in the unexposed group, they could not fully 
exclude the possibility that fetal exposures to diagnostic x-ray imaging are carcinogenic.

In the case-control study by Rajaraman et al. (2011), 2,690 childhood cancer cases and 4,858 age, sex, and 
region matched controls were selected from the United Kingdom Childhood Cancer Study all born between 
1976 and 1996. The study focused on both the cancer risks from diagnostic x-ray exposures and ultrasound 
examination during pregnancy. The study found a slight increase in risk after in utero exposure to diagnostic 
x-rays for all cancer types (odds ratio [OR]4 of 1.14, 95% CI of 0.90–1.45) and for leukemia (odds ratio of 1.36, 
95% CI of 0.91–2.02), but these were not statistically significant. Exposure to diagnostic x-rays in early infancy 
(birth to 100 days) was associated with small, non-significant excess risks for all cancers and for leukemia. The 
data showed no evidence of increased childhood cancer risk in children following in utero ultrasound imaging.

Another exposed cohort of potential importance in quantifying in utero cancer risks are those women 
who lived in the villages of the Techa River in the Southern Ural Mountains of the former USSR and worked 
in the Mayak Plutonium Production Facility during peak times of radionuclide release (1948–1955). In a 
recent study by Schuz et al. (2017), an analysis was conducted of cancer incidence and mortality risk follow-
ing in utero radiation exposure on a pooled cohort of women exposed to either environmental radionuclide 
sources along the Techa River, or to radiation sources within the Mayak facility. In both cases, radiation 
exposure to the fetus was computed from external gamma-ray fields, and from biokinetic and dosimetric 
models of ingested radionuclides. Both prenatal and postnatal doses were computed and considered. The 
combined cohort totaled 19,546 subjects with 700,504 person-years at risk over the period of incidence, with 
slightly larger numbers for the mortality follow-up. Of these subjects, offspring displayed 58 cancer cases 
and 36 cancer deaths up to age 61. The ERR of cancer incidence was reported to be 1.27 (95% CI of −0.20–4.71) 
at in utero fetal doses exceeding 80 mGy. This risk increased consistently per 100 mGy of continuous expo-
sure in utero. The study concluded that while a positive association between in utero exposure to ioniz-
ing radiation and the risk of hematological malignancies was found, the small number of observed cases, 
inconsistent incidence and mortality findings, and limited follow-up precluded firm conclusions. Half of the 
combined cohort are still alive, and thus the study suggested another 10 years of follow-up.

3 Hazard ratios differ from relative risks and odds ratios in that RRs and ORs are cumulative over an entire study, using a 
defined endpoint, while HRs represent instantaneous risk over the study time period.

4 The odds ratio is a measure of the odds of an event happening in one group compared to the odds of the same event hap-
pening in another group. In case-control studies, and in cohort studies in which the outcome occurs in less than 10% of 
the unexposed population, the OR provides a reasonable approximation of the RR.
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In summary, it is difficult to draw conclusions regarding the risk of childhood cancer following in 
utero exposures to radiation from diagnostic x-ray procedures. Data from case-control studies and meta-
analysis of cohort studies support a small increased cancer risk (NCRP 2013). The risk of cancer in offspring 
exposed to <100 mGy in utero, a value rarely exceeded in diagnostic procedures carried out today, is con-
troversial and has not been fully resolved. Under the linear no-threshold theory of radiogenic cancer risk, 
however, any radiation dose carries with it a potential risk of cancer. We now consider the magnitude of 
radiation fetal doses received under different modalities used to image the pregnant mother.

12.5  Radiation Absorbed Dose to the Fetus 
from Diagnostic/Interventional Imaging

The vast majority of diagnostic radiology procedures deliver doses lower than 20 mGy to the uterus 
(ACR 2008). Fetal doses remain low (<10 mGy) for those diagnostic procedures where the fetal dose is 
mainly due to internal scatter radiation, or, in some cases, even if the fetus is partially irradiated by the 
primary beam (McCollough et al. 2007; Doshi et al. 2008; Lazarus et al. 2009; Bural et al. 2012; NCRP 
2013). Maximum fetal doses from radiographs and diagnostic fluoroscopy procedures have been esti-
mated at only 8–10 mGy, even if the conceptus is directly irradiated (Helmrot et al. 2007; NCRP 2013).

Doshi et al. (2008) estimated that maternal chest CT examinations deliver fetal doses of 0.06–
0.23 mGy. Anthropomorphic phantom dosimetry studies of pulmonary angiograms using 4-, 16-, and 
64-slice MDCT scanners yielded fetal dose estimates of 0.77, 0.54, and 0.33 mGy, respectively (Gilet et al. 
2011). Abdominal CT scans of pregnant patients have been estimated to deliver fetal doses of approxi-
mately 15–21 mGy, depending on trimester (Gilet et al. 2011). The highest fetal doses due to diagnos-
tic CT imaging are associated with aortic CT angiography, with estimated uterine doses of 34 mGy 
(McCollough et al. 2007). Among all diagnostic radiology procedures, the highest fetal doses (38 mGy) 
were associated with 67Ga Citrate studies investigated by Russel et al. (1997b).

Radiologically guided interventional and radioiodine-based nuclear medicine therapy procedures 
can  result in fetal doses much higher in magnitude than those associated with diagnostic imaging. 
Fluoroscopy-guided interventional procedures of the pelvic region must be governed by strict imaging 
protocols due to the potential, however small, for exposures to exceed 100  mGy (ACR 2008;  Dauer 
et al. 2012). Diagnostic and therapeutic nuclear medicine studies involving radioiodine, particularly 131I, 
must be avoided during pregnancy (Weetman 2007; Bushberg et al. 2012; Nguyen and Goodman 2012). 
Therapeutic nuclear medicine procedures involving 131I could lead to extremely high fetal whole-body 
doses approaching 1,000 mGy (Bushberg et al. 2012). Of particular concern is the dose to the fetal thyroid, 
which can be significant, even for diagnostic administrations to the pregnant mother (Zanzonico and 
Becker 1991). Risks include in utero hypothyroidism and, as a result, cretinism in the exposed child—a 
condition of severely stunted physical and mental growth owing to untreated congenital deficiency of 
thyroid hormone. Stabin (2017) reports that the fetal thyroid dose per maternal administration of 131I ranges 
from 230 to 270 mGy/MBq over the gestational age range of three to nine months.

With the exception of therapeutic nuclear medicine doses, the estimated ranges of fetal doses for 
diagnostic procedures and pelvic interventional procedures are summarized in Table 12.2. These doses 
are visually compared in Figure 12.1 to the NCRP 150 and 200 mGy dose thresholds and corresponding 
dose-dependent health risks, including additional lifetime cancer risk (ALCR). Aside from rare cases 
of interventional procedures of the pelvis, fetal doses do not approach any estimated tissue effect 
thresholds. However, because no dose threshold potentially exists for additional lifetime cancer risk, 
a dose-dependent increase in probability for this effect can be assumed. Adopting data reported by 
Preston et al. (2008), a fetal exposure of 100 mGy yields an ALCR of 4%, which is comparable to the 
lifetime cancer-free probability of 95% reported by McCollough et al. (2007).

Although fetal doses resulting from diagnostic and interventional radiography are typically well below 
dose thresholds for fetal tissue effects and potential conceptus death, a dose-dependent increase in lifetime 
cancer risk may be conservatively assumed for all non-zero doses. Thus, it is clearly prudent for radiologists 
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and other associated medical personnel to practice reasonable dose reduction and optimization strategies 
when evaluating pregnant patients with radiologic imaging in order to mitigate the unborn child’s addi-
tional lifetime cancer risk. As further radiation epidemiology studies continue, these in utero cancer risks 
will presumably be further refined, including any evidence of non-linearity in the dose response.

12.6 Computational Methods for Dose Assessment

Prospectively or retrospectively estimating radiation doses to the embryo or fetus for all radiologic 
procedures is an essential component of assessing dose and related health risks. Dose quantification 
and awareness can assist clinicians with the risk-benefit analysis associated with decisions to avoid or 
proceed with radiologic imaging of a pregnant patient. The following sections briefly summarize vari-
ous methods for estimating fetal dose from radiologic procedures.

Wagner et al. (1997) presented comprehensive methods for estimating fetal radiation dose from radio-
graphic, fluoroscopic, and CT procedures, as well as doses from radionuclide studies. Radiographic and 
fluoroscopic procedures are combined separately from CT, and both categories are further separated into 
in-field and out-of-field calculation methods. Several presented methods for estimating fetal doses from 
in-field radiographic and fluoroscopic procedures are based on depth-dose and tissue-air ratios. Two 
methods are presented for in-field CT doses: one based on free-in-air techniques and the other based 
on CT dose index (CTDI) measurement techniques presented by Felmlee et al. (1990) (discussed further 
below). Methods are also presented for estimating nuclear medicine doses from cumulated activity and 
radionuclide S-values.

Felmlee et al. (1990) developed methods for adjusting CTDI measurements to obtain representative fetal 
doses. The method involves recording ion chamber measurements over a range of various examination 
parameters and constructing a library of a dose-to-fetus metric for every slice in a given scan. This metric 
is termed the “normalized fetal-dose ratio (NFDR)” and is defined as the measured fetal-dose contribution 
from a single CT scan divided by the CTDI value measured for the same scan parameters. It is important 
to note that NFDR values from single scans extending well beyond the fetal length are needed for accurate 
dose estimates. Prospective fetal doses from a given scan can then be estimated by summing the NFDR 
values over the scan length. Accurate acquisition of reference CTDI measurements is critical. In order for 
this method to provide reliable fetal dose estimates, the CTDI measurements must be acquired with one’s 
own CT scanner, scanning techniques, ionization chambers, and physical phantoms.

TABLE 12.2 Maximum Estimated Fetal Dose for Various Procedures Administered to the Pregnant Patient

Type of Procedure Maximum Estimated Fetal Dose (mGy) References

Computed tomography (CT) 34 McCollough et al. (2007)
Radiography and diagnostic fluoroscopy 8 Helmrot et al. (2007); UNSCEAR (2000)
Interventional fluoroscopy Potentially > 100 Dauer et al. (2012)
Diagnostic nuclear medicine 38 Russell et al. (1997b)
Therapeutic nuclear medicine 1,000 Bushberg et al. (2012)

FIGURE 12.1 Comparison of typical ranges of fetal doses from diagnostic and interventional procedures and 
potential health risks, including additional lifetime cancer risk (ALCR).
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Doses from ionizing radiation can also be estimated by computationally simulating radiation expo-
sures of virtual models of biological systems, including humans (Bolch et al. 2010). These virtual sur-
rogates, or computational phantoms, provide tremendous versatility for calculating doses from a wide 
range of scenarios, which include radiation protection, radiation therapy, and diagnostic medical imag-
ing. Current computational phantoms are available in three forms or types: (1) stylized phantoms—
individual organs and tissues are modeled with shapes composed of mathematically defined surfaces, 
(2) voxel phantoms—patient-specific anatomy as visualized in medical images (e.g., CT) is contoured 
and converted into 3D pixels or “voxels,” and (3) hybrid/boundary-representation (BREP)—medical 
images are contoured and converted to deformable non-uniform rational B-spline (NURBS) surfaces 
and further adjusted to match various anatomical criteria (e.g., patient height and weight).

Computational phantoms representing the anatomies of the pregnant female and fetus are available 
in all three phantom types, in varying degrees of maternal and fetal anatomical detail. Mathematically 
stylized pregnant female phantoms were developed by Stabin et al. (1995) (Figure 12.2) and subsequently 
refined by Chen (2004). In these studies, the fetus is represented by a cylindrical shell. Shi and Xu (2004) 

FIGURE 12.2 Graphical survey of previously published fetal and pregnant female computational  phantoms: 
(a) Stylized model of the 36-week fetus. (From Stabin, M. et al., Mathematical Models and Specific Absorbed 
Fractions of Photon Energy in the Nonpregnant Adult Female and at the End of Each Trimester of Pregnancy, ORNL/
TM-12907, Oak Ridge National Laboratory, Oak Ridge, TN, 1995.); (b) Voxel model of the 30-week fetus. (From Shi, 
C., and Xu, X.G., Med. Phys., 31, 2491–2497, 2004.); (c) Hybrid/BREP model of the 24-week fetus. (From Xu, X.G. 
et al., Phys. Med. Biol., 52, 7023–7044, 2007.); and (d) Voxel model of a 35-week fetus from the 24-patient study. 
(From Angel, E. et al., Radiology, 249, 220–227, 2008.)
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presented a 30-week fetal voxel phantom, which was refined and incorporated into the development 
of a series of hybrid/BREP phantoms representing the pregnant female at each trimester (Xu et  al. 
2007) (Figure 12.2). Angel et al. (2008) reported a series of pregnant female voxel phantoms based on a 
24-patient retrospective study, covering fetal ages from 5 to 36 weeks (Figure 12.2). Maynard et al. (2011) 
developed a series of detailed hybrid fetal phantoms representing eight fetal ages, which were recently 
incorporated into a series of hybrid computational phantoms of the pregnant female (Maynard et al. 
2014) (see Figure 12.3). Becker et al. (2008) presented a voxel model representing the pregnant female at 
the 24th week of pregnancy.

Computational phantoms can be coupled with Monte Carlo software codes, which use random num-
bers to simulate the physics of radiation interactions with matter (e.g., human tissues). Such codes allow 
users to estimate, among many other physical quantities, radiation doses due to exposure from a wide 
range of sources, including CT, fluoroscopy, and nuclear medicine. Fetal doses due to radiologic imag-
ing of pregnant patients have been estimated using these methods for several modalities. Angel et al. 
(2008) performed Monte Carlo-based simulations of helical abdominal and pelvic CT scans based on 
the GE series of multi-slice scanners and observed strong correlations between fetal dose and maternal 
circumference and fetal depth. Damilakis et al. (2010) developed a method for estimating conceptus 
dose (<eight weeks) that can be applied to different scanner manufacturers using ratios of weight-CTDI 
and free-in-air CTDI. Gu et al. (2009) simulated chest and kidney CT scans of pregnant patients for a GE 
scanner and, later, incorporated tube current modulation and observed fetal dose reductions between 
14% and 25% (Gu et al. 2013).

Fetal doses from nuclear medicine procedures can be estimated when appropriate radionuclide bio-
kinetic models are coupled with photon- and electron-specific absorbed fractions (SAFs) (Stabin et al. 
1995; Russell et al. 1997a, 1997b; Saunders et al. 2002; Keleher et al. 2004; Stabin 2004; Pandit-Taskar 
et al. 2006; Shi et al. 2008; Guo et al. 2010; Stabin 2017). Skin doses to non-pregnant patients from fluoro-
scopic procedures have been investigated by Johnson et al. (2011). Future expansion of these simulations 
could include internal organ and fetal doses of pregnant patients undergoing fluoroscopic procedures.

FIGURE 12.3 Hybrid computational phantom of a 38-week pregnant female. (From Maynard, M. et al., Phys. 
Med. Biol., 59, 4325–4343, 2014.) (a) front view and (b) right-oblique view (magnified).
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12.7 Methods of Dose Optimization and Reduction

Imaging modalities involving ionizing radiation are being increasingly utilized to evaluate pregnant 
women (Lazarus et al. 2009). While the majority of radiologic imaging doses to the fetus are justified 
and well below accepted threshold for fetal tissue reactions, the possibility of ALCR is present at all 
levels of radiation exposure and increases in probability as a function of dose. It is therefore imperative 
for health-care providers to continue to maintain imaging doses to the fetus as low as reasonably achiev-
able (ALARA). The following section summarizes some of the principle components for accomplishing 
this goal in a clinical setting, including pre-imaging considerations and modality-specific strategies. 
Because it is not possible to review in detail all aspects of this complicated issue, the reader is encouraged 
to explore the wealth of available literature for additional information related to these topics.

12.7.1 Pre-imaging Considerations

Some of the most critical measures for minimizing fetal dose from radiologic imaging should occur well 
before the patient is considered for a particular imaging study. Recent studies have reported deficien-
cies in the awareness of many physicians regarding the risks of imaging pregnant patients (Ratnapalan 
et al. 2004; Groves et al. 2006; Patel et al. 2007), particularly when advising patients of medical ter-
mination of pregnancy following inadvertent fetal imaging exposure (Ratnapalan et al. 2004; Brent 
2009; NCRP 2013). Many emergency medicine and obstetric physicians scored poorly regarding the 
safety and appropriateness of radiologic imaging for pregnant women (Johnson et al. 2014). It is essen-
tial that physicians and other health-care personnel are properly educated in the appropriate aspects 
of radiologic imaging of the pregnant patient so that rational, informed decisions regarding patient 
management can be reached.

Institutional strategies, protocols, and policies governing radiologic imaging, particularly of preg-
nant patients, should be established and reviewed by pertinent clinical experts well in advance of the 
imaging study (ACR 2008; Frush et al. 2009; NCRP 2013). Modifications to standard protocols should 
be based on state-of-the-art literature, local resources, staff experience, and should agree with current 
guidelines (NCRP 2013). Imaging devices should be regularly tested and maintained (e.g., beam quality 
and machine output) to ensure optimal performance (Shaw et al. 2011). A key component of minimizing 
radiation dose to the fetus from radiologic imaging is determination of pregnancy (ACR 2008), as an 
oversight in this area could lead to higher than necessary fetal doses. With the exception of emergent 
cases, patients of menstrual age, generally between 12 and 55 years of age, should be questioned about 
their pregnancy status via a standardized form (ACR 2008; NCRP 2013). Trauma is the leading cause 
of non-obstetric maternal death, with blunt trauma yielding a significant fetal mortality rate (Baerga-
Varela et al. 2000; Grossman 2004). For such emergent cases, radiologic evaluation should occur as 
rapidly as possible and without hesitation (Patel et al. 2007). The American College of Radiology (ACR 
2008) reports several imaging studies that can be safely performed regardless of pregnancy status: mam-
mography, chest radiography during the first and second trimesters, extremity radiography or CT (with 
the possible exception of the hip), and any diagnostic examination of the head or neck. However, alter-
native imaging modalities that do not involve ionizing radiation, such as ultrasonography (US) and 
MRI, should be employed in all cases where they are feasible, available, and do not compromise the 
clinical care of the mother or unborn child (Patel et al. 2007; ACR 2008; Marx 2010; Shetty et al. 2010; 
Shaw et al. 2011; NCRP 2013).

12.7.2 Modality-Specific Strategies

In the event that radiologic imaging is the preferred course of action, it is best to establish protocols 
for imaging pregnant patients in advance to minimize the need for reactive adjustments. It is criti-
cal that any efforts to mitigate fetal dose must not interfere with a clinician’s ability to acquire the 
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desired diagnostic information (i.e., acquired images have sufficient diagnostic quality) (ACR 2008). 
As stated previously, modifications to standard protocols should be based on state-of-the-art literature 
and currently accepted guidelines (NCRP 2013). A qualified medical physicist should provide fetal dose 
estimates, either prospectively or retrospectively, to facilitate the risk-benefit analysis of potential medi-
cal procedures, particularly if multiple CT procedures of the abdomen and pelvis are involved (ACR 
2008; NCRP 2013). The following sections summarize some general dose-reduction strategies for each 
modality.

12.7.2.1 Planar Radiography

As noted, the ACR (2008) reports several radiographic studies that can be safely performed regard-
less of pregnancy status: mammography, chest radiography during the first and second trimesters, and 
extremity (with the possible exception of the hip), head or neck radiography. For well-collimated beams, 
technique parameters for these examinations do not need to be altered from those prescribed for non-
pregnant patients (NCRP 2013). For radiography that places the fetus within the primary beam, NCRP 
Report No. 174 also provides recommendations for appropriately adjusting exposure factors, namely, 
that they should not be reduced below those prescribed for non-pregnant patients and may need to be 
increased to account for the increased patient thickness. The NCRP additionally recommends acquiring 
the minimum number of projections for obtaining the desired diagnostic information. The NCRP also 
contends that shielding of the abdomen or pelvis will typically provide limited fetal dose reduction but 
may serve to ease concerns of the patient and family members.

Damilakis et al. (2003) provides several technique recommendations for chest radiography of preg-
nant patients, many of which could be applied to other radiographic procedures: image the patient in 
a standing position, tightly collimate the beam, use the most efficient x-ray tube available, increase the 
tube potential (kVp) to the highest setting that results in acceptable image quality, acquire posterior-
anterior (PA) projections rather than anterior-posterior (AP) projections, adopt non-grid techniques 
and, if clinically permitted, use fast screen-film image receptors. Damilakis et al. (2003) also contends 
that lead aprons provide limited dose reduction due to internal scatter, yet may provide valuable assur-
ances to patients and family members.

12.7.2.2 Computed Tomography

CT imaging protocols for pregnant patients may include, but are not limited to, reducing the number of 
images for a given exam, limiting the number of passes over the abdomen in a CT examination, and lim-
iting the scan length of examinations. Multi-phase studies should be avoided (Wagner and Huda 2004; 
Shetty 2010; Litmanovich et al. 2014). When imaging the abdomen or pelvis, imaging systems with pre-
set automatic noise-control technology can mitigate dose to the fetus by limiting x-ray tube output to the 
minimum mAs needed for an acceptable signal-to-noise ratio (SNR) (Patel et al. 2007; Shetty 2010; NCRP 
2013; Litmanovich et al. 2014). Tube current modulation (TCM), particularly z-axis modulation, should be 
employed when available (Doshi et al. 2008). Reduction of tube potential, when possible, is advised (NCRP 
2013; Litmanovich et al. 2014). It has been shown that a reduction in tube potential from 140 to 100 kV 
reduced conceptus dose by approximately 60% (Dauer et al. 2012). Pitch values greater than unity can also 
contribute to decreases in fetal dose (Patel et al. 2007; Litmanovich et al. 2014). Dose-reduction techniques 
such as these can be implemented in particular in cases where urolithasis is suspected, as standard CT 
image quality is not necessary for the detection of high-contrast stones (McCollough et al. 2007; Patel et al. 
2007). Similar dose reduction techniques are reported by Dauer (2012) for CT-guided interventional studies.

Wrapping the patient’s abdomen or pelvis with lead shielding during non-pelvic CT imaging stud-
ies is typically not considered a highly beneficial dose reduction method (NCRP 2013). However, Doshi 
(2008) recently explored methods for fetal dose reduction in near-term pulmonary CT angiography 
and reported that mA modulation, lead coat shielding, and a reduction in scan length yielded fetal dose 
reductions of 10%, 35%, and 56%, respectively. Regardless of potential dose reduction benefits, as in all 
forms of diagnostic radiology, the presence of shielding may help ease the anxiety of the patient and 
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their family members (NCRP 2013). Users must be especially weary of placing shielding material within 
the primary beam while simultaneously employing TCM, as this configuration can increase tube output 
and result in increased fetal doses (NCRP 2013).

12.7.2.3 Diagnostic and Interventional Fluoroscopy

Keeping the fetus out of the direct beam is a highly effective way to minimize fetal dose (Dauer et al. 
2012). If the dose to the fetus is due solely to internal scatter radiation, then typically it will remain 
well below the accepted risk levels (Miller et al. 2010). It is therefore critical to collimate the useful 
beam as much as possible and minimize primary-beam exposure of the fetus (Dauer et al. 2012). 
Fluoroscopic procedures and the resulting doses are highly dependent on the experience of personnel 
administering the examination, leading to several avenues for fetal dose reduction. Of the three com-
ponents to radiation exposure in fluoroscopic procedures—fluoroscopy, radiographic spot images, and 
cine angiography—fluoroscopy contributes the most to patient radiation dose (Shaw et al. 2011). Fetal 
dose reduction strategies for diagnostic and interventional fluoroscopy are similar to those used in CT.

The appropriate characteristics of fluoroscopy equipment (e.g., adequate beam filtration) should be 
tested by a qualified medical physicist (Miller et al. 2003; Shaw et al. 2011). The use of magnification, 
exposure-rate setting, fluoroscopic time, and the distance from the patient to the image intensifier should 
all be minimized (Marx 2010; Shaw et al. 2011; Dauer et al. 2012; NCRP 2013). Tube potential should be 
maximized and tube current minimized to achieve a reasonable compromise between image quality 
and radiation dose (Dauer et al. 2012). Removal of the grid should be considered for smaller patients or if 
the image intensifier cannot be positioned closely to the patient (Dauer et al. 2012). Distance from source 
to patient should be maximized, and, if available, pulsed fluoroscopic technology should be used (Marx 
2010; Shaw et al. 2011; Dauer et al. 2012; NCRP 2013). PA beam projections are preferred when possible 
(Theocharopoulos et al. 2006; Dauer et al. 2012). Video recording or image-storage archives should be 
used in the place of spot films (Dauer et al. 2012; NCRP 2013). Exposure from digital subtraction angi-
ography (DSA) should be minimized (Marx 2010; Dauer et al. 2012).

Though fetal doses associated with the majority of interventional cases will remain lower than 
100 mGy, more complicated cases may result in doses far above this value (Miller et al. 2003). Due to the 
increased risk and complexity of these procedures, a greater level of active involvement by appropriate 
personnel, including a qualified medical physicist, will likely be necessary (NCRP 2013). As with other 
diagnostic radiology modalities, appropriate placement of lead shielding during non-pelvic fluoroscopic 
or interventional studies can promote patient well-being but will likely have little impact in terms of 
dose reduction due to internal scatter (Marx 2010; Dauer et al. 2012).

12.7.2.4 Nuclear Medicine

Dose estimations reported in the current literature conclude that the benefits of nuclear medicine examina-
tions greatly outweigh fetal dose risks when administered correctly (Bural et al. 2012). Aggressive intrave-
nous hydration and frequent voiding, possibly facilitated by Foley catheterization, are frequently adopted 
to reduce dose to the fetus with radiopharmaceuticals that have rapid clearance via the kidneys (Bural et al. 
2012; NCRP 2013). If the patient is able to lie still for extended periods of time, a lower administered activity 
combined with longer imaging time can help limit fetal dose (NCRP 2013; Astani et al. 2014). Bural et al. 
(2012) recommended a 50% reduction in administered activity and doubling the imaging time is possible in 
most cases. For detection of pulmonary embolism, Astani et al. (2014) recommended reducing administered 
activity by 50%–75% and, under certain circumstances, completely eliminating the ventilation component 
of the study. Reductions in administered activity should be considered with caution, as patient motion could 
potentially render the imaging study useless, possibly creating the need for re-imaging (NCRP 2013).

Pregnancy is a contraindication to radioiodine imaging and therapy treatment due to placental trans-
fer and subsequent uptake into the fetal thyroid (Weetman 2007; Nguyen and Goodman 2012). If scin-
tigraphic thyroid imaging of a pregnant patient is necessary, then Tc-99m pertechnetate is preferred 
(Nguyen and Goodman 2012).
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12.8 Summary and Future Research Needs

It has been shown that radiation doses to the embryo and fetus following medical imaging of the preg-
nant mother—in nuclear medicine, in CT, and in interventional fluoroscopy—are typically well below 
dose thresholds for tissue reactions. Consequently, the only biological effect of potential concern is the 
residual risk of cancer. The magnitude and functional shape of the dose-response for cancer induction 
following in utero fetal exposure is not well known and is a focus of continuing study in radiation epi-
demiological reviews of exposed cohorts. Under the linear no-threshold hypothesis, these risks should 
be minimized and the imaging procedures subject to benefit/risk optimization.

While approximate methods are available for rough estimates of whole-body fetal absorbed dose, 
computational models of the pregnant female, including quite elaborate models of the developing fetal 
organs, are becoming available and may be applied in Monte Carlo radiation transport simulations to 
create pre-computed dose libraries for fetal organ dose for all relevant imaging modalities (Ding et al. 
2015). These newer-generation models can also be used to alter maternal abdominal girth, thus virtually 
simulating women of differing body weight prior to pregnancy, or women of differing degrees of weight 
gain during pregnancy. The capability of matching patient to phantom is particularly important for 
external exposures of the fetus (CT and fluoroscopy), as increasing maternal tissue thickness can greatly 
alter fetal doses following photon internal scatter and attenuation of the x-ray fields.

Monte Carlo simulations of fetal dose for CT imaging show that in many cases a single whole-body 
dose estimate to the fetus, while reliably approximating fetal soft tissue doses, may result in significant 
underestimates of radiation dose to fetal bone marrow owing to enhanced photoelectric absorption in 
fetal bone (Gu et al. 2009, 2013). The fetal bone marrow is of particular importance as a target organ 
for estimating leukemia risk. Existing models of the fetal skeleton, as in the NURBS-based series by 
Maynard et al. (2011), are constructed using various approximations regarding the density of newly 
formed fetal bone and the marrow volume fractions of fetal spongiosa. New imaged-based studies are 
warranted to better define not only the fetal bone microarchitecture but also the bone-specific onset of 
hematopoiesis. These new data can thus be used to better refine imaging dose to the fetal bone marrow 
as needed for stochastic risk estimation and as needed for imaging benefit/risk optimization.
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13.1 Introduction

Despite the fact that radiation-induced injury is categorized into cancer and non-cancer (or normal-
tissue injury), the expression “radiation risk” invariably brings to mind the idea of increased cancer inci-
dence associated with radiation exposure. This is because the most common somatic effect of low-dose 
exposure is cancer induction. In this document, however, risk of low-level exposure to radiation will 
always mean both the risk of carcinogenesis and the risk of non-cancer complications. We will begin 
with the overall information about low-dose effects in induction of cancer and non-cancer diseases and 
subsequently discuss the possible molecular bases for these findings.

There is also considerable question about what the cut-off should be for considering a dose low or high; 
this, of course, would depend upon the quality of the radiation (high vs. low Linear Energy Transfer, for 
example) and a variety of other parameters. The U.S. Department of Energy (DOE) considered low doses 
to be under 100 cGy [1], but other groups consider the transition at different doses (e.g., between 50 and 
500 mGy [2]). For this review, we will specify the doses used in the respective studies.

Development of genomics, proteomics and other fields of biology ending in -omics in 1990’s (often 
referred to by neologism OMICs) initiated the most prolific era in low dose radiation research.  This period 
witnessed a shift into high throughput methods, various OMICs approaches and mathematical model-
ing (e.g. [3-6]). In the US, low-dose radiation research had a great boost during a period of the U.S. DOE 
funding between 1995 and 2008 [1], while concerns about biomedical imaging drive much of the present-
day studies in the US, Canada, and Australia (e.g., [7–13]). In Japan low-dose radiation research has also 
been prolific (and with much of the biological material stored and awaiting further studies) (e.g., [14–18]). 
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A further impetus to the programmatic focus occurred after the Fukushima accident in 2011; from that 
time, collection and analysis of environmental samples became a very prominent part of radiation stud-
ies (e.g., [19–20]). European low-dose radiation research in this period has also been strong (e.g., [21–27]), 
much of it being done in the last decade in response to a report issued by the High Level Expert Group 
(http://www.hleg.de/fr.pdf). This report identified several research areas for growth of low-dose radiation 
studies and supported the long-term (until 2030) plan for the study of low-dose radiation effects proposed 
by a programmatic platform called Multidisciplinary European Low-Dose Initiative (MELODI). Three 
research areas considered as top priority during the most recent period were questions on (1) the shape of 
the dose-response curve for radiation  induced cancer, (2) non-cancer disease, and (3) individual human 
sensitivity. Not surprisingly, research techniques used in all of these studies across the world were often 
similar and subject to the same inherent limitations. For example, the most robust data were obtained 
when work was done in animals, especially transgenic animals with genetic susceptibilities to accumula-
tion of mutations or other endpoint(s) under consideration (e.g., [28–30]). This suggests that the develop-
ment of new complex models is necessary in order to expand low-dose radiation biology into a wider 
research sphere.

13.2  Risk of Carcinogenesis Following Low-Level 
Exposure to Radiation

The role of stem cells in the development of cancer is considered to be covered by the “cancer stem cell” 
hypothesis [31], although many radiation biologists argue that the term, “cancer clonogen,” used since 1980s 
(e.g., [32]), has the same meaning. The possibility that low-dose radiation may lead to the development of 
cancer clonogens or cancer stem cells is one of the important topics in low-dose radiation research, as 
reviewed in [2]. The effects of different radiation doses on stem cells are distinct. At high doses above 5 Gy, 
responses of stem cells to radiation are similar to “standard” cellular high-dose responses—activation of 
apoptotic and anti-apoptotic mechanisms such as increased expression of survivin. The mutation spectra 
are different, nevertheless, with mitotic recombination as a primary cause for the loss of heterozygosity. At 
medium doses between 500 mGy and 5 Gy, stem cells undergo G2/M cell cycle arrest and, again, apoptosis 
and numerous changes in mRNA and micro-RNA expression associated with p53, TGFβ, and Wnt signal-
ing occur. Low doses of radiation, between 5 and 500 mGy, did not lead to apoptosis, although in some cases 
stem cells demonstrated a diminished capacity for differentiation. Gene expression profiles recorded from 
these low doses were different from those obtained for moderate-dose exposures. It is important to note 
that several reports found an increase in stem cell proliferation after low-dose exposures. For example, in 
diabetic rats 75 mGy exposure led to an increased number of bone marrow and circulating stem cells and 
improved wound healing. Similarly, a 74-mGy exposure triggered growth of bone marrow hematopoietic 
progenitor cells in BALB/C mice. With regard to neural stem cells exposed to 300 mGy, levels of proteins 
Wnt1, Wnt3a, Wnt5a, and β-catenin were found to be increased, leading to proliferation and neuronal dif-
ferentiation. Overall, this review from Manda et al. from 2014 did not suggest that low-dose radiation is 
likely to cause transformation of stem cells into cancer stem cells. A recent study suggesting that low doses 
increase therapeutic neovascularization; Ministro et al. [33] makes the same point—regenerative but not 
cancer-prone activity of stem cells is triggered by low doses of radiation.

Whole-animal studies investigating the effects of low-dose radiation in cancer induction most often 
use heterozygotes of transgenic knock-outs of tumor suppressor genes or animals with conditional 
knock-ins of oncogenes. Mice with knock-ins of reporter genes (e.g., Muta mice, with the knock-in of 
the lacZ gene with an excisable lambda phage genome) are also popular in low-dose radiation studies 
but with a different goal—to explore the spectra of mutations caused by radiation. While these mice 
cannot be considered as cancer models per se, they provide information on mutation spectra and repair 
mechanisms involved in low-dose responses [18]. These animals sometimes carried additional muta-
tions, such as knock-outs of the non-homologous end joining repair enzyme Ku70 [15]—animals for 
which exposures even to the high doses of radiation (20 Gy) do not lead to lacZ mutations.

http://www.hleg.de/fr.pdf
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A recent study on skin cancer induction by low-dose radiation (50 mGy) used a transgenic mouse 
model based on the Patched gene (Ptch) [34]. Patched encodes a protein that is a transcription regula-
tor involved in the hedgehog pathway and also functions as a tumor suppressor. In this study initially, 
work was done in wild-type mice and cells of two phenotypes were followed—sebaceous gland (SG) and 
bulge epidermal stem cells (SCs). DNA damage induced by 50 mGy led to cell death of SG cells, while 
SCs survived the exposure and underwent a metabolic switch with activation of Hif1α and overexpres-
sion of many cellular pathways (with endocytosis as the only pathway that was decreased). In Ptch1 
heterozygous mice, low-dose irradiation led to the development of skin cancer similar to human basal 
cell carcinoma. In this model system, medium doses of radiation had the same but a more pronounced 
effect—more skin cancer foci per animal developed. Nevertheless, regardless of dose, 100% of these 
animals developed skin cancer.

The same transgenic animals, Ptch1+/− mice were used to investigate the type of mutation induced by 
low-dose radiation that results in the loss of heterozygosity (LOH) and the development of medulloblas-
tomas (with the Ptch−/− genotype). Exposure to 500 mGy, the same medium-dose exposures in previ-
ous studies by this group, caused interstitial deletions, beginning downstream of the wild-type Ptch1 
gene and extending towards the centromere. Exposure to 100 mGy, on the other hand, led to the same 
deletion pattern as LOH mutations in unirradiated mice—loss of a portion of chromosome arm from 
telomere to beyond the Ptch1 gene resulting from a faulty recombination [35].

Use of cancer prone p53 heterozygous and knock-out mice for low- and medium- dose radiation 
research has been extensive over the years, coinciding with the beginning of the period of most active 
low-dose studies worldwide [36]. In some respects, it may be said that the existence of the Muta mouse 
and p53+/− mice facilitated the initial growth of the low-dose field. Interestingly, irradiation of p53+/− 
mice sometimes led to apparently unexpected findings. For example, apparently counterintuitive data 
came from a report on long-term low-dose comparison of p53+/− and wild-type mice [37]. This study 
lasted 30, 60, or 90 days and exposed mice for five days a week to 0.33 mGy daily at a low dose rate 
(0.7 mGy/h), totaling 48, 97, or 146 mGy [37]. Wild-type C57BL/6 mice and their p53+/− counterparts 
were included in this study. Surprisingly, life shortening and increased cancer incidences were found in 
wild-type mice exposed for 30 or 60 weeks, but not the animals exposed for 90 weeks. At the same time, 
no differences in cancer incidence were found between non-irradiated or any of the long-term irradi-
ated heterozygote animals [37]. In addition, a more recent study using p53 heterozygotes found that a 
single 10mGy X-ray exposure significantly delays onset of cancer in irradiated compared to unirradiated 
p53+/− animals [9]. These studies are considered as proofs of the concept of an “adaptive response” as 
described by Mitchel and others [37]; while no exact mechanistic explanation for these findings was 
demonstrated yet, we make an attempt to propose a hypothesis about these phenomena in Section 13.4.1.

Much more frequent in the literature are papers about medium doses of radiation and carcinogenesis 
in p53+/− mice [36]; in most cases, these cancers are thymic lymphoma or different types of sarcomas 
and their p53 status is negative at the time of detection (e.g., [38]). Loss of the remaining copy of p53 after 
1–6 Gy radiation exposure was found to be caused by homologous recombination or non-disjunctional 
chromosome duplication of the p53- allele, an event that occurred at least three weeks after irradiation [38].

While other types of mutations are numerous in these animals because of a diminished capacity to 
respond to radiation exposure by an increase in p53 expression [39], loss of the second copy of p53 
gene is still the most important step in the development of cancer. For that reason, crossbreeding of 
p53+/− mice with animals of different genetic backgrounds was also done in many different permu-
tations and with different results. While no low-dose radiation exposure data are available for some 
of these studies, they are mentioned here because they could be of interest to low-dose studies in the 
future. For example, a cross of p53+/− with ATM ataxia-telangiectasia mutated (ATM) +/− animals 
led to a genotype with increased susceptibility to breast cancer development [40], especially in double 
heterozygotes exposed to high-dose (5  Gy) radiation exposure. Crossbreeding was also done with 
different “regular” (non-transgenic) mouse strains with different cancer susceptibilities. For example, 
p53+/− mice of the 129/Sv strain were crossed with mice of C57BL/6J strain or a different mouse 
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species Mus spretus [41]. Exposure to 4 Gy increased the cancer incidence in all of these animals, albeit 
with a lower frequency in crosses than in the original strain. Nevertheless, thymic lymphoma clones in 
all three cases still showed LOH for p53.

Further refinement of this model resulted in the development of p53 delta proline mice [42]; homozy-
gote animals with this p53 mutation develop a broad spectrum of tumor types, with considerably more 
types of solid tumors. Even more importantly, unlike in p53+/− mice, these tumors develop only after 
irradiation and not spontaneously.

13.3  Risk of Non-cancer Complications Following 
Low-Level Exposure to Radiation

This area of research has grown significantly in recent years. Nevertheless, up to now the greatest 
efforts directed at investigation of non-cancer diseases caused by radiation still investigate the same 
endpoints that were identified through exposure to high and medium doses of radiation. While this 
approach to low-dose radiation studies is perhaps the most straightforward, it should be acknowledged 
that this implicitly supports the concept of the linear non-threshold model of radiation effects. Thus, 
while it is quite possible that many of the effects of low-dose and high-dose irradiation are qualitatively 
the same (e.g., injury to the cardiovascular system), it may be that the mechanisms involved in these 
events are different in the two different dose ranges. In fact, when considering damage from many 
chemical agents, mechanisms at low concentrations are often quite different from those at the higher 
toxic concentrations [3]. It is even possible that low-dose radiation may have other, yet unexplored 
effects (some of which may be less toxic or even hormetic) that do not occur after medium- or high-
dose radiation exposures.

Many normal tissue studies employing low doses of ionizing radiation include exploration of wild-
type or genetically modified stem cells and the impact of low-dose radiation on their capacity to pro-
liferate and differentiate. A study of murine p53 wild-type and p53−/− mesenchymal stem cells in vitro 
under hypoxic and normoxic conditions evaluated the effect of low-dose radiation on senescence [29]. 
In this study, mesenchymal cells lost some of their capacity to proliferate under normoxia regardless of 
genetic background; in addition, exposure of p53+/− cells to radiation gradually increased senescence, 
and this effect reached a plateau for doses of 200 mGy or greater.

Effects of low-dose radiation on human mesenchymal stromal cells were evaluated from the per-
spective of cell function [43]. Exposure to low doses (40 and 160 mGy) and moderate doses (640 mGy 
and 2 Gy) did not affect either proliferation or apoptosis index; however, numbers of senescent cells 
increased with dose, accompanied with a change in autophagic flux.

A recent review by Baselet and others [44] summarized knowledge about low-dose radiation-induced 
cardiovascular disease, emphasizing that epidemiological studies find an excess risk of cardiovascu-
lar disease only for radiation doses greater than 0.5 Gy [45]. In Europe, this research was part of the 
PROCARDIO program dedicated to cardiovascular studies within MELODI. Projects from different 
EU countries were included, all committed to study of cardiovascular disease events associated with 
low-dose radiation, doses below 0.5 Gy, through epidemiological studies [46] and use of cells in culture 
[47–48], as well as animal models [28–30]. Not surprisingly, cell culture work was made complicated by 
the necessity to do experiments over short periods of time, and few statistically significant findings were 
associated with radiation exposures below 0.5 Gy, either in cultured mouse embryonic stem cells [47] 
or endothelial cells [48]. The effects of 0.5 Gy exposures included reduction of beating embryoid bodies 
(formed from stem cells in vitro) and reversible cell cycle perturbations, senescence, and production 
of pro-inflammatory molecules (endothelial cells). Experiments done with mice, on the other hand, 
were conducted over long periods of time (up to two years), allowing that all lasting effects of low-dose 
radiation become apparent even if they were minor. Importantly, mice exposed to radiation in utero 
showed significant differences  in their non-irradiated counterparts at six months and two years, with 
proteomics profiles between animals exposed to doses of 100 mGy and 1 Gy showing differences; less 
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surprisingly, the number of protein differences between controls and mice exposed to 1 Gy was two 
times higher than those for mice exposed to 100 mGy [28]. Of all possible broad cellular functions, pro-
tein differences were found to be most substantial and consistent for mitochondrial proteins.

The response of mitochondria to fractionated low-dose radiation was also observed in neural pro-
genitor stem cells induced to differentiate [49]. Differentiated immortalized ReNcell VM human neural 
progenitor cells were exposed to two 10 mGy X-ray fractions per day, five days a week for a total dose 
of 460  mGy delivered over a period of 31  days. In these cells, mitochondrial mass increased as well 
as the quantity of mitochondrial DNA; at the same time, similar changes were not observed in non-
differentiated cells exposed to a single dose of radiation, until the dose reached 2 Gy.

In order to ascertain functional differences in cardiovascular disease status between irradiated and 
sham-irradiated animals, researchers from Italy and Japan used a transgenic mouse model, apolipo-
lipoprotein E (ApoE) knock-out mice. Proteins rich in ApoE suppress production of cholesterol and 
promote cardiovascular resilience to atherosclerotic plaques. An increase in atherosclerosis was found 
in chronically irradiated ApoE-/- mice exposed to dose rates of 1 or 20 mGy/day for a total dose of 0.3 
or 6 Gy, respectively [30]. Similarly, a comparison of ApoE-/- and wild-type mice [50] found premature 
death in mutant animals: more than 40% of them died at 20 weeks after radiation exposure to 0.2 Gy 
and showed an increased expression of the fibrogenic factors (TGF-β1 and PAI-1) compared to wild-type 
animals.

Also of interest for the vascular system is a study of human circulating endothelial colony-forming 
(progenitor) cells acutely exposed to a dose between 60 and 380 mGy [51]. The mononuclear cells frac-
tion was obtained from cord blood samples from healthy human donors and the progenitor cells col-
lected. Exposure to low-dose radiation did not cause cell death, but it inhibited cell growth.

Until recently, cataracts were considered to be one of the radiation effects for which a threshold (2Gy 
according to most sources) could be set. While more recent data and reevaluation of older data have 
changed the view on radiation-induced cataracts [52–53], it should be mentioned that Ptch+/− mice 
were used for cataract studies as well. In an experiment where two-day-old neonates were exposed to 
2, 1, or 0.5 Gy, only the 2 Gy exposed animals developed fibrotic changes in the lens, explained by the 
induction of epithelial-mesenchymal cell transition [54]. No macroscopically detectable cataracts were 
found in any of the animals.

Retinal cells of developing chicken embryos irradiated with 500 mGy or more were evaluated for 
cell cycle arrest at different times post-exposure. While all doses of radiation led to an absence of 
mitotic events at one hour, by the three-hour timepoint, mitosis was absent only in embryos exposed 
to 2 Gy [55].

Finally, it should be mentioned that healthy wild-type mice most often show no effects from expo-
sures to low-dose radiation, such as in a recent study on bone health (bone microarchitecture, numbers 
of osteoblasts, and osteoclasts) in BALB/c mice exposed to doses 0.5 Gy and less [56]. Extended experi-
ments, however, often show significant effects of low-dose radiation. For example, female B6C3F1 mice 
exposed daily to 20 mGy/day for 400 days started to develop, beginning with day 200 post-irradiation, 
obesity and fatty degeneration of the liver and different degenerative changes in adrenal glands and ova-
ries. On the other hand, the most significant life-span shortening in these mice was caused by malignant 
lymphomas [57].

13.4 Biological Effects of Low-Dose Radiation Exposure

Our ability to study biological effects of any type of cell stress is limited by the tools and assays at our 
disposal. The study of relatively innocuous cell stresses such as low-dose radiation, especially in a com-
plex biological model such as whole animals, is hampered even more by limits imposed by the state of 
the art in biotechnology. To make the situation more complicated, most expectations of low-dose radia-
tion research studies are rooted in high- and medium-dose radiation research and toxicology, thus for 
example, the concept of low-dose radiation hyperradiosensitivity [58] initially met with little interest.
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13.4.1 Low Dose and Cell Cycle

Very low doses of radiation were investigated in peripheral blood samples, and one of the most interesting 
studies of this type found that cells in G2 phase of the cell cycle show chromosomal aberrations in num-
bers that spike with the increase of dose from 100 to 400 mGy and then fall off and continue to grow with 
different dynamics [59]. While the primary focus of this study is a discussion on the linear-non-threshold 
model, this work suggests that there exists a molecular mechanism that reduces chromosomal aberra-
tions that “kicks in” at 400 mGy in cells in G2 stage of the cell cycle. Many have hypothesized that a cer-
tain number of DNA lesions are needed to put the cells into G2 arrest, that this arrest increases chances 
of repair and therefore cells with fewer DNA lesions would have a hypersensitivity relative to cells above 
the threshold dose leading to increased volume of “fixed” aberrations. A similar study [60] testing the role 
of oxygenation in hyperradiosensitivity found that oxygen concentrations of 5% or below decrease chro-
mosomal defects caused by exposures to 40–400 mGy. These findings echo those where only in normoxia 
and in the p53+/− genetic background did low-dose radiation lead to increased senescence of mouse 
mesenchymal stem cells [29]. Therefore, it is possible that the chromosomal damage and/or senescence at 
low-dose radiation and normoxia require the activity of the p53 protein.

Also, cell cycle differences may hypothetically provide an explanation of a lowered threshold for the 
“adaptive response” to low-dose radiation in p53+/− animals. Lower expression of p53 in heterozygote 
mice should correspond to decreased activation of p21 protein upon radiation, which, in turn, allows 
progression of the S phase of the cell cycle. While this may lead to the accumulation of DNA damage, 
its quantity is low enough that it could be handled by homologous recombination balancing the damage 
introduced by unrestrained S phase progression. In p53 wild-type cells, on the other hand, relatively 
minor DNA damage can lead to an excessive p21 activation response, resulting in collapsed DNA rep-
lication forks. These, in turn, may attract the Xeroderma Pigmentosum A protein leading to a DNA 
double-strand break as in progeria, for example [61].

13.4.2 Low Dose, Gender, and Genetic Background

A popular transgenic animal genotype used for much research on low-dose radiation are p53 heterozy-
gotes; these mice were used both for cancer and non-cancer low-dose radiation studies. In their recent 
paper, Mao and others have investigated the spectra of spontaneous mutations—genetic signatures in 
lymphomas from p53+/− and p53−/− mice [62]. Interestingly, spontaneous cancer spectra were differ-
ent in these two genetic backgrounds. This suggests that the quantity of p53 in cells makes a difference 
with respect to the types of mutations to be expected. This further suggests that not only the difference 
between “maximum copy number” (in p53+/+) and “half copy number” (in p53+/− mice) of p53 matters 
for mutation induction but the difference between “half copy number” and “no copies” of p53 protein (in 
p53−/− mice) further modulates the mutation spectra.

The bi-transgenic CCSP-rtTA/Ki-ras mice (FVB/N background with doxycycline inducible expres-
sion of the Ki-rasG12C gene in lungs) were developed as a model to study promotion of lung cancer [63], 
with multiple cancer foci in lungs developing after doxycycline exposure. These animals were exposed 
to low doses of radiation (80–160 mGy), which further increased lung cancer frequency, with statistically 
significant gender differences after irradiation and higher numbers of cancer foci recorded in female 
mice [7].

13.4.3 Low-Dose Induced DNA Damage and Gene Expression

An extensive exploration of gene expression modifications in response to low-dose radiation exposures 
was published recently by Nosel et al. [64], who irradiated CD4+ cells in vitro from healthy donors 
with doses of 5, 10, 25, 50, 100, and 500  mGy of 60Co gamma rays and compared the data obtained 
from Agillent microarrays using extensive in silico analysis. Several findings were conspicuous: genes 
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upregulated in response to radiation overlapped the most at doses <50  mGy, while genes that were 
downregulated overlapped the most at doses <100 mGy. The time course of these changes was differ-
ent as well, for example, gene expression differences for 5 mGy dose compared against control steadily 
dropped off with time, while samples from 100 to 500 mGy exposures showed the greatest differences 
against control at 150 and 600 minutes post-exposure. However, the most exciting product of this work 
is a list of novel transcription factors that may be involved in gene regulation at very low doses of radia-
tion; each of these proteins had binding sites in promoters of 11–170 of genes found to be up- or down-
regulated by radiation in this study.

A more artificial cell culture model—coronary artery endothelial cells immortalized with telomerase 
overexpression—was used to study the effects of a single dose of X-rays. Cells were exposed to 50, 100, 
500 mGy, and 2 Gy and investigated at timepoints between 1 and 14 days. At the late timepoints, indica-
tors of senescence were noted in all irradiated samples, while cell cycle changes and production of IL6 
and CCL2 were notable only at 500 mGy and above at most timepoints. Evaluation of gene expression 
pattern in these samples suggested upregulation of genes controlled by nuclear factor kappa B RELA 
pro-inflammatory pathways and p53 pathways [65].

Another ex vivo study using 3D skin cell culture was used to evaluate gene expression triggered by 
exposure to 100 mGy [12]. Interestingly, expression of more than 1,400 genes was altered in the dermis 
while more that 400 genes were modulated in the epidermis; moreover, the two cell layers had few 
overlapping responses at the mRNA level. The authors state, “there is increasing evidence that low and 
high dose exposures result in different signaling events and may have different response mechanisms 
than higher doses,” echoing all other gene expression studies. A different study using an in vitro 3D 
skin system found that genes upregulated at 3h after 100 mGy were downregulated at 8 hours after 10 Gy 
exposure [66].

Work that used only keratinocytes [67] explored the role of the transcription factor Zn finger protein 
GATA3 in response to low-dose radiation. This protein is expressed in differentiated cells or in vivo, 
in suprabasal layers of the epidermis; in this study cells with a lentiviral knock-down of GATA3 and 
wild-type cells were compared with regard to their responses to 10 mGy and 2 Gy. While no differences 
between cell viability were notable at 0 and 2 Gy, cells exposed to 10 mGy had decreased survival in a 
clonogenic assay when GATA3 was reduced. Gene expression differences in these cells were studied 
by microarray, focusing, in this case, on GATA3-responsive genes (EGR1, DUSP1, GLUL, and GJB6). 
Interestingly, GATA3 also plays a role in regulation of T helper cells and production of interleukin 5 [68] 
and 3 [69], as well as probably many more targets, as its knock-out is an embryonic lethal that can be 
rescued by noradrenaline [70].

While in vitro studies listed above did not focus on innate genetic differences between subjects, this 
was the central point of an in vivo study on two mouse strains with different susceptibility for develop-
ment of breast cancer. Six-week-old C57BL/6 (resistant) and BALB/c (sensitive) mice were exposed to 
low-dose radiation (four weekly doses of 75 mGy) and their breast tissues collected at 4 hours or one 
month after the final exposure [71]. mRNA array data demonstrated strain and timepoint differences in 
gene expression. Initial differences between the two strains prior to irradiation were notable, and they 
became even more pronounced at 1 month post-irradiation. Interestingly, in a breast-cancer-resistant 
strain, expression of certain cancer associated genes (e.g., EZH2) was decreased, while the same gene 
was increased in cancer-prone BALB/c mice. While these data are of interest, it is difficult to decide 
whether these radiation-induced gene differences depend primarily on pre-existing strain differences 
(baseline difference in stress response and RNA processing genes) and/or additional genetic differences. 
It should also be mentioned that excessively high-dose radiation exposures (1.8 Gy per week) were done 
and gene expression profiles compared with those obtained at low doses. No overlap in gene expression 
was found between low and high doses in either mouse strain.

Many studies similar to the ones described above were done in recent years, always confirming the 
same point: genes induced by low-, medium-, and high-dose exposures are largely different, regardless 
of experimental setup.
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13.4.4 Low Dose and Repair

Activation of p53 gene at doses as low as 10 mGy was first observed more than a decade ago [72]; this 
finding was probably the source of the initial inspiration to use p53 knock-out mice and heterozygotes 
for low-dose radiation studies.

DNA damage and delayed repair have been noted in low-dose irradiations in vivo. For example, 
 lymphocytes isolated from patients who underwent interventional imaging have demonstrated DNA 
damage associated with radiation exposure. Blood was drawn before and after (−2 and +24  hours) 
 exposure; entrance surface dose values were between 90 and 230 mGy for areas between the shoulder 
and forehead, and the frequency of micronuclei was significantly increased at both post-imaging time-
points compared to controls [73].

In human hepatic cell line exposure to 10 mGy led to histone deacetylation of the micro-RNA miR-
193b-3p promoter. Change in expression of this miRNA was first found in spleen and liver of mice 
exposed to 10mGy whole-body irradiation. Suppression of miR-193b-3p leads to a subsequent increase 
in expression of the DNA double-strand break repair gene Rad51 [74].

13.4.5 Low Dose and Non-coding RNAs

The involvement of micro-RNAs (miRs) in carcinogenesis (or its prevention) is a frequent topic of 
research, especially when radiation injury is concerned. One of the well-studied miRs is miR34, which 
has two binding sites in the 3′ end of p53 mRNA and it is often considered as a “pro-tumor suppressor” 
miR. For example, low-dose radiation (100 mGy 30 kVp X-rays) was shown to increase expression of 
miR34a in rat mammary glands as well as increase in p53 and a decrease in E2F3 mRNAs [75]. However, 
despite these associations a recent study found that p53 completely fulfills its roles in miR34 knock-
out animals [76]. This may, in part, be a result of multiple regulatory pathways controlled by p53. For 
example, in peripheral blood mononuclear cells exposed to doses of 0.9 Gy and greater, p53 upregulates 
several long non-coding RNAs that counteract an even greater number of miRs [77]. In short, effects of 
miRs and long non-coding (lnc) RNAs may need to be studied in the context of transgenic organisms 
before final conclusions can be made.

The micro-RNA expression pattern in cerebellum granule cells (sites where medulloblastomas 
develop in Ptch+/− mice) was found to be the same in heterozygous and wild-type mice without radia-
tion and at medium-dose radiation (1 Gy) with the exception of mmu-miR-19a-5p. Whether this miR 
is critical for the development of medulloblastoma at 1 Gy and its involvement in etiology of low-dose 
radiation-induced medulloblastoma remain to be established. In any case, expression of mmu-miR-
19a-5p in medulloblastoma samples from irradiated animals is several-fold higher than that in sponta-
neous medulloblastoma samples from Ptch+/− mice [25].

Long non-coding RNA expression patterns at 20 and 100 mGy and 2 Gy were explored in primary 
breast epithelial cells [78]. Interestingly, lncRNA expression patterns in 100  mGy and 2  Gy exposed 
samples partially overlapped, but no such overlap was notable with lncRNAs isolated form cells exposed 
to 20 mGy. Not surprisingly, lncRNAs increased in former case included those involved in pathways 
associated with apoptosis, cell cycle regulation and DNA damage repair.

13.4.6 Low Dose, Exosomes, and Secretion

Low-dose radiation at and below 100  mGy triggers secretion of a pro-survival protein secretory 
 clusterin [79]; this protein interferes with TGFbeta1 signaling and is in turn repressed by p53 signaling. 
Clusterin acts as an extracellular chaperone; 24 hours after 100 mGy in vivo irradiation it is expressed in 
bone marrow, spleen, thymus, and colon. Klokov and others [79] created a low-dose radiation reporter 
gene made of the clusterin promoter coupled with luciferase. Expression of this construct, as in the 
original gene, was induced by insulin-like growth factor-1. Interestingly, a recent study with high-dose 
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radiation of salivary glands connects successful gene repair with pretreatment with insulin-like growth 
factor-1, which in this situation increased expression of histone deactylase Sirtuin-1 (SirT-1) [80].

Extracellular vesicles and exosomes are generating considerable interest in moderate-and high-
dose radiation studies (e.g., [26]). However, their involvement in low-dose radiation responses is still 
underexplored, probably because of the difficulties inherent in exosome research methodology. In vitro 
experiments such as transwell assay confirmed presence of low-dose radiation-induced lncRNAs in 
exosomes [81].

13.4.7 Low Dose and Immune System

In recent years, attention has also been devoted to the synergy between exposure to high doses of radia-
tion and activation of the immune system, for example, by revealing immunogenic epitopes on tumor 
cells. Much less is known about the effects of low-dose radiation on immune cells; not surprisingly, here 
too, effects of low-dose exposures do not recapitulate the effects of high-dose exposures. For example, 
an investigation of T cell receptor spectra in animals exposed to low-dose (100 mGy) and medium-dose 
(1 Gy) radiation shows that the effects of these two doses are very different [82]. While exposure to 1 Gy 
has no irreversible effect on T cells, 100 mGy exposure results in accelerated aging as shown by loss of 
receptor diversity.

A model of hormetic effects of low-dose radiation was proposed recently [83], with suppression of that 
part of the immune system that is responsible for autoimmune diseases and enhancement of activity of 
natural killer cells and other components of the immune system that may be able to control anti-tumor 
activity. This model has not yet been tested in experimental systems.

13.4.8 Biological Effects—Summary

In summary, most gene expression studies (monitoring mRNAs or proteins) demonstrate differences in 
expression profiles between low, medium, and high doses of radiation. The volume of data makes this 
point incontrovertible, but it should be remembered that initially it was assumed that dose-response 
pattern characteristic of high radiation doses would be preserved for low doses as well.

The great majority of mechanistic low-dose radiation studies point to different aspects of p53 pro-
tein activity (although this could be a research bias of investigators studying p53 to the exclusion of 
other proteins that could be equally important). This tumor suppressor gene is indeed important in the 
development of cancer as well as senescence, apoptotic cell death, and teratogenesis. Nevertheless, it is 
still probable that its predominant recurrence in discussions on low-dose radiation effects comes from 
the fact that mouse animal models with altered p53 function contributed so much data to this field. 
It is therefore advisable to generate and explore other transgenic models as well, exploring low-dose 
radiation in mice heterozygous for other tumor-suppressor genes. Simplifying the genetic landscape 
through the use of knock-out mutations is a long-accepted tool in mechanistic biology; however, data 
interpretation remains labor intensive even under such circumstances. For example, another tumor-
suppressor gene, BRCA1 associated protein (BAP1), is a ubiquitin carboxy (C)-terminal hydrolase criti-
cal for DNA double-strand break repair by homologous recombination [84]; this protein is necessary 
for G1-S checkpoint transition and its absence increases radiosensitivity [85]. Animals heterozygous 
for BAP1 spontaneously develop different types of cancer [86]; in most cases, cancer cells demonstrate 
loss of heterozygosity, suggesting that BAP1 is a tumor-suppressor gene that could “…offer key insights 
into the contribution of carcinogen exposure to enhanced cancer susceptibility.” Interestingly, the most 
recent paper on BAP1 has shown that BAP1 is also a regulator of apoptosis [87]; thus, it may be that it is 
(at least in part) the increased survival of cells with chromosomal abnormalities that contributes to the 
apparent DNA damage load in these cells.

It should be mentioned that the list of genes known to be involved in radiation sensitivity is very long, 
including even some seemingly obscure polymorphisms, such as, for example, promoter mutations 
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causing decreased activity of MnSOD [88]. While investigation of all of these possible genetic differ-
ences in combination with low-dose radiation is not feasible, widening the selection of genetic models 
would improve our ability to grasp the effects of low-dose radiation.

13.5 Conclusions

This chapter summarizes recent data on the biological effects of low-dose radiation exposures, both in 
terms of cancer induction and normal tissue complications. We find that the majority of endpoints con-
sidered by low-radiation dose research were those that were already well-established in high-dose radia-
tion studies. While this approach is a logical beginning for an investigative effort, it should be recognized 
that this should not be the only focus of low-dose studies. Other not-yet-considered endpoints could be 
studied in conjunction with low-dose radiation exposures. Biological mechanisms underlying these end-
points may be more than replicates or variation of mechanisms regulating effects of high-dose exposures.

Another issue that requires consideration is the fact that, unlike most other fields of “stress biol-
ogy,” cells in vitro rarely provide significant insights into effects of low-dose ionizing radiation. Only 
work with animals, and among them transgenic mice, provides deep insight into low-dose radiation 
effects. While this confirms the expectations that investigation of low-dose radiation effects is difficult, 
it also illuminates the direction to be taken. Additional animal models are needed for low-dose radia-
tion research (e.g., zebrafish is a versatile model for assessment of epigenetic effects, yet its use to assess 
effects of radiation was initiated only recently [89–90]). While radiation effects have been studied exten-
sively in C. elegans [91], that is not the case for low-level radiation effects. Mice with altered expression 
of other tumor suppressor genes (e.g., BAP1) or transcription factors (e.g., GATA3) provide additional 
fertile ground for innovative low-dose radiation studies.
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14.1  The Link between Dose and Effect

14.1.1 Measurement of Radiation

Understanding what is meant by radiation dose and how it relates to the potential harm that might 
be produced has been an ongoing problem. Quantities used for measurement of radiation dose relate 
to different aspects of the deposition of energy as radiation passes through tissue. The basic scientific 
quantity, absorbed dose, is a measure of the energy deposited per unit mass. It can describe the dose at 
any point within a tissue, but this will vary throughout the tissue in most circumstances. One of the 
main concerns when using any form of radiation is the risk of stochastic effects, especially cancer. It 
became apparent in the years following the detonation of the atomic bombs in Hiroshima and Nagasaki 
that excess numbers of cancers were occurring in the Japanese populations who had been exposed to 
radiation and survived. But how big is this risk, and does it project a non-zero excess down to dose levels 
encountered in medical imaging? The risk will depend not only on the tissues and organs irradiated, 
but also on the distribution of dose within the tissues and organs irradiated. Even when an individual 
is exposed to a uniform radiation field covering the whole body, attenuation in the tissue results in 
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organs that are closer to the surface receiving higher doses. In addition to this, there are variations in 
the sensitivity of individual tissues to radiation. Add to this variations in the effectiveness of radiations 
with different energies and other physical properties in damaging tissue, and the possibility of being 
able to assess the risk from radiation exposures or convey any understanding of the relative harm that 
may result appears remote. But if health professionals are to make judgments and the public is to have 
some understanding of the risks, it is a task that needs to be addressed. The international United Nations 
Scientific Committee on Effects of Atomic Radiation (UNSCEAR) and the committee on the Biological 
Effects of Ionizing Radiation (BEIR), under the auspices of the National Research Council of the U.S., 
collate information on radiation biological effects and epidemiological studies of exposed populations 
and, with the International Commission on Radiological Protection (ICRP), develop models to predict 
health risks to humans from radiation exposure. In this chapter the approaches used by different orga-
nizations to risk analysis and the cancer risk values they obtain will be compared.

14.1.2 Radiation Induction of Cancer

Experiments in which cell cultures have been exposed to large doses of radiation have shown that dam-
age to cells occurs through the production of breaks in DNA molecules. Cells have efficient mecha-
nisms for repair of damage, and if any damage is not repaired, then the affected cell can be removed 
by a process of programmed death called apoptosis. On very rare occasions, a subtle change in a cell’s 
DNA may not be recognised and removed by these processes. Alterations in certain genes called proto-
oncogenes, which control cellular growth, proliferation and differentiation, may increase the risk of 
malignant transformation of a cell. Cancer is thought to result from mutagenic damage to the DNA 
of a single cell, although there is evidence from in vitro studies that other targets within the cell may 
also be involved. Damage to a cell’s DNA does not mean the cell will become malignant, but certain 
changes might be an initiating step in the process. Further changes produced by radiation, chemical 
carcinogens, or other environmental influences may promote more genetic change and render the cell 
genetically unstable. During the progression stage, the tumor develops a vascular system and invades 
adjacent tissues, and some tumor types may produce metastases that invade distant tissues. Cancer 
progression is thus a multi-step process, and any step may be enhanced by radiation exposure, but the 
development of a tumor also involves interaction with the immune system and the tissue environment.

The induction of cancer by radiation is a rare event. Among the Japanese atomic bomb survivors, who 
received high doses of radiation, the excess lifetime cancer incidence only amounted to about 5% (Ozasa 
et al. 2012). Receiving a high dose of radiation does not mean that the irradiated individual will definitely 
develop cancer, but rather that there is a small increase in their cancer risk. Cancer induction by radiation 
appears to obey laws similar to those that govern the chance of winning a lottery, an exposure (a lottery 
ticket) means that there is a small chance that the individual may develop cancer (win the lottery), but 
that risk will increase with radiation dose (number of lottery tickets purchased). The risk of any indi-
vidual developing cancer or winning a lottery are extremely small, but how can we estimate that risk?

14.1.3 Risks of Cancer Induction

The estimation of cancer risks for populations exposed at low doses/dose rates is a critical component 
of radiological protection. Our knowledge of the risks from radiation exposure are derived from epide-
miological studies of populations exposed to large doses of radiation. The groups that can be included 
in such studies are necessarily limited. Radiation workers in the nuclear industry, predominantly a 
male population of working age, receive low doses of radiation each year, and there is little evidence 
of any deleterious effects. Medical radiotherapy exposures are of highly selected populations, and they 
again have limited ranges of age at exposure. These studies have low statistical power, either because of 
the small populations exposed (radiotherapy patients) or the very low doses received (occupationally 
exposed groups). Meta-analyses combining data from many studies can overcome the limitation in 
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population size to some extent, but these do not overcome many of the issues in population selection 
and still have a low statistical power. The one group that does not involve most of these issues is the 
Japanese atomic bomb survivors. They represent an unselected population of all age groups and both 
genders, who received whole-body exposures of a moderate dose at high dose rate. International orga-
nizations recommending standards for radiation safety, such as the ICRP, BEIR, and UNSCEAR, use 
epidemiological data derived predominantly from this group to estimate cancer risks.

14.2 Epidemiological Studies

14.2.1 The Life Span Study of the Japanese Atomic Bomb Survivors

Study of the health of the Japanese persons who survived the atomic bombs dropped on Hiroshima and 
Nagasaki in 1945 forms the foundation for modeling of radiation cancer risk. There had been concerns 
about effects from radiation prior to this, but exposures were too few to enable any objective evaluation. 
After the conclusion of World War II in 1946, the Atomic Bomb Casualty Commission (ABCC) was 
established to conduct investigations into the late health effects from radiation exposure among the 
atomic bomb survivors through the U.S. National Academy of Sciences-National Research Council. 
It became apparent in the late 1940s that more of the survivors were developing leukemia, a comparatively 
rare form of cancer, than would be expected, and a cancer registry was established in 1948 (Folley et al. 
1952). About five years after the bombings, as a result of responses to supplementary questions raised by 
the 1950 Japanese national census, a group of 195,000 residents present in the two cities at the time of 
the bombings was identified. Following a reappraisal of the ABCC research program, a Life Span Study 
(LSS) of a cohort of 120,000 residents of Hiroshima and Nagasaki was set up under the Radiation Effects 
Research Foundation, a binational organization operated by the United States and Japan. The study 
cohort was made up of persons alive at the time of the national census on October 1, 1950 and comprised 
86,611 survivors in the two cities within 2.5 km of the hypocenters of the atomic bomb detonations, who 
formed the exposed group, and an age- and sex-matched sample of 35,458 people who were between 2.5 
and 10 km from the hypocenters and received doses below 0.005 Sv, together with 25,427 residents not in 
Hiroshima and Nagasaki at the time, who formed the control group (Ozasa et al. 2012). All subjects were 
interviewed extensively or completed a series of questionnaires to determine their locations at times of 
the bombings, their orientations with respect to the hypocenter of each bomb, the shielding provided 
by neighboring buildings, the time spent in the area after the bombing that would affect their dose from 
subsequent radioactive fallout, and their personal characteristics.

In parallel with this, doses were assessed, and these have been reevaluated three times over the years 
(Cullings et al. 2006), the most recent being in 2002 (Figure 14.1), and the results of calculations com-
pared with data from neutron activation measurements in order to improve estimates of the contribu-
tions from neutron exposure. The responses to the questions of the Japanese survivors were used to 
estimate the radiation dose each individual received, although it must be remembered that dose esti-
mates can be highly uncertain when exposure data come from personal recall without documentation. 
The average body dose for the atomic-bomb survivor studies was 0.27 Sv, ranging up to about 5 Sv. The 
risk estimates have changed over the years as more of the study population have died and the dosim-
etry evaluations have been refined (Preston et al. 2004). Each person was followed to assess their health 
over succeeding years and to contribute to refining the epidemiological data on cancer incidence and 
mortality. The LSS provides information on cancer risks for a wide range of sites that can serve as the 
basis for calculating risk to individual tissues and organs. Despite the exposure of a whole population, 
there is uncertainty about how representative the group is of the Japanese population as a whole, and 
whether the Japanese survivors may be pre-selected in terms of a “healthy survivor” effect, which could 
mean they are less likely to develop cancer; however, this is largely discounted (Ozasa et al. 2012). It is 
apparent from the LSS data that there is a link between radiation dose and risk, and that the risk is 
greater among those exposed at a younger age.
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14.2.2 Other Epidemiological Studies Used in Derivation of Cancer Risks

Although modeling of cancer risk has been based principally on data from the LSS, results from other radi-
ation epidemiology studies have been compared with LSS estimates for particular tissues. Other studies 
can provide information on the effects of exposure in a chronic or fractionated manner rather than from 
an acute exposure and from exposure to high-linear energy transfer (LET) rather than low-LET radiation. 
They also relate to risks in populations other than Japanese. Examples of groups considered include: 

• Patients undergoing medical therapeutic and diagnostic radiation exposures
• Workers exposed to radiation in the course of their job, such as uranium miners
• Persons who received environmental exposures, for example, from fallout or from natural 

radiation

Studies have been performed on the incidence of second cancers in radiotherapy patients where suit-
able control populations are available, such as the prostate and cervix where treatment by surgery is an 
option. Overall excess relative risks per Sv in radiotherapy datasets tend to be less than in comparable 
age- and sex-matched subsets of the LSS data. Doses to individual organs and tissues are generally much 
higher in radiotherapy, with doses of 10s of Gy and in some studies >200 Gy, whereas the maximum 
doses among the atomic-bomb survivors are about 4 Gy. Studies of breast, bladder, and stomach cancer 
suggest that the incidence increases approximately linearly up to about 5 Gy, and results are generally 
consistent with the LSS; above 5 Gy, however, the dose-dependent incidence may increase more slowly 
or level off (Hall and Giaccia 2012). This is likely to occur because the higher doses delivered in radio-
therapy kill some cells in which malignant changes have been initiated, termed cell sterilization.

Studies have been carried out on a number of other groups receiving medical exposures. These include 
radiation therapy of the spine for treatment of ankylosing spondylitis, which created an excess of leu-
kemia and other neoplasms in irradiated tissues (Weiss et al. 1995; Smith 2007). For breast cancer, data 
from seven cohorts in North America and Western Europe were used by the ICRP in addition to the LSS 
for estimating risks, since baseline rates of breast cancer in Japan are very low (Little and Boise 1999; 
Preston et al. 2002). These include women treated with radiotherapy for acute post-partum mastitis and 
chronic breast diseases and women receiving multiple chest fluoroscopic examinations in the course of 
therapy for tuberculosis in Massachusetts and Canada (Boice et al. 1991). For thyroid cancer, data from 
four populations exposed during medical treatment in various countries have been pooled (Ron et al. 
1995). These include treatments in Israel of young patients with tinea capitis by irradiation of the scalp, 
irradiation of infants with enlarged thymus glands, and treatments with X-rays for enlarged tonsils or 
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lymphoid hyperplasia. Follow-up after the Chernobyl accident has provided additional information on 
the effects of thyroid exposure to radioiodine (UNSCEAR 2011; WHO 2005). The incidence of thyroid 
cancer in children under 15 years increased rapidly at an earlier stage than in the LSS, among highly 
exposed groups in neighboring countries. The highest thyroid doses occurred in rural Belarus where 
25,000 children aged 0–7 received a mean thyroid dose of 3.1 Gy.

Valuable information on long-term low-dose exposures to internally incorporated radionuclides has 
been provided by epidemiological studies of workers at the Mayak nuclear complex in the southern 
Urals of the Russian Federation (Shilnikova et al. 2003; Akleyev et al. 2017) and of the population near 
the Techa River who have received exposures due to radioactive discharges (Krestinina et  al. 2005). 
Underground hard-rock miners (e.g., uranium, iron, gold, and tin) inhale significant amounts of radon, 
and a linear relationship between risk of lung cancer and cumulative dose has been demonstrated in 
many studies (Lubin and Boice 1997). The risk of excess skin cancer induced by ionizing radiation is 
influenced by exposure to ultraviolet radiation and is dependent on the degree of skin pigmentation. 
Nominal estimates of risks to skin and bone are used in ICRP models (ICRP 1991). Risk estimates for 
bone are based on studies of groups having medical exposures, primarily intakes of radium–224 (Spies 
et al. 1989). Overall, cancer risk estimates from these studies are generally consistent with those obtained 
from the LSS.

14.2.3 Risks at Low Doses

In order to prove that a radiation effect exists, it is necessary to show that there is a statistically 
significant increase in cancer among the exposed group. But the numbers of excess cancers of any 
one type in an exposed population will be relatively small, so the size of population that would be 
required to provide statistical proof of an increased risk at doses below 100 mSv for many cancers 
is prohibitive. Thus, estimation of cancer risks from radiation exposure requires very large studies 
with long-term follow-up, and an absence of significantly elevated risks cannot be taken as evidence 
that there is no risk. All the solid cancers could be lumped together, but because cancer is widely 
prevalent in society (50% of the population are diagnosed with cancer and 1 in 4 deaths are the result 
of cancer), the size of the population required to demonstrate that a dose of 20 mSv is associated with 
an excess cancer incidence would be about 1 million. However, there is a better chance of proving a 
statistically significant excess for specific types of cancer that have been found to be linked to radia-
tion. For instance, the natural prevalence of leukemia is relatively low, with about 1 in 300 deaths in 
the developed world, so the increase in incidence required to prove an excess linked to radiation is 
smaller. It is more difficult to demonstrate an increase in cancer rate for more common sites such 
as the lung, colon, and breast, for which natural incidences in the population are between 1 in 25 
and 1 in 35. Combined analyses of datasets can help to increase the statistical power. Studies of the 
nuclear industry workforce, which has good personnel dosimetry records, have been carried out in 
many countries. Data from studies in 15 countries have been combined to give results for 400,000 
workers with a mean cumulative dose of 19.4 mSv and less than 5% of workers receiving cumulative 
doses over 100 mSv (Cardis et al. 2005). This shows a statistically significant increase in the incidence 
of leukemia, and results are generally consistent with predictions of the linear no-threshold (LNT) 
model based on the LSS.

More recently a study of children and young adults in the UK who had undergone computed tomog-
raphy (CT) scans during the period 1985–2002 has shown that the risk of leukemia is tripled for those 
receiving cumulative doses over 30 mGy to the bone marrow, and the risk of a brain tumor, another 
comparatively rare cancer, is tripled by a dose of 50 mGy to the brain (Pearce et al. 2012). However, 
although subjects developing cancer within five years of the initial exposure were not included, the pos-
sibility of reverse causation, whereby the reason for the initial CT scan could be linked to the develop-
ment of cancer at a later stage, cannot be excluded (Boice 2015).
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Information on the effects of low-level radon exposure comes from combined analyses of case-control 
studies that show raised risks of lung cancer from radon exposure in homes in Europe (Darby et al. 2005), 
North America (Krewski et al. 2005), and China (Lubin et al. 2004). Results of the European project, which 
combined data from 13 individual case control studies in member states, show a clear increase in the risk 
of lung cancer among residents of homes with an enhanced concentration of radon (above 150 Bq m−3). 
Results indicate that there is synergy between smoking and radon in enhancing risks of lung cancer, and 
this link is supported by analyses of the LSS data (Pierce et al. 2003). Domestic exposure to radon at a 
concentration of 130 Bq m−3 is considered to equate to an annual dose to the lung of about 10 mSv and an 
effective dose of 1 mSv (ICRP 2010).

These larger meta-analyses of epidemiological data suggest that the increased risk from radiation 
exposure of a population may extend down to perhaps organ doses of 20–50 mSv, but the evidence is 
insufficient to show the form of any dose-effect relationship at these levels. Evidence from radiobiology 
suggests that the risk might be expected to be lower, but whatever method is used to model the dose-
effect relationship needs to include an extrapolation to low doses.

14.3 Modeling Cancer Risks from Epidemiological Results

14.3.1 Absolute and Relative Excess Risk

Data on epidemiological studies have been the subject of numerous publications over the years, and 
these data have been collated by UNSCEAR and BEIR. The ICRP and BEIR have developed models in an 
attempt to predict potential risks down to low-dose levels to which workers and patients undergoing med-
ical imaging procedures are exposed. When modeling cancer risk, the first decision to be made is whether 
the risk should be based on cancer incidence or mortality data. The advantage of the former is that the 
incidence rate is higher, and of the latter is that, generally, mortality data are more reliable. Recent cancer 
risk models are based largely on mortality data for leukemia and cancer incidence data for solid tumors 
(BEIR 2006; ICRP 2007), although previous ICRP recommendations have been derived from mortality 
data (ICRP 1991). The obvious approach to modeling cancer risk is to use a simple model and assume that 
the excess absolute risk is proportional to the dose to the tissue (Little et al. 2009). This approach is called 
the excess absolute risk (EAR) or additive risk model. 

 
EAR

Risk in exposed population  Risk in unexposed populat
=

– iion

Organ dose  

However, there is the question of how transferable risks are from a Japanese population to other popu-
lation groups. Particular populations have diseases that are prevalent and, more specifically, types of 
cancer that occur more frequently. There are differences between Japanese and Western populations and 
therefore an excess relative risk (ERR) or multiplicative model has also been developed in an attempt to 
take these differences into account. 

 
ERR = EAR

Cancer rate in target population

Cancer rate in u
×

nnexposed study population  

As the study of the health of the Japanese bomb survivors in the LSS continued, it has become apparent 
from the accumulated data that the risk of cancer induction declines with increasing age at exposure and 
also, among those exposed at a younger age, it declines with the time since the exposure. These modify-
ing factors are taken into account in the calculations of differences in risk between the sexes (Figure 14.2). 
Overall, rates of incidence for solid cancers with age at exposure predicted by the two models for a Euro-
American population are similar (Figure 14.2a), but there are significant differences for some organs such 
as the lungs (Figure 14.2b).
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14.3.2 Modeling of Risks to Organs and Tissues by Different Organizations

Three models will be considered in this chapter, (1) those on which the ICRP 103 recommendations 
are based (ICRP 2007), (2) those in the BEIR VII report on the U.S. population (BEIR 2006), and (3) 
an online radiation risk assessment tool (RadRAT), which can be used to estimate the lifetime risk of 
radiation-related cancer from a user-specified exposure history (Berrington et al. 2012). Data will be 
included from the UK Health Protection Agency (HPA) (now Public Health England [PHE]) (Wall et al. 
2011), which follows the ICRP format for evaluation, except that a Euro-American population is used for 
ERR calculations. The explanation will be based primarily around the ICRP methodology and compari-
sons made with other models with examples of how risk varies with age at exposure, as age is a primary 
determinant of the risk. Data showing values for EARs and ERR s have been derived by PHE and will be 
used in future ICRP risk calculations.

The data from the LSS have been sufficient to allow ERR and EAR models to be developed for esopha-
gus, stomach, colon, liver, lung, breast, ovary, bladder, thyroid, and leukemia (bone marrow). ICRP also 
use nominal risks for bone and skin cancers (ICRP 1991). The tissues modeled in each of the assessments 
are listed in Table 14.1. The data for many human tissues and organs indicate that there is an excess risk but 
are insufficient to allow an assessment of the magnitude for individual organs, so they are consigned to a 
“remainder” category and ERR and EAR models developed for the whole group. The parameters for most 
solid cancers in these risk models have been estimated using incidence data from the LSS with follow-up 
from 1958 through to 1998 (Preston et  al. 2007). However, the ICRP have taken account of data from 
medical exposure studies of breast cancer from North America and Europe (Preston et  al. 2002), and 
of thyroid cancer (Ron et al. 1995), although these data are not used in the BEIR and RadRAT models. 

0

10

20

30

40

0 20 40 60 80 100
Age at exposure (y)

R
is

k 
of

 r
ad

ia
tio

n-
in

du
ce

d
ca

nc
er

 in
ci

de
nc

e 
pe

r 
S

v 
(%

)

(a)

Female EAR

Female ERR

Male EAR

Male ERR

0

1

2

3

4

5

6

7

0
(b)

20 40 60 80 100
Age at  exposure (y)

R
is

k 
of

 r
ad

ia
tio

n-
in

du
ce

d
ca

nc
er

 in
ci

de
nc

e 
pe

r 
S

v 
(%

) Female EAR

Female ERR

Male EAR

Male ERR

FIGURE 14.2 Plots of the risks of radiation-induced cancer incidence as a function of age at exposure derived 
from EAR and ERR models for female and male subjects in a Euro-American population for (a) all solid cancers and 
(b) lung cancer. Risks are based on calculations by R. Haylock and J. Harrison from Public Health England (PHE).
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Once the modifying effects of sex, age at exposure, and attained age had been incorporated, the models 
appear to show that there is a linear relationship between cancer incidence and organ dose between 0.1–0.2 
and 4 Sv. There is no evidence of a departure from linearity below 0.1 Sv for solid cancer data overall or for 
individual subtypes (Little 2009). Therefore, a LNT approach, in which data for the Japanese atomic bomb 
survivors on excess cancer risk versus equivalent dose to the organ at risk are extrapolated linearly to zero 
dose (ICRP 2007), is applied to evaluate radiation effects. However, as discussed in Section 14.2.3, it is not 
possible to demonstrate a relationship at lower doses, because the numbers of excess solid cancers that 
might be expected with an LNT relationship would not be large enough for the size of the study population 
to achieve the statistical significance required for proof. Leukemia risk estimates are based on a linear-
quadratic dose response model using the EAR model allowing for modification by sex, age at exposure, 
and time since exposure (Figure 14.3), as LSS reports have indicated that this model describes the dose 
response for leukemia among the LSS more accurately (Preston et al. 1994, 2007; Richardson et al. 2009).

The LSS has provided valuable data on the time course from initiation to the development of a tumor, 
because it comprised a large number of individuals who were exposed at one time. The time delay is 
called the latent period, and the LSS has shown that for leukemia the period is about five to eight years, 
although it can occur in as little as two years after exposure, while for solid tumors the minimum 

TABLE 14.1 Comparison of Methods Used in Deriving Risks at Low Doses from the Life Span Study

ICRP 103 (ICRP 2007) BEIR VII (BEIR 2006) RadRAT (Berrington et al. 2012)

Organ risk models
12 cancers modeled individually. 

Bladder, bone surfaces, colon, liver, 
lungs, oesophagus, ovary, skin, 
stomach, and leukemia from LSS 
data, breast and thyroid take data 
from other studies into account.

Group of remainder tissues (13 in each 
sex) modeled: adrenals, extrathoracic 
tissue, gall bladder, heart, kidneys, 
lymphatic nodes, muscle, oral mucosa, 
pancreas, prostate, small intestine, 
spleen, thymus, uterus/cervix.

11 cancers modeled individually: 
bladder, breasts, colon, liver, lungs, 
ovary, prostate, stomach, thyroid, 
uterus, and leukemia from the LSS 
data.

Group of remainder tissues and 
organs modeled for cancer 
incidence (solid cancers other than 
the ones modeled individually).

18 cancers modeled individually: 
bladder, breasts, central nervous 
system, colon, gallbladder, kidney, 
liver, lungs, oesophagus, oral cavity 
and pharynx, ovary, pancreas, 
prostate, rectum, stomach, thyroid, 
uterus, leukemia.

Group of remainder tissues and organs 
modeled for cancer incidence (solid 
cancers other than the ones modeled 
individually).

Extrapolation models
Linear relationship with dose for solid 

cancers that depends on sex, attained 
age, and age at exposure.

Linear–quadratic model used for 
leukemia applied for all exposures to 
low doses.

Linear extrapolation applied to solid 
cancers that depends on sex, 
attained age, and age at exposure.

Linear–quadratic model used for 
leukemia applied for all exposures 
to low doses.

Linear extrapolation applied to solid 
cancers that depends on sex, attained 
age, and age at exposure.

Linear–quadratic model applied to 
leukemia for acute exposures, but 
only the linear term for chronic 
exposures.

Adjustment for period of minimum latency
Abrupt change from 0 to maximum 

risk at five years after exposure for 
solid cancers and two years for 
leukemia.

Abrupt change from 0 to maximum 
risk at five years after exposure for 
solid cancers and two years for 
leukemia

Changes as S-shaped function of time 
since exposure with a smooth 
transition from zero to maximum risk. 
The midpoint of function is 2.25 years 
for leukemia, five years for thyroid, 
and 7.5 years for other solid cancers.

Dose and dose-rate effectiveness factor (DDREF)
A DDREF equal to 2.0 is applied for all 

solid cancer sites for exposures to low 
doses or at low dose rates.

A DDREF equal to 1.5 is applied for 
all solid cancer sites for acute doses 
<100 mGy.

A DDREF equal to 1.5 is applied for 
chronic exposures to low-dose rates. 
For acute exposure, a DDREF is only 
applied when a given equivalent dose 
is < a reference dose, between 0.03 
and 0.2 Sv.
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latent period is five to ten years after radiation exposure (Figure 14.4). While the incidence of leukemia 
declines to the baseline level after about 30 years, this is not the case for solid cancers, for which the 
EARs continued to increase with attained age, although the ERR declined with both age and time after 
the bombing (Ozasa et al. 1012). The approach to risk evaluation in the models allow for a latent period of 
two years for leukemia and five years for solid cancers, applied as an abrupt change by ICRP and BEIR, 
and a gradual one for RadRAT (Table 14.1).

14.3.3 Dose and Dose-Rate Effectiveness Factors

Radiobiology experimental investigations tend to show that fractionation or protraction of dose is associ-
ated with reduced risk, suggesting that estimates based on high-dose, acute exposure need to be modified 
for use in evaluation of risk at low doses. Risk estimates for solid cancers are simply divided by a dose and 
dose-rate effectiveness factor (DDREF), because the epidemiological evidence available is insufficient to 
provide a definitive answer to the question of how much lower the risk is for low dose rate exposures than 
for those in the LSS (Table 14.1). Values of DDREF for the induction of gene and chromosomal mutations 
fall in the range of 2–4 (ICRP 2007). The BEIR Committee (BEIR 2006) combined epidemiological and 
radiobiological evidence for solid cancer from the LSS and studies in animals using Bayesian statisti-
cal analysis. The modal value of DDREF from these analyses was 1.5 with a range of 1.1–2.3 and based 
on this the BEIR VII Committee use a value of 1.5 in its assessments. ICRP used a DDREF of 2 for an 
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FIGURE 14.4 Schematic plot of the risks of radiation-induced leukemia and solid cancer incidence as a function 
of time after exposure from atomic bomb radiation.
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FIGURE 14.3 Plot of the risks of radiation-induced leukemia incidence as a function of age at exposure derived 
from the EAR model for male and female subjects in a Euro-American population. Risks are based on calculations 
by R. Haylock and J. Harrison from PHE.
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earlier publication (ICRP 1991) and, since this is compatible with analysis of the LSS data, they continued 
with this approach in their revised recommendations (ICRP 2007). The ICRP uses general terminology 
regarding the dose level below which the DDREF should be applied. But BEIR VII applies the DDREF 
to exposures that deliver doses to organs of less than 100 mGy. RadRAT also uses a factor of 1.5 but has a 
sliding scale of application to avoid discontinuities in calculations (Berrington et al. 2012).

14.3.4 Modeling Transfer between Populations

Patterns of incidence for some cancers vary significantly between populations. If two populations dif-
fer with respect to the prevalence of different types of cancer and known risk factors, their responses 
to radiation exposure might be expected to vary as well. However, it is not obvious how important 
the prevalence of a particular cancer will be in determining the risk. Estimates of excess risk for a 
particular organ or tissue can be based on an absolute risk EAR model or a relative risk ERR model 
(Section 14.3.1), although ERR values can only be derived for populations for which sufficient cancer 
incidence data are available. For many sites, the difference between Japanese and Western cancer rates 
is not large, so whether the EAR or ERR transfer model is employed is not that significant. However, the 
age-specific baseline rates for stomach cancer in Japan are a factor of 12 higher than in the United States; 
this is apparent in the differences between ERR values for Euro-American and Asian populations used 
by PHE and ICRP in risk assessments and the differences between the EAR and ERR values for the 
Euro-American populations (Figure 14.5).
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FIGURE 14.5 Plots of the risks of radiation-induced stomach cancer incidence as a function of age at exposure 
derived from EAR and ERR models for Euro-American and Asian populations for (a) females and (b) males. Risks 
are based on calculations by R. Haylock and J. Harrison from PHE.
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Figure 14.5 plots the risks of radiation-induced stomach cancer incidence as a function of age at expo-
sure derived from EAR and ERR models for Euro-American and Asian populations for (a) females and 
(b) males. Risks are based on calculations by R. Haylock and J. Harrison from PHE.

The ICRP and HPA concluded that there was sufficient information to justify choice of specific rela-
tive values for weighting of the EAR and ERR model contributions for breast, thyroid, and lung cancer 
(ICRP 2007). For breast cancer, pooled analyses of radiation effects by Preston et al. (2002) had provided 
strong evidence that the ERR model was not appropriate, and breast cancer risks are therefore based on 
an EAR model. However, the study also showed that the LSS data do not provide a good representation 
of risks from other exposures; ICRP therefore base breast cancer risks on a combination of the LSS and 
other data. For thyroid cancer, the use of EAR models is problematic because variations in the amount of 
thyroid screening performed have a marked effect on the rate at which cancers are identified, so lesions 
not associated with radiation might be diagnosed and attributed to radiation exposure. Therefore, thy-
roid cancer risks are based solely on the ERR model developed from the pooled analysis of radiation 
associated thyroid cancer risks (Ron et al. 1995) and, for the same reason, a similar approach is employed 
for skin cancer. Similar weighting regimes have been adopted by BEIR VII and RadRAT for the breast 
and thyroid, but the EAR values have been based solely on the LSS data. This combined with the higher 
DDREF value (Section 14.3.3) results in the risk of breast cancer incidence predicted by BEIR VII being 
double relative to that based on the HPA/ICRP approach, while the risk for thyroid cancer is lower 
(Figure 14.6). Radiation-induced cancer incidence is substantially higher among females for both breast 
and thyroid cancer but declines steeply with age.

Figure 14.6 plots the risks of radiation-induced cancer incidence in females as a function of age at 
exposure in a Euro-American population using the HPA/ICRP approach (Wall et al. 2011) and a U.S. 
population using BEIR VII (BEIR 2006) (Tables 14.1 and 14.2). Both approaches use an EAR model for 
the female breast and ERR models for the thyroid.

For lung cancer, the LSS data indicate that the EAR model is more comparable across genders than 
the ERR and also that radiation dose and smoking history interact additively as lung cancer risk factors 
(Pierce et al. 2003), so they gave the EAR data a weighting of 0.7 and the ERR 0.3. Smoking influences 
the form of the ERR versus age at exposure relationship for lung cancer (Figure 14.2b) and the radiation 
risk will change as smoking habits of the population alter.

The question remains as to which weighting is appropriate for other organs and tissues for which 
there is insufficient data to decide between the two models to make an informed choice. The ICRP 
decided to apply equal weightings of 0.5 to all the other organs, apart from the breast, thyroid, lung, 
and skin, but in BEIR VII and RadRAT, the ERR data for the other organs is given a greater weighting 
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FIGURE 14.6 Plots of the risks of radiation-induced cancer incidence in females as a function of age at exposure 
in a Euro-American population using the HPA/ICRP approach (Wall et al. 2011) and a U.S. population using BEIR VII 
(BEIR 2006) (Tables 14.1 and 14.2). Both approaches use an EAR model for the female breast and ERR models for 
the thyroid.
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of 0.7 and the EAR 0.3 (Table 14.2). The use of alternative weightings influences the evaluation of risk 
for organs such as the stomach (Figure 14.5), for which the magnitudes of the EAR and ERR models 
are significantly different. Calculations for some organs derived by the BEIR Committee with their 
model weightings and DDREF values give risks that are 2–4 times higher than those derived using 
the ICRP/HPA factors for younger age groups (Figure 14.7). These variations in approach by experts 
from different professional organizations provide an indication of the uncertainties that are present. 
Either of the alternatives could be valid based on current evidence and so reflect real uncertainties 
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FIGURE 14.7 Plots of the risks of radiation-induced lung and colon cancer incidence as a function of age at 
exposure for Euro-American populations derived using the HPA/ICRP (Wall et al. 2011) and BEIR VII (BEIR 2006) 
approaches (Tables 14.1 and 14.2) for (a) females and (b) males.

TABLE 14.2 Comparison of Methods Used to Transfer Risk Model to Other Populations

ICRP 103 (ICRP 2007) BEIR VII (BEIR 2006) RadRAT (Berrington et al. 2012)

Application of EAR and ERR in transfer from Japanese to other population

EAR and ERR projections of the 
lifetime risk are weighted in 
logarithmic space. Assigned weights 
are ERR 0.5 and EAR 0.5 for most 
cancers, apart from lung (ERR 0.3 and 
EAR 0.7), thyroid and skin are based 
on ERR model, and breast on EAR 
model.

EAR and ERR projections of the 
lifetime risk are weighted in 
logarithmic space. Assigned weights 
are ERR 0.7 and EAR 0.3 for most 
cancers, apart from lung (ERR 0.3 
and EAR 0.7), thyroid is based on 
ERR model, and breast on EAR 
model.

EAR and ERR projections of the 
lifetime risk are weighted in linear 
space. Assigned weights are ERR 0.7 
and EAR 0.3 for most cancers, apart 
from lung (ERR 0.3 and EAR 0.7), 
thyroid and gall bladder are based on 
ERR model, and breast on EAR 
model.

Population used for cancer prevalence with age in transfer

Average for four Asian populations, 
two European and the U.S.

United States population United States population
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that are present. This should provide a caution to those who try to interpret and apply risk values as 
if these values are known with certainty.

Figure 14.7 plots the risks of radiation-induced lung and colon cancer incidence as a function of age at 
exposure for Euro-American populations derived using the HPA/ICRP (Wall et al. 2011) and BEIR VII 
(BEIR 2006) approaches (Tables 14.1 and 14.2) for (a) females and (b) males.

The populations used by ICRP and BEIR in deriving ERRs differ because their reports are directed 
at different populations. The ICRP aims to provide global average values and bases its assessments on a 
composite population comprising four Asian populations (Shanghai, Osaka, Hiroshima, and Nagasaki), 
two European (Sweden and UK), and the U.S., but ICRP also includes separate risk data for the Euro-
American and Asian populations. On the other hand, BEIR and RadRAT base their predictions on 
the U.S. population (Table 14.2), and the HPA have published risk factors based on the Euro-American 
component of the ICRP populations.

14.4  Differences and Uncertainties in Estimation 
of Cancer Risk and Detriment

14.4.1  Radiation Detriment, Application of Risk 
Estimates, and Effective Dose

The results from the models described provide the foundation on which assessment of the risk of cancer 
induction is based (UNSCEAR 2000, 2006; BEIR 2006; ICRP 2007; Berrington et al. 2012; Wall et al. 
2011). The risk models have been used by ICRP to compute sex-specific estimates of lifetime risk for a 
range of ages at exposure (0–85 years in five-year intervals) in an Asian and Euro-American composite 
population. These lifetime risks for exposure ages have then been averaged using weights reflecting the 
age distribution for full populations and working age populations (18–64 years old). Other organiza-
tions have published tables of sex-specific estimates of lifetime risk of cancer incidence for groupings of 
age at exposure BEIR VII and RadRAT for the U.S. population, and HPA for a Euro-American popu-
lation. Such data can potentially be used to calculate risks for individuals based on their sex and age. 
Assessments of cancer incidence by HPA/ICRP and BEIR models differ by more than a factor of 3 for 
several organs and tissues (Figure 14.7), but overall the total lifetime incidence differs by a factor of less 
than 2 (Figure 14.8).

Health detriment is a concept used to quantify the harmful effects of radiation exposure in different 
parts of the body. ICRP defines it as the total harm to health experienced by an exposed group and its 
descendants as a result of the group’s exposure to a radiation source. It is determined from nominal risk 
coefficients, taking into account the impact of the disease in terms of lethality and years of life lost and 
includes the probability of severe heritable effects. ICRP has calculated detriment for full populations 
and working-age populations. The ICRP introduced a protection quantity called the effective dose to 
provide a tool for dose comparisons in terms of detriment. The total stochastic radiation detriment is 
equated to the sum of radiation doses to individual organs, weighted according to their aggregate detri-
ment for a population of all ages and averaged for the two sexes. Thus, effective dose applies to a refer-
ence person representing a global population average, and so can be used to make comparisons among 
radiation doses from medical procedures that expose different regions of the body in terms of potential 
harm. The effective dose provides a single quantity for conveying an indication of radiation dose relating 
to possible risk to health. It has been widely used in providing a broad understanding of relative risks 
associated with radiation exposures from different sources and raising awareness of dose levels from 
diagnostic medical procedures.

Figure 14.8 plots the risks of radiation-induced cancer incidence as a function of age at exposure 
from a uniform whole-body irradiation for Euro-American populations derived using the HPA/ICRP 
(Wall et al. 2011) calculation method, and the U.S. population using BEIRVII (BEIR 2006) and RadRAT 
(Berrington et al. 2012) approaches for (a) females and (b) males.
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14.4.2 Sources of Uncertainty in Estimates of Risk

The sophisticated risk models that have been constructed are based on a theoretical extrapolation of 
data, and there is a danger that those applying the results may neglect the many underlying uncertain-
ties. First of all, there are uncertainties that arise in developing estimates of risk from the LSS in terms of 
the accuracy with which dose levels for the exposed individuals could be assessed, based on knowledge 
of the radiation field and the location of each exposed individual. Then there are the methods used in 
evaluating the epidemiological data. The issue of methodology is relevant to all epidemiological studies.

As previously discussed, the majority of the evidence available relating to radiation risk is derived 
from higher dose levels than those encountered in medical imaging, necessitating extrapolation of risks 
from moderate- or high-dose exposures down to dose levels of interest. A linear extrapolation has been 
used, and for chronic or low-dose exposures, the risk estimate is divided by a DDREF that reduces 
the estimate but increases its uncertainty. Evidence from the LSS suggests that linear extrapolation is 
appropriate when considering an exposed population, but the magnitude of the DDREF is a matter of 
debate (Table 14.1).

The transfer of risk estimates from one population to another, with adjustments depending on the 
relative incidences of cancer in the LSS and the population of interest, appears to provide a reasonable 
approach, but the values of the weightings that should be attached to the ERR and EAR models for 
organs and tissues for which data are limited is unclear, and different choices have been made. Cancer 
incidence data are only available for a limited number of populations, so there is uncertainty in how 
representative any ERR factors are for other population groups for assessment of risk.
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FIGURE 14.8 Plots of the risks of radiation-induced cancer incidence as a function of age at exposure from a uniform 
whole-body irradiation for Euro-American populations derived using the HPA/ICRP (Wall et al. 2011) calculation 
method, and the U.S. population using BEIR VII (BEIR 2006) and RadRAT (Berrington et al. 2012) approaches for 
(a) females and (b) males.
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Other major sources of uncertainty include possible interaction of radiation exposure with other 
cancer risk factors, notably smoking history in the case of lung cancer and reproductive history in the 
case of female breast cancer. The way in which differences in the relative biological effectiveness for 
radiations of different qualities are accounted for, including medical X-rays in the 10–200 keV range, as 
well as neutrons and alpha particles, is an approximation. Another source of uncertainty is extrapola-
tion of risks for whole-body exposures to external radiation in the LSS to partial-body exposures typical 
of radiographic procedures and to non-uniform internal exposures associated with nuclear medicine 
procedures.

When assessing risk for any individual there are more approximations, as organ doses often can 
only be assessed through Monte Carlo calculations tracking the movement of photons through 
anthropomorphic phantoms, which represent idealized anatomical forms in terms of size, shape, and 
position of each tissue. Conversion coefficients have been derived for X-ray exposures for a reference 
patient that allow values for organ and tissue doses to be calculated from measurable dose quantities, 
such as entrance surface air kerma and kerma-area product for radiographic examinations and dose-
length product for CT, and adjustments can be made for differences in patient body habitus (Li et al. 
2011; Huda and He 2012). However, beam collimation can have a significant effect on the proportions 
of individual organs and tissues that are exposed, especially where radiosensitive organs lie near 
the edge of the field. For nuclear medicine procedures, dose coefficients (dose per unit administered 
activity in Sv/Bq, for example) have been derived for a large number of radiopharmaceuticals. These 
are based on biokinetic models that calculate the number of radioactive disintegrations occurring 
within each tissue for a reference patient. The models take into account transfer, retention, and excre-
tion of radioactive material and the type of radiation emitted. The radionuclides are assumed to be 
distributed uniformly within the respective source organs, and results are combined with data from 
dosimetric models from which the deposition of energy in relevant target organs is derived. Although 
every attempt is made to provide as accurate assessments of dose as possible when applying the mod-
els, the uncertainties are large, and application to any individual can only be regarded as providing 
an approximate indication of potential risk.

14.5 Conclusions

The calculation of risk from doses to individual organs and tissues using the models described, based on 
the age and sex of the individual exposed, provides the best assessment that we can make of the risk of 
stochastic effects. But there are many sources of uncertainty, and users should be aware of these and not 
place more weight on the result than the methods of derivation justify. The use of medical imaging and 
associated population doses have been increasing rapidly over the last 10–20 years, and there is reason 
to try to reduce numbers of unnecessary exposures. In promotion of this message, claims, some alarm-
ist in tone, have been made quoting large numbers of extra cancers that will result from this increased 
use of medical imaging (Brenner and Hall 2007; Berrington de González et al. 2009). These numbers 
are based on the BEIR VII model, but described and presented as fact, with little account taken of the 
uncertainties in the epidemiological data, the extrapolation to low doses, or the reduced life expectancy 
of patients because of their illnesses. Such assessment of risks based on exposures of large populations 
to low doses are inappropriate.

There is sometimes a need to have a knowledge of the radiation exposure that a patient has received, 
and the factors that have been derived from the models provide the potential to give assessments of risk. 
Since the factors have been published are linked to sex and age, there has been a trend to make numeri-
cal risk calculations for individual exposures; at the low dose level of almost all diagnostic exposures, 
however, this is inappropriate. The risks linked to age and sex for individual organs may provide a bet-
ter assessment of potential cancer incidence than is possible using effective dose, but the uncertainties 
are still large and it is inappropriate to apply them to exposures less than about 50 mSv. In addition 
to concerns regarding the suitability of the LNT extrapolation, and the other uncertainties discussed 
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above, the genetic variation among individuals is huge, so actual risks to an individual might be a factor 
of ten higher or lower than a value calculated from the organ dose data. Clinicians who refer patients 
for medical procedures involving radiation may have little understanding of the potential health detri-
ment from radiation exposure, in part because the risks are so small compared to the benefits. Although 
there is a need for quantification of radiation exposure, the question remains as to the best way of 
determining such exposures and expressing the associated risks. The concept of effective dose devel-
oped by the ICRP perhaps is the best option currently for expressing relative values of radiation dose. 
A knowledge of typical values for common medical procedures is used in training medical professionals 
and informing judgments on relative radiation dose levels (Martin 2007). Risks perhaps can better be 
described in general terms, such as negligible (<0.1 mSv), minimal (0.1–1 mSv), very low (1–10 mSv), and 
low (10–100 mSv). Such terms reflect uncertainties in the predictions in a realistic manner.
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15
Quantitative Benefit-

Risk Analysis of Medical 
Radiation Exposures

Pat B. Zanzonico

15.1 Introduction

The introduction of ionizing radiation to the healing arts revolutionized the diagnosis and treatment 
of disease and dramatically improved the quality of health care and of human life. In recent years, 
however, concern over the radiogenic risks associated with medical imaging has grown dramatically, 
fueled by widespread attention in both the scientific and lay media. Such concern is beneficial in terms 
of promoting critical evaluation of imaging procedures, with technical optimization, elimination of 
truly unnecessary procedures, and minimization of imaging doses without compromising the diagnos-
tic information being sought. However, consideration of radiogenic cancer risk, sometimes couched in 
spectacular terms,1 can create the misconception, and one that is detrimental to optimum patient care, 
that radiation is the only risk to be considered in medical imaging.

Patients should, of course, become well-informed about the risks and benefits of all aspects of medi-
cal care, radiation-related and otherwise, and be active participants in decision-making. When advising 
patients about these risks, a perfunctory statement is usually offered to the effect that any theoretical risks 
of the radiation exposures received are far smaller than the direct benefits of the study. Importantly, the 
word “theoretical” should be used because all risk information is predicated on the “linear no-threshold” 
(LNT) theory of radiation carcinogenesis, which posits that stochastic, or statistical, risks (primarily 
of cancer) observed in populations exposed to high doses of radiation can be extrapolated to the much 
lower doses that are encountered in diagnostic medical procedures, certain occupational exposures, and 
other circumstances.2 Such an extrapolation essentially involves drawing a straight line through the 
excess risk-versus-dose data available at higher doses (typically at least tenfold higher than the highest 
diagnostic or occupational doses) down to zero dose. It is not known if this extrapolation is actually 
valid, and it remains unproven and highly controversial. While the LNT model may be a defensible 
(i.e., appropriately conservative) basis for formulating population-based radiation dose limits (e.g., for 
occupationally exposed individuals), its application to individual patients and their medical management 
is far less justifiable. For example, the LNT-derived risk of a radiogenic cancer associated with a specific 
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diagnostic procedure for an individual patient conceivably may lead the patient and/or the patient’s 
physician to forego this procedure and, in its place, perform another suboptimal procedure with its 
own non-radiogenic risks, which may possibly exceed the theoretical radiogenic risk of the procedure 
originally considered.

There are several reasons why application of population- and high-dose-based radiation risk estimates 
to individuals is inadvisable. First, the uncertainties in the current estimates of radiogenic cancer risks, 
largely devised from the A-bomb follow-up data, and of radiation dose,3 are considerable, and propagat-
ing such uncertainties when applying these estimates to individual patients yields a highly uncertain 
estimate of patient-specific cancer risk. Second, radiogenic cancer risks vary widely with dose rate and 
fractionation, gender, age at exposure, and part or parts of the body exposed, among other factors. 
Prevailing risk factors, on the other hand, are based on effective dose and thus gender- and age-averaged 
values for a presumed uniform, whole-body exposure. The effect of such averaging can be mitigated 
somewhat by the use of age- and gender-indexed risk factors, but this is often ignored in the context of 
evaluating radiogenic risks of imaging procedures. Third, the latent period for radiogenic cancer induc-
tion (i.e., the time interval from exposure to the clinical appearance of the resultant cancer) is generally 
quite long, varying from years to decades, and inversely related to dose. Conversely, the clinical sequelae 
of a suspected disease or condition, which precipitated prescription of an imaging procedure, are often 
far more immediate. Thus, a patient may very well not outlive the theoretical radiogenic cancer risks 
of such procedures, especially if the presenting medical condition is not definitively diagnosed and 
addressed. This, of course, is quite likely among the vast majority of patients, who are typically older.

Application with certitude of the LNT risk model is unjustified and has led some to derive alarming 
estimates of excess numbers of cancers as a result of medical imaging, for example, in the thousands 
annually among the United States population.4 Such exercises largely ignore the considerable uncertain-
ties (entailing values down to zero excess risk) and the other factors enumerated above in deriving such 
estimates. To the extent that the LNT-derived risk may overestimate the actual radiogenic risk (if any), 
it undermines a reasonable benefit-risk calculus and may thus adversely impact the patient’s medical 
management. The LNT model may, in fact, overestimate the actual risks of diagnostic and other low-
level exposures, and there is creditable evidence for a threshold for radiogenic cancer induction, that 
is, a non-zero radiation dose below which there is no increased risk of cancer.5,6 Importantly, the data 
upon which the LNT model is based begin to show significance only at doses above 100 mSv (10 rem). 
The Health Physics Society has, in fact, issued a position statement advising against estimation of health 
risks below an individual dose of 50 mSv in one year or a lifetime dose of 100 mSv above that received 
from natural sources.7

As noted above, the point is often made that the benefits of the uses of radiation in medicine are 
much greater than any theoretical risks, but quantitative estimates of the benefits are not cited alongside 
any quantitative estimates of risk. This alone—expression of benefit in purely qualitative terms versus 
expression of risk in quantitative, and therefore seemingly more certain, terms—may well contribute to 
a skewered sense of the relative benefits and risks of diagnostic imaging among health-care providers as 
well as patients. The current paper, therefore, quantitatively compares the benefits of diagnostic imaging 
in several cases, based on actual mortality or morbidity data if ionizing radiation were not employed, 
with the LNT model-derived (i.e., theoretical) estimates of radiogenic cancer mortality.8 The case stud-
ies below are not intended to provide rigorous estimates of medical benefit but rather order-of magni-
tude estimates that illustrate the very large benefit-to-risk ratios typical of diagnostic imaging studies.

15.2 Radiogenic Cancer Risk

The radiogenic risk of cancer can be defined as the excess number of cancers in a population estimated 
using the LNT model as the number of persons exposed × effective dose (rem or mSv) per person × 
excess risk (/rem or /mSv). The excess risk (ER) is the number of excess fatal cancers (excess above the 
naturally occurring rate) predicted by the model in a large (and therefore gender- and age-averaged) 
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population uniformly exposed to a whole-body dose of radiation. The concept of “effective dose” (ED) 
was developed by the International Commission on Radiation Protection and Measurement (ICRP) 
to allow the comparison of practices that lead to partial irradiation of people to those resulting in 
uniform, whole-body irradiation from a risk point of view. In first order, ED will be assumed to be 
equivalent to uniform, whole-body dose. A widely cited ER value is that recommended by the National 
Council on Radiation Protection and Measurements (NCRP) Report No 115, 5 × 10−5 per person per 
mSv (or 5 × 10−4 per person per rem).9 Thus, if a population of a million people were to each receive a 
dose of 1 mSv, the expected number of excess fatal cancers observed in this population over the balance 
of the lifetimes of the individuals in this population would be 5 × 10−5 per person mSv × 1 × 106 per 
person mSv (collective dose) = 50. This compares to the spontaneous, or background, lifetime inci-
dence of ~200,000 (or 20%) otherwise occurring in such a population. Importantly, even if one con-
cedes the accuracy of the LNT model, it cannot be applied reliably to individuals but only to large 
populations, that is, populations sufficiently large that differences in radiation sensitivity related to 
gender, age, and intrinsic biology are effectively averaged out.

15.3 Medical Benefit

One benefit of a diagnostic imaging procedures may be expressed as the lives saved, that is, the number 
of lives lost by not performing the procedure or by performing an alternative, invasive procedure. This 
benefit may be quantified using clinical outcome data gleaned from the literature regarding the actual or 
hypothetical mortality or morbidity rates in specific instances where a relevant radiological procedure 
was not performed. There may be other metrics of benefits, such as improvements in the quality of life, 
shortening of hospital stays, and reduction of medical care costs. However, in the current analyses, the 
emphasis was placed on lives saved resulting from the performance of the procedure.

15.4 Case Studies of Benefit Risk Analysis

Use of Fluorine-18-Fluoro-Deoxyglucose Positron Emission Tomography/Computed Tomography in 
Preoperative Assessment of Suspected Non-Small-Cell Lung Cancer. van Tinteren et al.10 compared 
the management of suspected non-small-cell lung cancer (NSCLC) with and without pre-operative 
fluorine-18-fluoro-deoxyglucose (18F-FDG) positron emission tomography (PET). With the conven-
tional pre-operative evaluation of NSCLC, that is, without FDG PET, 81% of patients underwent tho-
racotomy, and 41% of those thoracotomies were futile (i.e., not potentially curative) because of the 
progression of disease disclosed at surgery. In the series of van Tinteren et al, the surgery-related 
mortality was 6.5%. Adding FDG PET to the pre-operative evaluation reduced the proportion of 
NSCLC patients undergoing thoracotomy to 65%, with only 21% being futile. Thus, a non-curative 
operation was avoided in 20% of patients with the addition of FDG PET. If one extrapolates the fore-
going data to the U.S. population, with 174,470 new cases of lung cancer per year, the conventional 
pre-operative evaluation would result in 174,470 × 0.81 × 0.41 × 0.065 = 3,766 futile surgical deaths 
each year; the addition of FDG PET to the pre-operative evaluation would reduce the number of 
futile surgical deaths per year to 174,470 × 0.65 × 0.21 × 0.065 = 1,547—a gross benefit of FDG PET 
3,766 − 1,547 = 2,219 lives saved per year. However, for a 370-MBq administered activity of FDG in the 
context of PET/computed tomography (CT), the ED is 14 mSv (1.4 rem), and the number of radiogenic 
cancer-related deaths is therefore 174,470 × 1.4 rem × 0.0005/rem = 122, where 0.0005/mrem. Thus, 
the addition of FDG PET/CT to the pre-operative evaluation of suspected lung cancer would result in 
a net benefit of 2,219 − 122 = 2,097 lives saved per year in the US.

Use of Multi-slice Computed Tomography versus Conventional Coronary Angiography in Screening for 
Coronary Artery Disease. Multi-slice computed tomography (MSCT) can reliably identify those patients 
with clinically significant and treatable coronary artery disease (CAD). The ED from the use of MSCT 
is ~14 mSv (1.4 rem).11 Using the LNT model, this would suggest an excess radiogenic cancer death risk 
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of 0.07%. The ED from conventional coronary angiography (CCA) by comparison is ~6 mSv (0.6 rem),11 
suggesting an excess radiogenic cancer death risk of 0.03%. The non-radiogenic, non-contrast mortality 
risk from CCA is 0.11%, according to Noto et al.12 The U.S. population of individuals aged 50–55 years 
(2006) is 18.8 million. The number of excess cancer deaths due to the use of MSCT screening if such 
screening were done would be 13,160 for a single MSCT examination per individual screened. The num-
ber of excess cancer deaths would be 39,480, or 2,627 per year, if each individual were screened every five 
years from age 55 to age 70.

The potential gross benefit of MSCT CAD screening is estimated at 33,500 per year, assuming the 
number of lives saved would be 10% of ~335,000 sudden cardiac deaths per year.13 For an individual hav-
ing a first myocardial infarction at age 68, more than 90% had greater than 75% stenosis in more than 
one vessel,14 which is detectable by MSCT. Conservatively, therefore, the net benefit of MSCT would thus 
be 33,500 − 2,627 = 30,873 lives saved per year in the US.15

Use of Sentinel Node Biopsy versus Standard Axillary Therapy in Operable Breast Cancer. In a multi-
center randomized trial comparing quality-of-life outcomes in clinically node-negative invasive oper-
able breast cancer, the number of sentinel node biopsies was 515 and the number of standard axillary 
therapies 516. The total number of biopsies disclosing node-disseminated breast cancer either by sentinel 
node biopsy or standard axillary therapy was seven. The incidence of lymphedema and sensory loss at 
12 months for sentinel node biopsy was only 37% of that for standard axillary therapy risk.16

The use of 99mTc-labeled sulfur colloid for sentinel node imaging results in an ED of ~0.92  mSv 
(0.092 rem). The use of the LNT model with this dose predicts a number of excess cancer deaths in the 
515 subjects of 0.024, essentially zero. Thus, the net benefit of the use of sentinel node biopsy is a 63% 
reduction in the incidence of lymphedema and arm-sensory loss without any significant increase in 
cancer risk in the 515-subject cohort studied.

Use of Scintigraphic Perfusion Imaging to Predict Peri-operative Cardiac Events in Non-cardiac 
Surgery. The most important cause of peri-operative cardiac mortality and morbidity is myocardial 
infarction (MI) due to occult CAD. In a Veterans Administration (VA) series, the incidence and mor-
tality of such events associated with vascular surgery (most commonly, carotid endarterectomy) were 
13% and 40%–70%, respectively. Based on pre-operative dipyridamole thallium-201 (201Tl) imaging, the 
incidence of peri-operative cardiac events17 was 2% for a severity level of 0 and extent of 0 and 100% 
for a severity level of 3 and extent of 5–6, with 22% of patients have reversible perfusion defects. Thus, 
perfusion imaging was highly accurate for prediction of peri-operative cardiac events. The number of 
vascular surgeries (from the VA database) is ~9,500 per year, and the number of peri-operative cardiac 
deaths (i.e., fatal MIs) is thus estimated as 494 per year. Therefore, the gross benefit of pre-operative 
perfusion imaging with 201Tl is 109 per year, that is, the number of predictable peri-operative cardiac 
deaths (fatal MIs) avoided.

The ED from the 201Tl study is ~24 mSv (2.4 rem). The LNT model would predict 11 excess cancer 
deaths per year, yielding a net benefit of pre-operative myocardial perfusion imaging of 109 − 11 = 98 
lives saved per year. If one considers a rest/stress myocardial perfusion study using 99mTc methoxyiso-
butylisonitrile (MIBI), the ED is ~12 mSv, leading to only 6 excess cancer deaths per year and possible 
greater clinical benefit. Performing cardiac PET with rubidium-82 (82Rb)-, rubidium chloride would 
result in an even lower ED of ~7.5 mSv (0.75 rem)18, thus resulting in a theoretical risk of only 3 cancer 
deaths and a net savings of 106 lives per year.

Ventilation-Perfusion Imaging for Diagnosis of Pulmonary Embolism in Pregnancy. Risks of deep vein 
thrombosis (DVT) and pulmonary emboli (PE) are significant during and after pregnancy. The risk of 
PE is cited as 1 in 1,500 deliveries, or ~7 × 10−4, and ~70% of patients with a known PE have proximal 
DVT.19 Marcus et al.20 estimated that mortality of untreated and treated PE as 12.8% and 0.7%, respec-
tively. They estimated the fetal dose for 99mTc-macroaggregated albumin (MAA) and for 99mTc-diethylene 
triamine pentaacetic acid (DTPA) aerosol using small intestine as a surrogate for the fetus; Russell 
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et al.21 subsequently updated their calculations using the Oak Ridge National Laboratory pregnant 
female phantom series.22 Their dose estimates (mSv/MBq) are:

Radiopharmaceutical Early Pregnancy 3 Months 6 Months 9 Months
99mTc DTPA 1.2 × 102 8.7 × 103 4.1 × 103 4.7 × 103

99mTc MAA 2.8 × 10−3 4.0 × 10−3 5.0 × 10−3 4.0 × 10−3

Assuming administration of 185 MBq of DTPA aerosol and 37 MBq of MAA, fetal doses are 2.3 mSv in 
early pregnancy, 1.8 mSv at three months’ gestation, 0.94 mSv at six months and 1.0 mSv at nine months. 
The ED to the mother is ~1.7 mSv.23

The dose to the fetus is far below the well-accepted threshold for deterministic effects.17,18 Brent notes 
that “There is little doubt that irradiation of the embryo represents a carcinogenic risk, but the magni-
tude of the risk has been extensively debated. The oncogenic risk from exposing the embryo to ionizing 
radiation in the diagnostic range is dwarfed by the spontaneous occurrence of cancer.”17 Given ~6 million 
pregnancies per year, resulting in about 4 million live births (American Pregnancy Association), there 
may be ~2,700 cases of pregnancy-associated PE annually, with a related mortality differential of 323 
cases per year. The predicted number of cancer deaths in the maternal population based in the LNT 
model with these pharmaceuticals is 0.24, or less than 1, resulting in ~320 lives saved assuming curative 
treatment of diagnosed PEs. Matthews,19 among others, considered the use of CT pulmonary angiog-
raphy in the diagnosis of PE, which perhaps may deliver a threefold lower dose to the fetus and an ED 
to the mother of perhaps 20–50 mSv. Assuming the upper-limit estimate of 50 mSv, the LNT model 
yields 7 maternal cancer deaths, with ~316 lives saved.

Head Computed Tomography in Diagnosis of Clinically Important Traumatic Brain Injury after Low-
Risk Trauma in Children. In the U.S., there are 600,000 emergency-room visits, 60,000 hospital admis-
sions, and 7,400 deaths annually associated with pediatric head trauma.24,25 CT is the reference standard 
for emergently diagnosing traumatic brain injuries, and ~50% of children assessed in North American 
emergency rooms for head trauma undergo CT.26 Not surprisingly, such a high frequency of CT scan-
ning in a pediatric population has raised concerns regarding long-term effects, namely, an increased 
risk of cancer. In a study of 42,412 children (including 19,718 younger than two years and 31,694 two 
years and older) presenting to 25 North American emergency rooms within 24 hours of head trauma, 
Kuppermann et al.27 found that the clinical criteria for excluding clinically important traumatic brain 
injury (ciTBI) (normal mental status, no scalp hematoma except frontal, no loss of consciousness or loss 
of consciousness for less than five seconds, non-severe injury mechanism, no palpable skull fracture, 
and acting normally according to the parents) in children younger than two years had both a negative 
predictive value (NPV) and sensitivity for ciTBI of 100%. Any non-zero increase in risk of CT-induced 
cancer, even if theoretical, would not be justified, and therefore CT scanning for diagnosis of ciTBI is 
contraindicated on the basis of radiogenic cancer risk in children younger than two years. In children 
two years and older being evaluated for ciTBI, the forgoing clinical criteria have an NPV of 99.95% and 
a sensitivity of 98.80%. This NPV means that 0.5 out of 10,000 cases of potentially fatal ciTBI would be 
missed on the basis of the clinical criteria. Brenner et al.28 estimated the excess lifetime risk of brain 
cancer mortality for head CT among children two years and older as 2.5 cases per 10,000 CT scans. Thus, 
at least theoretically, there is no net benefit—and actually a net detriment—of CT scanning for ciTBI in 
children two years and older, since there would be 2.5 − 0.5 = 2 more lives lost per 10,000 children with 
than without CT. This, of course, is a very small, theoretical net detriment, and one that is very likely sta-
tistically insignificant. It does, however, illustrate the potential utility of quantitative benefit-risk analyses 
in clinical decision-making.
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15.5 Discussion and Conclusions

The analyses presented are representative “order-of-magnitude” examples from the literature of the ben-
efits and radiogenic risks of medical imaging procedures. Although it is difficult to identify clinical 
studies with the necessary outcome data (i.e., outcomes with and without the relevant the diagnos-
tic study being performed), the approach presented could be extended to other studies. The current 
analyses suffer from several limitations. For example, as described, technical aspects of the procedures 
considered (e.g., the radiopharmaceuticals used, the administered activities, and the CT doses) may be 
somewhat dated. Further, clinical outcomes and the non-radiogenic mortalities and morbidities in the 
clinical scenarios considered are specific to the respective studies and are debatable. Despite these, and 
perhaps other, limitations, the conclusion is clear: overall, the use of radiation in medicine saves hundreds 
to thousands of lives every year, while the theoretical risks predicted by the LNT model are typically orders 
of magnitude smaller.

Importantly, however, there may be clinical scenarios (as illustrated by the analysis of head CT in 
ciTBI in children) in which the quantitative analysis of benefit versus radiogenic risk may indicate that 
a diagnostic imaging procedure is not justified. Thus, our focus on the use of radiation in medicine 
should not be on radiogenic risk exclusively (as is now typically the case) but on reasonable evaluation 
of benefit as well as risk. Risk-focused analyses (to the exclusion of comparable consideration of benefit) 
have led to unwarranted concern in many instances about undergoing needed medical examinations 
that involve ionizing radiation (http://hps.org/publicinformation/ate/cat5.html). Both the American 
Association of Physicists in Medicine and the Society of Nuclear Medicine and Molecular Imaging 
have stated that if a patient foregoes an appropriate medical imaging procedure due to concerns of the 
radiation, it could be detrimental to the patient’s health. Patients should be advised of all risks and 
benefits of any medical procedure, to be sure. Physicians and physicists can speak in general about 
risks being “low” or “negligible” and are often understandably reticent to provide numerical estimates 
of risk. Even if requested, it is inadvisable to provide such numerical estimates for an individual patient 
from an estimated dose of ionizing radiation, although some practitioners may choose to do so. As 
shown here, however, any numerical estimate of risk from a medical procedure using ionizing radia-
tion, if accompanied by a quantitative estimate of the benefits of these examinations to the medical 
population, puts the issue in perspective for the patient. We have outlined numerical values for six 
kinds of medical studies and encourage extension of this analysis to additional examinations and dis-
semination of the results of such analyses to the greater medical and radiation protection communities 
to improve communication of the risks and benefits of medical imaging to patients, their families, and 
society as a whole.
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16.1 Introduction

The United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) was estab-
lished by the United Nations (UN) General Assembly in 1955 to collect and evaluate information on 
levels and effects of ionizing radiation from natural and artificial sources. UNSCEAR has systematically 
reviewed and evaluated the global and regional levels of public and occupational radiological exposure 
and also the exposure of patients, known as medical exposure. It has also evaluated the evidence for 
radiation-induced health effects from studies of Japanese atomic bombing survivors and other exposed 
groups and has reviewed advances in the mechanisms of radiation-induced health effects.

Information on the use of radiation in medicine and the associated exposure is obtained by reviewing 
the scientific literature and through population-based surveys. These surveys are used to identify trends 
in radiological exposure and thus serve as an early indicator of potential safety issues that might require 
attention. They can also be used to identify gaps in treatment capabilities and possible dose variations 
for the same procedure. The surveys provide the background information to underpin advocacy initia-
tives and to develop and implement evidence-based radiation protection policies. This chapter describes 
UNSCEAR’s surveys, including the main findings and the challenges when conducting population-
based surveys and future perspective.
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16.1.1 Historical Review

As early as its initial report in 1958, UNSCEAR recognized that medical exposure was a major 
component of the total exposure due to artificial sources of radiation worldwide, a fact that remains 
true today (UNSCEAR 1958). Since 1962, UNSCEAR has been providing information on medical 
exposure and presents regular, comprehensive evaluations of the levels of ionizing radiation expo-
sure of the population. The UNSCEAR 1962 Report listed annual frequency data in form of number 
of procedures per 1,000 individuals from 20 countries (UNSCEAR 1962). In 1982, UNSCEAR pub-
lished data on annual frequency of specific procedures from 16 countries (UNSCEAR 1982). This 
report was the first to use a survey, developed in cooperation with the World Health Organization 
(WHO), to obtain additional information on diagnostic radiology equipment. This was also the 
first UNSCEAR survey to include information on computed tomography (CT). The UNSCEAR 
(1988) Report greatly expanded the material on medical exposure and an attempt was made to 
estimate the global exposure from medical diagnostic procedures in addition to country-specific 
data. Since the UNSCEAR (2000) Report, the collective effective dose and the per capita effective 
dose have been used to express population dose estimates. The latest evaluation covering global and 
regional levels and trends in medical exposure was completed in 2008 and some of its findings are 
presented below.

16.2  The United Nations Scientific Committee on the Effects 
of Atomic Radiation Medical Exposure Assessment

Medical exposure is defined by the International Commission on Radiological Protection (ICRP 1991) 
as exposures of 

• Patients as part of their medical diagnosis or treatment
• Individuals as part of health screening programs
• Healthy individuals or patients voluntarily participating in medical, biomedical, diagnostic, or 

therapeutic research programs

The scope of UNSCEAR’s evaluations is to estimate the global frequencies of the use of radiological pro-
cedures and the levels of radiation exposure, with a breakdown by radiological procedure or examina-
tion, age and sex of patients, countries, and their corresponding health-care level (HCL). The evaluations 
are based on analyses of the responses to its Global Survey of Medical Radiation Usage and Exposure 
provided by UN Member States and a periodic review of the scientific literature of the three categories 
of medical practices using ionizing radiation: diagnostic radiology (including imaging-guided interven-
tional procedures), nuclear medicine, and radiation therapy.

The concepts of the effective dose and the collective effective dose are used for the evaluations of 
medical exposure with exception for radiation therapy treatments, as the dose levels are too high to be 
expressed in terms of effective dose (UNSCEAR 2000). Further, the collective effective dose estimation 
from medical radiological exposure is used only for comparative purposes of similar populations (i.e., 
patients).

The collective effective dose, expressed in man Sieverts (man Sv), is obtained by multiply-
ing the mean effective dose Ee (Sv) for a radiological procedure by the number of procedures Ne. 
The  numerical value of Ne may be deduced from the annual frequency (number of procedures 
per 1,000 members of the population) and the estimated population size. The collective effective 
dose from all procedures S for the entire population is a summation of the effective dose from all 
procedures: 

 S E Ne e=∑  
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16.2.1 Health-Care Level Model

UNSCEAR’s evaluations are based mainly on information provided by industrialized countries. The 
surveys reveal a lack of data on the frequency and type of radiological procedures in more than half of 
the world’s countries and only fragmentary data from another quarter. Therefore, a method was used to 
extrapolate the existing data and to estimate the availability and frequency of medical use of radiation in 
countries where relevant data were unavailable. Based on a good correlation between the physician-to-
population ratio and the annual frequency of diagnostic radiological procedures, an analytical model was 
developed to enable the estimation of medical radiation exposure on a worldwide basis by grouping coun-
tries with similar resources under a particular HCL (see Table 16.1) (Mettler et al. 1987; UNSCEAR 1988).

UNSCEAR’s HCL model enables an estimation of the number and type of procedures for a given 
country where specific data are unavailable by applying the average annual frequencies of radiological 
procedures from countries of the same HCL.

16.2.2 Survey Findings

The most recent UNSCEAR (2008) Report evaluated the global use of medical exposure from 1997 
to 2007, determined the exposure from various modalities and procedures, and assessed the emerg-
ing trends. According to this, approximately 3.6  billion diagnostic X-ray procedures (including 
approximately 0.5 billion dental procedures) were performed annually worldwide (UNSCEAR 2010). 
Table 16.2 summarizes the estimated annual frequency of diagnostic X-ray procedures and the cor-
responding annual collective effective dose and per capita effective dose for this period globally and 
for each HCL.

TABLE 16.1 Classification of Health-Care Level by the Number of Physicians 
per Population and the Corresponding Population Sizes

HCL
Physicians per 

Million Population
Population in 

Million
Percentage of 

World Population

I >1,000 1,540 24
II 333–1,000 3,153 49
III 100–332 1,009 16
IV <100 744 11

Source: United Nations Scientific Committee on the Effects of Atomic Radiation, 
Sources and effects of ionizing radiation, Volume I: Sources, UNSCEAR 2008 Report to the 
General Assembly with Scientific Annexes A and B, United Nations, New York, 2010.

TABLE 16.2 Estimations of Annual Frequencies of Diagnostic X-ray Procedures 
and Collective Effective Doses Globally and for Each HCL

HCL
Annual Frequency 

per 1,000 People
Annual Collective 

Effective Dose (man Sv)
Annual per Capita 

Effective Dose (mSv)

I 1,332 2,900,000 1.91
II 332 1,000,000 0.32
III 20 33,000 0.03
IV 20 24,000 0.03
Global 488 4,000,000 0.62

Source: United Nations Scientific Committee on the Effects of Atomic Radiation, 
Sources and effects of ionizing radiation, Volume I: Sources, UNSCEAR 2008 Report to 
the General Assembly with Scientific Annexes A and B, United Nations, New York, 2010.
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Figure 16.1 summarizes the global evolution of medical radiological use over two decades for the 
last four UNSCEAR surveys. The total number of diagnostic X-ray procedures has increased continu-
ally over 20 years and the total collective effective dose from medical diagnostic procedures has nearly 
doubled, from 2.3 million man Sv to 4 million man Sv between the periods 1991–1996 and 1997–2007 
(UNSCEAR 2000, 2010). The global average annual per capita effective dose has also increased from 
0.35 mSv in 1988 to 0.62 mSv in 2008 (UNSCEAR 1988, 2010).

The estimated annual collective effective dose from diagnostic nuclear medicine procedures has 
increased from 150,000 to 202,000 man Sv between the periods 1991–1996 and 1997–2007 and by a 
factor 2.7 compared to 74,000 man Sv in the evaluation conducted for the period 1980–1984 as illustrated 
in Figure 16.2 (UNSCEAR 1988, 2000, 2010). The use of nuclear medicine procedures around the 
world is quite variable, with 90% of procedures performed in HCL I countries.

Figure 16.3 provides estimates of the annual collective dose for medical exposures by HCL for the evalu-
ation period 1997–2007. Only 1.5% of all worldwide diagnostic procedures were estimated to be performed 
in HCL III and IV countries, which together account for 27% of the global population. This imbalance 

FIGURE 16.1 Trends in diagnostic X-rays over 20 years.

FIGURE 16.2 Trends in nuclear medicine over 20 years.
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in healthcare practice is also reflected in the availability of radiological equipment and practitioners. The 
extremely rapid growth in the annual frequency of CT procedures in HCL I countries has also resulted 
in a marked increase in the collective effective dose from diagnostic medical exposure (UNSCEAR 2010).

Over five million radiation therapy treatments were conducted annually between 1997 and 2007, up 
from an estimated four million in 1988 (UNSCEAR 1988, 2010). About 4.7 million treatments involved 
teletherapy and only 0.4 million brachytherapy. The annual frequencies of radiation therapy treatments 
during the period 1997–2007 were dominated by procedures performed in HCL I countries, accounting 
for about 70% and 40% of global teletherapy and brachytherapy, respectively (UNSCEAR 2010).

Medical exposure remains by far the largest artificial source of exposure, and it continues to grow 
considerably. The distribution of medical exposures is uneven among countries and regions. Sixty-six 
percent of diagnostic radiology procedures, 90% of nuclear medicine procedures, and 70% of radiation 
therapy treatments are performed in HCL I countries, where only a quarter of the world’s population 
live. In HCL I and II countries, medical uses of radiation have increased from year to year as radiological 
technology have become more widely available.

16.2.3  Limitations of the United Nations Scientific Committee 
on the Effects of Atomic Radiation Surveys

While data are readily available from HCL I and II countries, data from HCL III to IV countries are 
very scarce.

UNSCEAR surveys revealed a range of issues related to participation, survey process, data quality, 
and analysis. In the past, factors such as the noteworthy differences in equipment, health-care work-
force, and systems have resulted in difficulties in obtaining data from many HCL III and IV countries, 
exacerbated by limited local resources and infrastructure to conduct national surveys. The structure, 
consistency, complexity, and, to a less extent, the language used in UNSCEAR’s surveys were also bar-
riers to data collection.

16.2.4 International Surveys and Activities

Relatively few countries around the world conduct national surveys of medical radiation use and expo-
sure on a regular basis. Examples are Germany, Switzerland, and the United Kingdom, which have insti-
tutionalized arrangements to periodically conduct such surveys (Aroua et al. 2002; Brix et al. 2005; Hart 

FIGURE 16.3 Global estimate of medical exposure by HCL (1997–2007).
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and Wall 2004; Nekolla et al. 2017). In addition, focused studies are available in many countries, which 
sample from the overall population or study certain sets of patients and their exposure in some detail.

Further, member countries of the European Union are required by the European Council Directive 
97/43/EURATOM1 to ensure that doses from medical procedures are determined for the population 
(Council of the European Union 1997). Thus, in 2005, the European Commission (EC) launched a proj-
ect to review past surveys of population exposures for medical radiological procedures in Europe in 
order to clarify the different methodologies used, identify the sources of uncertainty, and develop a har-
monized and simplified process for future surveys (EC 2008). This led to the publication of a document 
entitled, “European Guidance on Estimating Population Doses from Medical X-ray Procedures,” which 
provides guidance on the classification of X-ray procedures, the estimation of the frequency of proce-
dures, and the use of the concept of effective dose. In 2011, the EC launched a follow-up project to study 
the doses to the European population from medical exposures, which resulted in an average estimate of 
1 mSv per capita for the European population (EC 2015). A study conducted in the United States in 2006 
estimated an annual per capita effective dose from medical exposure of 3 mSv, which is as high as the 
annual exposure from background radiation (NCRP 2009).

Other relevant international initiatives include the development of the Nuclear Medicine Database 
and the Directory of Radiotherapy Centres database by the International Atomic Energy Agency (IAEA) 
and the collection and publication of data on medical devices by the Nuclear Energy Agency within the 
Organisation for Economic Co-operation and Development countries.

16.2.4.1  The United Nations Scientific Committee on the Effects of Atomic 
Radiation Strategy to Improve Data Collection

UNSCEAR developed an improvement strategy to address the existing deficiencies in data quality and 
collection and to increase participation in future surveys. The major elements of this strategy are an 
improvement in the questionnaires’ structure, consistency, and clarity by applying standardized tax-
onomy and terminology, a simplified questionnaire on frequency of procedures, and relevant dosi-
metric information. Further, the introduction of an electronic data collection platform is the main 
element for improvement as it facilitates the collection, evaluation, and archiving of the submitted data 
(Figure 16.4). It allows the upload of the collected data in a secure and simple manner. Another element 
for improvement is the review of the current HCL model, based on the physician/population ratio, with 

FIGURE 16.4 UNSCEAR’s online data collection platform.

1 The European Basic Safety Standards Directive (2013/59/EURATOM)—to be implemented by EC Member States by 
February 2018—kept this requirement in Article 64 “Estimates of population doses” requesting Member States to ensure 
that the distribution of individual dose estimates from medical exposure is determined.



253Medical Imaging: Approach of the UNSCEAR

a view to adopting the World Bank classification, used also by WHO, which better reflects the impact of 
a country’s economic situation on health-care expenditure. This approach would enable correlation and 
analysis of medical exposure data and other relevant public health data (Shannoun 2012).

Finally, UNSCEAR will focus on those procedures with substantial contribution to the collective 
effective dose similar to the methodology used by the European DOSE DATAMED project (EC 2008) 
and will further obtain relevant data, in a cooperative and sustainable manner, from other reliable 
sources, such as international and regional organizations and professional associations.

16.3 Health Effects of Medical Radiation Exposure

One of the challenges relating to the interpretation, analysis, and use of radiation exposure data is the 
uncertainty when attributing cancer risk to ionizing radiation exposure. In epidemiological studies of 
populations exposed to radiation, there are statistical fluctuations and uncertainties due to selection and 
information bias; exposure and dose evaluation; and model assumptions used when evaluating data. In 
addition, transferring the risk estimate based on data from an epidemiological study to a population of 
interest may not be entirely valid because of differences in location, setting, data collection period, age 
and gender profile, dose or dose rate, type of radiation, and acute versus protracted exposures. This is 
especially true for patients, as their age distribution may differ from that of the general population. The 
uncertainty when estimating cancer risk from exposure to ionizing radiation is often not taken into 
account. For solid cancers after an exposure of 100 mSv, the uncertainty in risk estimates could differ by 
a factor of two–three, and the uncertainty of excess risk for a specific cancer type is considerably higher 
than for all solid cancers. Thus, uncertainties in estimating cancer risk from ionizing radiation exposure 
need to be considered when attributing health effects to radiation exposure (UNSCEAR 2015).

It is important to distinguish between a manifest “health effect” and “health risk” (likelihood for a 
future health effect to occur), when describing the health impacts of radiological exposure for an indi-
vidual or population. When evaluating the health effects and risks from medical radiation exposure 
for a given population, one of the challenges is statistical fluctuation. For low-linear energy transfer 
(LET) radiation such as X-rays and gamma rays, the lower the dose is, the higher the uncertainty. The 
uncertainty increases when extrapolating the probability of effects at moderate doses to that at low and 
very low doses. Therefore, it is not surprising that a statistically significant increase in radiation-induced 
cancer can only be observed at exposures of 100 mSv or above (UNSCEAR 2015).

A manifest health effect in an individual can be unequivocally attributed to radiation exposure only 
if other possible causes for an observable tissue reaction such as skin burns (deterministic effect) are 
excluded. Malignancies (stochastic effects) cannot be unequivocally attributed to radiation exposure 
because radiation is not the only possible cause, and there are at present no known biomarkers that are 
specific to radiation exposure. A manifest increased incidence of stochastic effects in a population can 
only be attributed to radiation exposure through epidemiological analysis, provided the increased inci-
dence is sufficient to overcome the inherent statistical uncertainties (UNSCEAR 2015).

In general, a manifest increased incidence of health effects in a population cannot reliably be attrib-
uted to radiation exposures at levels that are typical of the global average background levels of radiation. 
The reasons include (1) the uncertainties associated with risk evaluation at low doses, (2) the absence of 
radiation-specific biomarkers for health effects, and (3) the insufficient statistical power of epidemio-
logical studies (UNSCEAR 2015).

When estimating radiation-induced health effects in a population exposed to incremental doses at 
levels equivalent to or below natural background, it is not generally recommended to do this simply by 
extrapolation effects at very low doses to a large number of individuals. However, UNSCEAR recognizes 
there is a need for estimations to assist health authorities in allocating resources appropriately and in 
comparing the incidence of health effect from different hazardous sources. This is only valid provided 
when applied consistently, the uncertainties in the estimations are fully taken into account, and the 
health effects are hypothetical (UNSCEAR 2015).
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16.4 Conclusion

If used appropriately radiation-based medical imaging can be beneficial to patients by improving 
the detection, diagnosis, and treatment of disease. If applied in an inappropriate way, it can be 
ineffective, increase the risks of radiation-induced disease, adversely affect health, or even threaten 
life. UNSCEAR has no direct mandate in radiation protection; its work is strictly focused on the 
collection, collation, analysis, and publication of medical radiation exposure data to deduce levels, 
impact, and trends. However, UNSCEAR’s surveys and evaluations do provide a scientific founda-
tion to improve the basic understanding of the levels of radiation to which individuals are exposed 
and of radiation-induced health effects. The scientific findings and data provided by UNSCEAR 
have been used by other UN agencies to formulate international radiation protection frameworks, 
such as IAEA’s International Action Plan for the Radiological Protection of Patients (IAEA 2002), 
and WHO’s Global Initiative on Radiation Safety in Health Care Settings (WHO 2008) and, 
more recently, the Bonn Call for Action, which emphasizes the need for increased availability of 
improved global information on medical exposure and occupational exposure in medicine (IAEA 
and WHO 2012).

UNSCEAR’s evaluations of global medical exposure are based mainly on responses from industri-
alized countries. From the lessons learned from past surveys, UNSCEAR has developed innovative 
solutions to improve future collection and analysis of information on diagnostic radiology, nuclear 
medicine, and radiation therapy. For example, cooperative arrangements with WHO and the IAEA have 
been established to improve the collection of data on the frequency of medical radiological procedures, 
particularly in developing countries where this information is scarce.

Increasing medical exposure worldwide is likely associated with increased health benefits to the pop-
ulation as patients receive a direct benefit from their exposures. Explicit comparison of doses resulting 
from medical exposures with other sources is therefore scientifically incorrect. The age distribution of 
patients receiving medical radiological exposure is normally older than that of the general population. 
In contrast, the introduction of new technologies has, in some instances, resulted in an increased use 
of medical radiation. While the magnitude of medical exposures can be assessed, it is very difficult to 
estimate the associated health risks. Despite the global increase in demand for diagnostic radiology 
procedures, their use should be underpinned by evidence-based referral guidelines and optimization of 
radiation protection (IAEA 2014; ICRP 2007).

UNSCEAR data are widely used to develop and update evidence-based radiation protection and 
radiation safety recommendations and guidance. To ensure data quality and relevance, the support of 
national authorities and their participation in surveys are essential. The advocacy by and contribution 
from other stakeholders, including national and international professional organizations and radiologi-
cal societies in data collection, is highly encouraged.

UNSCEAR’s mandate has not changed over the past decades but its role as the principal focal 
point for international information exchange on ionizing radiation and its levels and effects have 
evolved as a result of the revolution in information technology. While communication advances 
have facilitated data dissemination and information sharing, UNSCEAR’s coordinating role and 
experience in global radiation exposure evaluation have remained invaluable. There is a need to 
continue to review, digest, and integrate the plethora of relevant data and to establish scientific con-
sensus so that policy-makers and other stakeholders can act accordingly. Despite the current level 
of knowledge of medical radiation exposure and radiation-induced health effects, more targeted 
research is needed. There are uncertainties in estimating the cancer risk due to ionizing radiation 
and in attributing health effects to and inferring risk from medical radiation exposure. An improved 
understanding in these areas, based on research, evidence, and robust scientific debate, will lead to 
better application of survey data, more informed decision-making, and targeted action on radiation 
protection and safety.
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17
Informed Decision-Making 

in Medical Imaging

Anand M. 
Prabhakar and 
James A. Brink

17.1 Introduction

It is generally accepted that medical imaging with ionizing radiation has the potential to cause cancer, 
though this remains uncertain and controversial (ICRP 2007). However, the actual risk to the patient, 
if any, remains unknown and is heavily dependent on patient characteristics, such as age and gender. 
As the risks associated with medical imaging radiation exposure have percolated through the popular 
press, physicians at times are now discussing imaging radiation exposure directly with patients. To 
document this discussion for medical–legal reasons, an informed consent process has been proposed. 
However, a more patient-centered approach, known as informed decision-making, may be more appro-
priate in this setting. This chapter will discuss informed consent and informed decision-making as it 
applies to medical imaging radiation exposure.

17.1.1 What Is Informed Consent?

The relationship between a patient and physician is sacred. Today, when patients present to their 
physician, there is a reasonable expectation that the physician will be forthcoming with all clinical 
information to allow their patients to actively participate in the treatment decision-making process. 
However, this was not always the case. Hippocrates, the father of ancient medicine, advised a pater-
nalistic approach to treating patients, and physicians made the treatment decisions for patients (Miles 
2009). Discussing risks with patients was atypical, because physicians were considered untrustworthy 
by patients if they disclosed possible complications of a treatment.

One of the earliest examples of informed consent was in the fourteenth century, when patients 
were asked to sign a “hold harmless document” to protect the physician from legal exposure related to 
complications from therapies (Leclercq et al. 2010). In 1767, one of the first medical malpractice cases 
involved a patient who claimed he was not informed about a novel medical treatment for a fractured 
leg (Annas 2012). Similar case law evolved over the next two centuries until Justice Benjamin Cardozo 
famously declared in 1914s Schoendorff vs. Society of New York Hospital, “Every human being of adult 
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years and sound mind has a right to determine what shall be done with his own body, and a surgeon who 
performs an operation without the patient’s consent commits an assault for which he is liable in damages” 
(Leclercq et al. 2010). It was not until the 1957 case Salgo vs. Leland Stanford, Jr. University Board of Trustees 
when the term “informed consent” was coined. In that case, a patient became paralyzed after aortography 
and claimed he was not informed of the procedure risk (Leclercq et al. 2010). Since then, the concept of 
informed consent has continued to evolve because numerous legal cases have been encountered.

The American Medical Association stipulates the key components of the informed consent process 
that physicians should discuss with their patients: (1) the diagnosis, if known; (2) the nature and purpose 
of the proposed treatment or procedure; (3) the risks and benefits of a proposed treatment or procedure; 
(4) alternatives (regardless of their cost or the extent to which the treatment options are covered by 
health insurance); (5) the risks and benefits of the alternative treatment or procedure; and (6) the risks 
and benefits of not receiving or undergoing a treatment or procedure (Brink et al. 2012).

The radiology community has further defined informed consent for image-guided procedures 
through the American College of Radiology - Society of Interventional Radiology (ACR-SIR) (2011) 
guidelines, which are composed of the following elements (ACR 2014): 

 1. The purpose and nature of the procedure or treatment
 2. The method by which the procedure or treatment will be performed
 3. The risks, complications, and expected benefits or effects of such procedure or treatment
 4. The risk of not accepting the procedure or treatment
 5. Any reasonable alternatives to the procedure or treatment and their most likely risks and benefits
 6. The right to refuse the procedure or treatment

17.1.2 Why Is Informed Consent Flawed with Respect to Radiation Dose?

The crux of the argument against using informed consent with respect to medical imaging radiation 
dose is that the actual cancer risk of radiation exposure is unknown and therefore cannot exactly be 
communicated to patients. In addition, risks of diagnostic radiology are very low and likely far less 
than that of alternative, more invasive procedures, such as an abdominal computed tomography (CT) 
vs. diagnostic laparoscopy. Therefore, it is not possible to address one of the main requirements of 
informed consent as established by the American Medical Association (AMA), the American College 
of Radiology (ACR), and SIR.

The empirical risks of low levels of radiation exposure were highlighted in the late 1990s by the 
Radiation Effects Research Foundation, which performed a longitudinal study of 35,000 survivors of 
the atomic bombs of Hiroshima and Nagasaki who were exposed to radiation doses of less than 150 mSv 
(Pierce and Preston 2000). Exposures of 5–150 mSv were found to be associated with a statistically sig-
nificant risk of cancer, which prompted the U.S. Food and Drug Administration (2014) to suggest that a 
10 mSv exposure from a CT scan could increase the risk of a fatal cancer by 1 in 2000.

The estimates of radiation-induced cancer risks among atomic bomb survivors are based on extrapo-
lations using the linear no-threshold (LNT) hypothesis, a concept well covered in this textbook, and 
suffers from several weaknesses when applied to medical imaging. First, the type and dose of the atomic 
bomb radiation differs from those of medical imaging radiation, making it difficult to translate the risks 
of the former to the latter. Second, the risk of cancer of 1 in 2000 is based on exposure of the general 
population; however, most CT radiation exposure occurs in the elderly, who are at lower risk of develop-
ing cancer from ionizing radiation. Third, there is evidence that the LNT hypothesis is invalid because 
cell DNA repair occurs with doses up to 50 mSv (Tubiana et al. 2009). Given these uncertainties, it would 
be impossible to precisely communicate risk within the requirements of the informed consent process.

Besides the lack of precise risk quantification, informed consent has evolved into a legal document 
that requires a patient’s signature, rather than its intended purpose of making patients aware of the risks 
and benefits of medical treatments and testing. Patients generally demonstrate a poor understanding and 
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retention of information conveyed in the usual informed consent process (Institute of Medicine 2004). 
For example, Byrne et al. (1988) demonstrated that after informed consent was obtained, 27% of surgical 
patients were unaware of which organ was being operated on. Patients also have a poor understanding of 
the risks of medical procedures that are conveyed during the informed consent process. Holmboe et al. 
(2000) showed that 46% of patients could not recall one complication associated with percutaneous coro-
nary revascularization. In addition, to further reinforce the notion that informed consent has deviated 
from its intended purpose, another study showed that 62% of patients felt that the pre-operative informed 
consent process was for legal protection of doctors (Saw et al. 1994).

Given the weaknesses in the informed consent process, a more patient-centered model is emerging 
that focuses on providing patient’s more rather than less information to help them make a decision. This 
model is called “informed decision-making” and is consistent with the new concept of patient-centered 
care, as emphasized in the Affordable Care Act of 2010 and by the Institute of Medicine.

17.1.3 What Is Informed Decision-Making?

Informed decision-making is a “meaningful dialogue between physician and patient instead of unidi-
rectional, dutiful disclosure of alternatives, risks, and benefits by the physician” (Braddock et al. 1999). 
Informed decision-making is more formal than traditional methods of clinical decision-making, utiliz-
ing guided-discussion tools such as flowcharts, videotapes, and interactive presentations. Ideally, risks 
are compared to real-life scenarios (such as the risk of dying in a car accident). When a patient presents 
to their physician to discuss the necessity of an imaging test, the physician will spend a part of the time 
dedicated for patient counseling to review these tools with the patient.

The role of the radiologist in directly participating in the informed decision-making discussion with 
patients is unclear, and more research is needed in this area. Until then, radiologists can support their 
referring physicians by providing the most relevant information for patients and referring physicians. In 
November 2009, the ACR, the Radiological Society of North America (RSNA), the American Association 
of Physicists in Medicine (AAPM), and the American Society of Radiologic Technologists (ASRT) 
addressed the lack of an organized educational initiative regarding the risks of medical imaging with 
ionizing radiation by launching Image Wisely, a social marketing campaign to improve awareness and 
provide educational materials about the benefits and risks of adult medical imaging (Brink and Amis 
2010). The purpose of the Image Wisely website is to make available the best educational materials related 
to medical imaging radiation exposure in addition to assisting radiologists with dose reduction strategies 
for their practice. Image Wisely provides links to a radiology patient education website Radiologyinfo.
org, a public information site also co-sponsored by the ACR and RSNA. Among other public information 
related to imaging tests and procedures, Radiology Info contains patient education material and videos 
related to radiation exposure and the associated risks.

There is recent evidence that patients wish to be informed about radiation risks prior to making deci-
sions regarding medical imaging. Robey et al. (2014) surveyed both emergency medicine physicians and 
patients regarding their attitudes towards radiation risk discussions. This study demonstrated that 66% 
of surveyed patients wanted to discuss the risk of radiation during all encounters and indicated that 
a written handout would be the preferred method. Similarly, 75% of emergency medicine physicians 
indicated that they would like to discuss radiation dose almost all of the time with patients. Physicians 
in this study were concerned about using a written handout to explain radiation risks because they felt 
that handouts could be inaccurate and not likely to be read by patients.

Radiologists may also find themselves in situations where they are performing the informed 
 decision-making process directly with patients. For example, in higher-risk situations, such as those 
involving pediatric and pregnant patients, referring physicians may defer to the expertise of radiologists 
in discussions regarding imaging these patients. Interventional radiologists, who routinely use ioniz-
ing radiation to perform minimally invasive procedures, obtain informed consent for their procedures 
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directly from patients. As part of that discussion, procedural radiation risks can also be discussed, assisted 
by decision aids. In this case, the consent form can incorporate the informed decision-making process for 
radiation and procedural risks.

17.2 Special Circumstances

17.2.1 Pediatrics

Pediatric patients are the most vulnerable to radiation exposure, given their rapidly dividing cells and 
their long life expectancy. In addition, the use of CT imaging in pediatric patients increased threefold 
in patients aged 5–14 between 1997 and 2005 (Miglioretti et al. 2013). Medical decisions for most pedi-
atric patients are typically made by their parents, so it would be difficult to engage the patient directly. 
However, parents may be able to be engaged about the risks of radiation exposure. Boutis et al. (2013) 
demonstrated that nearly 47% of parents were aware of the possible increased risk of lifetime malig-
nancy in their children. In addition, 91% of parents wished to discuss the risks of radiation-induced 
cancers in their children. Thus, informed decision-making in this population is paramount.

In response to the increased use of CT in pediatric patients and the need to communicate risks to 
parents, the Alliance for Radiation Safety in Pediatric Imaging was founded by the Society for Pediatric 
Radiology (SPR), ACR, ASRT, and AAPM in July 2007. In addition to providing strategies to decrease 
the dose of pediatric exposures, the campaign created a website that provides both referring physicians 
and parents with information about the risks of medical imaging radiation exposure. These tools can be 
used to help guide informed decision-making discussions with parents.

17.2.2 Pregnant Patients

Radiation risks to the fetus in pregnant patients pose the highest risk due to the rapidly dividing cells 
during development and are well covered in this textbook. Weighing the risks and benefits to both the 
mother and fetus is essential, and it is thus important to perform an informed decision-making discus-
sion with the patient.

The ACR and SPR have released practice guidelines for imaging pregnant, or potentially pregnant, 
patients with ionizing radiation, which contain comprehensive background material to help physicians 
guide patient discussions (ACR 2014). These practice guidelines recommend that informed consent be 
obtained, given the potential risks to pregnant patients. Although the informed-consent discussion 
does suffer from the limitations described in this chapter, in this case, the documentation provided by 
obtaining informed consent may avoid malpractice litigation.

17.3 Conclusions

Patient-centered care is a new and important concept. Informed consent suffers from a number of weak-
nesses, and thus informed decision-making can allow physicians to better communicate with patients 
about the risks of medical imaging radiation exposure. Future directions should explore the possibility 
of radiologists discussing these risks directly with patients as a means of improving patient interactions 
and the perception of radiologists.
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18
Communicating 

Risks and Benefits of 
Medical Imaging: The 

Patient Perspective

Geoffrey S. Gold 
and Jennifer L. Hay

18.1 Introduction

Over the past two decades, technological advances in medical imaging have greatly improved physicians’ 
abilities to diagnose, characterize, and monitor disease (Baerlocher and Detsky 2010). Such advances, 
including improved resolution and overall image quality as well as enhanced availability and access to 
diagnostic radiology tests, have been associated with dramatically improved treatment and diagnosis of 
cancer and neurological diseases, shorter hospital stays, a reduction of exploratory surgeries, and other 
clinical benefits (Hricak et al. 2010). Successes in medical imaging have led to increased use of these tests; 
some estimates indicate that use of medical imaging in the United States has increased sixfold in the 
past 25 years (Mettler et al. 2009; National Council on Radiation Protection and Measurements 2009). 
At the same time, however, ionizing radiation exposure associated with medical imaging—medical 
imaging radiation (MIR)—now accounts for one of the two major contributors to overall radiation 
exposure in the general population, alongside natural background radiation (National Council on 
Radiation Protection and Measurements 2009).

Given this dramatic increase in MIR exposure, the medical community has increasingly addressed 
the importance of careful, judicious medical decision-making regarding the clinical necessity of imag-
ing tests that deliver MIR, with consideration of potential ways to reduce this exposure when possible 
(Hricak et al. 2010; Nievelstein and Frush 2012). Efforts to encourage radiologists to use scientific data 
and new technology to keep doses “as low as reasonably achievable,” while not compromising qual-
ity of care, codified as the ALARA principle, have operationalized these considerations (International 
Commission on Radiation Protection 1991; Ludwig and Turner 2002; National Council on Radiation 
Protection and Measurements 2009; Baerlocher and Detsky 2010; Dainiak 2013). For example, the 
ALARA principle promotes physician consideration of test choice, use of better technologies, and the 
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elimination of unnecessary tests to reduce MIR (Kaste 2009; Hricak et al. 2010). The ALARA principle 
also includes specific consideration of patient characteristics such as age at exposure, gender, body loca-
tion of the test, and whether that body site has already been heavily imaged, factors that may contrib-
ute to higher or unnecessary risk (Hricak et al. 2010). However, not all clinicians consider ALARA an 
appropriate principle to guide dialogues. The counterargument equates MIR risks with other mundane 
sources of risk that do not require focused attention and long-term planning.

Another effort to sensitize health-care providers to the radiation risks faced by children, in particular, 
is the Image Gently Campaign (http://www.imagegently.org). Image Gently is an organized effort by 
the radiology, imaging, and broader medical community to increase patient knowledge and encourage 
collaboration regarding MIR. Views vary widely on the campaign’s ability to inform patients without 
cultivating excessive concerns leading to a debate about its future.

Yet rapidly developing scientific literature as well as the mainstream press has begun to address public 
perspectives about MIR. One important aspect of this debate involves whether, and how, patients themselves 
should be involved in evaluating the risks and benefits of tests that are recommended to them, and whether 
full informed consent for medical imaging is a worthwhile or even feasible goal (Karsli et al. 2009; Baerlocher 
and Detsky 2010; Nievelstein and Frush 2012). In the context of patient-centered approaches to medical care, 
the patient perspective on medical imaging has become increasingly central to these discussions (Baerlocher 
and Detsky 2010; Dauer et al. 2011; Nievelstein and Frush 2012). Providers and researchers have begun to 
adopt a number of approaches to communicating the risks and benefits of MIR. Such approaches include 
comparison of amount of radiation in an imaging test to that of life exposure, such as during airplane flight 
(Larson et al. 2007; Jafari and Daus 2013), or use of visuals and text to communicate risks in the form of 
expected cancer diagnosis rate based on a specific test (Schonberg et al. 2014). The assumption underlying 
these efforts is that patients should have some understanding of the MIR risks that they face in order to 
be engaged and empowered participants in their own care (Baerlocher and Detsky 2010; Dauer et al. 2011; 
Nievelstein and Frush 2012). Complicating such efforts are the large uncertainties regarding the magnitude 
of risks associated with MIR and the possibility that there are, in fact, no actual risks of MIR.

While well-intentioned, existing approaches to communicating risks and benefits of medical imag-
ing have been developed largely in the absence of literature substantiating patient perspectives, including 
patient comprehension or satisfaction with the information provided, which may vary based on a range of 
patient beliefs, attitudes, and personal preferences (Ludwig and Turner 2002; Picano 2004; Viswanath et al. 
2006; Larson et al. 2007; Goske and Bulas 2009; Kiviniemi and Hay 2012; Nievelstein and Frush 2012; Busey 
et al. 2013; Khaliq et al. 2013; McNierney-Moore et al. 2015; Repplinger et al. 2016). Lack of attention to the 
patient perspective, paired with increasing attention to MIR in the news media, may lead those referred for 
medical imaging to formulate beliefs about their own personal exposure to MIR that may be grounded in 
emotional responses to personal risk from MIR rather than the specific statistical likelihood of harm (Slovic 
1987; Peters et al. 2004); this has the potential to influence ultimate decisions about imaging (Slovic and 
Peters 2006). A content analysis of 2010 print and online news showed a relatively neutral presentation of 
medical imaging (Maloney et al. 2013); overall, most articles reference radiation in a neutral context (40.1%), 
with roughly one-third of references that are negative (31.4%) and a smaller proportion of positive refer-
ences (21.8%). Sports and news sections were more likely to present neutral representations of radiation and 
medical imaging, but health sections presented mostly negatively coded verbiage. Further, for articles that 
were specifically about risks and benefits of medical imaging radiation, negative sentences were twice as 
common as positive sentences. Unfortunately, an overestimation of risk could potentially leave patients with 
unwarranted anxieties or fears or influence them to refuse medical imaging tests critical to their health care.

18.2 Public Knowledge, Attitudes, Beliefs, and Preferences

Public perspectives regarding communication of the risks and benefits of medical imaging likely 
encompass a broad array of beliefs, attitudes, and preferences. Individuals vary not only on how they 
understand the form, function, and risks of medical imaging but also on preferred communication 

http://www.imagegently.org
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needs and patient-centered care practices. Understanding patient perspectives allows those who seek to 
communicate risks and benefits a greater likelihood of ensuring that the patient experiences a sense of 
engagement in the process by which medical imaging has been recommended to them, and thus feels 
sufficiently informed and satisfied with the information received about the benefits and risks of medical 
imaging.

18.2.1 Knowledge

Evidence suggests that patients are not sufficiently informed about radiation in general and MIR in par-
ticular. In a cross-sectional shopping mall survey (N = 200), participants reported that they associated 
the term, “nuclear,” mostly with energy (65%) and war (25%), with only 7% associating the term with 
medicine. When asked what they thought caused most radiation-related cancers, most participants said 
sunrays (58.5%) or that they did not know (22.5%), with only 6% reporting that medical imaging was 
a cause of radiation cancers. Interestingly, however, nearly one-third of participants also believed that 
medical imaging is the leading source of exposure to radiation (Ludwig and Turner 2002). One potential 
outcome of poor knowledge is an inaccurate sense of risk. For instance, in the same study, less than a 
quarter of participants agreed with expert opinions that radiation exposure does not cause permanent 
biologic damage, and only 20% of the sample agreed with experts that living near a properly function-
ing nuclear reactor does not increase radiation exposure (Ludwig and Turner 2002). Alternatively, Busey 
and colleagues (2013) found that about one-third of randomly selected patients at a large academic medi-
cal center waiting to undergo non-urgent computed tomography (CT) and cardiac single photon emis-
sion computed tomography (SPECT), tests that deliver radiation, did not know they were being exposed 
to radiation at all, and of those who did, many vastly underestimated the associated health risks.

Similarly, Takakuwa et al. (2010) reported low levels of accurate risk knowledge in emergency room 
patients about to undergo medical imaging, with 41% incorrectly reporting that CT scans and chest 
radiographs gave the same amount of radiation and 25% reporting that CT scans used less radiation 
than radiographs. Further, a mere 7% of participants accurately described CT radiation doses as signifi-
cantly higher than doses from chest x-rays. These authors also found that knowledge deficits and inac-
curacies about MIR are higher in those with lower educational attainment, non-white race, and older 
age, which could be related to general knowledge base, access to care, and/or general attitudes towards 
the medical system or science. Further evidence reported by Repplinger and colleagues (2016) suggests 
that most emergency room patients’ perceptions of medical imaging radiation were inaccurate. Among 
500 such patients, 14% understood the relative difference between CT and chest x-ray, and 22% under-
stood that MRI does not use ionizing radiation. However, 25% believed abdominal CTs increased cancer 
risk, while 55% believed that MRI increased cancer risk. While higher educational level and experience 
as a health-care professional were associated with more accurate responses, a significant majority of 
responses were incorrect for all questions.

Another study assessing knowledge in an emergency room setting aimed to identify demographic factors 
related to knowledge of radiation risk. McNierney-Moore and colleagues (2015) found evidence suggesting 
poor knowledge among participants (N = 600) regarding relative exposure from CT versus background 
radiation, lifetime risk of cancer following exposure, and relative exposure from CT versus chest x-ray. 
A multivariate logistic regression suggests no association between knowledge levels and education, gender, 
age, or ethnicity. However, compared to participants who earned less than $20,000 per year, participants 
with yearly income over $20,000 were more likely to demonstrate better knowledge. Knowledge of clinical 
guidelines about screening tests (e.g., at what age to begin or repeat mammography screening) is poor in 
general population samples (Kiviniemi and Hay 2012; Allen et al. 2013; Stoll et al. 2014) and could lead to 
over- or under-utilization of tests that deliver MIR.

Finally, Thornton and colleagues (2015) suggest high levels of uncertainty about which types of 
tests exposed the patient to radiation in a focus-group study in a cancer treatment setting. Concerns 
were raised about whether they had received the correct or best test and whether the use of multiple 
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tests might possibly be redundant. This study indicated that insufficient knowledge contributed to 
patients feeling left out of the testing decision process and also contributed to distress about their 
medical care.

18.2.2 Attitudes and Beliefs

Patients’ attitudes, such as evaluations and presumptions, towards communication about medical imag-
ing are crucial for guiding efforts to improve the presentation of risk-benefit information. Research 
suggests that varied attitudes regarding MIR exist among patients (Ludwig and Turner 2002; Takakuwa 
et al. 2010; Hollada et al. 2014; Thornton et al. 2015). Hollada and colleagues (2014) reported that among 
80 individuals undergoing research studies involving CT scans, those willing to participate in the study 
prioritized helping the medical community rather than MIR concerns, with those declining participa-
tion more concerned about MIR. Takakuwa et al. (2010) found that about three-quarters of patients wait-
ing for CT scanning in an urban hospital setting undergoing CT scans either agreed (45%) or strongly 
agreed (28%) that a physician’s ability to diagnose a condition using CT overshadows the importance 
of the risks radiation exposure from CT. Additionally, these patients were asked about their attitude 
towards shared decision-making for their CT as opposed to physician judgment. Interestingly, 62% of 
the sample either agreed or strongly agreed that it was more important that a physician discuss risks 
and benefits of a test than for the physician to simply recommend the best diagnostic test based on their 
judgment; black patients were more likely to agree than whites, and those with lower pain scores were 
significantly more likely to agree than those with higher pain scores.

Thornton and colleagues (2015) found that among cancer patients and parents of children with cancer 
there were expressions of indifference about testing risks, and they often justified this with the substan-
tial distress they experienced in relation to the uncertainties of their illnesses. For these participants, the 
looming threat of chronic illness that could be alleviated with diagnostic information outweighed con-
cerns about long-term risks of radiation exposure, and thus they deprioritized discussions of risks and 
benefits of imaging radiation with their physicians. Further, attitudes appeared to vary by severity of 
cancer treatment trajectory. For instance, some patients with late-stage cancer reported that shared 
decision-making for medical imaging tests was a low priority, considering that they viewed these tests as 
non-negotiable components of potentially life-saving experimental protocols. These patients cited their 
hope in the experimental treatment and their trust in the medical providers as factors that influence 
their attitudes. Yet some of these patients endorsed the availability of benefit-risk information for medi-
cal imaging, claiming it should be available to all patients as a part of routine care. In addition, some 
of those who had completed treatment and considered themselves cancer survivors reported growing 
interest and concern in MIR as they became aware of their need for lifelong surveillance.

18.2.3 Preferences

A growing literature has begun to identify a wide range of patient preferences regarding communication 
in the context of medical imaging tests (Picano 2004; Larson et al. 2007; Dauer et al. 2011; Jafari 2013; 
Thornton et al. 2015). Thornton and colleagues (2015) found that among the cohort of cancer patients 
they interviewed, many expressed a more nuanced interest in information about imaging and radia-
tion well beyond the specific risks and benefits of the single test in question. Such information includes 
whether and how risk accumulates from multiple test studies over time, whether tests like an MRI could 
substitute for the radiation-exposing tests like CT, and whether longer waiting periods between sched-
uled scans would be an option to curb accumulation of possible radiation damage. They had preferences 
for information that would justify why, specifically, a CT scan was being ordered, and whether the image 
from positron emission tomography (PET) or magnetic resonance imaging (MRI) would be an appro-
priate alternative. Participants expressed confusion about different tests, and stated that this knowledge 
could be critical to their decision-making as to whether to undergo a test. Some participants asked for 
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help keeping track of their radiation exposure with a schedule of planned tests or a personal history 
record of radiation exposure. Clearly, many cancer patients in this study understood that accumula-
tion of radiation exposure potentially increases the associated health risks and that the decision to get 
a test may involve a complex array of variables. Patient preferences for resources to help them make the 
best decisions for their own health care were well articulated in this study of cancer patients. This study 
indicates that patients may well have specific preferences for information that goes beyond explication of 
the risks and benefits of any specific test, and may want more personalized information tailored to their 
own medical context and imaging history to help them make decisions about imaging tests over time.

In addition, Takakuwa et al. (2010) explored preferences towards two trade-offs for a hypothetical 
medical imaging study—test accuracy on the one hand and radiation exposure on the other—among 
emergency room patients waiting to undergo CT. Participants were asked whether they would prefer a 
test that exposes the individual to higher doses of radiation and risk but provides clearer, more definite 
diagnostic information. Participants narrowly supported the option for a better test with more radiation 
exposure, with no differences in terms of age, gender, or education. These findings indicate that par-
ticipants place a slightly greater value on physicians’ abilities to diagnose an illness than on MIR risks.

18.3 Addressing Patient Needs

Given that knowledge, attitudes, beliefs, and preferences towards communication vary by individual, 
some researchers are testing interventions to enhance and personalize risk communication practices. 
In an intervention study to improve knowledge, Larson and colleagues (2007) provided an informa-
tional leaflet to 100 parents of children who were undergoing non-emergent CT studies in a children’s 
hospital. This brief double-sided leaflet provided information on one side in the form of concise text and 
simple images concerning what CT is, what x-rays are, and how an x-ray film differs from CT in terms 
of purpose and radiation dose. The other side of the handout included a small table that lists radiation 
doses of CT as compared to a standard daily background radiation estimate. While the handout clearly 
expresses risks of CT and radiation, it also provides information about benefits of CT and how the 
hospital attempts to minimize radiation doses. There were significant improvements in knowledge after 
exposure to the pamphlet. For example, knowledge that CT uses radiation significantly increased from 
66% at pretest to 99% at posttest. Similarly, after participant exposure to the handout, knowledge that 
CT may increase lifetime risk of cancer increased from 13% at pretest to 86% at posttest. Most partici-
pants (59%) reported that the information in the pamphlet was either new to them or helped to clarify 
their understanding. Of note, most participants report the same level of concern for MIR as they did 
before exposure to the information, with only 14% reporting increased concern and 5% decreased con-
cern. No parents opted out of the CT scan after exposure to the pamphlet. This informational pamphlet 
represents the potential that health communicators can present MIR risk information in a way that the 
individual will find comprehensible without raising unsubstantiated concerns or reducing test consent. 
This study provides evidence that individuals with minimal or no knowledge about medical imaging 
radiation or risks can benefit from a simple informational pamphlet that takes about five minutes to 
read and that concern about MIR does not become a major issue. This new information will allow these 
individuals to make informed decisions about medical imaging tests in the future.

Other efforts to address patient needs involve finding ways to actually reduce radiation dose. Such 
efforts involve shorter exposure times, lower radiation doses made possible with technological advances, 
and increased specificity in clinical decision guidelines regarding imaging tests, as well as recom-
mended education programs that could help patients undergoing testing to remain directly involved in 
the decision-making process to self-regulate their imaging choices (Hricak et al. 2010). More appropriate 
use of imaging could involve replacing CT with other imaging modalities, such as for patients experi-
encing abdominal pain, chest trauma, and minor head injuries. For example, accurate determination of 
local tumor extent for patients with primary bone disease is not significantly different for CT and MRI 
(Panicek et al. 1997). The goal is to determine which diagnostic procedure is best for a given patient in 
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a given situation, and in this context, if the use of ionizing radiation is warranted (Hricak et al. 2010). 
Certainly there are barriers to these efforts that will continue to present challenges, including test cost 
differential, longer wait time for MRI, and differential third-party payment (Kaste 2009). How well and 
for whom these communication practices work in terms of education and reduction of risks remain 
critical questions.

An emerging debate about the goals of doctor-patient dialogues regarding imaging risks questions 
the emphasis of the ALARA principle and the Image Gently campaign (Cohen 2016; Frush 2016). Cohen 
(2016) posits that radiation risks may be magnified by the nature of the dialogue, stating that the Image 
Gently campaign is the “cause of the CT cancer problem, not the solution.” Cohen (2016) views efforts 
such as Image Gently as reactions to news media reports that sensationalize or misrepresent radiation 
risks that only serve to further increase concerns rather than relieve them. According to Cohen, Image 
Gently has been misguided in prioritizing its goal to inform and empower patients as opposed to the 
goal of quelling anxiety about imaging. Cohen claims that attempts to minimize radiation are wise but 
raises concerns about the effects of these particular approaches. Cohen notes misleading media head-
lines, diagnostic errors, concerns about nondiagnostic studies, and financial concerns as costs of taking 
an unjustified “better safe than sorry” approach. The investigation into the causes and scope of these 
concerns ultimately remains an empirical question, but Cohen (2016) asserts that the best route forward 
is to discontinue Image Gently and reduce focus on the ALARA principle in favor of an effort to dismiss 
anxieties about medical imaging radiation as unfounded.

The counterpoint to these views suggests that the Image Gently campaign has been largely beneficial 
to the improvement of understanding, using, and performing medical imaging tests. Frush (2016) states 
that Image Gently has taken an approach dedicated to “advocacy through positive and productive per-
spectives rather than assuming a ‘harm and alarm’ point of view.” Frush goes on to claim that anecdotal 
evidence suggests that patients seem satisfied with balanced presentations of information and are will-
ing to cope effectively with any raised concerns. Frush highlights the role of Image Gently in the devel-
opment of guidelines for pediatric medical imaging in North America. Frush asserts that Cohen (2016) 
and other critics of Image Gently or the communication of the ALARA principle are crucial for the 
evolution of efforts to improve the use and quality of imaging services. In particular, Frush states that 
Image Gently and related campaigns should adapt by adjusting the focus of patient communication to 
address patient concerns without dismissing the importance of balanced information and understand-
ing in patient-centered care. To achieve these goals, Frush (2016) suggests targeting specific needs. Frush 
and Lungren (2017) present the Think A-Head as an improvement to Image Gently targeted specifically 
to help families make informed decisions when children acquire head injuries. This campaign more 
directly addresses the concerns that families could experience while becoming more informed. The 
branding of the campaign itself illustrates these priorities with the tagline, “Keep calm and image gen-
tly.” This debate highlights the need for further discussion of what constitutes patient-centered decision-
making regarding imaging radiation.

18.4 Conclusions and Recommendations for Future Research

The growing importance of patient-centered medicine requires providers to be aware of patients’ knowl-
edge and preferences regarding medical recommendations and alternatives (Dauer et al. 2011). In the 
context of medical imaging, patient perspectives regarding enhanced communication of the risks and 
benefits of medical imaging will ensure that patients are well-informed about the rationale, risks, bene-
fits, and alternatives to imaging tests, and that they feel engaged and empowered in the process by which 
a decision is made to recommend a specific imaging test to them. While current dialogues regarding 
communication of risks and benefits of medical imaging have highlighted patient safety and optimiza-
tion of medical outcomes, and have centered around deliberation regarding medical-legal issues and 
medical provider responsibility (Picano 2004; Nievelstein and Frush 2012), there has been less direct 
consideration of the patient perspective in this dialogue. Much research in this area remains to be done 
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to help patients acquire the knowledge and support they need to understand whether risks exist, and if 
so, how to manage them. With an ongoing debate about whether non-zero risks exist, medical profes-
sionals are faced with the challenge of better understanding patients’ knowledge, attitudes, and prefer-
ences to create a patient-centered education.

While we have reviewed a series of useful descriptive studies outlining patient perspectives regard-
ing MIR, there are few intervention studies identified to address patient needs to improve knowl-
edge or satisfaction with communication regarding the risks and benefits of recommended medical 
imaging tests. The field also lacks studies examining system-level interactions around medical imag-
ing that could clarify feasible yet distinct roles in aspects of patient engagement and communication 
for referring physicians, radiologists, and other radiology staff members. In particular, the field lacks 
descriptive studies clarifying the efficacy of existing efforts to educate patients regarding the risks and 
benefits of medical imaging. Questions including comprehension of comparison referents—such as 
background radiation and radiation received in an airplane flight—are commonly used to provide con-
text about medical imaging exposures, but the field lacks studies examining how people interpret this 
information, and whether patients find that it adequately answers their questions and concerns about 
MIR. In addition, knowledge about medical imaging may be even more problematic in underserved 
and diverse populations (Viswanath et al. 2006). Opportunities to assess level of education and other 
demographic factors, as well as the role of health literacy and health numeracy, in determining distinct 
patient perspectives about medical imaging is a high priority. The development of interventions to 
address knowledge deficits in underserved populations also presents profound opportunities to “level 
the playing field” in patient-centered care regarding medical imaging. More research in this area could 
increase the availability of efficacious tools that could be disseminated into different treatment settings 
to improve assessment of patient perspectives and the use of such perspectives in doctor-patient com-
munication strategies.

Finally, in addition to intervention research to introduce patients to basic risks and benefits of medi-
cal imaging at the time a test is recommended, patient preferences to have a method to keep track of 
radiation exposure over time (Thornton et al. 2015) present a unique opportunity to empower patients 
in their own clinical decision-making. While referring physicians have more of a “snapshot” context 
driven by the need for specific clinical diagnosis with each patient at a specific time, patients themselves 
may have a justifiably distinct, “longitudinal” context for risks and benefits of repeated medical imaging 
over their lives. The development of a feasible, comprehensible, acceptable strategy for patients to record 
cumulative radiation exposure information, utilizing physician input and facilitated by electronic medi-
cal records, would be a useful research direction to address this patient preference. Further research 
is also required to understand how medical professionals who argue that dose tracking undermines 
patient care may best address this patient preference. While many professionals argue that dose tracking 
is not appropriate or necessary, these professionals are likely to encounter patients who hold this prefer-
ence. These considerations could guide patients towards knowledge of and satisfaction with the goals 
and principles guiding decisions.

There are many useful research agendas that could identify and enhance the patient perspective 
regarding communication about medical imaging. While there is general agreement that medical imag-
ing radiation doses should be as low as possible and that patient communication is a good thing, there 
is much work to be done to identify the best and most feasible models for that communication within a 
patient-centered perspective. Further, patient attitudes, beliefs, and preferences for information may go 
well beyond the specific risks of one specific test—and may include rationale for one test over another—
and test contribution to cumulative radiation exposure, as well as other patient preferences. With pro-
viders who are aware of patient needs and preferences and with patients who are well-informed and 
engaged, the use of medical imaging will continue a trajectory towards increasing positive impact on 
modern medicine while minimizing concerns of potential harms. With the growing inclusion of the 
patient voice in medical imaging decision-making, the dialogue will be further enhanced for the benefit 
of patients as well as their health-care providers.
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Essential Messages: 

Dose, Benefit, and Risk 
in Medical Imaging

Lawrence T. Dauer, 
Bae P. Chu, and 
Pat B. Zanzonico

19.1 Introduction

The utilization of radiation in medicine for imaging (especially computed tomography [CT] and molec-
ular imaging), as well as therapy, increased significantly over the past quarter century on a national and 
a global scale. The issues of perceived, potential, theoretical, and known risks associated with ionizing 
radiation exposure in medicine have come to the forefront of public and professional awareness, raising 
concern and controversy. Radiation-based imaging and therapy have, of course, revolutionized the way 
medicine is practiced. Imaging procedures using ionizing radiation carry relatively small individual 
risks that are usually justified by the medical need of patients, especially when diagnostic information 
is maximized and radiation dose is minimized. Therapies are increasingly being designed and adminis-
tered to increase dose to the targeted treatment volume while minor dose to healthy tissues.

The appropriate use of radiation in medicine has been an important clinical objective since the advent of 
the X-ray. The use of justified and optimized radiation in medicine should certainly be viewed as a positive 
development. The responses to the increased use of ionizing radiation have included: practitioner-initiated 
approaches to improving quality, education, and utilization, data registries, legislative requirements and 
rulemaking guidance, and social media campaigns as grass-roots social marketing missions.

In 2012, the International Atomic Energy Agency and the World Health Organization, convened an 
international conference on radiation protection in medicine. The conference resulted in the “Bonn 
Call for Action,” which suggested ten measures to improve radiation protection in medicine in the next 
decade (WHO 2014). Collectively, these proposed measures help to clarify the current challenges con-
fronting enhancement of radiation responsibility in medicine: 

 1. Enhance the implementation of the principle of justification.
 2. Enhance the implementation of the principle of optimization of protection and safety.
 3. Strengthen manufacturers’ role in contributing to the overall safety regime.
 4. Strengthen radiation protection education and training of health professionals.
 5. Shape and promote a strategic research agenda for radiation protection in medicine.
 6. Increase availability of improved global information on medical exposures and occupational 

exposures in medicine.
 7. Improve prevention of medical radiation incidents and accidents.

19.1 Introduction ....................................................................................277
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 8. Strengthen radiation safety culture in health care.
 9. Foster an improved radiation benefit-risk dialogue.
 10. Strengthen the implementation of safety requirements globally.

This volume has provided a historical and current perspective as well as a comprehensive review and 
analysis of the doses, benefits (typically high when justified), and risks (generally very low when imag-
ing is optimized) of essentially all current radiation-based diagnostic imaging procedures. As such, a 
number of the “Bonn Call for Action” activities have been addressed, including the enhancement of the 
principles of justification and optimization, the importance of the manufacturer’s role, providing infor-
mation and education on doses and risks for health professionals, identifying additional research needs, 
and fostering an improved radiation benefit-risk dialogue. As the previous chapters of this volume have 
indicated, significant advancement and improvement in these areas has already occurred over the last 
five years, and systems and processes are now in place for ongoing implementation of the foregoing 
principles in clinical practice.

The overall topic of this volume addresses several relevant and essential inquiries associated with 
dose, benefit, and risk in medical imaging (Chapter 1). Radiation dose index monitoring systems have 
improved documentation, collection, and reporting of imaging radiation dose and are used to collect 
modality- specific radiation dose information as well as other important data relevant to medical imaging 
procedures (Chapter 2). Such information, and the associated development of sophisticated information 
systems to acquire, collate, and analyze it could be characterized as “big data” applications. Facilities, 
institutions, and professional societies are beginning to appreciate the benefits of such data for quality 
initiatives, optimization, general radiation protection, protocol management, and beyond. These data also 
assist in survey studies, a means of tracking dose from imaging examinations and procedures by periodi-
cally soliciting the national (Chapter 3) and international (Chapters 3 and 16) medical community for data 
(e.g., procedure, modality, volume, and dose indicator information, among other patient-specific infor-
mation), which can permit statistical analyses of current practice that can capture a broad range of data 
for future epidemiological studies. Periodic surveys also provide input for the development and periodic 
revision of recommendations for quality indicators, such as diagnostic reference levels and achievable 
doses (Chapter 4), for a given imaging modality and patient population. It is important to assess image 
quality and clinical usefulness systematically as well as radiation dose commensurate with clinical need.

Specific considerations for dose, benefit, and risk need to be made for each imaging modality. This 
is especially true for radiology imaging modalities, including dental (Chapter 5), mammography 
(Chapter 6), fluoroscopically guided interventions (Chapter 7), and CT applications (Chapter 8) that 
represent highly variable doses, benefits, and risks depending on parameter settings, organs within (and 
outside) of the field of view, and the imaging instrument, as well as the intended purpose of the imag-
ing study. Although there has been recent improvement of both image quality and dose factors in each 
of these modalities, it is important to continue an ongoing dialogue between the medical community 
as users and vendors as developers to ensure overall optimization. This is especially important in the 
area of CT imaging because it represents the largest proportion of overall population exposure from 
medical imaging. Ongoing and future improvements are likely to result in even lower patient doses with 
improved image quality.

Present-day nuclear medicine imaging (Chapter 9) and the ongoing development of new radionu-
clides and molecularly targeted radiopharmaceuticals along with increasing utilization of hybrid 
imaging platforms (Chapter 10), yielding registered functional and anatomic images, present special 
challenges in balancing benefit and risk because of the attendant multi-modality radiation exposures. 
Such optimization is supported by special dosimetric information, radiopharmacokinetic data, and the 
use of reference and patient-specific calculational phantoms.

Considerations of dose, benefit, and risks are particularly acute in imaging of pediatric (Chapter 11) 
and of pregnant patients (Chapter 12). New and improving image reconstruction algorithms and 
approaches can result in significant reductions in administered activities and therefore dose in single 
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photon emission computed tomography and positron emission tomography. For pregnant patients, the 
radiation doses to the conceptus following medical imaging of the mother—in nuclear medicine, CT, 
and in interventional fluoroscopy—are typically well below dose thresholds for tissue reactions (as they 
are for imaging non-pregnant patients as well), therefore emphasizing the importance of evaluating the 
residual risk of cancer and optimization when such imaging is required. The dose-response curve for 
cancer induction following in utero fetal exposure remains uncertain and is a focus of ongoing study in 
radiation epidemiological studies of cohorts exposed in utero.

Although the risks of radiation exposure have been extensively studied, there persists a significant 
uncertainty (perhaps as large as a factor of 2 or 3) in the low-dose region, that is, doses typically associ-
ated with medical imaging. Fundamental radiobiological (Chapter 13) and radiation epidemiological 
studies are essential for the development, application, and improvement of dose (i.e., low-dose)-effect 
models (Chapter 14) required for rationally assessing both justification and optimization in medical 
imaging procedures. Elucidation of the biological basis (Chapter 13) of radiation effects at low doses 
remains a significant challenge. Likewise, the increasing societal concern with medical radiation expo-
sure demands not only an assessment of potential risks (albeit difficult in the low dose region) but also a 
clearer evaluation of the potential benefits. As such, quantitative risk-benefit analyses in medical imag-
ing are essential (Chapter 15).

As public concern with medical radiation exposure increases, the prevalence of worry about the 
health harms of such exposure has become more evident. There has been heightened awareness among 
patients and physicians about the importance of holistic benefit-and-risk discussions in shared medical 
decision making (Chapter 17). Often, the mere mention of the word, “radiation,” evokes fear in patients, 
families, and even health care professionals. Communicating benefits and risks in a comprehensible 
manner (Chapter 18) while presenting and discussing complex technical material with associated uncer-
tainties is a challenge that, if not performed appropriately, could result in patients avoiding appropriate 
and medically necessary imaging because of misunderstood or unfounded fears. It is therefore impor-
tant to recognize the psychological aspects of radiation risk communication, including: affect and rea-
son, anxiety and decision-making, dread from unknown hazards pl outrage, anticipated regret and 
side-effect aversion, information source perceptions, and competence and care issues. Patient perspec-
tives on medical imaging radiation is understudied but could guide point-of-care discussions. Clearly, 
patients believe that such information should be routinely available and that conversations with their 
personal physician, along with endorsed, readily available reference materials, could be ideal methods 
for such information exchange.

Reference
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