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Foreword

A book. A book! Such a wonderful thing, and especially, a book 
on pediatric radiology! In the days of the internet and random 
access to learning, there is still an important place for a compre-
hensive text, such as Caffey’s Pediatric Diagnostic Imaging.

In 1945, John Caffey wrote and edited the first edition of 
this text, then called Caffey’s Pediatric X-Ray Diagnosis. Caffey’s 
text ushered the infancy of the specialty of pediatric radiology. 
It was meticulously illustrated with cases from Caffey’s work 
at Babies Hospital in New York City. The book was carefully 
referenced. At the time, it was a comprehensive guide to anything 
that might be diagnosed or evaluated with radiographs in children. 
Emphasis was placed on normal—normal Roentgen anatomy, 
normal variants, and normal development. The book was an 
invaluable aid to anyone interpreting radiographs in children. It 
helped to establish the specialty of pediatric radiology—we were  
big time!

Caffey’s 1945 1st edition was not the first textbook in pediatric 
radiology. A few decades earlier, in 1910, Morgan Rotch published 
Living Anatomy and Pathology: The Diagnosis of Diseases of Early Life 
By the Roentgen Method. While undoubtedly useful to radiology 
practitioners at the time, the limited utility of radiographs at the 
time is illustrated throughout the text. Other early texts were 
published in Germany. Caffey himself published a 160-page section 
on pediatric radiology in Golden’s Looseleaf Radiology in 1941 entitled 
“Roentgen Diagnosis in Infants and Children.” This effort was 
clearly a precursor for the much larger, more comprehensive 1st 
edition of Caffey’s Pediatric X-Ray Diagnosis. Very few copies of 
this “pre-Caffey’s” exist.

Looking back at the “pre-Caffey’s” and the subsequent 1st 
edition of Caffey’s Pediatric X-Ray Diagnosis, one gets a sense of 
the contemporary excitement with the benefits of radiography 
and careful image interpretation to improving the healthcare of 
children. Radiology was integral to pediatric medicine. Glaringly, 
one is struck by the absence of any discussion of child abuse—these 
books preceded Caffey’s seminal article on this subject, published 
in 1946 in The American Journal of Roentgenology and Radium  
Therapy. Careful perusal of the texts shows nothing related to the 
topic of child abuse although undoubtedly Caffey’s mind was 
already spinning with the challenge of these cases (the six cases 
in the 1946 article ranged back to 1933).

Recognizing the rapid advancement of medicine and improve-
ment and ever-increasing utilization of radiography, fluoroscopy, 
and later other imaging modalities, Caffey, Caffey and colleagues, 
Caffey protégés, and eventually distant academic descendants 
(which we all are) have churned out edition after edition of Caffey’s 
Pediatric X-Ray Diagnosis, morphing into Caffey’s Pediatric Diagnostic 
Imaging with the 10th edition in 2004. With each edition, new 
information about injury and disease in children was incorporated, 
better examples of pathologies were illustrated, imaging techniques 
and photography were updated, and new modalities were intro-
duced. The text grew and grew. With the 6th edition, in 1972, 
the text expanded to two volumes. With the 11th edition, in 2008, 
the two volumes totaled 3,195 pages (plus a gargantuan index)—a 
hefty weight good for muscle building but a challenge for a reader 

to consume from cover to cover. You didn’t lug Caffey’s Pediatric 
Diagnostic Imaging around, rather you kept multiple copies 
handy—in the reading room, in your office, at home.

Nonetheless, the text was a comprehensive reference. If you 
needed to look up something, it was in the book. If you read the 
book cover to cover, you didn’t miss anything. Writing was by 
true experts in the subspecialties of pediatric radiology. Many 
chapters (e.g., the bone marrow chapter by Guillerman, the 
metabolic bone disease chapters by Shore in the 11th edition) are 
the best writing that exists on the respective subjects.

With the 12th edition, parts of the book migrated online, 
including references and some of the “less essential” images. For 
those of us who love books and reading, this was a troublesome 
development. Being tethered to a computer and having to log in 
and find this supplemental information was somewhat burdensome. 
This change, however, represented a smart compromise between 
content and size and harkened the coming of age of Caffey’s Pediatric 
Diagnostic Imaging in the digital era. The online features have 
been continued with the 13th edition.

With the 13th edition, Dr. Coley and his team have again 
reinvigorated the text, building from a solid foundation of the 
12th edition and subfoundations from every preceding edition. 
Again, an awesome array of authors has been assembled, bringing 
in exciting new blood in the field of pediatric radiology. Of the 
187 contributing authors, 72 are new to the 13th edition. Authors 
are drawn from around the world. Medicine, and specifically 
pediatric radiology, continues to advance at a breathtaking pace. 
The new text reflects this—with updated information on new 
modalities, new techniques, and new perspectives on old diseases. 
Particular attention has been given to expanding the focus on 
prenatal imaging. This melds well with discussions of embryology 
and neonatal conditions. Additional attention to the exploding 
and varied use of MRI is noted throughout the text. Indeed, imaging 
is much more complex than in Caffey’s day; however, as with all 
previous editions, the current text maintains an emphasis on 
radiography, not to be overlooked.

Hearty congratulations go to Dr. Coley and his nine associate 
editors for a job very well done. Putting together a multi-editor, 
multi-author comprehensive textbook and keeping it cohesive, 
consistent, and timely is not an easy task. Thank you!

Caffey’s Pediatric Diagnostic Imaging remains a comprehensive 
go-to reference and text on pediatric radiology. If you wish to 
know more about an entity in pediatric radiology, it is here. If 
you want to get everything, you can start on page 1 and read it 
through to the end. You don’t know what you don’t know. If you 
want to know it all, use this book.

Peter J. Strouse, MD, FACR
John F. Holt Collegiate Professor of Radiology & Director, Section of 

Pediatric Radiology, C. S. Mott Children’s Hospital, Department of Radiology, 
University of Michigan Health System

President, The Society for Pediatric Radiology
Co-Editor (for the Americas), Pediatric Radiology 
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Preface to First Edition

Shadows are but dark holes in radiant streams, twisted rifts 
beyond the substance, meaningless in themselves.

He who would comprehend Röntgen’s pallid shades need always to 
know well the solid matrix whence they spring. The physician 
needs to know intimately each living patient through whom the 
racing black light darts, and flashing the hidden depths reveals 
them in a glowing mirage of thin images, each cast delicately in 
its own halo, but all veiled and blended endlessly.

Man—warm, lively, fleshy man—and his story are both root and 
key to his shadows; shadows cold, silent and empty.

(JOHN CAFFEY)

Within a few weeks after Röntgen announced his now renowned 
discovery to the world in December, 1895, the X-ray method of 
examination was applied to infants and children. The Vienna letter 
of February 29 (M. Rec. 49:312, 1896) contained a roentgen print 
of the arm of an infant made of Kreidl in Vienna: this is the second 
reproduction of a roentgen image in the American literature. Credit 
for the first recorded roentgen examination of an infant in the 
United States undoubtedly belongs to Dr. E. P. Davis of New York 
City, who described the roentgen shadows cast by the trunk of a 
living infant and the skull of a dead fetus in March, 1896. In his 
remarkable article (The study of the infant body and the pregnant 
womb by the roentgen ray, Am. J. M. Sc. 111:263, 1896) Dr. Davis 
also included three drawings of shadows visualized by means of a 
skiascope—shadows visualized by means of a skiascope—shadows 
of the feet, elbows and orbit of a living infant. Feilchenfeld’s discus-
sion of spina ventosa in May, 1896, is probably the first roentgen 
description of morbid anatomy in children (Berlin. Klin. Wchnschr. 
33:403, 1896). There were only two roentgen pediatric publications 
in 1896; the number increased to 14 in 1897.

In 1898, Escherich of Graz had had sufficient experience with 
pediatric roentgen examinations to write a general exposition on 
the merits and weaknesses of the method (La valeur diagnostique 
de la radiographie chez les enfants, Rev. d. mal. de l’enf. 16:233, 
May 1898). This is a highly interesting and illuminating discussion 
in which Escherich points out the roentgen examination was already 
not being used as commonly in young patients as in adults. He 
states that a roentgen laboratory was established especially for 
children at Graz in 1897, and it seems probable that this was the 
first of its kind.

A single film is reproduced—a print of an infantile hand and 
forearm which shows rachitic changes. The uncertainties of the 
mediastinal shadows, which still bedevil us, were fully appreciated 
by Escherich, and he was quite unhappy about this baffling structure 
“in which so many important infantile lesions lie concealed.” He 
was enthusiastic in regard to the possible estimation of the state of 
hydration of soft tissues in infantile diarrhea from their roentgen 
densities.

Reyher’s German monograph in 1908 is the earliest review 
of the world literature of pediatric roentgenology which I have 
found (Reyher, P.: Die roentgenologische Diagnostik in der 
Kinderheilkunde, Ergebn. d. inn. Med. U. Kinderh. 2:613, 1908). 
In it there are 276 references to articles published during the first 
12 years following Röntgen’s discovery, and these furnish a good 
key for the study of the early writings in this field. The appendix 
contains 40 small but clear roentgen prints.

Rotch’s The Roentgen Ray in Pediatrics appeared in 1910—the 
first book in any language devoted exclusively to pediatric X-ray 
diagnosis and still, I believe, the only one in English. Dr. Thomas 
Morgan Rotch was Professor of Pediatrics, Harvard University, 
and an outstanding podiatrist of his time.*

 In this pioneer treatise he stresses the importance of mastering 
the shadows of normal structure before attempting the recognition 
and interpretation of the abnormal, and he carefully correlates 
the clinical findings with the roentgen findings in the cases 
illustrated; 42 of 264 figures depict the “normal living anatomy 
of infants and children.” This material was taken largely from the 
files of the Boston Children’s Hospital, and the author’s statement 
that more than 2,300 cases were available for study demonstrates 
that roentgen examination had long been a commonplace in his 
clinic. Dr. Rotch’s early fostering of roentgen examination of infants 
and children, his appreciation of the special problems in applying 
this method to the young, his careful anatomicroroentgen studies 
and his text, monumental for this time, all mark him as the father 
of pediatric roentgenology in America.

Two years later—1912—the first German book, Reyher’s Das 
Roentgenverfahren in der Kinderheilkunde, was published. Later 
and more familiar texts are Gralka’s Roentgendiagnostik im 
Kindesalter (1927), Becker’s Roentgendiagnostik und Strahlen-
therapie in der Kinderheilkunde (1931) and the Handbuch der 
Roentgendiagnostik und Therapie im Kindesalter by Engel and 
Schall (1933). As far as I have been able to determine, no book 
on pediatric roentgen diagnosis has been published in English 
during the 35 years which have passed since Rotch’s unique 
publication in 1910. The absence of pediatric roentgenology in 
the flood of medical texts which has streamed from the American 
and English presses during the last three decades constitutes a 
dereliction unmatched in other equally important fields of medical 
diagnosis — a literary developmental hypoplasia which it is hoped 
Pediatric X-Ray Diagnosis will remedy.

This book stems from the roentgen conferences held semi-
monthly at the Babies Hospital during the last 20 years. The films 
reproduced herein were all selected from our own roentgen files 
save those for which credit to others is indicated in the legends. 
The purpose of the author is two-fold: description of shadows 
cast by normal and morbid tissues, and clinical appraisal of roentgen 
findings in pediatric diagnosis. Roentgen physics, technic and 
therapy have been omitted intentionally. As references and 
acknowledgments testify, the writer has borrowed freely from the 
literature and is indebted to many contributors for subject matter 
and illustrations. To all of them I am sincerely grateful. In the 
broad and deep field of pediatric diagnosis, selection of the most 
appropriate material has posed many dilemmas. In the main, data 
have been chosen which have proved the most useful and instructive 
in solving the common and important diagnostic problems which 
have arisen during two decades in a large and busy pediatric hospital 
and out-patient clinic.

The limitations of space do not permit adequate recognition 
here of all those to whom credit is due for the making of this book. 
The roentgen examinations which are its foundation could not have 
been made without the cooperation of thousands of patients—many 

*Jacobi, A.: In memoriam Thomas Morgan Rotch, Am. J. Dis. Child. 8:245, 
1914.
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weak and painweary; to all of these I am profoundly thankful. 
Intimate clinical contacts have been maintained and essential 
collateral examinations have been made possible through the 
sustained collaboration of my colleagues—attending physicians 
and surgeons, resident physicians and nurses. I am under deep 
and solid obligation to Dr. Rustin McIntosh who read the entire 
manuscript; his discerning criticism and valuable suggestions are 
responsible for numerous corrections and improvements in the 
text. The sympathetic reception given to our early endeavors by 
Dr. Ross Golden will always be remembered gratefully, as well 
as his continuing wise and friendly counsel. We have benefited 
much and often from the discipline of the necropsy table—from 
the instructive dissections of Dr. Martha Wollstein, Dr. Beryl Paige 
and Dr. Dorothy Anderson.

To none, however do I owe more than to my loyal coworkers 
in the roentgen department of the Babies Hospital—Edgar Watts, 
Cecelia Peck, Moira Shannon, Mary Fennell and Mary Jean 

Cadman—for their gentle handling of patients, unfailing industry 
and superlative technical skill. Mrs. Cadman typed the manuscript; 
I am grateful to her for the speedy completion of a thorny chore. 
The drawings are the work of Alfred Feinberg, and they reflect his 
rich experience in medical illustration.

The final phase in the preparation of the manuscript was 
saddened by the death of Mr. H. A. Simons, President of the Year 
Book Publishers. His stimulating enthusiasm and generosity were 
indispensable to the completion of the book during these unsettled 
war years. His passing was a grievous loss. The task of publication 
has fallen to the capable and patient hands of Mr. Paul Perles and 
Mrs. Anabel Ireland Janssen.

John Caffey
Babies Hospital

New York 32
June 10, 1945
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Preface

A small number of valuable and influential texts have outlived 
their creators, evolving over years through the efforts of new 
authors and editors. Sir William Osler’s The Principles and Practice 
of Medicine was published from 1892 to 2001; Sir Vincent Zachary 
Cope’s Early Diagnosis of the Acute Abdomen, currently in its 22nd 
edition, first appeared in 1921; other such venerable texts still 
being published include Harrison’s Principles of Internal Medicine 
(1950), Nelson’s Textbook of Pediatrics (1945), and Goodman & 
Gilman’s The Pharmacological Basis of Therapeutics (1941). Caffey’s 
Pediatric Diagnostic Imaging (originally Caffey’s Pediatric X-ray 
Diagnosis through the first nine editions) is the longest continuously 
published textbook in the subspecialty, having proven its value 
over seven decades.

This book began as a labor of love for John Caffey in an era 
without computers, digital images, or PubMed. Each chapter was 
meticulously dictated, typed, corrected, and typed again. Each 
radiograph was carefully selected from Dr. Caffey’s own teaching 
file at Babies Hospital in New York City. Dr. Caffey, initially 
trained as a pediatrician, was an astute clinician who stressed that 
the radiographic findings were only one part of the diagnostic 
evaluation; proper patient care required the integration of the 
history, physical exam, laboratory data, and imaging. Despite the 
great effort involved, he was the sole author of the first four editions.

With the 1967 fifth edition, former Caffey fellow Dr. Frederic 
N. Silverman of Children’s Hospital Cincinnati participated in 
preparation of the text, and continued as a co-editor of the sixth 
and seventh editions. With the death of Dr. Caffey in 1978, 
Silverman became sole editor of the eighth edition in 1985. Over 
time, Dr. Silverman added authors and expanded sections. Dr. 
Jerald P. Kuhn joined Silverman as co-editor with the 1993 ninth 
edition, and then succeeded him as editor. For the 2003 tenth 
edition, Dr. Kuhn added Drs. Jack O. Haller and Thomas L. 
Slovis as co-editors, two important figures in pediatric radiology 
education. Dr. Slovis lead the production of the eleventh edition, 
which was a significant modernization of the text and figures. This 
addition had eight associate editors overseeing subsections of the 
text, reflecting the growing complexity and expertise required in 
delivering pediatric imaging care. The twelfth edition was the 
first to be available electronically, with expanded image and video 
content. New associate editors were added to provide the best 
expertise possible. This has continued with the current thirteenth 
edition, with updated content reflecting the changes in the field.

Given how we now access information and educational content, 
it is fair to ask if books like this are still relevant. Clearly, I have 

a biased viewpoint. The quality of the information retrieved online 
is often unclear, and much of that content is condensed and 
truncated, leaving out important details and associations. I believe 
that well-constructed prose from an author with expert knowledge 
and practical real-world experience, coupled with illustrative images, 
remains a powerful and efficient way to transmit information and 
facilitate learning. Lists of facts and bullet point paragraphs cannot 
convey more complex concepts and syntheses. No matter what 
the medium, content counts. And books like this one have tre-
mendously valuable content.

Still, as we learn more about the science of education, what is 
the best method of presenting information to learners young and 
old? There is ongoing debate as to the best medium in which to 
disseminate complex and comprehensive content. Books are simple 
to use. They are familiar. It is easy to flip from section to section, 
to go back a few pages without losing your place. You can take 
notes in the margins. Books can also be heavy and cumbersome. 
They are costly to manufacture. Electronic formats have their 
pros and cons as well. A light, portable laptop or tablet may contain 
thousands of books’ worth of information. Images can be manipu-
lated like in actual practice. Video and animations can augment 
the learning experience. Online texts can be accessed anywhere 
with an Internet connection. Content length need not be dictated 
by physical page limitations. However, screen size dictates and 
somewhat limits the amount and method of information displayed. 
Moving back and forth between content sections can be awkward.

This thirteenth edition reflects this tension. There is a physical 
book, but there is also an online and electronic presence. Additional 
content is available online to supplement the print volume and 
to allow those who prefer electronic media to take advantage of 
the material in an alternate way.

I would like to thank the team at Elsevier, beginning with 
Robin Carter, the acquisition editor who still believes in the 
importance of works such as this. Ann Anderson is our content 
development specialist, among whose many tasks included prodding 
me to actually get my work done. Stephanie Turza is our project 
manager, who calmly kept the book moving along. Our designer 
Renee Duenow and our art buyer Nichole Beard helped create 
the book’s look, and multimedia producer Vinod Kothaparamtath 
made the online content possible. And of course, thank you to 
the authors and editors who shared their time and expertise to 
make this edition possible.

Brian D. Coley, MD
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1 Radiation Bioeffects, Risks, and Radiation 
Protection in Medical Imaging in Children
Joseph T. Davis and Donald P. Frush

Diagnostic imaging has evolved from the single technique of 
radiography discussed in the first edition of Caffey’s Pediatric X-Ray 
Diagnosis in 1945 to a specialty with many modalities and techniques. 
Many of these modalities use ionizing radiation, and some, such 
as computed tomography (CT) and nuclear imaging, entail relatively 
high doses of radiation.1 Therefore the imaging community (and 
our medical colleagues) must jointly adhere to two of the principles 
of radiation protection for our patients: justification (i.e., the 
examination is warranted) and optimization (i.e., the appropriate 
technique is used). For example, in computed or direct digital 
radiographic examinations, image processing can accommodate 
overexposures. The image can be adjusted to appear as if it were 
obtained using standard techniques, whereas with screen film 
technology, the film image would be recognized as overexposed 
(dark) (Fig. 1.1). Without accountability for displaying dose metrics 
(such as the exposure index available with digital radiography), it 
is difficult or impossible to account for patient exposures in clinical 
practice.2 Additionally, uninformed and potentially irresponsible 
justification of medical imaging occurs when persons are unfamiliar 
with the methods of estimating an effective radiation dose during 
CT examinations in children.3,4 Increasing accountability is expected 
from the medical community with regard to the use of imaging 
modalities that expose children (as well as adults) to ionizing 
radiation. As such, a basic understanding of radiation biology, 
including bioeffects, radiation doses of various types of imaging 
examinations, and risks of radiation, is essential for the pediatric 
imager. A glossary of terms and dose descriptors is found in the 
addendum at the end of this chapter.

TRENDS IN MEDICAL RADIATION EXPOSURE  
TO CHILDREN
Approximately 4 billion imaging examinations using ionizing 
radiation (i.e., radiography, fluoroscopy/angiography, CT, and 
nuclear imaging) are performed annually worldwide.5 In the United 
States, medical imaging currently accounts for a significant percent-
age of the annual radiation exposure to the population.6 Natural 
or background sources account for about 50% of the annual 
radiation exposure in the United States, and diagnostic medical 
radiation accounts for most of the remainder, an approximately 
sixfold increase during the past 30 years (Figs. 1.2A and B). CT 
alone accounts for nearly 25% of all radiation exposure to the 
US population.6,7 Many reasons exist for the increased use of 
diagnostic medical radiation, and much use of such radiation is 
based on sound medical decision making. However, other factors 
determine use as well, including defensive medicine.

PATHOPHYSIOLOGY OF RADIATION EFFECTS
Hall has written an excellent review of radiobiology for the radiolo-
gist.8 The biologic effects of radiation result primarily from damage 
to deoxyribonucleic acid (DNA). The x-ray particle, the photon, 
gives up its energy to produce a fast recoil electron, which may 

damage DNA directly but which also can interact with a molecule 
of water to produce a free radical (Fig. 1.3). A free radical is a 
highly reactive atom or molecule with an unpaired electron in 
the outer shell:

H O H O e2 2→ ++ −

H O H O H O OH*2 2 3
+ ++ → +

where the asterisk indicates a free radical.
Two-thirds of x-ray damage occurs via OH radicals, suggesting 

that someday this component of radiation damage might be reduced 
through the use of chemical radioprotectants. The topic of 
radioprotectants was recently well reviewed.9

The biologic effects of radiation result primarily from damage 
to double-stranded DNA as opposed to single-strand injury (see 
Fig. 1.3). Single-strand breaks of DNA are readily repaired and 
are presumed to have a negligible effect. Breaks in both DNA 
strands that are opposite or separated by a few base pairs are much 
more difficult to repair. These double-strand breaks can cause 
important biologic effects, including genetic mutations, carcino-
genesis, and cell death. Dicentric and fragmented breaks typically 
result in cell death, whereas nonlethal translocation repairs may 
cause impaired cellular function, including development of an 
oncogene.8

The biochemical and physiologic damage produced by radiation 
generally occurs within hours or days, but the impact of these 
changes, such as the induction of cancer, can take decades to 
manifest. This carcinogenic process has several steps. Aberrations 
in chromosomes (e.g., deletions, translocations, or aneuploidy) 
are produced by DNA damage. Because these damaged cells 
survive, they become “stable aberrations” (some with neoplastic 
transformation), the first step to radiation-induced carcinogenesis. 
The second step is cellular immortality; that is, most cancer cells 
are descendants of a single cell that originally underwent neoplastic 
transformation. The third step is tumorgenicity. The radiation 
exposure induces a cellular genomic instability that is transmitted 
to progeny, which Little described as “a persistent enhancement 
in the rate of which genetic changes arise in the descendants of 
the irradiated cells after many generations of replication…[this 
process] has been termed a nontargeted effect of radiation as 
genomic damage occurs in the cells that in themselves receive 
no direct radiation exposure.”10

Most childhood tumors occur sporadically, but in 10% to 15% 
of the cases, a strong family association and genetic basis for 
radiation sensitivity are present. Persons with certain diseases are 
uniquely sensitive to radiation-induced cancers, although the exact 
mechanism is unclear (Box 1.1).

TYPES OF RADIATION BIOEFFECTS
The two types of biologic effects from radiation are tissue effects 
(also called deterministic effects) and stochastic (random) effects. 

SECTION 
1 Radiation Effects and Safety
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2 SECTION 1 Radiation Effects and Safety

FETUSES AND CHILDREN HAVE GREATER 
RADIATION RISKS
From a public health perspective, all ionizing radiation, including 
that from medical imaging, is considered to be potentially harmful 
because we assume that no threshold exists below which radiation 
is safe (i.e., no harmful effects will occur). This “linear no threshold” 
model is applied to low-level radiation exposure.13,14

The effects of radiation are greatest on rapidly developing 
tissues and organs—in fetuses, infants, and young children. In 
pregnancy, the major biologic effects of fetal demise, growth 
restriction, organ malformations, and cognitive deficits are seen 
only with doses far in excess of routine diagnostic imaging.15 The 
risk of developing cancer from exposure of a fetus to radiation is 
uncertain; potential effects could be seen with uterine doses that 
occur as a result of relatively high direct exposures (e.g., a pelvis 
CT scan for possible appendicitis). No data in humans indicate 
that genetic effects result from diagnostic levels of radiation.

Tissue bioeffects are characterized by a threshold dose, and the 
severity of the effect is dose dependent. For example, cataracts 
occur above a threshold recent data suggest is near 500 mGy.11 
Table 1.1 shows some of the doses for deterministic effects. In 
general, such effects from diagnostic imaging doses are extremely 
rare. Exceptions with head perfusion CT scanning in adults 
have been reported.12 Deterministic effects such as skin ulcers 
and burns should never occur from diagnostic imaging, but 
they are occasionally seen with relatively lengthy interventional  
procedures.

Stochastic effects are more of a concern because they have the 
potential to occur at any dose, and the severity of the effect is 
independent of the dose. No threshold exists with stochastic effects, 
but the probability of an effect (e.g., cancer) increases with increas-
ing doses.

A B
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Figure 1.1. (A) Neonatal chest radiograph has an exposure index (“S” value 39) (arrow) that was very low, indicating 
a relatively high radiation exposure, which would have rendered this image dark with film screen technology. 
This radiograph was processed to yield appropriate contrast and brightness. (B) After adjustment to a more 
appropriate exposure index (“S” value 220) (arrow). The image quality is very similar. The left arm was included 
because assessment was for percutaneous indwelling central catheter placement. (From Frush DP. Radiation 
protection in children undergoing medical imaging. In Daldrup-Link HE, Gooding CA, eds. Essentials of Pediatric 
Radiology. Cambridge: Cambridge University Press; 2010. Used with permission.)

BOX 1.1 Inherited Human Syndromes Associated With 
Sensitivity to X-Rays

•	 Ataxia-telangiectasia
•	 Basal	cell	nevoid	syndrome
•	 Cockayne	syndrome
•	 Down	syndrome
•	 Fanconi	anemia
•	 Gardner	syndrome
•	 Nijmegan	breakage	syndrome
•	 Usher	syndrome

From Hall EJ. Radiobiology for the Radiologist. 5th ed. Philadelphia: 
Lippincott Williams & Wilkins; 2000.

TABLE 1.1 Deterministic	Dose	Rates

Skin Injury Approximate Threshold

SKIN
Transient erythema 200	rad	(2	Gy)
Dry	desquamation 1000	rad	(10	Gy)
Moist desquamation 1500	rad	(15	Gy)
Temporary epilation 200	rad	(2	Gy)
Permanent epilation 700	rad	(7	Gy)
Late effects on tissue More variable

Modified from Hall EJ. Radiobiology for the Radiologist. 5th ed. 
Philadelphia: Lippincott Williams & Wilkins; 2000.
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rate. This value is an average value; for adults in late middle age, 
the excess risk decreases to only 1% per sievert, whereas for 
children, the excess risk may be as high as 16% per sievert for 
girls and 12% per sievert for boys. The female dose is higher 
because of the greater incidence of breast and thyroid cancers 
(Fig. 1.5). Radiation risks from diagnostic imaging low-level 
radiation were reviewed recently.21 Two excellent reviews also 
recently were published by Linet et al. (e-Table 1.2).22,23 We have 
cautious uncertainty regarding cancer risk and low-level radia-
tion.24,25 As Hricak et al. state, “In brief, there is reasonable, though 
not definitive, epidemiologic evidence that organ doses in the 
range from 5 to 125 mSv result in a very small but statistically 
significant nonzero increase in cancer risk.”26

RADIATION EXPOSURES FROM VARIOUS  
IMAGING MODALITIES
When discussing radiation dose, it is important to state clearly 
whether entrance dose, skin dose, exit dose, or organ (absorbed) 
dose is considered. For example, a vast difference can exist between 
skin dose and gonadal dose for the same incident radiation. (The 
terms for dose and quantitative comparisons are provided in the 
glossary, and dose metrics are provided in Box 1.2.) “Effective 
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Figure 1.2. All exposure categories for the collective effective dose 
(%), early 1980s (A) and 2006 (B). (Data from the National Council on 
Radiation Protection & Measurements. Ionizing radiation exposure of 
the	population	of	the	United	States	[NCRP	report	No.	160]. Bethesda, 
MD: National Council on Radiation Protection & Measurements; 2009. 
Used with permission.)
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Figure 1.3. Direct and indirect action. Indirect action (top part of 
figure),	an	electron	damages	the	deoxyribonucleic	acid	(DNA).	In	indirect	
action, the secondary electron interacts with a water molecule to produce 
a	hydroxyl	radical	that	then	damages	DNA,	in	this	case	affecting	a	single	
strand. (From Hall EJ. Radiation biology for pediatric radiologists. Pediatr 
Radiol. 2009;39[1]:S57–S64. Used with permission.)

Compared with middle-aged adults, children are from 2 to 15 
times more sensitive to radiation-induced carcinogenesis.16,17 
However, Shuryak et al. recently noted that the cancer induction 
risk (greater at younger ages) must be balanced with the radiation-
induced promotion of premalignant damage (greater in middle 
age), which may differ for certain types of cancer.18 Thus cancer 
risks may be higher in the adult population than traditionally 
believed.19

Low-dose effects have been described by Pierce and Preston, 
who studied the data from atomic bomb survivors reported by 
the Radiation Effects Research Foundation.20 Among persons who 
had received dosages of 0.005 to 0.2 sievert (500 mrad to 20 rad), 
35,000 people survived, and 5000 cases of cancer developed. The 
authors made the following conclusions: first, the solid cancer 
risk persists for more than 50 years. Second, there is a 10% increase 
over the expected cancer rate.20 Low-dose relative risk factors are 
shown in Fig. 1.4.

The overall increased risk of excess cancer for the entire 
population suggested by the International Commission on 
Radiological Protection is 5% per sievert for low doses and low-dose 
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e-TABLE 1.2 Risk	of	Specific	and	Total	Childhood	Cancers	Associated	With	Early	Life	Postnatal	Medical	Radiation	Exposure

Study
Upper Age 
Limit (y)

Type/No. of 
Cases

Type/No. of 
Controls

Method of 
Exposure to 
Assessment

Type of 
Exposure

Exposure 
Prevalence 
in Controls

Estimated 
Relative Risk

LEUKEMIA

Stewart	et	al.,	UK	
(1953–1955)

10 Deceased	(619) Population (619) Interview, medical 
records

Diagnostic 12.9 1.2

Therapeutic 0.2 5.0
Polhemus	&	Koch,	US	

(1950–1957)
NS Incident (251) Hospital	(251) Questionnaire Diagnostic 41.4 2.1*

Fluoroscopic 3.2 3.5*
Therapeutic 3.6 3.7*

Ager	et	al.,	US	(1965) 4 Deceased	(109) Siblings (102) Interview, medical 
records

Any 16.7 1.3

Neighborhood 
(110)

18.2 1.1

Graham	et	al.,	US	(1966) 14 Incident (319) Population (884) Medical records Any 36.0 1.2
>1 site 7.6 2.1

Shu	et	al.,	China	
(1974–1986)

14 Incident, 
prevalent (309)

Population (618) Interview Any 27.3 0.9

Fajardo-Gutierrez	et	al.,	
Mexico (1993)

14 Incident, 
prevalent (79)

Population, 
hospital (148)

Interview Any 27.0 1.1

ACUTE LYMPHOCYTIC LEUKEMIA

Shu,	China	(1974–1986) 14 Incident, 
prevalent (172)

Population (618) Interview Any 27.3 0.9

Magnani et al., Italy 
(1981–1984)

NS Incident, 
prevalent (142)

Hospital	(307) Interview Diagnostic 45.9 0.7

Shu	et	al.,	China	
(1986–1991)

14 Incident (166) Population (166) Interview Any — 1.6

Shu,	US	(1989–1993) 15 Incident (1842) Population (1986) Interview Diagnostic 39 1.1
Infante-Rivard,	Canada	

(1980–1998)
14 Incident (701) Population (701) Interview Diagnostic,	1 19.1 1.1

Diagnostic,	≥2 18.8 1.5*

ACUTE MYELOID LEUKEMIA

Shu	et	al.,	China	
(1974–1986)

14 Incident, 
prevalent (92)

Population (618) Interview Any 27.3 1.0

LYMPHOMA

Shu	et	al.,	China	
(1981–1991)

14 Incident (87) Population (166) Interview Any — 1.6*

BRAIN TUMORS

Howe	et	al.,	Canada	
(1977–1983)

19 Incident (74) Population (138) Interview Chest	
diagnostic

8.0 2.1

Skull 
diagnostic

4.3 6.7*

McCredie	et	al.,	Australia	
(1985–1989)

14 Incident (82) Population (164) Interview Dental 9.1 0.4
Skull 

diagnostic
2.4 2.3

Shu	et	al.,	China	
(1981–1991)

14 Incident (107) Population (107) Interview Any — 1.5

Schuz	et	al.,	Germany	
(1993–1997)

15 Incident (466) Population (2458) Interview Any 4.3 0.8

ASTROCYTOMA

Kuijten	et	al.,	US	
(1980–1986)

14 Incident (163) RDD	(163) Interview Head	or	neck NS 1.0
Dental NS 0.9

Bunin	et	al.,	US/Canada	
(1986–1989)

5 Incident (155) RDD	(155) Interview Head,	neck,	or	
dental

13.5 1.2

Dental 9.0 1.0
Head 3.2 1.1

PERIPHERAL NEUROEPITHELIOMA

Bunin	et	al.,	US/Canada	
(1986–1989)

5 Incident (166) RDD	(166) Interview Head,	neck,	or	
dental

12.0 1.1

Dental 8.4 0.5
Head 4.2 0.9

NEUROBLASTOMA

Greenberg	et	al.,	US	
(1972–1981)

14 Incident (104) Hospital	(208) Medical records Chest 33.2 0.3*
Wilms	(105) 11.7 2.0

Cranial 6.2 0.3
1.3 1.6

Abdominal 6.7 0.4
3.9 0.8

Continued
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e-TABLE 1.2 Risk	of	Specific	and	Total	Childhood	Cancers	Associated	With	Early	Life	Postnatal	Medical	Radiation	Exposure—cont’d

Study
Upper Age 
Limit (y)

Type/No. of 
Cases

Type/No. of 
Controls

Method of 
Exposure to 
Assessment

Type of 
Exposure

Exposure 
Prevalence 
in Controls

Estimated 
Relative Risk

OSTEOSARCOMA

Gelberg	et	al.,	US	(1997) 24 Incident (130) Population (130) Interview Medical NS 1.0

EWING SARCOMA

Daigle	et	al.,	US	
(1975–1981)

20 Incident, 
prevalent (98)

RDD	(98) Interview Any NS 1.0

Incident, 
prevalent (95)

Siblings (95) NS 1.0

Winn	et	al.,	US	
(1983–1985)

22 Incident (204) RDD	(204) Interview Diagnostic 37.7 1.6*
Dental 50.0 1.2

ALL SITES

Stewart	et	al.,	UK	
(1953–1955)

10 Deceased	(1299) Populaton (1299) Interview, medical 
records

Diagnostic 13.6 1.0

Therapeutic 0.2 2.7
Hartley	et	al.,	UK	

(1980–1983)
14 Incident (535) General	

practitioner 
(1068)

Interview, medical 
records

Neonatal 0.3 2.0

Incident (465) Hospital	(928) Diagnostic 1.0 1.1
Shu	et	al.,	China	(1994) 14 Incident (642) Population (642) Interview Any — 1.3*

NS, Not specified; RDD,	random-digit	dialing.
*Statistically significant.
From Linet MS, Slovis TL, Miller DL, et al. Cancer risks associated with external radiation from diagnostic imaging procedures. CA	Cancer	J	Clin. 

2012;62:75–100.
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4 SECTION 1 Radiation Effects and Safety

fluoroscopy time, filters employed, magnification, and frame rate, 
and can vary widely from very low–dose cystography to doses in 
tens of millisieverts for complex interventional procedures. CT 
can deliver a relatively large dose of ionizing radiation. The number 
of these examinations has been increasing rapidly, with children 
up to 15 years old undergoing approximately 11% of all CT 
examinations.31 More recent information has shown that the dose 
(CTDI; see glossary) from CT in adults is less than 1.0 mSv to 
as much as 40 mSv.29,30 Typical pediatric CT doses should be less 
than 10 mSv,29,32 and with iterative reconstruction technologies, 
an increasing fraction of body examinations are approaching or 
being performed in the submillisievert range. Data on radiation 
doses from select pediatric imaging examinations are found in 
Tables 1.3 and 1.4.

STRATEGIES FOR OPTIMIZING RADIATION DOSES 
FOR CHILDREN
The fundamental principles for protecting children from radiation 
during imaging include justification and optimization. Justification 
for a study can be difficult to define, although summary recom-
mendations and appropriateness criteria for medical imaging are 
available.33 The possible use of imaging modalities that do not 
depend on ionizing radiation, especially magnetic resonance imaging 
and sonography, is fundamental in justification decisions.

When an examination is considered justified, the imaging 
technique should be optimized. Radiation reduction is not always 
appropriate because some examinations require multiple and 
additional projections, greater fluoroscopy time or magnification, 
or lower image noise (requiring a higher dose) to answer specific 
clinical questions. Implicit here is the “as low as reasonable achiev-
able” principle, which entails using the amount of radiation neces-
sary for diagnosis and no more (or less).

Patient preparation and examination planning are paramount. 
Planning includes communicating with the ordering clinician when 
necessary to clarify examination indications.34 Communication also 
is important both before and during fluoroscopic and angiographic 
examinations to minimize potentially nonuseful fluoroscopy. Use of 
appropriately trained staff and involvement with qualified medical 
physicists, along with licensing, certification, and accreditation 
considerations and routine reviews of equipment function and 

dose” is one measure of radiation that is widely used in discussions 
of medical radiation. It is commonly used because it is relatively 
easily derived and allows gross comparisons of dose estimations 
between examinations of different regions as well as different 
modalities. However, the application of effective dose in medical 
imaging can be problematic.27,28

Published estimates for radiation doses in adults and children 
include those by Fahey et al. and Mettler et al.29,30 In summary, 
radiographic dose ranges from a fraction of a millisievert (for 
extremity evaluation) to somewhat larger doses of more than 
1.0 mSv for more extensive examinations, such as a lumbar spine 
series. Fluoroscopic doses depend on technical parameters, especially 
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Figure 1.4. Estimated low-dose risks.	Age-specific	cancer	rates	over	
the	1958	through	1994	follow-up	period	relative	to	the	rates	for	unexposed	
people	 averaged	over	 the	 follow-up	 for	 sex	 and	 for	 age	 at	 exposure.	
The dashed line represents ±1 standard deviation error for the smooth 
purple curve. The upper straight line is the linear risk estimate computed 
from the range 0 to 2 Sv. The second straight line beginning at 0.06 Sv 
is the upper 95% confidence limit for such a quantity. (From Pierce DA, 
Preston DL. Radiation-related cancer risks at low doses among atomic 
bomb survivors. Radiat Res. 2000;154:178–186.)
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Figure 1.5. Lifetime risk of excess cancer per sievert (SV) as a 
function of age at the time of exposure.	 Data	 from	 atomic	 bomb	
survivors. Although the average risk for a population is about 5% per 
sievert, the risk varies considerably with age; children are much more 
sensitive than adults. At early ages, girls are more sensitive than boys. 
(From Hall EJ. Introduction to session I. helical CT and cancer risk. Pediatr 
Radiol. 2002;32:225–227.)

BOX 1.2 Radiation Metrics

A. ABSORBED DOSE—RADIATION ABSORBED DOSE 
(rad), GRAY (Gy)

1	Gy	= 100 rad
1	cGy	= 1 rad = 1000 mrad
1	mGy	= 100 mrad

B. USE OF ABSORBED DOSE EQUIVALENT—RADIATION-
EQUIVALENT—MAN (rem), SIEVERT (Sv)

1 Sv = 100 rem
10 mSv = 1 rem = 1000 mrem
1 mSv = 100 mrem
Rem = rad × quality factor
Rem = rad × 1
Because	the	quality	factor	for	x-ray	and	γ-rays	= 1, rad = rem

C. NUCLEAR MEDICINE

1.	 Unit	of	radioactivity—becquerel	(Bq)
Bq = 1 disintegration/sec

2.	 Unit	of	radioactivity—curie	(Ci)
1	Ci	= 3.7 × 1010 Bq (disintegration/sec)
1	Ci	= 2.2 × 1012 disintegration/min
10	mCi	= 370 mBq
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patient to intensifier distances), collimation, and use of pediatric-
specific filters. In addition, last image hold, pulsed fluoroscopy, 
image store, video capture, and alerts are part of examination 
optimization for children. Video recording during studies can 
provide review without use of additional fluoroscopy.

Contemporary strategies and examination optimization for 
radiation dose management in pediatric CT, including protocol 
optimization, are available.40–43 Adjustment in the parameters that 
are primarily responsible for the dose delivered—tube current 
(milliamperes), gantry cycle time in seconds, peak kilovoltage, and 
table speed—should be based on the size of the child, examination 
indication, prior examinations, and region examined. Additional 
efforts should include minimizing multiphase examinations, exces-
sive scan length, and overlapping regions of examination. Tube 
current modulation, organ-based dose modulation (in which the 
tube current is reduced in an arc to reduce the surface dose to 
anterior structures such as the breasts when the patient is supine), 
iterative reconstructive technologies, kVp, rapid table translation, 
and dual-source/dual-energy technology also have provided real or 
potential opportunities for dose reduction, improved examination 
quality, or a combination of both. The use of shielding in the 
region of scanning, which usually is discussed for breast tissue, is 
debated.44,45 A more in-depth discussion of radiation protection 
in children undergoing diagnostic imaging is available.46

COMMUNICATION OF RADIATION RISK
Given existing information regarding the risk of medical radiation, 
communication of that risk with patients, their families, and health 
care providers is important, but fraught. Many clinicians are aware 
of the study by Pearce et al. demonstrating one excess case each 
of leukemia and brain tumor for every 10,000 pediatric head CT 
scans.47 Methodologic issues limited the conclusions drawn; 
however, even if this reported risk is accurate, when a CT scan 
is performed in a setting meeting appropriate clinical criteria, the 
benefits far outweigh the risks. In fact, not performing a clinically 
indicated CT scan because of radiation risk concerns is more 
likely to cause harm than the indicated scan itself.48

As such, educational efforts are extremely important, particularly 
given increased scrutiny and concern regarding medical radiation 
and the risk of cancer. To these ends, the Image Gently Alliance49,50 
has been a successful education and awareness organization for 
informed use of ionizing radiation in medical imaging in children.

Continued needs include more evidence-based research and 
decision support to improve utilization,51 better dose estimations,6,7 
ongoing optimization of diagnostic reference levels for pediatric 
imaging, alerts and notifications on imaging equipment,52 and 
dose monitoring for all modalities as well as dose tracking and 
relevant imaging providers.53

APPENDIX: GLOSSARY AND DOSE DESCRIPTORS
As we probe more deeply into the effects of radiation, it is important 
to use precise definitions. Some of the most pertinent terms are 
provided in this glossary.8

Absolute risk: The risk of an adverse effect that is independent 
of other causes of that same health effect.

Absorbed dose (D): The energy imparted to matter per unit of 
mass by ionizing radiation at a specific point. The Systeme 
Internationale (SI) unit of absorbed dose is joules per kilogram 
(J/kg); the Gray (Gy). The previously used special unit of 
absorbed dose, the rad, was defined as being an energy absorp-
tion dose of 100 erg/g; 1 Gy = 100 rad.

ALARA (as low as reasonably achievable): The principle of 
limiting the radiation dose administered to exposed individuals 
to levels as low as are reasonably achievable, taking into account 
economic and social factors.

protocols as part of quality control and assessment, are becoming 
expected components of radiation protection in medicine.35

Dose management strategies in pediatric radiographic imaging 
include collimation, evaluation of the number of projections 
required, consideration of the source to receptor and patient to 
receptor distances, shielding when appropriate, use of grids, filtering, 
consideration of exposure factors, and use of postprocessing 
techniques. General strategies for protecting patients during 
radiography can be found in International Atomic Energy Agency 
educational material.36

A number of dose management strategies exist for fluoroscopy 
and interventional radiology, including those by the International 
Atomic Energy Agency and Alliance for Radiation Safety in 
Pediatric Imaging (Image Gently Campaign).37–39 These strategies 
include avoiding field overlap and electronic magnification, place-
ment of the image intensifier before fluoroscopic activation, use 
of appropriate grids and positioning (i.e., source to patient and 

TABLE 1.3 Radiation	Dose	to	Children	by	Age	at	Diagnostic	
Examination

Examination*

Dose (mSv) (by Age at Exposure [y])

0 1 5 10 15 Adult

RADIOGRAPHY†‡
Skull AP — 0.037 0.058 — — 0.084
Skull LAT — 0.025 0.031 — — 0.041
Chest	PA 0.023 0.024 0.037 0.025 0.026 0.051
Abdomen AP 0.077 0.197 0.355 0.509 0.897 2.295
Pelvis AP 0.085 0.121 0.230 0.309 0.556 1.783

DENTAL RADIOGRAPHY†
Intraoral 0.008 0.011
Panoramic 0.015 0.015

DIAGNOSTIC FLUOROSCOPY PROCEDURES†
MCU 0.807 0.763 0.688 0.640 0.677 2.789
Barium swallow 0.645 0.589 0.303 0.760 0.581 1.632
Barium meal 2.209 2.226 1.427 2.137 2.386 5.158
Cardiac	ASD	

occlusion
3.88 5.158

Cardiac	PDA	
occlusion

.021

Cardiac	VSD	
occlusion

12.1

COMPUTED TOMOGRAPHY§
Brain 2.3 2.2 1.9 2.0 2.2 1.9
Facial	bone/

sinuses
1.4 0.5 0.5 0.5 0.6 0.9

Chest 1.9 2.2 2.5 3.0 3.3 5.9
Entire abdomen 3.6 4.8 5.4 5.8 6.7 10.4
Spine 4.4 11.4 8 7.6 6.9 10.1

AP, Anteroposterior; ASD, atrial septal defect; LAT, lateral; MCU, 
micturating cystourethrography; PA, posterolateral; PDA, patent 
ductus arteriosus; VSD, ventricular septal defect.

*Dosimetric	quantities	are	all	effective	doses	in	millisieverts	(mSv).
†From	Hart	D,	Hillier	MC.	Dose to Patients From Medical X-ray 

Examinations in the UK–2000 Review.	Chilton,	UK:	National	
Radiological Protection Board; 2007.

‡From	Hart	D,	Hillier	MC.	Dose to Patients From Medical X-ray 
Examinations in the UK—2002 Review.	Chilton,	UK:	National	
Radiological Protection Board; 2002.

§From	Galanski	M,	Nagel	HD,	Stamm	G.	Paediatric CT Exposure 
Practice in the Federal Republic of Germany—Results of a 
Nation-Wide Survey in 2005/2006.	Hannover,	Germany:	Hannover	
Medical	School;	2006.	Radiation	doses	are	based	on	a	German	
nationwide	survey	on	multislice	CT.	The	radiation	dose	in	each	age	
group category is the dose administered to pediatric patients who 
are	newborn	(the	0-year	category),	those	ages	>0–1	year	(the	1-year	
category),	those	ages	2–5	years	(the	5-year	category),	those	ages	
6–10	years	(the	10-year	category),	and	those	ages	11–15	years	(the	
15-year	category).
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6 SECTION 1 Radiation Effects and Safety

Lifetime risk: The risk of dying of some particular cause over 
the entire course of a person’s life.

Linear no threshold (LNT): The theory based on a linear dose 
response that no level of radiation exposure can be assumed 
to be absolutely safe.

Rad: The old unit of absorbed dose, equivalent to an energy 
absorption of 100 erg/g. Superseded by the Gray (see absorbed 
dose).

Relative risk: The situation in which the risk of a disease resulting 
from some injury is expressed as some percentage increase of 
the spontaneous rate of occurrence of that disease. Relative 
risk is in contrast to an absolute risk, in which the risk of a 
disease resulting from an injury does not depend on the normal 
rate of occurrence of that disease.

Rem: Old unit of equivalent or effective dose. It is the product 
of absorbed dose (in rads), the radiation weighting factor, and 
the tissue weighting factor; 1 rem = 0.01 Sv.

Roentgen (R): A unit of exposure to ionizing radiation named 
after Wilhelm Röntgen, the German scientist who discovered 
x-rays in 1895. It is that amount of γ rays or x-rays required 
to produce ions carrying one electrostatic unit of electric charge 
(either positive or negative) in 1 cm3 of dry air under standard 
conditions.

Sievert (Sv): Unit of equivalent dose or effective dose: 1 Sv = 
100 rem.

Stochastic effect: The effect, the probability of which, rather 
than its severity, is a function of radiation dose without threshold. 
More generally, stochastic means random in nature.

Tissue (deterministic) effect: An effect with a threshold, the 
severity of which increases as the dose increases.

Background radiation: The radiation in the natural environment, 
including cosmic rays and radiation from the naturally radioac-
tive elements, found outside and inside the bodies of humans 
and animals. Background radiation also is called natural radiation. 
The term also may mean radiation that is unrelated to a specific 
experiment.

CTDI: Computed tomography dose index, a radiation exposure 
index defined as the average dose of a single CT slice acquisition 
of a given protocol performed on a standard 100 mm pencil 
chamber dosimeter within a standard phantom.

Effective dose: The radiation dose, accounting for the fact that 
some types of radiation are more damaging than are others 
and some parts of the body are more sensitive to radiation 
than are others. It is defined as the sum, over specified tissues, 
of the products of the equivalent doses in the exposed tissues 
and the weighting factors for those tissues.

Exposure: Exposure is used more often in its more general sense 
and not as the specially defined radiation quantity. It is a measure 
of the quantity of radiation based on its ability to ionize air 
through which it passes. The previously used special unit of 
exposure, the roentgen (R), has been replaced with the SI unit 
of exposure, coulombs per kilogram (C/kg); 1 R = 2.58 × 10−4 
C/kg (exactly). The physical quantity exposure may be replaced 
by the quantity air kerma in air, especially for calibration of 
monitoring instruments: 1 R = 10 mGy air kerma.

Free radical: A fragment of an atom or molecule that contains 
an unpaired electron in the outer shell and is very reactive.

Gamma rays: High-energy, short-wavelength electromagnetic 
radiation (γ). Gamma radiation frequently accompanies α and 
β emissions and always accompanies fission. Gamma rays are 
very penetrating and are best stopped or shielded against by 
dense materials, such as lead or depleted uranium. Gamma 
rays are indistinguishable from x-rays except for their source: 
gamma rays originate inside the nucleus, and x-rays originate 
from outside.

Gray (Gy): The special name for the SI unit of absorbed dose 
(kerma) and specific energy imparted equal to 1 J/kg. The 
previous unit of absorbed dose, the rad, has been replaced by 
the gray: 1 Gy = 100 rad.

Hereditary effects of radiation: Radiation effects that can be 
transferred from parent to offspring; any changes in the genetic 
material of sex cells caused by radiation.

Kerma (kinetic energy released per unit mass): The sum of 
the initial kinetic energies of all the charged ionizing particles 
liberated by uncharged ionizing particles per unit mass of a 
specified material. Kerma is measured in the same unit as 
absorbed dose. The SI unit of kerma is joules per kilogram (J/
kg), and its special name is the gray (Gy). Kerma can be quoted 
for any specified material at a point in free space or in an 
absorbing medium.

TABLE 1.4 Typical	Effective	Radiation	Dose	of	Common	Radiologic	Procedures	in	Children

Examination

Typical Effective Dose by Age of Exposure (mSv)

Newborn 1 Year 5 Years 10 Years Adult

Chest	x-ray 0.02
Intraoral dental radiography 0.005
Dental	orthopantomogram 0.01
Cone	beam	craniofacial	dental	CT <1
Head	CT 6 3.7 2 2.2 2
Chest	CT 1.7 1.8 3 3.5 7
Abdominal	CT 5.3 4.2 3.7 3.7 7
FDG	PET	CT 15.3
Tc-99m	bone	scan 6
Fluoroscopic	cystogram 0.33
Fluoroscopic	pediatric	interventional	cardiology 1 to 37

Adapted from World Health Organization. Communicating	Radiation	risks	in	Paediatric	Imaging:	Information	to	support	healthcare	discussions	about	
benefit and risk. http://www.who.int/ionizing_radiation/pub_meet/radiation-risks-paediatric-imaging/en/. Accessed March 21, 2017.

KEY POINTS

•	 Radiation	can	have	a	direct	action	on	DNA	or	operate	
indirectly through free radicals.

•	 In	medicine,	biologic	effects	from	radiation	are	primarily	a	
result of double-strand DNA breaks.

•	 In	diagnostic	imaging,	radiation	effects	are	stochastic	effects,	
primarily cancer induction (vs. deterministic effects such as 
skin burns seen at much higher doses).

•	 Fetal	and	childhood	tissues	are	more	susceptible	to	the	
stochastic effects of radiation.

•	 Key	principles	of	protecting	persons	from	diagnostic	
radiation are justification (only perform indicated 
examinations) and optimization (use appropriate examination 
techniques).

•	 Dose	metrics	(i.e.,	exposure	or	dose	estimations)	should	be	
part of the examination information for every modality that 
uses ionizing radiation.
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2 Magnetic Resonance Safety
Ramkumar Krishnamurthy and Jean A. Tkach

Magnetic resonance imaging (MRI) has proved to be a powerful 
diagnostic imaging tool in children and adults. MRI uses low-energy 
nonionizing radio waves, and as such it is particularly well suited 
for pediatric and longitudinal imaging studies. MRI exploits a 
wide variety of intrinsic tissue-specific properties to generate a 
wide spectrum of tissue contrast, thus providing detailed informa-
tion about anatomy, physiology, and function. For clinical MRI 
examinations, the acquisition techniques used and the specific 
acquisition parameters selected are manipulated to generate the 
type of image contrast most relevant to the underlying medical 
question. Unlike MRI, ultrasound is limited by the restriction of 
air and bony anatomy, and radiography and computed tomography 
uses ionizing radiation. Compared with other diagnostic imaging 
modalities, MRI has proved to be superior at imaging soft tissues. 
In addition, MRI enables images to be obtained in any plane and 
can provide true volumetric data acquisition.

MRI, when performed following the right conditions and 
guidelines, presents no apparent safety risks, and millions of MRI 
examinations are performed each year without incident. However, 
when not appropriately managed, safety concerns exist from the 
following: each of the three electromagnetic fields (Table 2.1), 
external contrast agent (typically gadolinium-based), associated 
acoustic noise, and other issues (e.g., sedation). Notably, most 
MR-related injuries and the few fatalities that have occurred 
primarily were a result of the failure to adhere to MR safety 
guidelines for the MRI environment, or they occurred because 
inaccurate or outdated MR safety-related information was used 
for biomedical implants and devices.1,2

To prevent similar adverse MR safety-related incidents from 
occurring, it is imperative that the potential safety risks intrinsic 
to the MR environment be understood and respected by users of 
this powerful imaging technology.

SAFETY CONSIDERATIONS:  
ELECTROMAGNETIC FIELDS

Main Static Magnetic Field

Biologic Effects of Static Magnetic Fields
The majority of MRI systems in clinical use today operate at main 
or static magnetic field strengths of 0.2 to 3.0 tesla (T), with 1.5 T 
and 3.0 T units being used predominantly. The static field of a 
1.5 T scanner is approximately 30,000 times stronger than Earth’s 
magnetic field (roughly 0.00005 T). The most recent United States 
Food and Drug Administration (FDA) guidelines state that, for 
adults, children, and infants older than 1 month, diagnostic MRI 
systems that operate at or below 8 T are considered to be a 
nonsignificant risk. For neonates, the limit is 4 T.3 In practice, 
3 T is the highest field strength in common clinical use. Initially, 
some concern was expressed that the strong magnetic fields might 
have irreversible detrimental biologic/health effects in humans, 
including alterations in cell growth and morphology, cell reproduc-
tion and teratogenicity, DNA structure and gene expression, 
prenatal and postnatal reproduction and development, blood-brain 
barrier permeability, nerve activity, cognitive function and behavior, 
cardiovascular dynamics, hematologic indexes, temperature regula-
tion, circadian rhythms, immune responsiveness, and other biologic 
processes.4–22 However, a comprehensive review of the literature 

indicates that short-term exposures (of a duration comparable to 
an MR examination) to high-static magnetic fields produce no 
appreciable long-term detrimental biologic effects.23,24

Although no lasting adverse effects of short-term exposures 
to high magnetic field strengths have been reported, several rela-
tively transient reversible biologic effects are known to occur, 
including electrocardiographic changes and benign sensory effects. 
These effects have been reported primarily at field strengths greater 
than 2 T, and the sensory effects appear to occur most often when 
a person’s head is moved rapidly within the static magnetic field. 
The elevation in electrocardiographic T waves is believed to be 
due to magnetohydrodynamic phenomena.25,26 The voltage associ-
ated with the magnetohydrodynamic effect is not considered 
hazardous at the magnetic field strengths approved for clinical 
use. However, at higher field strengths, the possibility exists that 
the induced potential might exceed 40 mV (voltage produced 
across large arteries are on the order of 5 mV/T), which is the 
threshold for depolarization of cardiac muscle.27

Several short-term, relatively benign sensory effects have been 
reported at higher field strengths, including vertigo, nausea, 
headaches, flashing lights (also known as magnetophosphenes), a 
metallic taste, and/or sensation in dental fillings.28

Interaction of the Main Magnetic Field With 
Ferromagnetic Objects
Torque and Attractive Forces. The field associated with an MR 
scanner can be separated into two spatial regions defined by the 
types of interaction with ferromagnetic objects that predominate 
in each region. The first region surrounds the magnet isocenter 
and is contained within the bore of the MRI scanner. The magnetic 
field in this region essentially is temporally constant and homo-
geneous in strength. A magnetic object introduced into this region 
of the static field is subjected to a torque that acts to align it with 
the magnetic field, just as magnetic material aligns itself with the 
poles of a permanent bar magnet or a compass needle aligns itself 
with the Earth’s magnetic field.29 Hence any nonspherical metallic 
object that enters the spatially homogenous static region of the 
field will be subjected to a rotational force or torque such that its 
long axis will be aligned with that of the main magnetic field. If 
the metallic implants are not sufficiently anchored by the sur-
rounding tissue (e.g., bone in the case of an orthopedic implant), 
the resultant rotational motion will cause trauma to the surrounding 
tissue. The magnitude of these effects depends on the geometry 
and mass of the object, as well as the characteristics of the MR 
system’s magnetic field.

In the second region (the fringe field), the strong magnetic 
field strength drops off rapidly as the distance from the magnet 
increases, producing a large spatial gradient that typically is greatest 
in regions immediately adjacent to the magnet. Modern day scanners 
have actively shielded main magnetic fields, which significantly 
increases the spatial gradient. Metallic objects introduced into this 
magnetic field gradient experience a translational (attractive) and 
rotational force. The translation will be in the direction of the 
higher field strength. The strength of the attractive/translational 
force will depend on the size of the object and its location within 
the gradient field and will increase rapidly as the object approaches 
the magnet. As such, the metallic object will be accelerated 
along the direction of the spatial gradients in the static field and  
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Abstract:
Following MRI safety guidelines is critical in ensuring a successful 
and safety event-free MRI experience. However, there are unique 
considerations in adhering to safety guidelines in children compared 
with as an adult population. The higher use of sedation also makes 
following MRI safety guidelines challenging.

Keywords:
Pediatric MRI safety
ACR guidelines
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Any individual in the path between the object and the center 
of the magnet (e.g., the patient lying in the magnet bore) can be 
seriously injured or killed.34 Numerous instances of MR-related 
accidents involving objects such as scalpels, scissors, oxygen tanks, 
intravenous line poles, wheelchairs, transport carts, floor buffers, 
mop buckets, vacuum cleaners, other medical devices, and even 
firearms have been documented. Any injuries related to ferromag-
netic projectiles must be documented; the necessary forms can 
be accessed on the FDA website.35,36 More comprehensive informa-
tion regarding these online resources is provided in a later section 
of this chapter.

To prevent potentially devastating MR-related accidents from 
occurring, it is essential that access to areas that exceed the 5 
Gauss line (see next section) must be rigorously restricted and 
vigilantly supervised at all times. All patients, accompanying family 
members, and hospital personnel with a demonstrated need to 
enter the MR environment must be appropriately educated to the 
potential hazards and rigorously screened for contraindications.

5 Gauss Line. Failure to adhere to safe practices within the 
MR environment has led to most of the MR-related accidents 
and fatalities. These incidents have involved the inappropriate 
introduction of metallic objects and/or implanted medical devices 
into the scan room. Five gauss (G) (1G = 0.0001 T) and below 
are considered “safe” levels of static magnetic field exposure for 
the general public.29 The 5 G line identifies the perimeter around 
an MR scanner within which the static magnetic fields are higher 
than 5 G; it is the most commonly recognized MR safety policy.25 
Safety considerations require that this distance from the magnet be 
determined and that areas with field strength greater than 5 G be 
identified with appropriate and conspicuous signage. Importantly, 
the 5 G line extends in three dimensions; thus when the MR  
area is sited, the extent of the fringe field to the floors above and 
below the magnet must be considered. Because of the potential 
hazards, access to this area must be rigorously controlled and 
supervised.

Time-Varying Gradient Magnetic Fields
During imaging acquisition, gradient magnetic fields are transiently 
imposed along the main magnetic field to spatially localize and 
encode the spins. These gradient magnetic fields (current clinical 
gradient strengths vary between 30–90 mT/m) are much weaker 
than the static magnetic field and are generated by gradient coils 
located inside the magnet bore. Each orthogonal axis (i.e., x, y, 
and z) has a pair of gradient coils. For a given direction, a linear 
gradient magnetic field is generated within the main magnetic 
field by applying electrical current in opposite directions to the 
coil pair over a short time interval.27 When this gradient magnetic 
field is applied, the magnetic field intensity changes rapidly, giving 
rise to a time-varying magnetic field. The rate of change in a 
magnetic field (dB) occurs over time (dt) and usually is measured 
and reported in units of dB/dt expressed in milliteslas per meter 
per millisecond (mT/m/msec). During the rise time of the magnetic 
field, an electrical current can be induced in any electrical conductor 
(e.g., implanted medical device, wire, human body). Notably, the 
magnitude of the time-varying magnetic field along each of the 
three spatial directions (i.e., x, y, and z) is zero at the center of 
the magnet and increases linearly with increasing distance from 
the isocenter.

Because the human body is a conductor, the rapidly switching 
magnetic fields can induce electrical fields and current in a patient 
(as described by Faraday’s law of induction) that may lead to the 
stimulation of muscle and nerve tissues.27 The mean threshold 
levels (measured in tesla per second) for various stimulations are 
3600 T/sec for the heart, 900 T/sec for the respiratory system, 
90 T/sec for pain, and 60 T/sec for the peripheral nerves. However, 
the exact values differ significantly among individuals.25 Experience 

quickly can become a dangerous projectile. Depending on the size 
and composition of the metallic object, these attractive/translational 
effects may begin as soon as the object is introduced into the scan 
room. Once the object enters the uniform field within the bore 
of the magnet, acceleration will cease and the object will come 
to a stop.25

The potential hazards associated with the spatial gradients are 
greatest for high magnetic field strengths and large fringe fields. 
In general, the forces increase approximately as the square of the 
field strength but will vary depending on the composition of the 
object.30 For example, at 3 T compared with 1.5 T, the force on 
a paramagnetic material (e.g., a stainless steel scalpel) is 5 times 
greater, whereas the force on a ferromagnetic object (e.g., a steel 
wrench) is 2.5 times greater.30 Finally, even for a given field strength, 
the magnitude and footprint of the spatial gradients can vary 
between magnet configurations. For example, it has been reported 
that short-bore MR systems have significantly higher spatial 
gradients than long-bore scanners, particularly those operating 
at 3 T.31,32 This finding highlights the multiple nuances and factors 
that must be considered when evaluating and establishing MR 
safety guidelines and operating procedures for any object before 
it may be introduced into a specific MRI environment. It is a 
common misconception that the magnet is only “on” when the 
images are being acquired. However, the magnet is always on, and 
signage to indicate the “Magnet is ON” should be displayed 
conspicuously on the door to the MR scan room.

Missile/Projectile Effect. The projectile/missile effect, wherein 
a ferromagnetic object is accelerated toward the isocenter of the 
magnet, is the most widely recognized and publicized safety hazard 
associated with MRI. Objects constructed partially or entirely of 
ferromagnetic materials (e.g., iron, nickel, cobalt, and the rare 
earth metals chromium, gadolinium, and dysprosium) are strongly 
attracted to the magnet bore. Steel objects also are highly fer-
romagnetic, as are some medical grades of stainless steel. Notably, 
working a metal by machining, molding, and/or bending it, for 
example, can alter its magnetic properties and, as a result, some 
forms of nonmagnetic stainless steel can be made magnetic. For 
this reason, the MR safety of a given metallic object must be 
evaluated in its final form.33 If any doubt remains regarding the 
presence of ferromagnetic material, the object should be checked 
with a permanent magnet and/or a ferromagnetic wand as a final 
precautionary measure before it enters the scan room.

TABLE 2.1 Principal Mechanisms of Interaction of the Three Main MRI 
Energy Fields With Tissues and Some Related Effects

Magnetic 
Resonance–Related 
Electromagnetic 
Field

Mechanism of 
Interaction Potential Effects

Static magnetic  
field (T)

Polarization/
magnetization

Elevated 
electrocardiographic T 
wave and/or transient 
sensory effects (e.g., 
vertigo, nausea, 
phosphenes, and 
metallic taste)

Transient gradient 
magnetic field  
(dB/dt)

Induced currents
Acoustic noise

Peripheral nerve 
stimulation

Physiologic stress, anxiety, 
temporary hearing loss

Radio frequency  
field (specific 
absorption rate)

Thermal heating Local burns

From Bushong SC. Biologic effects of magnetic resonance imaging. In: 
MR safety, magnetic resonance imaging: physical and biological 
principles. 3rd ed. St Louis: Mosby; 2003.

mebooksfree.com



10 SECTION 1 Radiation Effects and Safety

clinical staff and vigilant medical supervision during the examina-
tion. Institutional Review Board approval is required for operation 
above these levels (second level controlled). In practice, the com-
mercial MR systems monitor dB/dt throughout the examination 
and generate a warning for the specific protocols for which PNS 
is likely. For normal operating mode, the dB/dt threshold level is 
set at 80% of the mean threshold value for PNS stimulation, and 
it is set at 100% for the first level.30 In addition, the MR operator 
should remain in constant verbal contact with the patient and 
instruct him or her to report any tingling, muscle twitching, or 
painful sensations that occur during scanning. This contact is not 
possible for infants and for sedated, noncommunicative, or otherwise 
compromised patients. Operationally, dB/dt can be reduced by 
increasing the field of view and/or slice thickness, reducing the 
matrix size, and decreasing receiver bandwidth.

Radiofrequency Fields

Biologic Effects
One of the primary safety concerns in MRI is tissue heating. The 
conductivity of tissue allows the absorption of RF energy, which 
is transformed into heat as a result of resistive losses.40,41 The 
heating is greatest at the periphery of the body, and thus the skin 
is the most prone to this effect.30 When thermally challenged, the 
body responds by thermoregulatory mechanisms and attempts to 
dissipate the heat by means of convection, conduction, radiation, 
and evaporation. If these attempts are not completely successful, 
the heat accumulates, resulting in a rise in local tissue and/or 
systemic core temperatures,40–42 which has the potential to produce 
physiologic changes.27 For humans, the typical skin temperature 
is about 33°C, whereas core temperature is about 37°C. Experience 
has shown that, when the body is subjected to significant RF 
power levels, it immediately attempts to dissipate the heat load 
through vasodilatation of the blood vessels of the skin, with the 
skin approaching core temperature. This response mechanism 
allows the body to reduce heat fairly rapidly and typically is 
evidenced by flushing of the skin, which in itself is not harmful 
and usually subsides within several hours.

The dose measure used to describe this energy absorption or 
heat dose is the specific absorption rate (SAR). SAR is defined in 
the International Electrotechnical Commission standard as the 
amount of RF power (measured in watts) absorbed per patient 
mass in kilograms (W/kg). The MR system software calculates 
an SAR for each imaging sequence and enforces the limits estab-
lished by the FDA. Because SAR depends on patient weight, it is 
important that an accurate value be entered during the patient 
registration procedure. The amount of RF energy absorbed is 
dependent on the frequency (as determined by the static magnetic 
field strength), the RF coil used, the volume (size), composition 
(conductivity), and configuration of the exposed tissue and the 
duty cycle and type of RF pulses applied, as well as other factors.40–44 
Notably, SAR increases with the square of the frequency (and 
hence magnetic field strength) and patient size.30 Consequently, 
for a given pulse sequence, doubling the field strength (e.g., 1.5 
vs. 3 T) results in a factor of four increase in SAR. SAR can be 
minimized by decreasing the power and/or duty cycle of the RF 
pulses. In practice, this minimization can be accomplished by 
increasing the repetition time (TR), reducing the number of slices, 
and, when feasible, reducing the RF flip angle (because SAR is 
proportional to the square of the flip angle). A person’s ability to 
respond to the thermal challenge and effectively dissipate the heat 
is influenced by the rate at which the energy is deposited and the 
duration of the exposure. Underlying health conditions such as 
cardiovascular disease, hypertension, diabetes, fever, old age, obesity, 
or a compromised ability to perspire can impair a person’s ability 
to tolerate the thermal challenge.45–49 In addition, certain medica-
tions such as diuretics, β-blockers, calcium channel blockers, 

has shown that sufficient dB/dt levels can produce brief muscle 
twitches and peripheral nerve stimulation (PNS) perceptible as a 
“tingling” or “tapping” sensation. This sensation can become 
uncomfortable and/or painful as the gradient magnetic field 
increases to 50% to 100% above perception thresholds.37 For 
these reasons, threshold sensations, when reported, should not be 
ignored, because they may readily escalate to uncomfortable levels. 
Although cardiac stimulation is a concern, studies conducted in 
dogs have shown that the cardiac stimulation threshold for the 
most sensitive 1% of the population is 20 times, and the mean 
defibrillation threshold is 500 times, the energy required for PNS.33 
The exceedingly strong and/or rapidly switching gradient magnetic 
fields necessary to achieve cardiac stimulation threshold levels are 
more than an order of magnitude greater than those used in 
commercially available MR systems.37–39

In practice, the potential for PNS is greatest for fast imaging 
(e.g., echo planar imaging [EPI]) acquisitions, particularly when 
oblique imaging planes are obtained where the combined contribu-
tions of gradients from more than one axis result in a higher 
effective slew and/or when the readout (i.e., frequency encode) 
lies along the cranio-caudal direction.25

Normal imaging sequences (e.g., conventional spin echo and 
gradient echo) induce currents of a few tens of milliamperes per 
square meter, a level far below that present in the normal brain 
and heart tissue. However, as noted previously, PNS is quite possible 
for the rapid imaging techniques such as EPI and for high-
performance gradients. These effects can be controlled by limiting 
the maximum rate of change in the magnetic field gradients. The 
current FDA standard is based on the threshold for sensation, 
rather than a specific numerical value of dB/dt. Specifically, “current 
FDA guidance limits the time rate of change of magnetic field 
(dB/dt) to levels which do not result in painful peripheral nerve 
stimulation.”29 This policy reflects in part the complexity of 
modeling and calculating the current distribution in the body 
associated with the pulsed gradient fields. Correspondingly, dB/
dt levels below that resulting in painful stimulation are considered 
a nonsignificant risk by the FDA. It is important to note that dB/
dt is a function of the gradient strength and rise time and not of 
the static field strength. Thus dB/dt is of equal concern for both 
lower and higher field scanners.

Clinically, two operating modes for the radio frequency (RF) 
and gradient field levels used for imaging are permissible, normal 
and first level controlled (Table 2.2). In normal mode, the system 
output levels are below those that will cause physiologic stress and 
therefore are appropriate for all subjects. Alternatively, in first level 
controlled mode, one of the MR system outputs (e.g., dB/dt) may 
reach a value that may cause physiologic stress and thus may not 
be appropriate for the most medically compromised patients. 
Operation in this mode requires authorization by appropriate 

TABLE 2.2 International Electrotechnical Commission/Food and Drug 
Administration Operating Modes for Magnetic Resonance Imaging 
Diagnostic Equipment

Operating Mode Conditions/Qualifications

Normal mode Will not cause stress; suitable for all 
patients

First level controlled mode May cause stress; requires medical 
supervision and positive action by 
operator to enter

Second level controlled mode Institutional Review Board approval 
required

From Center for Devices and Radiological Health, Food and Drug 
Administration. FDA guidelines for magnetic resonance equipment 
safety: Available at http://www.aapm.org/meetings/02AM/pdf/ 
8356-48054.pdf.
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Lorentz forces that produce a torque on the coil itself, causing it 
to move and/or vibrate against its mounting. This movement, 
analogous to that of the diaphragm of a loudspeaker, creates the 
loud chirping, tapping, knocking, and banging noises heard by 
the subject during MRI.2,27 Sound levels for MRI are measured 
in A-weighted decibels (dBA), which takes the frequency response 
of the human auditory system into account. As a reference, normal 
conversation is approximately 60 dBA (www.osha.gov), and a 
difference of 6 dBA represents a doubling of sound intensity. 
Sound pressure levels (SPL) of 81 to 117 dBA are common for 
standard 1.5 T MRI examinations57 and can be as high as 130 
dBA for high-speed acquisitions such as echo planar imaging (EPI) 
and techniques that use nontraditional (i.e., non-Cartesian) k-space 
trajectories, such as propeller, radial, and spiral sequences. Although 
many factors influence the intensity of the MR-related acoustic 
noise (e.g., gradient coil design, gradient amplitude and slew rate, 
size of patient, location of patient in magnet bore), higher field 
strength systems tend to be louder.

MRI-related acoustic noise may lead to simple annoyance, 
difficulties in verbal communication, heightened anxiety, and 
temporary or potentially permanent hearing loss for both the 
patient and other persons in or near the MR scan room.58–70 In 
addition, the noise may cause confusion and/or extreme anxiety 
in more vulnerable patients such as children and elderly persons 
and in persons with psychiatric disorders.58,60,71 MRI-related noise 
also has been reported to produce alterations in physiologic 
parameters in neonates, which may be problematic in light of 
their immature cardiac physiology and cerebrovascular regulation.62 
Furthermore, the acoustic noise levels may cause discomfort to 
sedated patients, and certain drugs are known to increase hearing 
sensitivity.61 Because exposure duration is one of the most influential 
factors in determining the effect of noise on hearing, it is unlikely 
that the noise levels experienced during the relatively short MR 
examinations will have a long-term negative effect on hearing.72,73 
It is the short-term effects of MR-related acoustic noise that are 
the primary concern.

The FDA indicates that MR-related acoustic noise levels must 
be below the level of concern established by pertinent federal 
regulatory or other recognized standard-setting organizations.74 
Guidelines for acceptable acoustic noise levels associated with 
MRI are based on Occupational Safety and Health Administration 
(OSHA) guidelines for industrial workers, which recognize that 
the risk is a function of its intensity and the duration of exposure.25 
OSHA standards stipulate that, to avoid hearing damage, the peak 
unweighted SPL cannot exceed 140 dB27 and the A-weighted root 
mean square SPL cannot exceed 99 dBA, with hearing protection 
in place. Because the acoustic noise level for many sequences can 
exceed 99 dBA, the MR manufacturer must recommend that it is 
necessary for the MR system operator to provide the patient with 
hearing protection.2 Hearing protection should also be given to 
all other persons who will be present in the scan room during the 
MR exam.

The Noise Reduction Rating (NRR) is the standard for hearing 
protection devices established by the Environmental Protection 
Agency. For a given noise attenuator, the NRR value is the mean 
attenuation value (in dB) for the device minus two standard devia-
tions, corresponding to the minimum noise reduction achieved 
by 98% of the population. For MR examinations, adequate hearing 
protection can be most easily and effectively accomplished with 
earplugs (≈29–32 dBA NRR) and/or headphones (≈29–49 dBA 
for adults and 7–12 dBA mini muffs for infants). Notably, the 
NRR reported for earplugs will not be realized if they are improp-
erly inserted or do not fit snugly, as often may be the case for 
young pediatric patients. Although the combined use of earplugs 
and headphones do not produce additive effects in hearing protec-
tion per se, they can increase the NRR by 5 to 6 dB (equivalent 
to approximately half the sound intensity) for frequencies less 
than or equal to 2000 Hz (http://www.biac.duke.edu/research/

amphetamines, muscle relaxants, and sedatives can alter the body’s 
thermoregulatory responses significantly, with some medications 
actually having a synergistic effect with respect to tissue heating 
caused by RF exposure.2 Finally, the ability of the subject to dissipate 
heat is also affected by the ambient temperature, relative humidity, 
and airflow in the MR scan room.

To prevent excessive heat stress and/or local tissue damage, 
the FDA has established guidelines to limit allowable whole-body 
SAR levels to those that produce no more than a 1°C increase in 
tissue and/or core temperature beyond the normal 37°C.27 As 
with dB/dt, two levels of clinical operation are possible for SAR. 
Note, however, that only the whole-body SAR limit is increased, 
from 2 W/kg to 4 W/kg, in the advancement from normal to first 
level controlled operation. The SAR limit for normal and first 
level controlled operating modes for the head is 3.2 W/kg (1°C 
maximum temperature increase) averaged over head mass and 
10 W/kg temperature over any 10 g of tissue for the torso and 
extremities.50 These SAR limits correspond to time-averaged values 
over a 6-minute interval. Exceptions to the specified FDA guidelines 
include infants and pregnant women, for whom the FDA recom-
mends that the limits be reduced by a factor of two. Similarly, for 
patients with thermoregulatory compromise (e.g., cardiovascular 
impairment, cerebral vascular impairment, and diabetes), the FDA 
recommends a whole-body SAR limit of 1.5 W/kg.33 In addition, 
the SAR limits are reduced when the ambient temperature rises 
above 24°C (75°F) or if the humidity exceeds 60%.

Interaction With Other Devices
Additional safety concerns associated with RF irradiation exist 
when objects made from conductive materials that have an elongated 
shape or are looped, such as electrodes, monitor leads, guidewires, 
and certain types of catheters (e.g., catheters with thermistors or 
other conducting components), are present in the magnet bore.38,51–56 
The rapidly changing magnetic field associated with the RF can 
induce an electromotive force in the conductor and, hence, current 
flow, which, because of electrical resistance, will lead to heating 
of the conductor. If the conductor is in contact with the skin, 
burns can result. Incidents of first-, second-, and third-degree 
burns have been reported.2,25 In addition, because the body is a 
conductor, inadvertent conductive loops can arise in the absence 
of any external conductors, when, for example, the patient’s hands 
or calves are in contact to form a closed loop. In such cases, 
heating can occur at the high-resistance skin-to-skin contact point, 
which can result in local redness and blistering. To minimize the 
possibility of RF burns, all conductors (e.g., leads and coils) that 
are not being used should be removed from the magnet bore. In 
addition, the integrity of all conductors that must remain in the 
magnet bore should be verified before the MR examination, and 
these cables, leads, and/or wires should be kept as straight as 
possible and run down the center of the bore. In addition, the 
patient should be thermally and/or electrically isolated (e.g., using 
pads and/or sheets or blankets) from direct contact with all conduc-
tors and all RF body transmitters, as well as surface coils, and 
skin-to-skin contact should be avoided. The MR operator must 
be extra vigilant to mitigate the potential heating risks for infants 
and sedated or other noncommunicative patients. Any metallic 
object in or on the patient may absorb RF energy, resulting in 
excessive heating that may lead to thermal damage of surrounding 
tissue; the potential for this effect is greatest at higher field 
strengths.27,33

ACOUSTIC NOISE
The predominant and most widely recognized source of MRI-
related acoustic noise is the time-varying gradient magnetic field 
applied during MRI. The rapid pulsed currents within the gradient 
coils in the presence of the static magnetic field create strong 
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of notifying the MR operator immediately upon any sign of 
discomfort, including local heating or tugging of ferromagnetic 
objects (e.g., a belt or shoes).

MEDICAL IMPLANTS, DEVICES, AND OTHER 
METALLIC POTENTIAL HAZARDS

Passive and Electrically Active Medical Devices
The MR environment may be unsafe for persons with certain 
medical implants or devices that are made out of ferromagnetic 
materials. For passive implants (i.e., any medical device that serves 
its function without the supply of power, such as aneurysm clips, 
shunts, or stents) made of ferromagnetic materials, the primary 
concern is movement and/or dislodgement,31,32,35,36,52,76–85 although 
excessive heating of the implant is also possible (Table 2.3). Several 
incidents have occurred in which metallic implants were mistakenly 
introduced into the MR environment and were dislodged within 
or from the body, resulting in blindness or death.25 For electrically 
active implants such as deep brain or vagal nerve stimulators and 
drug pumps, excessive heating at the lead tips and associated tissue 
damage is the primary safety concern.54,86–88 Device malfunction, 
device heating, induced currents, and movement and/or dislodge-
ment also are potential hazards (see Table 2.3).

When it is known that a patient has an implant (passive or 
active), the implant should be considered a contraindication for 
MRI until documented proof of its MR compatibility and safety 

safety/tutorial.asp). At frequencies higher than 2000 Hz, hearing 
protection is limited by bone conduction, and the combined use 
of headphones and earplugs is less beneficial. Nevertheless, the 
harmonic response of MR systems for a wide spectrum of imaging 
protocols contains a significant amount of energy at or below 
2000 Hz so that combined use is still advisable (Fig. 2.1). MR 
manufacturers are actively working to further decrease noise levels 
by using methods such as quieter MR sequences, active noise 
cancellation filters, acoustic hoods,57 and vacuum packing.71

CLAUSTROPHOBIA
Many patients find the confinement of the MRI bore at least 
somewhat disconcerting. For some patients, this discomfort is 
extreme and can result in anxiety that may escalate into panic. In 
these cases, sedation is required to perform the MR examination. 
Claustrophobic reactions in the scanner typically are characterized 
by a fear of suffocation and/or a fear that something will happen 
while they are confined.75 Operationally, experience suggests that 
this reaction can be minimized by maintaining frequent verbal 
contact with the individual throughout the examination and 
sufficient airflow (e.g., a bore fan) to reduce heat and mitigate the 
fear of suffocation. In addition, the individual also should be 
provided with an emergency panic notification device (e.g., a 
pneumatic squeeze bulb) to allow him or her to summon help at 
any time throughout the examination. In fact, such a device should 
be provided to all nonsedated communicative patients as a means 
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Figure 2.1. Harmonic response of a conventional 1.5 T magnetic resonance scanner for a standard spin echo 
acquisition demonstrating significant energy below 2 kHz. The human auditory range is 20 Hz to 20 kHz. 

TABLE 2.3 Magnetic Resonance Environment Medical Device Concerns

Component of Magnetic 
Resonance Environment Medical Device Concern Potential Adverse Effect

Static magnetic field (always on) Rotational force (torque) on object
Translational force on object

Tissue damage as object rotates to align with main field;
Tissue trauma as object accelerates toward magnet bore 

(projectile/missile effect)
Gradient magnetic field (pulsed 

during imaging)
Induced currents due to dB/dt Device malfunction or failure

Radio frequency field (pulsed 
during imaging)

Radio frequency–induced currents 
resulting in heating

Electromagnetic interference—active

Patient burns (thermal and electrical)
Device malfunction, induced noise (monitoring devices)

From Food and Drug Administration. Primer on medical device interactions with magnetic resonance imaging, US Food and Drug Administration (FDA) 
Systems. Available at http://www.cognitiveneuro.org/SafetyReadings/FDAExternalDeviceGuidance%201997.pdf.
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Other Metallic Potential Hazards
In addition to implantable devices, it must be documented that 
the patient has no other form of metal in his or her body, including 
metal filings, shrapnel, and abandoned leads (e.g., a pacemaker). 
If the patient indicates that such materials may be present, or if 
sufficient reason exists to suspect that such materials might be 
present (e.g., for noncommunicative or pediatric patients), a 
radiograph must be obtained, and if the presence of such materials 
is confirmed, the MR examination should not be performed. All 
of the precautions and considerations previously outlined apply 
not only to patients but also to any hospital personnel and/or 
patient family members who may accompany the patient to the 
MR environment.

Some body piercing jewelry is ferromagnetic, and certain tattoos 
and permanent cosmetics may contain irregularly shaped iron 
oxide or other metal-based pigments and therefore may be of 
concern. In these instances, mild to moderate movement or displace-
ment in the MR environment may occur that, in the case of the 
tattoos and/or permanent cosmetics, may result in localized swelling 
and/or irritation. In addition, when the jewelry or pigments are 
contained within the transmit RF coil, a risk of localized heating 
also exists. For these reasons, patients and/or individuals should 
be informed of the potential risks. Body jewelry should be removed 
before entering the MR environment. If removal is not possible 
and the individual chooses to proceed, the jewelry should be 
stabilized (e.g., with application of adhesive tape or a bandage) 
and, if it is contained within the transmit RF coil, it should be 
wrapped with gauze or tape to insulate it from underlying skin.95 
Similarly, for tattoos and permanent cosmetics, if any concern 
exists that heating may occur, an ice pack or cold compress can 
be applied to the site as a precautionary measure. Adverse events 

is verified. The documented information must contain the exact 
model and serial number of the device, which should be recorded 
in the patient’s medical record. If such information is not available, 
the radiologist or MR technologist should consult the implanting 
or monitoring physician. Once the device is identified, the associated 
device documentation typically is available online, posted on the 
device manufacturer’s website. The device labeling should be 
carefully reviewed for information regarding behavior in the MR 
environment specific to the exact MR scanner and set of imaging 
conditions to be used to perform the examination. Salient MR-
related information includes system parameters such as field 
strength(s), magnet types and manufacturers, RF transmit coils, 
system software versions, and imaging conditions (e.g., RF power 
levels and gradient slew rates [dB/dt]). In addition, when appropri-
ate, information regarding the configuration of the device itself, 
such as lead length and routing, that were evaluated and reported 
in the device labeling must also be considered. Note that the 
safety information for any implantable medical devices (passive 
or active) and medical equipment applies only to the magnetic 
field strengths, MR system configurations, RF coils, and/or imaging 
conditions evaluated. Safety at 1.5 T does not necessarily imply 
safety at 3 T, and vice versa. The consequences of failing to strictly 
adhere to the product information regarding MR safety can be 
catastrophic to the patient (Fig. 2.2).86,89

Several comprehensive reviews of the topic of MR safety and 
implants have been published,2,76,90–94 and more than 1,200 objects 
have been tested for MR safety, with more than 200 evaluated 
at 3 T or higher.95 This MR safety information is readily avail-
able to the public as published reports, compiled lists online 
(www.MRIsafety.com), and in the Reference Manual for Magnetic 
Resonance Safety, Implants and Devices, a publication compiled and 
updated annually.96

A B

Figure 2.2. Adverse event due to failure to adhere to medical device product guidelines. Tissue damage 
(brain hemorrhage) as a result of radiofrequency heating at the left deep brain stimulator (DBS) lead tip that 
occurred during a routine MR examination of the lumbar spine. The CT (A) and MRI (B) images of the brain were 
acquired immediately after a lumbar spine MR scan performed on a 1.0 T MR scanner using the body coil to 
transmit and a surface coil to receive, and a relatively SAR aggressive imaging protocol. Alternatively, the DBS 
device manufacturers specified the MR conditions under which MRI can be accomplished safely for patients 
implanted with this device as a 1.5 T scanner using a transmit receive head coil and head SAR levels at or below 
0.1 W/kg. (From Henderson JM, Tkach JA, Phillips M, et al. Permanent neurological deficit related to magnetic 
resonance imaging in a patient with implanted deep brain stimulation electrodes for Parkinson’s disease: case 
report. Neurosurgery. 2005;57:1063.)
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14 SECTION 1 Radiation Effects and Safety

and for all configurations of device/object use. “MR safe” objects 
include nonconducting, nonmetallic, and/or nonmagnetic items 
such as plastic or gauze tape. “MR unsafe” items include any 
magnetic object such as a pair of ferromagnetic/metal scissors, 
scalpel, wrench, or cleaning bucket.95

Alternatively, “MR conditional” indicates an item that has no 
known hazards for very specific combination(s) of MR environment 
and imaging conditions. When appropriate, additional conditions 
of use of the item (e.g., routing of leads associated with a neuro-
stimulation system) also are specified. Notably, the use of the new 
labeling convention has only been applied to items prospectively, 
beginning approximately as of August 2005.95 Because it has not 
been applied by the FDA retrospectively, the labeling for many 
currently used items may still adhere to the prior definitions of 
and labeling as “MR safe” and “MR compatible.”

MAGNETIC RESONANCE SAFETY, FACILITY 
OPERATION, AND PATIENT CARE GUIDELINES
In light of the extreme severity of the potential hazards associated 
with the improper management of the MR environment, all hospital 
personnel who may have reason to be in the MR department, 
patients, and patient family members must be appropriately 
educated and screened for metallic objects and/or electrically active 
devices on or within their person well before entering the scan 
room. The education must include information about the behavior 
of metallic objects in static magnetic fields and the associated 
hazards.95 The importance and necessity of these measures are 
highlighted by the fact that the majority of adverse MR safety 
incidents have been due either to deficiencies in and/or failure to 
enforce screening or MR environment access control procedures 
and practices, resulting in contraindicated personal items and other 
potentially problematic objects entering the MR scan room.35,36

Magnetic Resonance Safety Education  
and Screening
Because of the danger of inappropriately introducing ferromagnetic 
materials into the MR environment, the following educational 
and screening procedures have been implemented for facilities 
and apply to both patient and nonpatient populations. Access to 
areas that exceed the 5 G line must be vigilantly restricted and 
supervised at all times.25 It is important to remind all persons 
entering the MR facility that the magnet is always “on,” even 
when no examinations are being performed. Screening involves 
both written documentation and a verbal review. The written 
screening questionnaire is designed to elicit information about 
the presence of a medical device, implant, or other ferromagnetic 
object within or on the individual and/or of the existence of an 
underlying condition (e.g., pregnancy or disability) that may require 
special consideration. Once completed, an oral interview is 
conducted to verify the information reported, and the individual 
is given the opportunity to express concerns and have any remaining 
questions about the examination answered before entrance into 
the MR environment is finally allowed.

The education and screening must be performed by a health 
care worker specially trained in MR safety who has a comprehensive 
appreciation and understanding of the potential hazards of the 
MR environment and procedures and is familiar with the informa-
tion and implications of the contents of the screening forms for 
patients and other individuals. Because some of the questions 
included on the patient screening form may not be relevant for 
nonpatients, separate screening forms for the patient and nonpatient 
groups have been compiled. Template screening forms for patients 
(English and Spanish versions) and a screening form for nonpatient 
individuals can be downloaded for use at www.MRIsafety.com.91,92

The fact that a patient has had a previous MR examination 
without incident does not ensure the safety of current or future 

associated with tattoos and/or permanent cosmetics are relatively 
infrequent, and when they do occur, they are relatively minor and 
transient.35,36,95,97 In the opinion of the FDA, “The risks of avoiding 
an MRI when your doctor has recommended one are likely to be 
much greater than the risks of complications from an interaction 
between the MRI and tattoo or permanent makeup. Instead of 
avoiding an MRI, individuals who have tattoos or permanent 
makeup should inform the radiologist or technician of this fact 
in order to take appropriate precautions, avoid complications, and 
assure the best results.”2,98

A comprehensive and updated list of reported adverse MR 
safety-related incidents can be accessed online from the Manu-
facturer and User Facility Device Experience Database (MAUDE; 
available at https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/
cfmaude/search.cfm)36 and the Medical Device Report (available 
at http://www.fda.gov/MedicalDevices/Safety/ReportaProblem/
ucm2005291.htm),35 both of which are compiled and maintained 
by the FDA Center for Devices and Radiological Health.95

MAGNETIC RESONANCE “SAFETY” LABELING
In response to the severity of the potential hazards of the presence 
of ferromagnetic objects in the MR environment, the FDA has 
implemented a well-defined and stringent evaluation and labeling 
convention. Medical equipment, devices, and/or implants are now 
classified as “MR safe,” “MR unsafe,” and “MR conditional.”99,100 
These terms replace the previous MR-related evaluation and 
labeling convention of “MR safe” and “MR compatible.”

The replacement of these previous designations and definitions 
by “MR safe,” “MR unsafe,” and “MR conditional” was deemed 
necessary because the earlier designations were confusing and 
the terms often were used inappropriately. To clarify and prevent 
misuse, the new set of terms and associated icons was developed 
(Fig. 2.3).29,99–101 “MR safe” and/or “MR unsafe” designates an item 
(e.g., a medical device, equipment, or implant) as unequivocally 
safe or unsafe in any or all MRI environments (e.g., regardless of 
field strength, magnet type, and RF coils) and imaging conditions 
(e.g., RF power levels and gradient slew/switching rates [dB/dt]) 

Conditional

MR Safe

Unsafe

Figure 2.3. International magnetic resonance safety labeling icons. 
US FDA labeling criteria (developed by American Society for Testing and 
Materials International) for portable objects (e.g., medical devices, implants, 
medical equipment, oxygen tanks, housekeeping equipment, and tools) 
that may or may not enter the MR environment. Square/green “MR safe” 
labels correspond to objects that are totally nonreactive, triangular/yellow 
labels correspond to objects with “MR conditional” status, and round/
red labels identify an object as being “MR unsafe.” The use of the new 
labeling convention has been adopted by the FDA and applied to items 
prospectively (but not retrospectively), beginning approximately in August 
2005. (From ASTM International. Standard practice for marking medical 
devices and other items for safety in the magnetic resonance environment 
[designation F203-5], West Conshohocken, PA: ASTM International; 2005.)
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the MR environment most appropriate to the existing state of the 
MR technology, recognizing that this is continuously evolving. 
Specifically, in their 2007 publication, the ACR stated that the ACR 
MR Safe Practice Guidelines document was intended to be used as 
a template for MR facilities to follow in the development of their 
own individualized MR safety program.93 In addition, the ACR 
recommended that, once established, each site should regularly 
review, reevaluate, and update its safety program as the field of MR, 
and MR safety, continues to evolve. The ACR also recommended 
that each site name an MR medical director whose responsibilities 
include ensuring that MR safe practice guidelines are established 
and maintained as current and appropriate for the site.93

One of the recommendations is the separation of the general 
MR facility into four zones of increasing potential MR-related 
danger.93 Zone 1 is to include all areas that are freely accessible 
to the general public, such as outside areas surrounding a freestand-
ing MRI facility or the corridor in an imaging department. Zone 
2 is defined as the area controlled and supervised by the MR 
personnel, such as the reception area and patient preparation area. 
Zone 3 is the area where there is potential for injury from fer-
romagnetic objects and equipment. Access to this zone must be 
vigilantly and strictly controlled and limited by MR personnel. 
These areas include the operator control room, computer room, 
and/or any areas immediately adjacent to the MR scan room. 
Finally, Zone 4 is the MR scan room itself. This zone must be 
clearly marked with warning signs and notification of high magnetic 
field strengths within this area, including a sign that the magnet 
is always on. Access to Zone 4 is strictly limited to persons with 
a demonstrated need to be there (i.e., patients and medical person-
nel) and then only after comprehensive education about the MR 
environment and a rigorous screening.

Also, the 2013 ACR recommendations have listed three pediatric 
specific guidelines, which are worth studying93:

1. Sedation and monitoring issues. Children form the biggest 
group requiring sedation due to multiple reasons. Sedation 
protocols, that can be tailored to meet the imaging institution’s 
resources, have to meet the safety guidelines set by the American 
Academy of Pediatrics, the American Society of Anesthesiolo-
gists, and the Joint Commission on Accreditation of Healthcare 
Organizations.

2. Pediatric screening issues. Children are not reliable historians 
and have to be screened more vigilantly. It is recommended 
that older children and teenagers be screened both in the 
presence of guardians, as well as separately to maximize that 
possibility of all potential safety issues being disclosed. Extra 
vigilant screening for hidden MR unsafe objects needs to be 
performed.

3. MRI safety of accompanying family members. Pediatric patients 
form the largest group having accompanying family members 
into Zone 4. These accompanying members are recommended 
to be limited to one, must be thoroughly screened for safety 
issues, and given hearing protection.

CONCLUSION
The potential health hazards associated with MR are directly 
attributable to the three main electromagnetic fields that make up 
the MR environment: (1) a strong static magnetic field, including 
its associated spatial gradient; (2) pulsed gradient magnetic fields; 
and (3) pulsed RF fields. For a properly operating system, the 
hazards associated with direct interactions of these fields and the 
body is negligible. However, it is the interactions of these fields 
with medical devices and/or ferromagnetic objects inadvertently 
introduced within the fields that create potential concerns for 
human safety. To prevent adverse MR safety-related incidents 
and allow the full benefit of this powerful imaging modality to be 
realized, it is imperative that the potential safety risks intrinsic to 

studies. For example, the patient may have undergone a surgical 
procedure and/or experienced an accident involving a metallic 
foreign body in the interim that now makes him or her ineligible 
to enter the MR environment. The exact conditions (e.g., static 
magnetic field strength of the MR system, RF coil used, orientation 
of the patient, body part evaluated, or orientation of a metallic 
implant or object) also can alter the safety profile substantially.94,102,103 
Therefore comprehensive screening must be conducted each time 
any person prepares to enter the MR environment.

With respect to pregnancy, in 1991, the Safety Committee of 
the Society for Magnetic Resonance Imaging issued a document 
entitled “Policies, Guidelines, and Recommendations for MR 
Imaging Safety and Patient Management,”2,104 which stated that 
“MR imaging may be used in pregnant women if other non-ionizing 
forms of diagnostic imaging are inadequate or if the examination 
provides important information that would otherwise require 
exposure to ionizing radiation (e.g., fluoroscopy, CT). Pregnant 
patients should be informed that, to date, there has been no 
indication that the use of clinical MR imaging during pregnancy 
has produced deleterious effects.” This policy was adopted by the 
American College of Radiology (ACR) and remains the current 
“standard of care”; it is applicable to MR systems operating at 
static magnetic field strengths up to and including 3 T.2 Because 
no deleterious effects of MRI exposure on the fetus have been 
documented during any stage of development, pregnant women 
can undergo MRI examinations at any point during their pregnancy, 
provided that the MRI study is clinically indicated.

CONTRAST AGENTS
Contrast enhanced MRI (CE-MRI) examinations are widely 
performed for their ability to provide superior information about 
the anatomy and physiology. Gadolinium-based contrast agents 
(GBCA) are widely used for this purpose. It is estimated that 
around 40% to 50% of all MRIs are performed with GBCAs, and 
that around 10 million such examinations are performed every 
year in the United States alone. Contrast agents are never to be 
used without a physician-prescribed injection in pediatric patients. 
Qualified MR technologists may start the IV and administer 
FDA-approved GBCA injections. Certain precautions have to be 
taken. First, the kidney function of the patient needs to be assessed. 
The estimate glomerular filtration rate (eGFR) needs to be greater 
than 30 mL/min/ 1.73 m2. However, precaution should be taken 
to use the right equation to calculate the eGFR in children. The 
current accepted equation is the bedside Schwartz equation. Second, 
the name of the administered contrast agent, the administered 
dose, and route of administration, as well as any allergic reaction 
needs to be noted. Third, patients with prior contrast reaction, 
after careful clinical consideration, can be pretreated with anti-
histamines and corticosteroids. Also, alternate contrast agent can 
be considered for repeat studies.

Magnetic Resonance Facility Operating  
Procedure Guidelines
In recognition and acknowledgement of the appreciable potential 
hazards and severe consequences of failure to adhere to safety 
precautions associated with the MR environment, the ACR formed 
the Blue Ribbon Panel on MR Safety. First convened in 2001, 
the panel reviewed and refined the current MR safety practices 
and guidelines and established new ones when appropriate. The 
results of this first review were published in 2002104 and became 
the de facto industry standards for safe and responsible practice 
in both clinical and research MR environments. The results of 
the most recent revisions were published as the “ACR Guidance 
Document for Safe MR Practices: 2013.”93

The ACR outlines well-defined methodologies and procedures 
to ensure and enforce safe and restricted exposure and access to 
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that is a presentation of more than 100 peer-reviewed articles on MRI 
bioeffects and safety. Other features include a downloadable Pre-MRI 
Screening form and safety information.

ReviseMRI (http://www.revisemri.com/questions/safety) is designed 
principally as a revision aid but also may be used as an educational 
resource. Contents include a detailed question and answer section, 
web-based animated tutorials, interactive learning tools, and links to 
resources for further reading in common textbooks and online for 
nearly every question and answer posed.

The Institute for Magnetic Resonance Safety, Education and Research 
(http://www.imrser.org) is a multidisciplinary professional organization 
headed by Director Dr. Frank Shellock. It focuses on information and 
research on magnetic resonance (MR) safety, while “promoting aware-
ness, understanding, and communication of MR safety issues through 
education and research,” and has useful sections, including MRI Safety 
Guidelines and MR Safety Papers.

The US Food and Drug Administration has a Center for Devices and 
Radiological Health, which is an integral part of the Department of Health 
& Human Services. Online documents available include “A Primer on 
Medical Device Interactions with Magnetic Resonance Imaging Systems” 
at http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/
GuidanceDocuments/ucm107721.htm and “MRI Safety” at http://
www.fda.gov/MedicalDevices/Safety/AlertsandNotices/ucm135362.htm.

Two important MRI accident databases derived from the Database of 
Medical Device Related Accidents and Events are available from Maude 
Accidents Database (http://www.accessdata.fda.gov/scripts/cdrh/cfdocs/
cfMAUDE/search.cfm) and the UK Medical Devices Agency (http://
www.mhra.gov.uk/index.htm#page=DynamicListMedicines).

Medicalphysicsweb (http://medicalphysicsweb.org) is a unique site for the 
medical physics community. It provides in-depth analysis and incisive 
commentary on the fundamental research, emerging technologies, and 
clinical applications that underpin the dynamic disciplines of medical 
physics and biomedical engineering.
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3 Complications of Contrast Media
Gauravi K. Sabharwal

ALLERGIC-LIKE REACTIONS

Introduction
Contrast media (CM) are an essential aid in diagnostic medical 
imaging. They are used primarily to enhance the visibility of blood 
vessels, organs, and pathology in the body. CM are considered 
pharmacologic agents, and, like any other medication, they are 
not without adverse effects.

Incidence
Scant data are available regarding the incidence of contrast reactions 
in children for at least three reasons: (1) few clinical trials with 
children as subjects have been performed to obtain federal approval 
of an agent1; (2) assessing symptoms, particularly mild ones in 
very young children, is difficult; and (3) differentiating true contrast 
reactions from symptoms is difficult because of sedation, synchro-
nous medications, anxiety, and other preexisting diseases.2

In children, use of any intravenous (IV) CM is discriminative and 
exclusive.3 Administration of nonionic iodinated contrast is associated 
with a low incidence of adverse effects.2 Dillman et al.4 reported a 
0.18% incidence of acute allergic-like reactions to IV administration 
of nonionic iodinated CM in children, similar to 0.23% reported in 
the adult population.5 Most of the contrast reactions are mild in both 
children4 and adults.2,5,6 Of all the reported allergic reactions in 
children, 15% (<0.03% overall) were severe in degree.4 Fatal reactions 
are very rare, suggesting the effectiveness of aggressive preventive 
measures and advancement in management of these reactions.2

Gadolinium-based contrast media (GBCM) demonstrate a 
better safety profile7 with a lower incidence of allergic-like reactions 
of 0.04%.8

Risk Factors
As with adults, children need to be appropriately screened before 
CM are administered. Screening includes a complete and specific 
history from the accompanying adults. Attempts should be made 
to identify any variables that may preclude the use of the CM or 
potentially increase the eventuality of an adverse reaction. Factors 
that may increase this risk include the following:

1. Known prior reaction to CM.9-12

2. Known allergies to food products or medications; minor allergies 
do not pose a significant risk, but a prior anaphylactic reaction 
to any substance should heighten awareness of the possibility 
of a similar reaction to CM administration.

3. A history of asthma.9,12

4. Known renal disease; renal function in such patients can worsen 
after administration of CM.

5. Known heart disease, sickle cell disease, or diabetes mellitus.

Other disease entities, such as pheochromocytoma, dehydration, 
heart failure, severe hyperthyroidism, and β-blocker therapy, that 
are known risk factors in adults have not been studied in the 
pediatric population (Box 3.1).

Pathogenesis
The exact pathogenesis of untoward events after the administra-
tion of CM remains obscure and poorly understood. Most of the 

symptoms resemble an allergic or anaphylactoid reaction to a 
medication or allergen. However, definitive evidence is lacking that 
these reactions are truly allergic reactions because antibodies and the 
typical allergic cascade to these agents have not been identified.12

Classification of Allergic-Like Contrast Reactions
Based on severity, contrast reactions can be classified as mild, 
moderate, or severe. Flushing and a sensation of warmth are 
considered physiologic responses (Box 3.2).

Mild reactions are usually of short duration and resolve without 
the need for any treatment. However, patients should be carefully 
observed until the symptoms resolve because the symptoms could 
progress to more severe reactions.

Moderate reactions require some form of treatment. More 
important, close observation is essential until the symptoms resolve. 
Vital signs should be monitored and IV access should be secured.

Severe reactions, which are rare, can be life threatening. They 
could present a worsening of mild or moderate reactions. Prompt 
and aggressive treatment may be required. The assistance of a 
rapid response or code team often may be necessary.

Management
In the event of any adverse reaction to CM, the IV contrast injection 
should be discontinued. All reactions and management of the 
reactions should be documented in the patient care notes, and 
notation of a contrast allergy should become part of the patient’s 
permanent medical record. The following protocols closely follow 
the American College of Radiology (ACR) guidelines for manage-
ment of acute reactions in children.2 The specific agents used in 
the management of an adverse reaction are determined by individual 
institutional pharmacy formulary and policy. Some institutions 
require the radiology personnel to call for assistance (e.g., a rapid 
response team) if they administer IV epinephrine for the manage-
ment of these adverse reactions (given the rare incidence of these 
events and hence the lack of uniformity in preparedness for these 
reactions).13,14 To be prepared for such reactions, weight-based 
dosages of the medications used for management should be posted 
in clearly visible areas where CM are administered to children. 
Regular review of treatment protocols and practice of contrast 
reaction scenarios should be performed by radiologists and staff. 
If at any time a patient does not respond to treatment or the situ-
ation seems concerning, it is appropriate to seek additional medical 
support immediately. This support may be sought from another 
radiologist in the department or through activation of an institu-
tional rapid response or code team.

Urticaria
Urticaria, the most common reaction to CM, is limited to skin 
and subcutaneous tissue. Worsening of symptoms can be caused 
by the accompanying pruritus. Findings on physical examination 
include the following:

•	 Red	raised	wheals	that	blanch	with	pressure
•	 Patchy,	symmetric	involvement
•	 Itching,	often	intense
•	 Stable	vital	signs

Mild urticaria is usually self-limiting and does not require treatment.

mebooksfree.com



18 SECTION 1 Radiation Effects and Safety

Pulmonary Edema
The patient may present with tachypnea, tachycardia, shortness 
of breath, diaphoresis, agitation, and/or bibasilar rales. Blood-tinged 
sputum is a late-presenting sign. The airway must be secured and 
supplemental oxygen should be administered. Medications may 
include diuretics. Pulmonary edema is a severe response that usually 
should involve a rapid response or code team.

Hypotension With Tachycardia (Anaphylaxis)
Anaphylaxis can be a life-threatening response to CM. Symptoms 
may include difficulty breathing, chest tightness, a thready pulse, 
a rapid or irregular heart rate, dizziness, hoarseness, and/or loss of 
consciousness. The rapid response or code team should be called the 
moment this adverse effect is suspected. Meanwhile, management 
should be initiated with Trendelenburg positioning, securing of the 
airway, rapid fluid resuscitation, and administration of IV epinephrine.

Hypotension With Bradycardia  
(Vasovagal Reaction)
Patients may present with pallor, a decreased level of consciousness, 
diaphoresis, and a decreased heart rate. Management should be 
initiated with Trendelenburg positioning, securing of the airway, 
hydration, and administration of atropine if bradycardia persists 
(Box 3.3).

Delayed Reactions
Delayed reactions appear to occur more frequently than acute/
immediate reactions to administration of CM. The incidence 
ranges from 2% to 12%.15,16 No definite data are available on the 
incidence and symptoms of delayed reactions in children. In adults, 
rash, itching, and other cutaneous manifestations predominate.16 
Other symptoms include fevers, chills, nausea, vomiting, headaches, 
abdominal pain, drowsiness, and dizziness.16 These symptoms can 
manifest any time from 1 hour to 2 days after administration of 
the contrast agent and usually resolve spontaneously by 7 days.15-17

Prevention
Before any study requiring administration of IV CM is begun, it 
is imperative to identify patients who would be at high risk for 
adverse reactions. If risk factors are identified, the need for the 
examination should be reassessed with the ordering clinician. Other 
modalities that may offer the same level of diagnosis but do not 
require administration of contrast agents should be considered. 
The possibility of performing the same test without the use of 
CM also should be entertained.

Ultimately, if the examination is considered absolutely necessary, 
the patient with known risk factors for adverse reactions should 
be premedicated with a combination of an antihistamine and 
corticosteroids. The regimen suggested by the ACR2 is described 
in Table 3.1.

Extravasation
Extravasation is a well-recognized complication of contrast-
enhanced imaging that occurs in approximately 0.7% of all 
noniodinated contrast injections.18-21 The incidence is much lower 
in GBCM injections. This is believed also to be due to the smaller 
volume generally administered and the slower injection flow rates.

Risk Factors
Extravasation is more prone to occur in patients who are unable 
to verbalize their symptoms, such as infants, younger children, 
and severely ill and unconscious patients.22,23 Increased rates also 

Close observation for 30 to 60 minutes, or until resolution, is 
recommended because urticaria may progress to a moderate 
reaction. Medications may include H1-receptor blockers (such as 
diphenhydramine) or α-agonists (such as epinephrine). The 
accompanying parents/responsible adults should be cautioned 
about the possibility of drowsiness when diphenhydramine is 
administered. If urticaria is extensive, pay close attention to the 
patient’s blood pressure and watch for signs and symptoms of 
hypotension, especially orthostatic hypotension.

Bronchospasm
The patient may present with varying degrees of cough, wheezing, 
and/or difficulty breathing. It is most important to ensure the 
presence of an adequate airway. Administer 6 to 10 L/min of oxygen 
via a face mask. Vital signs should be monitored. Medications may 
include β-agonists (i.e., bronchodilators), intramuscular epinephrine 
for mild symptoms, and IV epinephrine for more acute and severe 
symptoms.

Facial or Laryngeal Edema
Swelling of the face may be mild without any significant progres-
sion. At this time, only observation may be required. An adequate 
airway and IV access should be secured. However, if the patient 
presents with other symptoms such as varying degrees of cough, 
hoarseness, dysphagia, and/or difficulty breathing, more aggressive 
measures need to be taken. Medications include intramuscular, 
intramuscular, or IV epinephrine. The patient should be closely  
monitored.

BOX 3.1 Risk Factors for Allergic-Like Contrast Reactions

Prior reaction to contrast media
Prior anaphylactic reaction
Moderate to severe allergies to food products or medications
History of asthma
Preexisting renal or heart disease
Diabetes mellitus or sickle cell disease
Concomitant use of certain medications

BOX 3.2 Classification of Allergic-Like Contrast Reaction

MILD

Nausea/vomiting
Mild urticaria
Pallor

MODERATE

Severe vomiting
Significant urticaria
Mild vasovagal reaction
Mild bronchospasm
Dyspnea
Tachycardia and hypotension

SEVERE

Laryngeal edema
Pulmonary edema
Moderate to severe bronchospasm
Cardiovascular collapse
Bradycardia and hypotension
Seizures
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are noted in patients receiving chemotherapy, likely because of 
increased friability of the vein wall.23-25

Other risk factors include the site of injection, IV access type, 
and the method of injection.23 Although the antecubital fossa is 
the single most common extravasation site, most of these events 
occur in patients with venous access elsewhere.18 Increased 
incidents have been noted with injections at the dorsum of 
the hand.26 Other risk factors also include venous thrombosis, 
extremity edema, multiple venous access attempts, and use of a 
tourniquet.2,22,23 Extravasations are more frequent where preexisting 
catheters are used as access sites for administration of the CM.24 
At least two studies did not note any significant difference in 
the incidence of extravasation with the use of power injectors  
(Box 3.4).26,27

BOX 3.3 Management of Acute Reactions in Children

URTICARIA

•	 No	treatment	is	needed	in	most	cases.	However,	if	symptomatic	
consider an H1-receptor blocker such as diphenhydramine 
(Benadryl),	PO/IM	or	via	a	slow	IV	push	over	1–2	minutes,	1	mg/
kg,	up	to	50	mg.

•	 For	moderate	or	severe	itching	or	if	the	urticaria	is	widely	
disseminated,	consider	an	H1-receptor blocker such as 
diphenhydramine	(Benadryl),	PO/IM	or	via	a	slow	IV	push	over	
1–2	minutes,	1	mg/kg,	up	to	50	mg.

FACIAL EDEMA

•	 Secure	the	airway	and	administer	O2,	6	to	10	L/min	(via	mask,	
face	tent,	or	blow-by	stream).	Monitor	electrocardiogram,	O2 
saturation	(pulse	oximeter),	and	blood	pressure.

•	 Administer	an	α-agonist	such	as	epinephrine	(1	:	10,000),	
0.1	mL/kg	(0.01	mg/kg)	via	a	slow	IV	push	over	1–2	minutes,	up	
to	1	mg	total	dose	(maximum	single	dose	of	1.0	mL	or	0.1	mg).	
Repeat	in	5	to	15	minutes	as	needed.

•	 Consider	administering	an	H1-receptor blocker such as 
diphenhydramine	(Benadryl),	PO/IM	or	via	a	slow	IV	push	over	
1–2	minutes,	1	mg/kg,	up	to	50	mg.

•	 Note:	If	facial	edema	is	mild	and	no	reaction	progression	occurs,	
observation	alone	may	be	appropriate.	If	the	patient	is	not	
responsive	to	therapy,	call	for	assistance.

BRONCHOSPASM

•	 Secure	the	airway	and	administer	O2,	6	to	10	L/min	(via	mask,	
face	tent,	or	blow-by	stream).	Monitor	electrocardiogram,	O2 
saturation	(pulse	oximeter),	and	blood	pressure.

•	 Administer	an	inhaled	β-agonist	(e.g.,	a	bronchiolar	dilator	such	
as	albuterol	[Proventil	or	Ventolin]),	2	puffs	(90	mcg/puff	for	a	
total	of	180	mcg)	from	an	inhaler.	Repeat	up	to	3	times.

•	 If	bronchospasm	progresses,	administer	epinephrine	IM	(1	:	1000),	
0.01	mL/kg	(0.01	mg/kg),	maximum	0.3	mL	(0.3	mg)	for	a	total	 
of	up	to	1	mL	(1	mg)	or	epinephrine	IV	(1	:1	0,000),	0.1	mL/kg	
(0.01	mg/kg)	via	a	slow	IV	push	over	1–2	minutes,	up	to	1	mg	
total	dose	(maximum	single	dose	of	1.0	mL	or	0.1	mg).	Repeat	 
in	5	to	15	minutes	as	needed.	If	the	patient	is	not	responsive	to	
therapy,	call	for	assistance	for	severe	bronchospasm	or	if	O2 
saturation <88%	persists.

LARYNGEAL EDEMA

•	 Secure	the	airway	and	administer	O2,	6	to	10	L/min	(via	mask,	
face	tent,	or	blow-by	stream).	Monitor	electrocardiogram,	O2 
saturation	(pulse	oximeter),	and	blood	pressure.

•	 Administer	epinephrine	(1	:	10,000),	0.1	mL/kg	(0.01	mg/kg)	via	a	
slow	IV	push	over	1–2	minutes,	up	to	1	mg	total	dose	(maximum	

single	dose	of	1.0	mL	or	0.1	mg)	or	epinephrine	IM	(1	:	1000),	
0.01	mL/kg	(0.01	mg/kg),	maximum	0.3	mL	(0.3	mg)	for	a	total	of	
up	to	1	mL	(1	mg).	Repeat	in	5	to	15	minutes	as	needed.	If	the	
patient	is	not	responsive	to	therapy,	call	for	assistance.

PULMONARY EDEMA

•	 Secure	the	airway	and	administer	O2,	6	to	10	L/min	(via	mask,	
face	tent,	or	blow-by	stream).	Monitor	electrocardiogram,	O2 
saturation	(pulse	oximeter),	and	blood	pressure.

•	 Administer	a	diuretic:	IV	furosemide	(Lasix),	0.5–1.0	mg/kg	over	
2	minutes	for	a	maximum	dose	of	40	mg.

HYPOTENSION WITH TACHYCARDIA  
(ANAPHYLACTIC SHOCK)

•	 Secure	the	airway	and	administer	O2,	6	to	10	L/min	(via	mask).	
Monitor	electrocardiogram,	O2	saturation	(pulse	oximeter),	and	
blood	pressure.

•	 Elevate	the	legs	60	degrees	or	more	(preferred)	or	use	the	
Trendelenburg	position.

•	 Keep	the	patient	warm.
•	 Administer	a	rapid	infusion	of	IV	or	IO	normal	saline	solution	or	

Ringer’s	lactate.
•	 If	severe,	administer	epinephrine	(1	:	10,000),	0.1	mL/kg	(0.01	mg/

kg)	via	a	slow	IV	push	over	1–2	minutes,	up	to	1	mg	total	dose	
(maximum	single	dose	of	1.0	mL	or	0.1	mg)	or	epinephrine	IM	
(1	:	1000),	0.01	mL/kg	(0.01	mg/kg),	maximum	0.3	mL	(0.3	mg)	
for	a	total	of	up	to	1	mL	(1	mg).	Repeat	in	5	to	15	minutes	as	
needed.	If	the	patient	is	not	responsive	to	therapy,	call	for	
assistance	(e.g.,	cardiopulmonary	arrest	response	team	or	911).

HYPOTENSION WITH BRADYCARDIA (VAGAL REACTION)

•	 Secure	the	airway	and	give	O2,	6	to	10	L/min	(via	mask).	Monitor	
electrocardiogram,	O2	saturation	(pulse	oximeter),	and	blood	
pressure.

•	 Elevate	the	legs	60	degrees	or	more	(preferred)	or	use	the	
Trendelenburg	position.

•	 Keep	the	patient	warm.
•	 Administer	a	rapid	infusion	of	IV	or	IO	normal	saline	solution	or	

Ringer’s	lactate.	Caution	should	be	used	to	avoid	hypervolemia	
in	children	with	myocardial	dysfunction.

•	 Administer	atropine	IV,	0.2	mL/kg	of	0.1	mL	solution	(0.02	mg/
kg)	if	the	patient	does	not	respond	quickly	to	above	steps.	Use	
a	minimum	single	dose	of	0.1	mg.	Maximum	single	dose	of	
0.6–1.0	mg.	Maximum	total	dose:	1	mg	for	infants	and	children;	
2	mg	for	adolescents.	If	the	patient	is	not	responsive	to	therapy,	
call	for	assistance.

IM,	Intramuscular;	IO,	intraosseous;	IV,	intravenous;	PO,	by	mouth.
From American College of Radiology. ACR	manual	on	contrast	media. American College of Radiology, Version 10.3, 2017. Available at: https://www.acr.org/~/

media/ACR/Documents/PDF/QualitySafety/Resources/Contrast-Manual/Contrast_Media.

TABLE 3.1 Pediatric Premedication Regimen for Prevention of 
Contrast Reaction

Medication Dosage Timing

Prednisone 0.5-0.7	mg/kg	PO	(up	
to	50	mg)

13	hours,	7	hours,	and	
1 hour before 
contrast injection

Diphenhydramine 1.25	mg/kg	PO	(up	to	
50	mg)

1 hour before contrast 
injection

PO,	By	mouth.
From American College of Radiology. ACR	manual	on	contrast	media. 

American College of Radiology, Version 10.3, 2017. Available at: 
https://www.acr.org/~/media/ACR/Documents/PDF/QualitySafety/
Resources/Contrast-Manual/Contrast_Media.
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Contrast-Induced Nephropathy
Limited data are available on the nephrotoxic effects of iodinated 
CM in children. The ACR recommends following the principles 
used for adults in the prevention and management of contrast-
induced nephropathy (CIN).2 Risk factors include preexisting renal 
insufficiency, diabetes mellitus, and multiple CM administrations 
during the same day.

CIN has been described as either an absolute increase in serum 
creatinine by at least 0.5 mg/dL within 48 hours of contrast 
injection31 or an increase of more than 25% within 72 hours of 
contrast administration.32 However, serum creatinine cannot be 
reliably used as a measure of renal function in this setting in the 
pediatric population.2 The estimated glomerular filtration rate 
(GFR) is used widely for this purpose. The National Kidney Disease 
Education Program has provided information regarding the 
measurement of GFR at its website (http://www.nkdep.nih.gov/
lab-evaluation/gfr-calculators.shtml) and advocates use of the 
bedside isotope dilution mass spectrometry–traceable Schwartz 
GFR calculator for children equation33:

GFR mL m
Height cm Creatinine mg dL

( min . )
( . [ ]) ( )

1 73
0 41

2

= ×

A GFR of less than 30 mL/min is associated with an increased 
risk of CIN. Cystatin C, a protein that is produced by all nucleated 
cells and is exclusively eliminated by glomerular filtration, has been 
suggested as a better indicator of GFR than serum creatinine.

No significant studies have been conducted to understand the 
nephrotoxic effects, risk factors, or prevention of CIN in children. 
Hence when CIN is a concern for a pediatric patient, the clinician 
ordering the test and the radiologist must carefully consider the 
need for the study and the potential use of other modalities or 
unenhanced imaging.

Nephrogenic Systemic Fibrosis
Nephrogenic systemic fibrosis (NSF) is a disease characterized 
primarily by skin fibrosis, but it may involve multiple organs. Its 
association with GBCM was first documented in 2006.34 Very few 
cases of NSF have been reported from various data sources.35 Not 
enough data exist in the pediatric population to provide guidelines 
for the prevention of NSF in children. The ACR2 recommends 
following adult guidelines for identifying patients at risk and the use 
of GBCM. Risk factors include decreased renal function with GFR 
less than 30 mL/min, high doses of administered gadolinium, and 
postsurgical status.34,36,37 Discreet use of GBCM in accordance with 
guidelines by various European and US agencies has resulted in a 
significant decline in the number of cases encountered. Gadolinium 
agents should be used with caution in infants and preterm babies 
because their renal function is immature.38

Gadolinium Deposition and Toxicity
There have been recent reports of intracranial gadolinium deposi-
tion (predominantly in the dentate nuclei, but also in globus pallidus 
and thalamus)39-41 after multiple injections of GBCM over varying 

Presentation
The immediate symptoms of extravasation can be quite variable. 
Some patients present with a burning sensation, whereas others 
remain asymptomatic. Close attention should be paid to young 
children and unconscious patients because they may not be able 
to express these sensations. On physical examination, the extravasa-
tion site may be red, swollen, and tender.2

Most incidents are self-limiting and resolve spontaneously 
within 1 to 2 days. These incidents usually are restricted to the 
skin and subcutaneous tissue.2 The injuries can range from transient 
tightness of the skin to tissue ulceration and necrosis to acute 
compartment syndromes. Severe reactions have been observed 
with both small and large volumes of extravasated contrast. 
However, the majority of severe reactions have been observed 
with larger volumes (Box 3.5).28

Management
A definite treatment approach has not been accepted because of 
a lack of consensus on the appropriate management of extravasa-
tion.22,29,30 Minor symptoms can be treated with elevation of the 
affected extremity above the level of the heart to help reduce 
edema by promoting resorption of the fluid.2,23 Sufficient data are 
lacking to support either warm or cold compresses over the affected 
limb.2 Hyaluronidase injected subcutaneously may help speed 
resorption, but insufficient evidence exists to suggest routine use. 
Regardless, close monitoring of the patient is warranted. These 
events should be documented in the patient’s medical records and 
appropriate directions should be provided to seek medical attention 
in the event of worsening symptoms.

Severe extravasation injuries require a surgical consultation. 
Such injuries may present as worsening of pain or swelling, skin 
blistering, decreased capillary refill, diminished pulses, and a change 
in sensation of the affected extremity.2,22 Compartment syndrome 
can develop even with less than 100 mL of extravasated fluid.18 
Thus it is prudent to conclude that signs and symptoms, rather 
than the volume extravasated, should be used as a scale for seeking 
surgical consultation (Box 3.6).

BOX 3.4 Risk Factors for Intravenous Contrast Extravasation

Infants,	young	children,	severely	ill	patients,	and	unconscious	
patients

Patients	with	friable	veins
Presence of venous thrombosis or extremity edema
Injection	sites	other	than	antecubital	fossa
Large volume of contrast medium
Injection	through	indwelling	catheters
Multiple venous access attempts
Use	of	a	tourniquet

BOX 3.5 Signs and Symptoms of Contrast Extravasation

Pain,	erythema,	burning	and/or	tingling,	tightness,	swelling	at	the	
affected extremity

Blisters,	skin	ulceration,	soft	tissue	necrosis
Compartment syndrome
Altered	tissue	perfusion
Paresthesia
Diminished arterial pulses

BOX 3.6 Management of Contrast Extravasation

Elevation of extremity
Cold/warm	compresses
Frequent	monitoring	of	capillary	refill,	arterial	pulses
Frequent	questioning	for	progression	of	symptoms
Surgical consultation
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periods in children. The clinical significance of this accumulation 
remains uncertain. However, until a better understanding of the 
clinical implications is achieved, clinicians and radiologists should 
use discretion and caution in administering linear GBCM39 to 
children.

Gadolinium and Serum Calcium Levels
Interference with laboratory test of serum calcium is noted with 
certain linear nonionic GBCM.42-44 This transient and pseudo 
hypocalcemia is also attributed to higher doses of GBCM and to 
impaired renal function.42

KEY POINTS

•	 Although	allergic-like	reactions	are	rare,	they	sometimes	
happen after injection of iodinated contrast media; thus 
screening for risk factors is important.

•	 A	guide	describing	management	and	weight-based	doses	of	
the medications should be within reach of every radiologist 
and should be posted in every room where a contrast 
injection occurs.

•	 The	GFR	should	be	calculated	for	all	children	before	the	
injection of iodinated contrast material.

•	 All	reactions	and	the	management	provided	should	be	
documented in the medical record.

•	 Patients	with	extravasation	(any	volume)	should	be	closely	
monitored for worsening of pain and development of other 
symptoms suggesting compartment syndrome or tissue 
necrosis.

•	 Gadolinium	should	be	used	with	caution	in	infants	because	
of the immaturity of their renal function.
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SECTION 
2 Head and Neck

EMBRYOLOGY OF THE EYE
Development of the eye originates from neuroectoderm, surface 
ectoderm, and neural crest cells.1–3 The neuroectodermal layer gives 
rise to the retina, iris, and optic nerve; the surface ectoderm gives 
rise to the lens; the neural crest cells are responsible for vascular 
structures, sclera, choroid, and mesenchymal tissue from which 
the adnexal structures, bony orbit, fat, and nerve sheaths arise.4,5

The prime regulatory gene for human eye development is 
PAX6, a member of the PAX (paired box) family of transcription 
factors. This gene initially is expressed in a band contained in the 
anterior neural ridge of the neural plate before the process of 
neurulation.6 A single eye field is present at this stage, which then 
separates into two primordial optic structures under the direction 
of sonic hedgehog (SHH), which belongs to a family of vertebrate 
genes involved with encoding inductive signals during embryo-
genesis and is part of a vast signaling network that affects develop-
ment of many tissues and organs.6

The earliest sign of embryonic eye development is at day 22 
with the appearance of a pair of shallow grooves evaginating on 
either side of the prosencephalon or forebrain.6 The grooves form 
the optic vesicles in contact with surface ectoderm. Invagination 
of the optic vesicle leads to formation of a double-walled optic 
cup. This cup has two layers that become the retina, separated by 
the intraretinal space. The outer layer contains pigment granules 
that appear during the fifth week of development. The inner layer 
has two parts. The pars optica retinae occupies the posterior 
four-fifths and contains cells that ultimately differentiate into 
the rod and cone cells responsible for light reception. The pars 
ceca retinae, within the anterior fifth of the inner layer, divides 
into the pars iridica retinae, which will form the inner layer of 
the iris, and the pars ciliaris retinae, which will be involved with 
formation of the ciliary body. The central retinal artery results 
from the residuum of the embryonic hyaloid artery, which regresses 
by 4 months of gestation. The lips of the choroid fissure fuse 
during the seventh week; the mouth of the optic cup becomes  
the future pupil.

Elongation of surface ectoderm cells in contact with the optic 
vesicle results in formation of the lens placode, which develops 
into the lens vesicle. The lens vesicle becomes located in the 
mouth of the optic cup (Fig. 4.1). Cells located in the posterior 
wall of the vesicle elongate, forming long fibers that fill the lumen 
of the vesicle, reaching the anterior wall of the lens vesicle by the 
seventh week of development. The vascular capsule is a mesen-
chymal condensation that covers the lens. The hyaloid artery 
supplies the lens, forming a plexus on its posterior surface.7

The primary vitreous develops from mesenchyme within the 
optic cup, which has an embryonic fissure, known as the canal of 
Cloquet. The hyaloid artery reaches the globe through this canal.

The hyaloid artery and its branches are a transient vascular 
system that nourishes structures of the eye, subsequently involuting 
by the 35th week of gestation.5

The choroid and sclera are formed from mesenchyme sur-
rounding the optic cup. The ciliary body and ciliary processes are 
formed from the anterior portion of the choroid.7

The optic cup and brain are connected by the optic stalk. The 
choroid fissure is a groove on the ventral surface of the optic stalk, 
wherein lie the hyaloid vessels. The fissure closes at 7 weeks’ 
gestation, during which time a narrow tunnel is formed inside 
the optic stalk. The inner and outer walls of the stalk fuse, becoming 
the optic nerve. The center contains a portion of the hyaloid 
artery, the central artery of the retina. The exterior of the optic 
nerve is covered by a continuation of the choroid and sclera, along 
with the pia, arachnoid, and dura.6

Development of the eye continues into postnatal life. The 
fovea centralis of the retina becomes differentiated by 4 months 
after birth. The cones remain poorly developed until 4 months 
after birth.8 The infant globe and orbit reach 80% of adult size 
during the first few years of life, with full size reached by approxi-
mately 13 years of age.

NORMAL ANATOMY OF THE ORBIT AND EYE
The orbits are cone-shaped cavities containing the globes, extra-
ocular muscles, blood vessels, nerves, retrobulbar fat, and lacrimal 
glands. Each orbit is bounded by the floor of the anterior cranial 
fossa superiorly, the maxillary sinus inferiorly, the ethmoid sinus 
medially, and the temporal bone and middle cranial fossae antero-
laterally and posterolaterally (Figs. 4.2 and 4.3).

The orbital septum is a thin connective tissue membrane that 
arises from the peripheral periosteum of the anterior osseous orbit 
and attaches to the tarsal plates of the eyelids. The septum divides 
the orbit into an anterior preseptal space and a deeper postseptal 
space. The postseptal space is divided by the extraocular muscle 
cone (consisting of the four rectus muscles) into intraconal, conal, 
and extraconal compartments. The lacrimal gland lies in the 
superolateral quadrant of the orbit.

The globe occupies about 20% of the orbital cavity. It is divided 
by the lens into an anterior chamber filled with aqueous humor 
and a posterior chamber containing vitreous humor found between 
the lens and retina. The globe contains the retina, uveal layer, and 
sclera. The sclera is covered anteriorly by the conjunctiva, continu-
ous with the mucous membrane of the eyelid (Fig. 4.4). Tenon 
fascia separates the globe and extraocular muscle insertions from 
the orbital fat.

The retrobulbar space extends from the orbital septum anteriorly 
to the orbital apex posteriorly. The space contains six extraocular 
muscles (the superior, inferior, lateral, and medial rectus muscles 
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Figure 4.1. Early development of the human eye. (From Carlson BM. Human Embryology and Developmental 
Biology, 2nd ed. St. Louis: Mosby; 1999.)
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Figure 4.2. Axial anatomy of the bony orbit. (A–C) Axial noncontrast computed tomography images from 
inferior to superior location. 

and the inferior and superior oblique muscles), vascular structures, 
and the optic nerve, surrounded by fat.

The optic nerve is divided into four segments: (1) an intraocular 
segment penetrating the sclera, (2) an intraorbital segment in the 
intraconal space, (3) an intracanalicular segment in the optic canal, 

and (4) an intracranial segment extending from the optic canal to 
the optic chiasm. It is fully myelinated by 7 months of age. It 
continues to increase in thickness for the first 8 years of life.

Optic nerve sheath diameter in children as measured on 
magnetic resonance imaging (MRI) is 3.1 mm in the 0- to 3-year 
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of the retina or an underlying lesion, and follow-up of neoplastic 
causes of leukocoria after treatment.10 Secondary indications include 
further elucidation of intraconal and extraconal lesions and assess-
ment of lacrimal masses.7 Ultrasound is less helpful in showing 
osseous abnormalities of the orbit.

The procedure is performed with the patient supine. Initially 
a small amount of gel is placed over the upper eyelid. Images are 
obtained using a high-resolution (7.0–18.0 MHz) linear-array 
transducer with color Doppler capability.10 Power output must 
be decreased to avoid mechanical or thermal injury. Scanning is 
usually performed in the axial plane; however, other planes also 
may be used to evaluate the entire globe (Fig. 4.5A).10

Color Doppler imaging is an important component of the 
ultrasound examination because it permits demonstration of 
the ophthalmic artery and vein, the central artery of the retina,  
the retinal vein, ciliary and lacrimal arteries and accompanying 
veins, and the superior ophthalmic vein (Fig. 4.5B).10

age group, 3.41 mm between 3 and 6 years, 3.55 mm between 6 
and 12 years, and 3.56 mm in the 12- to 18-year age group.9

IMAGING TECHNIQUES
Computed tomography (CT) and MRI are the main imaging 
modalities for the orbit and optic pathway. Ultrasonography may 
be useful for specific indications.

Ultrasound
Ultrasound is extremely beneficial in infants and children because 
it does not use ionizing radiation, it is widely available, and the 
need for sedation is rare. The primary indications are disease or 
conditions of the anterior chamber preventing fundoscopic 
examination of the remainder of the eye, such as hyphema and 
trauma, nonneoplastic leukocoria, assessment of vascular integrity 
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from anterior to posterior location. 
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foreign body is suspected.11 Disadvantages of CT include use of 
ionizing radiation, limited imaging planes compared with MRI, 
beam-hardening artifact, and the potential risk from iodinated 
contrast media.

High-resolution, thin-section scans with a slice thickness of 2 
to 3 mm are obtained in the axial planes with subsequent coronal 
and sagittal reformatted images, which eliminate further radiation 
to the patient (Fig. 4.6). The axial plane is usually parallel to the 

Computed Tomography
CT is ideal for showing osseous abnormalities, calcification, and 
foreign bodies. Excellent anatomic detail is obtained rapidly, with 
high contrast of orbital tissues. Rapid scan times also decrease 
the need for sedation in many patients. Common indications 
include orbital trauma, evaluation of orbital cellulitis, and orbital 
masses. It is also the imaging modality of choice when intraorbital 
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Figure 4.5. Normal ophthalmic axial ultrasound of a teenager. (A) Using a broadband, high-resolution linear-
array transducer (5–17 MHz extended-frequency range), sterile gel (A) is placed on the skin (B) over the upper 
eyelid (C), which remains shut throughout the examination. The anechoic anterior chamber (D), the iris (E), the 
ciliary apparatus (F), the anechoic lens (G) with the posterior reflective echo (H), the anechoic vitreous chamber 
(I), and the hypoechoic optic nerve (J) are demonstrated and the optic nerve width (double-ended black arrow) 
can be measured. (B) Normal color Doppler examination of the eye in the same patient. Color Doppler imaging 
shows very good flow in the choroidal vessels (A), central retinal artery (B), lacrimal vein (C) and artery (D), as 
well as in the ophthalmic artery (E). The anterior chamber (ac), lens (l), and vitreous chambers (vc) are again 
noted. Different parts of the eye can be examined by having the patient move the eye as instructed. (Courtesy 
Faridali Ramji, MD.) 
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performed with fat saturation in the axial and coronal planes. In 
some centers, small surface coils are used, which may provide 
better spatial resolution but are not useful for imaging apical 
lesions or intracranial disease extension.

Contrast-enhanced MRI of the orbit and brain, using a head coil, 
is recommended for the evaluation of suspected retinoblastoma, 
possible subarachnoid seeding of retinoblastoma, and bilateral 
retinoblastoma. Early detection is made possible for intraocular 
extension and optic nerve involvement as well as assessment 
of extraocular and intracranial extension and leptomeningeal  
spread.14

canthomeatal line. Thinner images, especially in the coronal plane, 
may be obtained when indicated, such as visualization of the orbital 
floor for a blow-out fracture.

Magnetic Resonance Imaging
MRI is ideal for imaging the soft tissue abnormalities of the orbit. 
Orbital MRI involves high-resolution imaging with thin sections 
(Fig. 4.7); MRI of the brain often is performed concomitantly. 
Common indications include orbital benign and malignant tumors, 
infectious or inflammatory etiologies such as optic neuritis, vascular 
malformations, and congenital anomalies. Although the lack of 
ionizing radiation is appealing in infants and children, MRI requires 
a longer scan time than other modalities, and it is less helpful in 
detecting calcifications, although high-resolution susceptibility 
weighted imaging could be helpful.

For purely orbital pathology, T1-weighted and fast spin echo 
(FSE) T2-weighted images with fat saturation or short-tau inversion 
recovery (STIR) images that suppress the orbital fat are used. Axial 
and coronal T1-weighted images usually are obtained in an oblique 
plane parallel to the optic nerve with thin sections with a small 
field of view (e.g., 20 cm) and a high-resolution matrix (512 × 192). 
Axial and coronal FSE inversion recovery images are performed 
through the orbit and chiasm. FIESTA (fast imaging employing 
steady-state acquisition) and CISS (Constructive Interference Steady 
State ) are sequences that provides high-resolution images with 
excellent image contrast and high signal-to- noise ratio. High-
resolution 3D FIESTA or CISS images through the orbits can be 
used to best delineate optic papilla protrusion in cases of increased 
intracranial pressure. Diffusion weighted imaging (DWI) can help 
with restricted diffusion seen in epidermoid, tumors with high 
cellularity, and abscess. Susceptibility weighted images through 
the orbits can depict retinal hemorrhages in selected cases such as 
nonaccidental trauma, though gold standard is ophthalmoscopic 
examination.12

Contrast material is administered intravenously for ocular and 
orbital disease, such as neoplasms, inflammatory and infectious 
processes, and vascular malformations, with T1-weighted imaging 
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KEY POINTS

•	 The	globe	reaches	its	full	size	by	13	years.
•	 The	orbital	septum	divides	the	orbit	into	an	anterior	

preseptal space and a deeper postseptal space.
•	 CT	is	used	in	acute	setting	for	indications	such	as	trauma,	

orbital cellulitis, and suspected intraorbital foreign body, and 
provides the best images of the bony orbit.

•	 MRI	is	the	modality	of	choice	for	demonstrating	the	soft	
tissues and adjacent intracranial structures.
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5 Prenatal, Congenital, and Neonatal Abnormalities
Ashley James Robinson, Angela Byrne, and Susan Blaser

Assessment of the orbits is part of a detailed fetal sonographic or 
magnetic resonance imaging (MRI) scan, particularly in the setting 
of suspected central nervous system malformation. When further 
assessment is performed by fetal MRI, obvious ocular pathologies 
can be missed, particularly if they are bilateral and symmetric. 
Diagnoses can be further honed or even altered completely when 
a coexisting ocular pathology is found.

Ocular evaluation comprises assessment for the presence or 
absence of eyes, the morphology of the lens and vitreous, and 
ocular biometry.1

PRESENCE OR ABSENCE OF THE EYES

Anophthalmia and Microphthalmia
The only way that anophthalmia and microphthalmia truly can 
be differentiated is pathologically, with anophthalmia being 
complete absence of the globe but the presence of the ocular 
adnexa (i.e., eyelids, conjunctiva, and lacrimal apparatus).

Primary Anophthalmia
With primary anophthalmia, ocular tissue in the orbit is completely 
absent because no development of the eyes has occurred. Primary 
anophthalmia usually is associated with chromosomal abnormalities 
such as trisomy 13 or genetic syndromes such as CHARGE 
syndrome, incontinentia pigmenti, Norrie disease, SOX2-related 
eye disorders, Walker-Warburg syndrome, and oculo-auriculo-
vertebral spectrum.2-7

Secondary Anophthalmia
Loss of ocular tissue caused by an insult during development 
results in secondary anophthalmia. Etiologies include infection 
(e.g., rubella), a vascular event (e.g., Goldenhar syndrome), or a 
toxic or metabolic event (e.g., low or high vitamin A levels). The 
ocular diameter is below the fifth percentile.8

Matthew-Wood syndrome (also known as Spear syndrome, PMD, 
or PDAC syndrome) is composed of pulmonary hypoplasia/agenesis, 
diaphragmatic hernia/eventration, anophthalmia/microphthalmia, 
and cardiac defect.9 In a case of congenital diaphragmatic hernia, 
associated abnormal orbital morphology and biometry and cardiac 
anomalies can allow this diagnosis to be made antenatally (e-Fig. 5.1).

Walker-Warburg syndrome, a type of congenital muscular 
dystrophy, also can be diagnosed antenatally through the association 
of Dandy-Walker spectrum, along with a Z-shaped brainstem on 
midline sagittal MRI views, an occipital cephalocele, and ocular 
asymmetry (Fig. 5.2 and e-Fig. 5.3).

Aicardi syndrome is a rare genetic malformation syndrome 
that can be diagnosed antenatally by the association of partial or 
complete absence of the corpus callosum, ocular abnormalities, 
and a posterior fossa cyst. Aicardi syndrome is thought to be 
caused by a defect on the X chromosome because it has only been 
seen in girls and in boys with Klinefelter syndrome (Fig. 5.4 and 
e-Fig. 5.5).

MORPHOLOGY OF THE LENS AND VITREOUS
On ultrasound examination, the lens and vitreous are equally 
hypoechoic; however, the outline of the lens can be seen as a 

thin hyperechoic ovoid anteriorly within the globe. Typically, 
however, the only reflection from the lens is from the surfaces 
perpendicular to the insonating beam, and it can be difficult to see  
(Fig. 5.6).

On T2-weighted MRI, the entire lens has a low signal compared 
with the high signal of the vitreous (Fig. 5.7). By endovaginal 
ultrasound, the lens is visible by 14 weeks as a thin echogenic rim 
with an anechoic center. The hyaloid artery can be seen as an 
echogenic line bisecting the vitreous, which, during conversion 
of the primary vitreous to mature secondary vitreous, gradually 
becomes beaded as it involutes, a process that should be completed 
by 30 weeks of menstrual age.10,11 The remnant channel through 
the vitreous is known as the Cloquet canal. On MRI, nonspherical 
globe morphology can be normal up to 29 weeks.12

Persistent Hyperplastic Primary Vitreous
Failure of involution of the hyaloid artery results in a spectrum 
of abnormalities known as persistent hyperplastic primary vitre-
ous, which is seen frequently with trisomy syndromes and other 
forms of abnormal brain development.13,14 It is usually unilateral. 
Clinically the presentation is variable and includes leukocoria, 
vitreous hemorrhage, retinal detachment, microphthalmos, and 
lens opacification.

The diagnosis can be made antenatally or by ultrasound, 
computed tomography (CT), or MRI postnatally. Ultrasound can 
detect the hyaloid vessel. A cone-shaped retrolental density is the 
characteristic finding on CT and MRI. CT findings include a 
small irregular lens with a shallow anterior chamber; intravitreal 
densities of variable shape, suggesting the persistence of fetal tissue 
in the Cloquet canal; and enhancement of abnormal intravitreal 
tissue after intravenous administration of contrast media. On MRI 
the appearance is that of low-signal-intensity linear plaques 
extending from the posterior part of the lens to the optic nerve 
head. Calcification is unusual (Fig. 5.8 and e-Fig. 5.9).

Cataracts
Cataracts are seen in a variety of metabolic, infectious, genetic, 
and chromosomal abnormalities that affect the fetus, including 
toxoplasmosis; x-irradiation; in vitro fertilization; persistent 
hyperplastic primary vitreous; PHACE, Nance-Horan, Adams-
Oliver, Walker-Warburg, and Neu-Laxova syndromes; rhizomelic 
chondrodysplasia punctata; trisomy 17 mosaicism; and trisomy 
21 (Fig. 5.10).5,15-26

Optic Nerve Hypoplasia
Optic nerve hypoplasia is usually sporadic and difficult to detect 
prenatally; however, it has a number of associations that potentially 
can be diagnosed prenatally because of associated structural 
abnormalities, several of which are discussed in this chapter (Box 
5.1 and Fig. 5.11).

Septo-optic dysplasia can be extremely difficult to diagnose 
antenatally and is usually suspected because of the absence of 
the cavum septi pellucidi. Associated optic nerve hypoplasia 
potentially can be detected by measurement of the transverse 
diameter of the optic chiasm, the normal growth of which has been 
described by ultrasound27-29 and can, with some difficulty, be assessed  
by MRI.30
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